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Abstract

Background Aortic dissection (AD) is a common pathology and challenging clinical problem. A better understanding of the
biomechanical effects preceding its initiation is essential for predicting adverse events on a patient-specific basis. Moreover, the
predictability of patient-specific biomechanics-based computational models is hampered by uncertainty about boundary condi-
tions and material properties.

Objective Predisposition of thoracic aortic aneurysms (TAA) to ADs can be related to the degradation of biomechanically
important constituents in the aortic wall of TAAs. The goal of the present study is to develop a new methodology to measure
strain fields in aortic tissues subjected to radial tensile loading, combining optical coherence tomography (OCT) and digital
image correlation (DIC).

Methods Radial tensile tests are performed on 5 samples collected from a healthy porcine descending thoracic aorta and 2
samples collected from a human ascending thoracic aortic aneurysm. At each step of the radial tensile test, the OCT technique is
used to acquire images of the sample presenting a speckle pattern generated by the optical signature of the tissue. The speckle
pattern is used to quantify displacement and strain fields using DIC. Stress-strain data are also measured throughout the analyzed
range.

Results Results show that strain commonly localizes very early during tensile tests, at the location where the crack onset occurs.
Aneurysm samples even show a sharper localization than healthy porcine tissues.

Conclusion This suggests the importance of extending the analysis to a larger number of human samples using our new
methodology to better identify the conditions predisposing aortas to dissection.

Keywords Aortic dissection - Optical coherence tomography - Digital image correlation - Radial tensile test - Strain field - Radial
stiffness

Introduction

Aortic dissection (AD) is an adverse condition of the aorta,
which is typically described by a primary intimal tear on the
aortic wall [1]. Dissections are commonly described as first
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propagating in the radial direction towards the medial layer,
then it proceeds within the media, or between the media and
the adventitia, causing the layers of the aortic wall to separate
[2]. The separation allows the blood flow to enter the aortic
wall, where a secondary channel, a so-called false lumen, is
created. This leads to dilation and weakening of the wall of the
false lumen with increasing probability of fatal rupture, bleed-
ing or malperfusion [3, 4]. In the absence of intervention,
acute aortic dissections have a mortality risk upon 90% with
the majority of deaths occurring within 48 h [5]. The incidence
of spontaneous aortic dissections is reported to be 5-30 cases
per million people per year and strongly depends on the pres-
ence of risk factors.

Although arterial dissection is a common pathology and a
challenging clinical problem, the underlying biomechanics
remain underexplored. The structural organization is prone
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to separation in a plane parallel to the lumen [6, 7], as elastin
fibers, collagen bundles and smooth muscle cells are orga-
nized in concentric lamellar units in the media layer [8].

Hypertension is the most common predisposing factor to
AD [1, 9]. AD is frequent in patients harboring a thoracic
aortic aneurysm (TAA). TAA is a life-threatening cardiovas-
cular disease leading to weakening of the aortic wall and per-
manent dilation [10]. TAA is characterized at the tissue level
by extracellular matrix degradation and biomechanical weak-
ening of the aortic wall, ultimately leading to dilation and
failure by rupture or dissection. The mortality of thoracic an-
eurysms is estimated to be 50% over 5 years [11]; neverthe-
less, AD can occur in the absence of an aortic dilatation [12].

Predisposition of TAAs to ADs can be related to the deg-
radation of the aortic wall in TAAs. A better understanding of
the biomechanical effects preceding dissection initiation is
essential for predicting such an adverse event on patient-
specific basis. Moreover, the predictability of patient-
specific biomechanics-based computational models is ham-
pered by uncertainty about boundary conditions and material
properties in such complex situations [13—17]. Experimental
studies that focused on ADs permitted to measure strength of
dissecting aortic tissues [18-22] subjected to radial tension.
Although the radial stress in an elastic cylinder subjected to an
inflating pressure is negative, the radial stress can become
positive in the aortic wall and possibly induce AD when gly-
cosaminoglycans (GaGs) accumulate in the wall [23, 24].
However, to the best of our knowledge, the strain distribution
across the aortic wall preceding a dissection has never been
measured.

Optical coherence tomography (OCT) is an imaging mo-
dality of micrometric scale permitting the visualization of tis-
sue microstructure at different sub-surface levels (high-reso-
lution and cross sectional images acquisition with a near-
infrared light) [25-30].

OCT has been used for medical application studies (in vivo)
and for bioengineering research (in vitro) to characterize soft
and hard human tissues. This technique can be applied to
quantify the mechanical properties of biological tissues [31,
32]. In experimental biomechanics, OCT can be potentially
combined with digital image correlation (DIC) to perform
material characterization by measurements of displacements
and strains [32, 33]. Originating from experimental mechan-
ics, DIC has now been applied in several scientific fields in-
cluding biomechanics [32, 34-37]. In fact, DIC has been
largely adopted to study the mechanical behavior of biological
tissues because it offers non-contact full-field measurements,
which are beneficial when studying anisotropic and inhomo-
geneous materials such as cardiovascular tissues [38, 39]. DIC
usually requires an artificial speckle pattern to be applied to
the object surface and tracked during deformation [36]. More
importantly, the speckle quality strongly affects the success
and accuracy of DIC analysis [40]. Ensuring appropriate

SEM

speckle quality can be very challenging in soft tissues because
of the moist and reflective surface. Different studies have been
conducted so far using DIC to characterize the mechanical and
structural properties of aortic tissue [41]. Regarding the aorta,
few studies have applied the OCT technique [28, 42]. This
scarcity of OCT studies on the aortic tissue can be explained
by the main limitations of OCT, which are its penetration
depth and image contrast. The penetration depth across the
aorta is usually less than 500 pum for state-of-the-art commer-
cially available OCT systems operating in the 1.3 um wave-
length range [9], whereas human or porcine aortas have a
thickness of about 2 mm. These limitations of OCT are related
to the scattering properties of biological tissues. To overcome
these limitations, it is possible to apply a tissue clearing tech-
nique to increase the OCT imaging contrast and penetration
capability [42, 43], although the clearing process can alter
biomechanical properties of the aorta [44].

The goal of the present paper is to introduce a new meth-
odology combining DIC and OCT to measure strain fields in
aortic tissues subjected to tensile loading along the radial di-
rection. We first describe the experimental protocol and apply
it on healthy porcine tissues, then the methodology is extend-
ed to ATAA human tissues as a first proof of principle for the
evaluation of dissection predisposition.

Methods
Porcine Tissue Origin

In this study, aortic samples were collected from different
segment of the aorta (Fig. 1). A descending thoracic aorta
was collected from a healthy pig. The Veterinary School of
Lyon (Institut Claude Bourgelat) supplied the aortas in

Porcine Descending Aorta

Human ATAA

Fig. 1 Representation of the area of the aorta where samples were
collected



Exp Mech

accordance with the recommendations of the ethics committee
of VetAgro Sup (C2EA No 18) and animal testing regulation
— Directive 2010/63/EU. The study and protocol were
reviewed and approved by the ethics committee of VetAgro
Sup (project approved under No 1546). Porcine aortas were
cryopreserved after collection and stored at —24 °C before
experimental testing.

Human ATAA Tissue Origin

An ascending thoracic aortic aneurysm was collected from a
patient undergoing elective surgery. The collection of the
ATAA tissue was carried out in accordance with guidelines
of the Institutional Review Board of the University Hospital
Center of Saint-Etienne, and the patient signed informed con-
sent before surgery. The human tissue was cryopreserved after
collection in a physiological saline solution and stored at
—24 °C before material testing.

Sample Preparation

Both the human pathological and healthy animal tissues
underwent the same process to prepare samples for mechani-
cal testing. The aortic samples were cut along the axial direc-
tion to obtain flat rectangular tissue sheets, and the loose con-
nective tissues was carefully removed from the adventitial
side. From the healthy tissue, a total of 5 square samples
(5x5mm?”) were cut, whereas 2 square samples of the same
size (5x5mm?) were cut from the human pathological tissue.

Uniaxial Testing

Mechanical characterization of the aortic tissue was per-
formed on a previously developed OCT experimental setup
[42], which was adapted for short biological samples (Fig. 2).
Specifically, the grips were substituted with L-shaped 3D
printed arms anchored onto the device. We assumed that the
force measured with a load cell in the arm was entirely trans-
mitted through all parts of the system (arms, glue, sample) and
that it induced a uniform stress in the arterial sample regard-
less the effects of stiffness of all other components of the
system.

Samples were glued to a 3D printed arm using cyanoacry-
late glue, with sandpaper placed between the arm and the
sample. The arm was then mounted on the device with the
transverse section of the sample perpendicular to the OCT
camera; glue was placed on the other arm and a compression
force of 0.5 N was gently applied for 10 min to allow adhesive
curing. After the gluing process, the sample was rehydrated by
filling the testing chamber with 0.9% physiological saline so-
lution at room temperature. Due to the gentle compression, the
tests always started with negative offset in the force values,
which was eventually removed for the analysis. Figures 3 and

4 show a schematic of the tested samples with the 3 vectors of
the cartesian reference frame and a picture of the sample be-
fore and after rupture.

During each test, we decided to manually apply in each
direction twelve displacement steps of 0.01 mm =+ uncertainty
as this corresponds to an average strain of 0.005 (0.5%).
Indeed, samples were collected from the same area and had
an average thickness of 2 mm.

Steps were applied acting on the micrometric linear stages
Newport M-460P-X (Fig. 2), while continuously acquiring
corresponding load values with a load cell of 22 N capacity
(rate output £1.57 mV/V) with an accuracy of about 0.1 N,
conditioned with a Futek IPM650 panel mount display (input
range up to £500 mV/V). After the last step, the sample was
stretched up to rupture dynamically applying a strain rate of
0.1 s ! to verify that the failure did not occur in the bond
where the sample was glued to the arm; this quite large rate
was due to technical constraint but it did not affect the main
results of the study.

Between each displacement step, there was a time window
of about 30s requested to acquire the images with the OCT
system.

Data Analysis

From force values obtained by the load cell for porcine sam-
ples, the stress was calculated. The stress-strain data were
fitted by polynomial functions using SigmaPlot (Systat
Software Inc., San Jose, California). These functions were
used to interpolate the stress values within the experimental
displacement range. Stress-strain curves were plotted consid-
ering the engineering stress values o, that were calculated by
dividing the measured force value by the initial cross-sectional
area of the sample (5 x5 mm?), and the average Green-
Lagrange strain across the sample.

Tissue stiffness defined as the first derivative of the stress-
strain response at a given point was evaluated for porcine
samples. Since all samples had the same thickness, we evalu-
ated the stiffness at a displacement value of 0.04 mm, corre-
sponding to an average strain of 0.01 (1%) (considering the
strain values obtained by DIC), starting from the first positive
stress point of the curve.

OCT-Acquisition System

For 3D volume image acquisition, the aortic wall reflectivity
was measured with an OCT system (Thorlabs OCT-
TEL220C1) [30]. System settings were as follows: a center
wavelength of 1300 nm, lateral resolution 7 um, focal length
18 mm, maximum sensitivity range 111 dB (at 5.5 kHz), im-
aging depth 2.6 mm (in water), axial resolution 4.2 pum in
water and 5.5 wm in air. We found that PBS does not have
different refractive properties compared to water, which has a
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Fig. 2 Experimental setup used
for radial tensile test

Linear
Traslation

reported refractive index of 1.33. Optimal OCT parameters 5 um pixel size, 2x2mm field of view (FOV). A volume of
were taken from a previous study by Santamaria et al. [42]:  2x2x1 mm?® was acquired, but signal was obtained only up to
a depth of 0.5 mm due to the scattering effects.
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Fig. 3 Reference frame of the radial tensile test a successful radial tensile test
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During experiments, the OCT illumination tube was im-
mersed in the PBS bath. The OCT x-y plane acquisition data
were saved in TIFF stack format. The TIFF virtual stack was
processed using ImageJ® software. Maximum intensity pro-
jection (MIP) [45] was applied on the stack to obtain a single
representative 2D image for each step of the test. The contrast
was enhanced by equalizing the histogram and the final im-
ages were exported as TIFF files for the displacement and
strain measurements (Fig. 5).

Digital Image Correlation

DIC is based on the analysis of the evolution in the greyscale
distribution of the images obtained at different stages of the
mechanical test. In this work, the subset-based DIC algorithm
implemented in Ncorr [46] was used to obtain the in-plane
displacement and strain fields over a region of interest (ROI)
ofabout 1.5 x 1.5 mm? at a 200 pixels/mm magnification. The
selected rectangular ROI was defined to include the whole
thickness of the sample. The settings used for DIC analyses
[47] are given in Table 1. The E,, component of the Green-
Lagrangian strain tensor was finally evaluated in Ncorr
according to:

11|.0u ou\’ ov\?
EXX_E [2a+ <a> + (a) ‘|

Results

Figure 6 shows experimental raw and fitted data obtained by
mechanical testing of all the healthy porcine samples. In the
curves of Fig. 6(a) and (c), we report the points at which
images were acquired for evaluating displacement (along the
x direction) and strain (E,, component) fields as shown in
Figs. 7 and 8.

Underformed

3 » A 3 i & 5 . %
Fig. 5 Images used for DIC analysis of an undeformed and deformed
porcine sample

Table 1 Setting used in the DIC analysis

DIC Settings Value

Subset size [pixels] 30

Step size [pixels] 1

Strain window size [data points] 5

Interpolation Biquintic B-spline
Shape function First-order

For porcine samples, stress-strain curves were almost linear
(up to the dotted lines in Figs. 6(b)-(d)-(f)-(h)-(j)) for the first
steps. This was followed by a plateau region. Raw data show a
stress peak at every step followed by a drop and a small valley.
This behavior shows a moderate relaxation phenomenon
which may be induced by chemoelastic effects in the arterial
tissue as observed by [42].

Figures 7 and 8 show displacement and strain fields obtain-
ed by DIC on two porcine samples. These samples showed a
strain localization with two different distributions of strain
field. One presented a single localization of strain on a wide
deformed area covering almost the whole thickness of the
sample (Fig. 7), while the other presented a narrow deformed
area not covering the whole tissue thickness and with two
parallel peaks in the center of the analyzed sample (Fig. 8).

It is interesting to notice that some samples ruptured in two
steps (two parallel cracks, one occurring earlier than the oth-
er), showing stress-strain curves as the one in Fig. 6(c)-(d).
Indeed, it can be observed in Fig. 8 that there are 2 bands of
localized strain for this sample, each one leading to a crack.

Figures 9 and 10 show displacement and strain fields ob-
tained on two human aneurysmal samples. These two samples
exhibited similar patterns of displacement and strain fields: the
displacement fields show a discontinuity located into the inti-
mal side of the first sample (Fig. 9) and in the middle of the
second sample (Fig. 10). At these locations, the strain fields
show peaks extending over a very narrow single area, show-
ing a pronounced localization.

Average strains measured by DIC during the elastic range
and the related stiffness values are reported in Table 2.

Discussion

Aortic samples subjected to radial tension exhibited only a
limited elastic response (strains<0.05), followed by sharp
strain localization during the softening response, and eventu-
ally crack initiation. Unlike the elastic response in the circum-
ferential direction which is known to be highly nonlinear due
to increased collagen recruitment [48], the elastic response in
the radial direction is nearly linear given the very narrow elas-
tic range. Nevertheless, the measured radial stiffness values
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Fig.6 Raw and fitted stress-strain a b
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(average: 559 =264 kPa) are similar to the circumferential  tissue, which was estimated to be averagely 700 kPa [44],
incremental modulus reported for the same porcine aortic
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Fig. 7 Displacement (along the x direction) and strain fields (E,, component) obtained by DIC on porcine sample n°1; in this particular case, the damage

of the sample already reached a high value earlier after the 4th step and the strains and distortions were too high in further steps, inducing failure of the
DIC

Strain

Fig. 8 Displacement (along the x direction) and strain fields (£,, component) obtained by DIC on porcine sample n°2
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Displacement [mm]

-0.01
-0.02

-0.03
0.03

0.02

10.01

-0.03

Fig. 9 Displacement (along the x direction) and strain fields (£, component) obtained by DIC on human sample n°1

and for the human aorta in the diastolic-to-systolic range Several studies investigated dissection properties of the
which was estimated to be approximately 500 kPa [49]. aortic wall using different mechanical tests such as peeling
test [18, 21], in-plane shear test [19, 22], and radial tensile
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Fig. 10 Displacement (along the x direction) and strain fields (£, component) obtained by DIC on human sample n°2
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Table 2 Radial stiffness values

evaluated for porcine samples Sample Displacement applied [mm] Average strain measured by DIC [/] Stifthess [kPa]
#1 0.04 0.009 475
#2 0.04 0.011 288
#3 0.04 0.006 864
#4 0.04 0.011 812
#5 0.04 0.013 358
0.04+0 0.01+0.003 559 +264

tests [18, 20]. Mechanical tests were also accompanied by
histological [18, 20] or microscopic imaging investigations
[21, 22].

Although these studies have well established the strength
values of the aortic wall when subjected to dissection loading,
the mechanisms of rupture initiation and propagation were not
addressed. Here we measured displacement and strain fields
during the early stage of failure to better understand the mech-
anism underlying AD. The use of DIC, which requires a
speckle pattern on the area of interest, was possible after over-
coming a number of technical issues related to the dimension
of the analyzed surface. The solution was provided by com-
bining OCT with DIC to obtain displacements and strains.
OCT does not require to generate a speckle pattern in the
tissue sample surface, as the optical signature of the sample
creates the pattern. This is due to the ability of OCT to differ-
entiate the composition and structure of soft tissues as the
reflectivity of the tissue creates a speckle to be correlated by
a correlation algorithm [50]. However, noise effects can easily
corrupt the correlation for large deformations, but this was
avoided by cautiously applying sequentially small loading
steps during loading.

From OCT data, it is technically feasible to evaluate the
strain field of the whole volume imaged using digital volume
correlation (DVC). We preferred DIC given the limited pene-
tration depth of OCT (less than 500 pm) leading to imaging of
only 25% of the tissue depth. This is not enough to fully
describe the mechanical behavior of aortic tissue when sub-
jected to radial tension. Moreover, the contrast and brightness
of OCT images decrease with imaging depth, which may also
result in a decreasing correlation efficiency as a function of
depth. This can be avoided by tissue clearing to increase the
OCT imaging contrast and depth capability, but clearing can
alter the biomechanical response of the aortic wall. In this
way, we decided to apply maximum intensity projection on
the stack of images before correlating them with the DIC
algorithm.

According to DIC analysis, both healthy and pathological
tissues exhibited a very early strain localization. The develop-
ment of rupture in healthy aortic porcine samples was charac-
terized by a concentration of strain localized on one or two
sections of the tissue. In contrast, TAA tissue samples

exhibited a sharper concentration of strain localized in a very
narrow area of the aortic tissue. This difference could be ex-
plained by biomechanical weakening of the aortic wall asso-
ciated with aortic dilation, but we are actually performing tests
on more TAA samples to verify if there is always an aneurys-
mal effect on the radial tension response. Indeed, collagen
fibers are the main load bearing structures in the arterial wall
at large deformation while elastin bears most of the stress at
small deformation. For aneurysmal tissues, the contribution of
the elastin network is very small, because elastin is usually
fractured in such diseased tissues [51]. This different resis-
tance to aortic dissection of aneurysmal aorta compared to
non-aneurysmal one was previously reported by Pasta et al.
[21] using peeling tests.

The stress-strain curves obtained in this study for healthy
porcine samples revealed an almost linear elastic behavior
characterized by small strain levels. Indeed, the elastic range
in the radial direction is narrow with a peak strain of 0.05,
approximately. For the human aorta, tissue samples can be
easily stretched upon 0.4 strain in circumferential and longi-
tudinal directions under uniaxial tensile testing conditions.
This narrow elastic range in the radial direction was previous-
ly observed by Sommer et al. [18] using a similar experimen-
tal test modality. The linear elastic part is followed by a pla-
teau (indicating the initiation and propagation of the dissec-
tion), suggesting that the dissection may not begin and prop-
agate at a steady rate but more in a discontinuous fashion,
arresting and eventually reinitiating at regular intervals as ob-
served in previous studies [18, 21, 52]. Vaishnav et al. [53]
showed that radial properties of canine aortic walls under
compression loading conditions are different from those ob-
tained in circumferential and longitudinal directions. In
healthy human aortas, MacLean et al. [20] demonstrated that
radial stresses are apparently compressive, but radial tensile
forces may manifest to determine the onset of dissection under
certain pathological conditions.

Repeating the same methodology on tissues with different
pathologies could help to decipher the conditions leading to
decrease dissection resistance in the aortic wall. Moreover,
since early strain localization always precedes dissection, it
is suggested that delaying this strain localization could in-
crease the resistance to dissection. The localization
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phenomena could be investigated more thoroughly by finite-
element analyses in the future and a failure criterion could be
calibrated against the radial tensile results presented in the
current study.

Limitations

The analysis was performed on samples coming from one
healthy porcine aorta and one pathological human aorta so
that a larger number of experiments are necessary to confirm
findings. Analysis of human samples was preliminary, the
purpose of this study was to introduce the method, provide a
proof of concept on porcine aortas and show the possibility of
extracting results for human aortas.

Storage of tissues at —24 °C and the use of glue may alter
the biomechanical properties of aortic tissue prior to testing
and their effect on stress-strain curves should be quantified.
Gluing duration of 10 min was chosen because it was the
minimum time needed to effectively cure the glue without
having dry effects on the sample. We did not observe any
drying effects, but further investigation may be needed for
clarification on this point. About 10 other samples failed in
the glue during the test (cohesive rupture), and we discarded
them for this study.

Limited penetration depth of OCT on aortic tissues
prevented the acquisition of complete 3D images and conse-
quently the analysis of trough-the-thickness strain field. Given
the relatively low spatial resolution of OCT images and the
dimension of subset used in DIC analysis, it is possible that
the separation between tissue portions would lead to an erro-
neous peak value of strain. Future work will adopt other DIC
algorithms to deal with discontinuity in the displacement field
[54]. Given the large deformation gradients, a second order
shape function could more appropriately describe the dis-
placement field and allow obtaining more accurately results.

After each displacement step the sample was no longer
deformed during about 30 s to acquire the OCT images.
Although there is some relaxation during this phase (force
decrease), we assume there is no deformation in the sample
itself (no creep) and then that the acquisition time will not
affect the results. This assumption could be partially verified.
Indeed, if the sample deformed during this phase, we would
observe spurious effects in the OCT images and strain maps
related to the scanning process. Indeed, OCT scans the sam-
ple, raw after raw, starting from top left and finishing at bot-
tom right. We never observed gradients related to this scan-
ning process in the strain maps. However, we admit that the
acquisition time should be reduced.

It was not possible to precondition the tissue because even
a small strain could cause a damage in the tissue. Previous
studies achieving similar tests [55] did not report precondi-
tioning either.

SEM

Finally, we are aware that dissections are multifactorial and
that radial tension is not the only factor that can explain dis-
section, but it is important to understand how arteries respond
to radial tension to better understand how dissections can
initiate.

Conclusions

In conclusion, we developed a new methodology to evaluate
strain fields during dissection tests by combining OCT imag-
ing with DIC. This methodology was applied to radial tensile
tests carried out on healthy and pathological aortic tissues.
Aortic tissues showed an early localization of strain, with the
healthy animal aortic tissue showing strain localized on one or
two sections and the pathological human aortic tissue having a
sharper strain localization. This different mechanical behavior
may be an expression of a weakened aortic wall in TAA but
future studies using the proposed OCT combined with DIC
are needed to better understand the mechanisms underlying
strain localization related to dissection. We submit that repeat-
ing the methodology presented on tissues collected from pa-
tients with different pathological conditions can highlight in
which conditions the resistance to dissection would decrease
and what may explain this resistance at the tissue level.
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