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Mechanical properties and microstructural modifications of vessel tissues are strongly linked, as es-
tablished in the state of the art of cardiovascular diseases. Techniques to obtain both mechanical
and structural information are reported, but the possibility to obtain real-time microstructural and
macrostructural data correlated is still lacking. An experimental approach to characterize the aortic tissue
is presented. A setup integrating biaxial traction and Small Angle Light Scattering (SALS) analysis is
described. The system was adopted to test ex-vivo aorta specimens from healthy and aneusymatic (aTAA)
cases. A significant variation of the fiber dispersion with respect to the unloaded state was encountered
during the material traction. The corresponding microstructural and mechanical data were successfully
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SA_LS used to fit a given anisotropic constitutive model, with satisfactory R?> values (0.97+0.11 and 0.96+0.17,
Microstructure . . . . .
Collagen for aTAA and healthy population, respectively) and fiber dispersion parameters variations between

the aTAA and healthy populations (0.39+0.23 and 0.1540.10). The method integrating the biaxial/SALS
technique was validated, allowing for real-time synchronization between mechanical and microstructural

analysis of anisotropic biological tissues.

© 2020 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The ascending thoracic aortic aneurysm (aTAA) pathology
remains a clinical challenge requiring a deep insight concerning its
formation and progression mechanisms. In fact, the nature of the
aTAA disease remains silent, until the rupture occurs which is usu-
ally followed by the patient sudden death. From a biomechanical
point of view, the critical state of an aTAA case arises from the sta-
tus of the biological tissue and its degradation [1]. The mechanical
properties of the aTAA depend on the constitutive microstruc-
tural components, which are given by collagen fiber bundles. The
analysis of the tissue response is determined by the correlation
between the microstructural components and the tensile state of
the specimen. Several works concerning the characterization of the
aTAA tissue, both in terms of structural and mechanical features,
can be found in literature. Different methodologies for in-vivo
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[2] and ex-vivo [3] tissue testing were proposed. Uniaxial traction
tests are widely used for aTAA tissue evaluation [4], however their
contribution presents limitations due to the intrinsic anisotropic
nature of the biological materials [5]. The gold standard technique
in the context of mechanical evaluation is given by biaxial traction
tests [6]. The complete characterization of the biaxial tensile
traction allows the adoption of fiber based anisotropic constitutive
equations, which represent the current state of the art models
for aTAAs [7,8]. These constitutive formulations account for the
presence of collagen fiber bundles, which are the main responsible
for the macroscopic response of the vessel structures. On the
basis of these evidences, a strong link between microstructure
and macrostructure is established and the internal composition of
the tissue cannot be neglected [9]. Concerning the evaluation of
the microstructural fiber distribution, numerous techniques were
adopted in the state of the art: small angle X-ray scattering [10],
second harmonic generation microscopy [11], histologic analysis
[12], diffusion tensor imaging [13]| and multi-photon excited fluo-
rescence [14]. The reported techniques can provide accurate quan-
titative information on fiber structure, however sometimes high
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Fig. 1. Schematics of the OptiMech2 setup: side view (a), and top view (b) of the mechanical components including linear actuators, grippers and load cell. Schematic of the

optical laser line (c).

energies are involved or they have an intrinsic destructive nature
for the specimen. The adoption of energy sources like X-rays has
the disadvantage of being a ionizing medium and, consequently,
potentially harmful. In general, the optical approaches reported are
not suitable for simultaneous macrostructural evaluation of the tis-
sue specimens due to their complexity. The main objective would
be to have a technique permitting the real-time synchronization of
both the optical/microstructural and mechanical/macrostructural
analysis, to have an evaluation of the microstructure modifica-
tion as a consequence of the stress status of the material. The
Small Angle Light Scattering (SALS) is an optical, non-destructive
technique able to provide semi-quantitative structural information
about fibrous structures by using a low energy laser source and
evaluating the corresponding scattered pattern after the specimen
irradiation [15]. The SALS method was already used for vessel tis-
sue evaluation in previous works [16]. The information regarding
the tissue microstructure was correlated to the tension state of
the specimen, but the analysis was limited to uniaxial load and it
was not possible to evaluate the tissue anisotropy.

Currently, there are no studies providing real-time synchroniza-
tion with tensile biaxial data and microstructural information for
vascular tissue analysis. On the basis of the current background,
the aim of this work is to present the characterization of biological
aTAA tissues through an innovative experimental setup integrating
the biaxial traction procedure of the specimen with an optical SALS
analysis to assess the microstructure. First, an overview of the ex-
perimental setup is presented. Then, the system was adopted to
test ex-vivo aorta specimens from healthy and aTAA porcine cases.
Both the stress/stretch and microstructural results are reported. In
particular, the experimental curves obtained from both the biax-
ial traction and SALS analysis were adopted for the data fitting
through a state of the art constitutive model. The proposed model
accounts for the presence of microstructural components by in-
cluding within the strain energy density function the contribution
of two main families of collagen fibers with dispersion. Particular
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attention was given to the evaluation of the fiber distribution mod-
ification as a function of the tensional state.

2. Materials and methods
2.1. Experimental setup definition

A specific custom setup was developed, in which simultaneous
biaxial traction and SALS analysis were carried out (OptiMech2).
In particular, the biaxial traction procedure is imposed with a
controllable testing machine, already described in previous pub-
lications [8,17]. The schematic of the different components is
reported in Fig. 1 a and b. In synthesis, the machine is constituted
by two linear axes actuated by servomotors. The configuration
allows soft specimen traction along two directions, which for the
specific case of aortic specimens are given by the circumferential
(60) and longitudinal directions (zz) (see also Fig. 3). Pneumatic
holders with modular 3D printed grippers were designed to assure
the specimen binding. The corresponding forces are recorded
through two dedicated strain-gauge load cells, with a force ac-
curacy of 0.1 N and full scale range of 50 N. The deformations
are acquired through an optical system given by a CCD camera
module (resolution 0.03 mm/pixel) adopted for the tracking of four
calibrated markers applied on the specimen surface. A tensioning
protocol can be imposed to control the axes movement and to
maintain the load status of the specimen. Different constant
tension ratios (Tyg : Tz;) are applied during the traction.

A schematic of the optical part is illustrated in Fig. 1 c. The sys-
tem is constituted by an unpolarized He-Ne laser source (wave-
length A= 632.8 nm, power P = 5mW) directly connected to an
optical fiber with a collimator. The laser beam is focused on the
specimen through a bi-focal lens. The SALS laser pattern is ac-
quired through the same camera system already adopted for the
marker tracking. The test procedure and data acquisition are ob-
tained through a dedicated real-time processor (NI cDAQ-9132),
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Fig. 2. OptiMech2 setup: (1) servomotor, (2) linear stage, (3) finger, (4) gripper, (5) load cell, (6) hand lever valve, (7) real-time processor, (8) laser source, (9) optical fiber,

(10) collimator, (11) focusing lens and (12) camera.

30 mm

ZZ

66

Fig. 3. Identification of the region for the tissue specimen harvesting from the whole ascending aorta. The 86 and zz directions are referred to circumferential and longitu-

dinal directions, respectively.

controlled through a custom LabView application. The complete
OptiMech2 setup realized is reported in Fig. 2.

2.2. Tissue preparation

A population of tissue specimens was gathered to be tested
with the OptiMech2 experimental setup. In particular, the tissues
were retrieved from a local slaughterhouse from which whole as-
cending aorta sections were harvested from swines. In order to as-
sess the health status of the aortic tissue, the study relied on vet-
erinary support. Additionally, the diameter at the ascending section
level was measured. All the cases in which the diameter value was
50% above the baseline range of a healthy adult swine were as-
sumed as aTAA. Three healthy and five aTAA specimens were ob-
tained. A square specimen of about 30 mm side was cut in the
outer curvature region (Fig. 3) to limit the regional variation in-
fluence [18-20]. To assure the tissue freshness, the specimen was
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maintained at room temperature in physiological solution (saline
solution NaCl 0.9%) and tested at maximum 3 hours after tissue
harvesting from ex-vivo aorta. No freezing process was imposed to
preserve the microstructure integrity [21].

2.3. Test procedure

For each specimen, the mechanical test consisted in a biaxial
traction sequence with five different Tyy : T ratios (1:1, 0.5:1,
0.75:1, 1:0.5, 1:0.75). The traction process was configured accord-
ing to a tension control algorithm, designed to reach the maximum
physiological load, set to 120 N/m according to previous literature
studies [22]. The load was applied by imposing a quasi-static ten-
sioning protocol with tension set-points increase of 3.3 N/m and a
maximum rate of 6.0 N/m/s. Prior to collecting data, the tensioning
protocol was used to impose nine loading and unloading cycles of
biaxial preconditioning for each specimen with a pre-load of 0.2 g.
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Mechanical data were reported in terms of stress-stretch curves
along the 66 and zz directions (0yy — Agg and oz — Az). Specific
calibrated markers (diameter equal to 1.4 mm) were placed in the
center of the specimen in order to form a square with 5 mm side
(Fig. 3). The marker positions were used to evaluate the stretches
as relative displacements measurements. By assuming a planar bi-
axial tensioning of an incompressible square flat specimen [23], the
Cauchy stress values were evaluated as:

oii = (Fi/Ao)Aii (1)

where i represents the generic testing direction, F; represents the
tensioning force recorded by the load cells and Ay represents the
unloaded specimen cross-section. Microstructural data were ac-
quired on the basis of the resulting analysis of the SALS pat-
tern. In particular, given the characteristic specimen thickness of
1.484-0.47 mm, the pattern was interpreted as an ellipses deriving
from multiple scattering phenomena [24]. The ellipses eccentric-
ity variation (AE) and inclination angle (¢) were calculated dur-
ing the traction procedure, given their link with fiber dispersion
and preferred direction, respectively. The ¢ angle was referred to
the circumferential direction [25]. Additionally, the fiber distribu-
tion during the test was evaluated by sampling the light intensity
pattern along a circular profile with a radius given by the projec-
tion of the beam opening [15]. The data were normalized in order
to have an unitary integral to permit the fitting with the symmet-
rical fiber families distribution.

2.4. Constitutive modeling

Macrostructural and microstructural data were used to impose
a constrained fitting of a state of the art fiber-based constitutive
model [26]. The model is given by the contribution of two fiber
families with dispersion and it is defined according to the follow-
ing constitutive equation:

3 [e®@-1) _ 1]

i=4,6

k]

C
WZZ(I‘ —3)+2k2 (2)

where ¢, k; and k, are the constitutive model mechanical param-
eters representing the matrix stiffness, the fiber stiffness and the
fiber stiffening factor, respectively. The I is the first right Cauchy-
Green strain tensor invariant and If is the pseudo invariant defined
on the basis of the generalized structure tensor H;, given by:

H; = Al+ BM; @ M; + (1 —3A— B)Mo, ®M,, i=4.6 3)

where My, is the out of plane direction vector and M; is the vector
defining the i-th family preferential direction. The fiber preferential
direction is assumed to lie in the 66 — zz plane, defined, respec-
tively, by the versors e; and e,. Consequently, M; is completely de-
fined by the fiber family angle parameter «;, according to:

M, = cosw;e; +sino;e; i=4,6

(4)

It is worth to note that, if o; = 0°, the M; vector is parallel to the
06 direction. The fiber dispersion is modeled in Eq. (3) through the
parameters A and B, which depend directly on the microstructural
parameters k;, and kop, representing the in-plane and out-of-plane
dispersion factors, according to:

A =2kipkop, B = 2kop(1 —2kip) (5)

By starting from the expression of the strain energy density func-
tion reported in Eq. (2), it is possible to evaluate the stress tensor
matrix of the constitutive model. The value calculated for the fit-
ting with biaxial data is given by the Cauchy stress. The Cauchy
stress matrix is expressed by:

11:. (25W _ c—1> .F'

] 5C

(6)
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where o is the Cauchy stress tensor, J is the Jacobian, F is the de-
formation gradient, C is the right Cauchy-Green deformation tensor
and p is a Lagrangian constant to take into account for incompress-
ibility. Under the assumption of purely biaxial stress on an incom-
pressible tissue, the normal circumferential (04 ) and longitudinal
(0) stress are non-null while the radial stress (o7+) is imposed as
null to evaluate the value of the scalar p. For the specific case of
the W expressed in Eq. (2) and by considering the derivative form
in Eq. (6), the expression of Cauchy stresses is given by:

1 .
Opp = c(k§9 - m) + 4k (I; — 1)e®G=DIH,(1,1) — p (7a)

1
)\00}”22
where, according to fiber symmetry distribution assumption, the
I; = I and Hy = Hg conditions hold. The p scalar value of the La-

grangian is set according to the following equation, obtained by
imposing the oy = 0 condition:

p = 4k (I — 1)e®®-DH,(3, 3)

0w = (32 - i ) + 4kl De MY 2.2) — p (7))

(8)

The expressions from Eq. (7) are used to fit the experimental data
from the testing procedures. The fitting procedure was set in order
to minimize the following score expression:

Ns
]score = Z[Gi - 6i]2 (9)

i=1
where o; is the stress tensor, d; is the stress tensor from the exper-
imental stress data and Ns is the number of experimental samples.
In synthesis, the model is completely defined by a set of seven
parameters, which are both mechanical (c, ky, k) and microstruc-
tural (o6, kip, kop). The fiber distribution from the SALS analysis
was used to constrain the search space of the microstructural pa-
rameters o4 6 and k;,. In particular, the SALS distribution was inter-
preted through the superimposition of two Von Mises Distributions
(VMDs), representing the fiber families. The VMDs are assumed to
have the same dispersion and to be symmetrical around the ¢ an-
gle. The constitutive model parameters were expressed according
to:

1 Li(a)
2 2hh(a)

Where 1;_4 ¢ and a are the mean values and variance parameter of
the VMDs, respectively. The functions Ip(x) and I (x) are given by
the modified Bessel functions of zero and first order. The estima-
tions from the VDMs from SALS patterns were used to constrain
the search space for the corresponding parameters around +10%
of the values from expression in Eq. (6). The fitting process was
carried out on the basis of these constraints and by using a Trust-
Region-Reflective algorithm [27], implemented through a custom
MATLAB script to minimize the expression reported in Eq. (9). The
overall fit scores were evaluated through the determination coeffi-
cient (RAZ) and the Normalized Root-Mean-Square Error (Err). Addi-
tionally, the R2 values specific for each tension ratio imposed were
calculated.

Qg =P £ Nicas, kip = (10)

3. Results

The testing procedure, including both the mechanical and op-
tical part, was carried out with success through the OptiMech2
setup. The constrained fitting process on the basis of the presented
constitutive model was obtained and the relative coefficients are
reported in Table 1 for both the healthy and the aTAA whole pop-
ulations. To evaluate the trend of the fitting process on the valida-
tion set, the values are reported as mean+standard deviation.
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Table 1
Mechanical and microstructural coefficients from the constrained fitting of constitutive model imposed on

the population of aTAA and healthy cases (mean+standard deviation).

c(kPa) ky(kPa) ka o4(°) o6(°) kip Kop
aTAA 18.6+56.2 384+378 14.3+32.1 5.4+2.7 -16.3£9.0 0.39+0.23 0.31+0.17
Healthy 23.6+35.7 21.1+17.7 1.9+8.9 0.1+3.4 -6.9+7.7 0.15+0.10 0.47+0.27
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Fig. 4. Tensile data in terms of circumferential (oyg — Agg) and longitudinal (o, — A;;) stress-stretch for the aTAA (a-b) and the healthy example case (c-d).

A set of exemplificative cases, including an healthy and an
aTAA, is reported in Fig. 4 and Fig. 5, both in terms of mechanical
and microstructural data, respectively. The R? values for each ten-
sion ratio considered and the overall R? and Err scores are reported

Table 2

Scores for the constrained fitting in terms of R? evaluated on dif-
ferent tension ratios stress-stretch curves and of overall R2and Err
(meanzstandard deviation).

in Table 2. The mean overall R? value was equal to 0.96+0.11 for Typ : T aTAA healthy

healthy and 0.97+0.17 for aTAA. The scores reported revealed the g z 00 2z

effectiveness of the fitting process, with satisfactory values of de- 1:1 0.99+0.12  0.99+0.12  0.97+0.10  0.98+0.10

termination coefficients and negligible errors for each tension ra- 1:0.5 0.97+0.11  0.98+0.12  0.97+0.13  0.99+0.13

tio considered. The lowest scores were encountered for the ra- 1:0.75 098+£0.15  098+£0.11  0.98+0.10  0.98+0.12

tio biased towards the zz direction for the healthy population. For 0-5:1 0.99£0.13  0.98£0.11  0.9620.12  0.970.14
0.75:1 0.99+0.11  0.994+0.13  0.96+0.15  0.97+0.10

the 0.5:1 ratio, the scores were 0.96+0.12 and 0.97+0.14 for oy R 0.97+0.11 0.96+0.17

and o, respectively; while for 0.75:1, scores of 0.96+0.15 and Err 1.142.4% 1.0+£3.1%

0.97+0.10 were calculated. Nevertheless the values were always

above the 0.95 value and the trend was correctly coped. The mi-

crostructural data from the SALS pattern, reported in Fig. 5, ap-
peared to be strongly influenced by the loading status of the tissue.
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In particular, the ratios biased along 60 direction (1:0.5, 1:0.75) re-
vealed a significant AE increase for both cases represented. Con-
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Fig. 5. Microstructural data in terms of SALS eccentricity pattern (AE) and inclination angle (¢) for the aTAA (a-b) and the healthy example case (c-d) as a function of the

imposed tension.

cerning the ¢ values, a clear decrease is present in the healthy
case, while the behavior in the aTAA is approximately constant.
Both the angle and the eccentricity variations can be interpreted
by considering the fiber families progressive alignment along the
06 direction as a consequence of tensioning. The ratios biased to-
wards the zz direction (0.5:1, 0.75:1) exhibited a more complex
trend. While for both the aTAA and the healthy case, the eccentric-
ity diminishes, the ¢ value showed a rising behavior with a peak
and a consequent decrease for the healthy case only. It is possi-
ble to assume that the microstructure encountered a simultaneous
fiber families rotation and reorganization caused by the biased ten-
sion states of 0.5:1 and 0.75:1.

The fiber distributions, evaluated at different tension ratios, to-
gether with the fiber families VMDs, are reported in Fig. 6. In
particular, the results from the equibiaxial and the extreme ratios
(1:0.5 and 0.5:1) were compared with the unloaded state. It is pos-
sible to note that the fitting through the superimposition of two
VMDs was successful. A significant difference in terms of distri-
bution variance emerged from the comparison between the aTAA
and the healthy cases. The pathological case revealed a more dis-
persed behavior, while the fibers appeared to be more aligned in
the healthy case. Additionally, it was possible to denote the effects
of the different tensioning protocols. It appears that the equibiaxial
tension slightly effected the fiber distribution in both cases, with a
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angle shift towards the 66 direction corresponding to 0°. On the
contrary, the 1:0.5 and 0.5:1 ratios strongly influenced the fiber
organization. In particular, the dispersion encountered a significant
rise when the tension is biased towards the 66 direction. In this
case, a significant alignment was assumed to occur. In opposition
to this trend, the dispersion decreased for the 0.5:1 ratio. For this
last case, the families appeared as almost collapsed, as it is possi-
ble to determine from the corresponding VMDs.

4. Discussion

The results presented in the previous section demonstrated the
effectiveness of the method combining the optical and tensile in-
vestigation of SALS and biaxial traction techniques. As the mi-
crostructural and macrostructural aspects of the aTAA tissue eval-
uation are highly correlated, the development of this new setup,
permitting the synchronized analysis of the two aspects, would be
a valuable addition to the context of aneurysmatic soft tissues. The
adopted material model, accounting for the identified arrangement
of collagen fibers, was capable of providing good fits for the sam-
ples although parameters constraints were present. The adoption
of the constraint based on the microstructural parameters did not
negatively influence the fitting performance, as both the overall
and the tension-ratio specific R? scores revealed remarkable val-
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ues (R%Z >0.95), even for the more biased ratios. Moreover, fiber
dispersion variations between the aTAA and healthy populations
(0.394+0.23 and 0.15+0.10) were encountered. The distribution of
the microstructural components appeared to be influenced deeply
by the different tension states of the specimen, as confirmed by
the dynamical data from the SALS analysis.

The method of SALS applied for the evaluation of strains within
the context of soft biological tissues was established already [25].
The group of Gaul et al. reported the usage of SALS characteriza-
tion of strain-induced degradation of collagenous structures within
the ex-vivo arterial tissues [16,28]. Nevertheless, the interest of the
study was limited to uniaxial traction. Additionally, the test pro-
cedure was mainly carried out by imposing strain set points at
which the sample was held during the optical characterization by
SALS. No control of the tension state of the specimen under anal-
ysis was reported. The further step provided by the development
of the OptiMech2 setup is to determine a fully biaxial deforma-
tion patterns in real-time and by imposing a controlled tension
protocol. The proposed setup was demonstrated to be unique and
able to register both macrostructural and microstructural data in
terms of stress/stretch curves and SALS pattern modifications. To
our knowledge, this is the first time biaxial and microstructural
data are presented together in correlation at different tension ra-
tios. Additionally, the gathered experimental results were used for
constrained constitutive modeling according to fiber-based strain
density energy functions from the state of the art. The strength
point of the proposed setup resides in the possibility to detect
anisotropic effects thanks to the biaxial nature of the approach,
providing real-time synchronization with the mechanical traction
in a non-destructive manner.

The presented study has some points of possible improvement
to be discussed. The main limitation of the SALS technique is that
it is not suitable for the investigation of the fiber architecture along
the specimen thickness. More accurate details on this aspect were
provided by using a polarized light microscope [29], the second
harmonic generation microscopy [30] or diffusion tensor imaging
technique [31,32]. Despite this limitation, our results are in agree-
ment with previous related works in terms of fiber distribution
[11]. In fact, it is worth to stress out that the aneurysmatic tis-
sues exhibited an increased fiber dispersion in comparison with
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the healthy cases. The population used for the study was limited
by the tissue availability and it is not actually sufficient to be com-
pared with other analyses in which wider samples were involved.
Moreover, the study was limited to porcine cases, and it would be
interesting to extend it to human specimens, as it was demon-
strated that differences among the two models exist within this
context [33]. Nevertheless, the validation of the methodology was
successful and additional cases to be evaluated will be included
during the further development of the experimental approach.

Even though numerous engineering/basic science works con-
cerning the aTAA rupture issue are present in the state of the art,
the risk evaluation strategy remains weak and further effort is still
required. The characterization of aneurysm tissues remains a hot
topic and a difficult task to fulfill, consequently alternative exper-
imental setups [34] and new numerical approaches to overcome
these challenges are currently investigated [35,36]. The combina-
tion of both optical and mechanical experimental facilities per-
mitted to open new paths within this context. The proposed ap-
proach represents an an additional brick in the aTAA characteri-
zation landscape, for a more accurate and complete evaluation of
the aneurysm disease from a microstructural and macrostructural
point of view.

5. Conclusion

The importance of mechanical constitutive modeling in the
analysis of aTAA was underlined in different studies in the state
of the art. The presence and distribution of microstructural com-
ponents, like collagen fibers, play a key role in the mechanical re-
sponse of the aortic tissue. With this study, an approach for the
simultaneous microstructural and macrostructural analysis of aor-
tic tissue specimens was presented. The developed setup permit-
ted the synchronous biaxial tension and SALS microstructure anal-
ysis of populations of pathological (aTAA) and healthy cases. The
results were reported in terms of circumferential and longitudinal
stress-stretch curves and microstructural parameters evaluated on
the basis of SALS pattern analysis. The reported data demonstrated
the successful development of the method. The fiber distribution
evaluation from SALS analysis of specimens under biaxial tension-
ing was obtained. In particular, the imposed biaxial loads resulted
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to have a strong influence on the fiber redistribution inside the
evaluated specimens. Additionally, the constitutive model fitting,
obtained by setting microstructural parameters constraint from the
SALS analysis, revealed remarkable scores. In conclusion, the com-
bined SALS biaxial approach was developed successfully with the
objective to fill the gap between structurally motivated constitu-
tive models for aTAA and fiber distribution characterization. The
study presented aims to be an innovative step in the landscape of
aTAA macrostructural and microstructural analysis.
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