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ARTICLE INFO ABSTRACT
Keywords: Recent studies have attempted to characterize the layer-specific mechanical and microstructural
Aortic dissection properties of the aortic tissues in either normal or pathological state to understand its structural-

Biaxial tensile testing
Mechanical properties
Histological analysis

Constitutive modeling

mechanical property relationships. However, layer-specific tissue mechanics and compositions of
normal and dissected ascending aortas have not been thoroughly compared with a statistical
conclusion obtained. Eighteen ascending aortic specimens were harvested from 13 patients with
type A aortic dissection and 5 donors without aortic diseases, with each specimen further excised
to obtain three tissue samples including an intact wall, an intima-media layer and an adventitia
layer. For each tissue sample, biaxial tensile testing was performed to obtain the experimental
stress-stretch ratio data, which were further fed into the Fung-type model to quantify the tissue
stiffness, and Elastin Van Gieson stain and Masson’s trichrome stain were employed to quantify
the elastic and collagen fiber densities. Statistical analyses were performed to determine whether
any significant differences exist in mechanical properties and compositions between diseased and
normal aortic tissues. The tissue stiffness of intima-media samples was significant higher in
diseased group than that of normal group in longitudinal direction at the stretch ratio 1.30 (p =
0.0068), while no significant differences were found in the other direction or other tissue types.
Even though there was no significant difference in elastic or collagen fiber densities between two
groups, the diseased group generally had lower elastic fiber density, but higher collagen fiber
density for all three tissue layers. Compared to normal aortic tissues, the elastic fiber density of
the intima-media layer in the dissected aortic tissue was lower, while its tissue stiffness was
significantly higher, indicating the tissue stiffness of the intima-media layer could be a potential
indicator for aortic dissection.
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1. Introduction

Aortic dissection (AD) is a life-threatening condition with an overall in-hospital mortality rate of 27.4 % for the patients in the acute

Abbreviation list

AD aortic dissection

Adv adventitia layer

BP blood pressure

EC incremental elastic moduli in circumferential direction
EL incremental elastic moduli in longitudinal direction
IM intima-media layer

w intact wall

EVG Elastin Van Gieson

phase [1-3]. AD is characterized by the intimal tear progressing into the aortic media, which would form a blood filled cavity or
channel within the aortic wall [4,5], and could cause devastating sequelae, such as aortic rupture, acute severe aortic regurgitation,
and malperfusion causing end-organ ischemia or infarction if left untreated [6]. The intimal tear starts when the hemodynamic loading
and wall mechanics break the presumably already weakened aortic wall resulting from pathological tissue remodeling [7,8]. Thus, it is
of pressing need to study the mechanical and microstructural alterations in the aortic tissue to have a deeper understanding of the
underlying mechanism developing this disease [9,10].

The weakening of the aortic wall stems from the changes in its microstructural properties, including elastin and collagen fiber
contents, fiber organizations and their cross-linking [11,12]. During the pathological development of various aortic diseases, the aortic
wall undergoes both extracellular matrix remodeling and mechanical properties alteration simultaneously [11,13,14]. Efforts have
been exerted to investigate the impact of aortic diseases on the detailed mechanical and microstructural properties of the aortic tissues
via biaxial tensile testing and histological analysis [15-19]. But most previous studies focused on comparing the aneurysmal and
normal ascending thoracic aortic tissues for aortic aneurysm rupture risk stratification [20]. In a 41 patients study, Nightingale et al.
claimed that the decreased elastin content in the aortic tissue may be response for low tissue elastic modulus at low strain level [21]. A
more detailed layer-specific investigation revealed that, compared to the normal aortic tissue, aneurysmal aortic tissues were stiffer,
and had less elastic fiber content, but no significant differences in the tissue strength and the collagen fiber content were found between
two types of tissues [13]. Layer-specific mechanical and microstructural properties of the human aortic tissue were also investigated
[22,23]. Amabili et al. studied microstructural and mechanical characterization of tissue layers of healthy descending aorta using
second harmonic generation, two-photon fluorescence images and uniaxial tensile tests [24]. Pukaluk et al. investigated the micro-
structural changes of the human atherosclerotic abdominal aortic media under biaxial loading using multi-photon microscopy. Their
observations in microstructural alterations could provide an explanation of the exhibited mechanical behavior of the aortic media
[18]. Similar approach was applied to illustrate the structural-mechanical relationship of the human aortic adventitia [19]. Despite
rapid progress were made, a comparison analysis of the layer-specific aortic tissue mechanics and histology between dissected and
normal aortas would still advance our understanding of the development of aortic dissection.

Here, we attempt to quantify and compare the mechanical behavior and histological characteristics of the diseased aortic specimens
from patients with Type A AD and normal aortic specimens from donors. Biaxial tensile testing was performed to characterize the
layer-specific mechanical properties of both normal and diseased aortic tissues. Quantitative histological analysis was carried out to
quantify the elastic and collagen fiber densities in the tissue samples. Statistical analysis was performed to compare the difference in
mechanical and histological properties in two tissue groups to determine if mechanical and histological anomalies are associated with
the disease.

2. Materials and methods
2.1. Aortic tissue preparation

Ascending aortic tissue specimens were harvested from patients with type A aortic dissection (diseased group, n = 13) and organ
donors without aortic diseases (normal group, n = 5) at Jiangsu Province Hospital with informed consents obtained. One diseased
aortic specimen was obtained from each patient who underwent surgical repair of aorta following Sun’s procedure [25]. For com-
parison purpose, five normal aortic specimens were also collected from five donors as the control group. The cause of death of five
donors are traumatic brain herniation (n = 2), severe traumatic brain injury (n = 2) and spontaneous intracerebral hemorrhage (n =
1). All specimens were acquired from the ascending aortic segment about 1-5 cm above the sinotubular junction. Clinical information,
including age, gender among others were acquired following the protocol approved by the Medical Ethics Committee of Jiangsu
Province Hospital (approval number: 2022-SR-730).

All tissue specimens were preserved in a cryopreservation agent in a —80 °C freezer prior to the mechanical testing and histological
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analysis. The cryopreservation agent composed of 85 % culture medium (RPMU 1640), 5 % albumin solution (20 %), and 10 %
dimethyl sulfoxide was utilized to prevent tissue damage due to freezing [26,27]. To investigate what kind of mechanical and his-
tological alterations make the aortic wall predispose to the consequent fatal AD event, the non-dissected site adjacent to dissection flap
was selected as the pre-dissection state of the dissected aortic specimen, to perform direct comparison with the normal aorta. To that
end, two square samples with dimensions about 20 x 20 mm were cut out from the non-dissected sites for each tissue specimen after
thawing. One square sample was separated into intima-media layer (IM) and adventitia layer (Adv) since the tear typically develops
into both intima and media layers together in aortic dissection (Fig. 1(b)), while the other sample was kept as intact wall (IW) with full
three layers [22,28]. In total, 54 tissue samples in three sample types (one IW, IM and Adv sample from each aortic specimen) from
both normal and diseased groups were prepared and subjected to subsequent biaxial tensile testing. Sample thickness was measured by
averaging the thickness values at four different locations using a digital caliper (Mitutoyo 500-197-30, resolution: 0.01 mm). Fig. 1
shows schematic illustration of the specimen preparation, experimental testing and histological analysis.

2.2. Biaxial tensile testing and constitutive modeling

For all 54 tissue samples, each sample was mounted into a biaxial testing system (IPBF-300, CARE Measurement & Control) using
fisher hook clamps [29,30], while immersed in the phosphate-buffered saline with the temperature controlled at around 37 °C (Fig. 1
(c)) [31]. Biaxial tensile testing was performed in a force-driven manner following a previously established procedure [30]. Briefly
speaking, after 10 preconditioning cycles to reduce tissue hysteresis, five consecutive protocols with the following force ratios in
circumferential and longitudinal directions: 1:1, 1:0.75, 0.75:1, 1:0.5, and 0.5:1 with the maximal force of 2.0 N were applied to the
sample, and the forces and displacements of all samples in two directions were recorded continuously to calculate the stress-stretch

(a) Aortic specimen harvested from the surgery (b) Aortic tissue excision and preparation

i Aortig sample

pccimens

b

(d) Histology staining ‘

Masson

Investigation of mechanical and microstructural alterations in aortic wall during
the pathogenesis of aortic dissection

Fig. 1. Schematic illustration of the specimen harvesting, preparation and experimental analyses. (a) Aortic specimen harvested from the surgery;
(b) Aortic tissue excision and preparation; (c) Biaxial tensile testing; (d) Histological staining.
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ratio (c-A) data [32-34]. Since the calculation of stress-stretch ratio data were sensitive to the preloading force, especially for Adv
samples, the tissue configuration under 0.01 N pre-load was defined as the initial zero-stretch state [35].

All aortic tissues were assumed to be an incompressible homogeneous and hyperelastic material. Fung-type material model was
used to fit the stress-stretch ratio data with the following strain energy density function [15,27]:

W=3 (e (@ -1) &

where Q = ¢1E2 + 2¢,E.E, + ¢c3E2, E, and E, are the circumferential and longitudinal Green-Lagrange strain values, which could be
derived from stretch ratio data, and C, c;, ¢z, c3 are material parameters. Trust-region-reflective algorithm was employed to determine
the material parameters, and the coefficient of determination (R2 value) was calculated to measure the goodness-of-fit [27,35]. More
information on the derivation for data fitting were provided in the Supplementary File (Section A).

2.3. Quantitative histological analysis

After mechanical testing, histological staining was performed to visualize the aortic tissue components of three samples (IW, IM and
Adv tissue samples) for a subset of subjects (n = 7 from diseased group, and n = 5 from normal group) following the established
procedure [13,36]. A subsample was excised from each tested sample and fixed in formalin for 24 h, and then dehydrated through a
process of varied alcohol concentrations, embedded in paraffin, and serially sectioned into a 5-pm thickness section [13,23].
Consecutive sections were stained with Elastin van Gieson (EVG) for elastic fiber, Masson’s trichrome for collagen fiber, and hema-
toxylin—eosin for gross aortic wall morphology, respectively [13,14,23]. The histological staining of all samples were done in one batch
to minimize any batch effects due to intra-operator or inter-operator variability. All histological slides were imaged with digital slide

Fig. 2. Representative images of EVG and Masson staining of diseased (a-b) and normal (g-h) aortic IW samples. (c-d) Enlarged views of EVG
staining image at a sample site of diseased IW sample, and its segmentation for elastic fiber content; (e—f) Enlarged views of Masson staining image
at the same sample site of diseased aortic specimen, and its segmentation for collagen fiber content; (i-1) Enlarged views of EVG staining and Masson
staining images at a sample site of normal IW sample, and the segmentation for elastic and collagen fiber contents, respectively.
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scanner (Pannoramic MIDI, 3DHISTECH) to extract the elastic and collagen fibers components using the threshold value algorithm
from EVG images and Masson images, respectively (Fig. 2) [26,37]. After deleting the background region, the areal percent occupied
by each stained fiber over the entire tissue sample was calculated to define the fiber density [13,37]. Fig. 2 shows the image processing
of the EVG and Masson images of one diseased and one normal IW sample.

2.4. Statistical analysis

Due to the small sample size of aortic specimens, the results obtained for diseased group and normal group do not satisfy the
normality assumption after checking with Shapiro-Wilk test [38]. Nonparametric Mann-Whitney U test was used to determine whether
any significant differences in material properties and aortic tissue components exist between two groups for three sample types [39].
Statistical analysis was performed with MATLAB (MathWorks) with a statistical significance level of 0.05.

3. Results
3.1. Subject characteristics and sample information

The subject characteristics and tissue sample information of all 18 patients/donors are listed in Table 1, including clinical infor-
mation, sample thickness of three sample types, and indication for histological stain. The sample thickness of three sample types from
the diseased group were all thicker than those from the normal group. However, only the differences in IW and Adv samples thickness
were statistically different (p = 0.0425 and p = 0.0135, respectively).

3.2. Constitutive modeling of diseased and normal aortic tissues

Experimental stress-stretch ratio data from biaxial tensile testing were used to fit the Fung-type model to determine the material
parameters for all 54 tissue samples. Representative material curves from diseased and normal groups were shown in Fig. 3. All tissue
samples exhibited a J-shape material curves indicating the nonlinear stress-stretch behavior with increased tissue stiffness when
stretched. The summary of the material parameters for each sample type is provided in Table 2, while more details on material pa-
rameters for each sample are given in Supplementary File (Table S1). The average R? value for all 54 samples is 0.9634, indicating that
the Fung-type model can accurately describe the mechanical behaviors of different layers of the aortic tissue.

3.3. Tissue stiffness difference between diseased and normal tissue samples

Considering the nonlinearity of the material curves, the incremental elastic modulus defined as the slope of tangent line to the
stress-stretch curve at given stretch ratio was used to measure the tissue stiffness using the following formula: E(\) = do/dA, where E is
the incremental elastic modulus [40]. Table 3 summarizes the incremental elastic moduli in both circumferential and longitudinal
directions (denoted as EC and EL, respectively) at the stretch ratio interval [1.0, 1.4] for all tissue samples. As expected, the tissue
stiffness elevated at higher stretch ratio. An interesting observation was that the tissue stiffness of diseased tissue samples increased
faster than normal tissue samples, as can been seen in IW samples in longitudinal direction, IM and Adv samples in circumferential
direction. This is consistent with the observation in material curves that diseased tissues tended to start with lower stress response at
low stretch ratio level and increase faster than normal tissues (see Fig. 3).

Table 1
Clinical characteristics and tissue sample information of all 18 subjects. Abbreviation: BP, blood pressure; D, diseased group; N, normal group; IW,
intact wall; IM, intima-media layer; Adv, adventitia layer.

Subject ID  Gender  Age  Height (cm)  Weight (kg)  BP (mmHg)  IW thickness (mm)  IM thickness (mm)  Adv thickness (mm)  Histology

D1 Male 51 168 84.5 168/59 1.50 1.25 0.50 No
D2 Male 48 176 100 139/71 2.42 1.46 0.70 No
D3 Male 49 172 60 126/65 2.21 1.66 0.66 No
D4 Male 58 170 80 139/63 1.75 1.34 0.54 No
D5 Male 41 178 70 99/57 1.68 1.29 0.58 No
D6 Male 49 175 95 124/73 1.74 1.22 0.49 No
D7 Male 61 177 78 145/71 2.51 2.08 0.67 Yes
D8 Female 58 162 57.5 141/99 2.80 1.97 0.60 Yes
D9 Male 51 170 80 148/63 1.29 1.21 0.54 Yes
D10 Male 46 165 67 131/80 1.58 1.17 0.60 Yes
D11 Male 55 170 70 163/70 1.29 1.16 0.40 Yes
D12 Female 53 168 85 177/81 1.42 0.97 0.39 Yes
D13 Male 45 176 100 109/62 1.70 0.91 0.43 Yes
N1 Male 37 170 83 117/75 1.66 1.37 0.52 Yes
N2 Male 32 170 60 133/80 1.33 1.22 0.27 Yes
N3 Male 42 175 75 124/83 1.31 1.15 0.18 Yes
N4 Female 45 160 65 140/74 1.44 0.91 0.48 Yes
N5 Male 54 175 70 113/75 1.20 0.91 0.25 Yes
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Fig. 3. Representative biaxial mechanical stress-stretch ratio data and fitted material curves of three sample types from a sample patient (D7) and a
sample donor (N5). Material curves in circumferential and longitudinal directions of intact wall (a), intima-media layer (c), and adventitia layer (e)
from a sample patient; intact wall (b), intima-media layer (d), and adventitia layer (f) from a sample donor. Different protocol was indicated by the
color at the bottom. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 2

Summary of material parameters for three sample types from diseased and normal groups. Values are median (25th, 75th percentiles). Abbreviation:
D, diseased group; N, normal group; IW, intact wall; IM, intima-media layer; Adv, adventitia layer.

Sample type C (kPa) c1

C2

C3

RZ

D-IW

155.5 (52.4, 267.4)

0.77 (0.47, 2.61)

0.22(0.13, 0.27)

0.62 (0.44, 1.96)

0.9953 (0.9867, 0.9975)

N-IW 438.0 (147.8, 1592.9) 0.44 (0.08, 0.86) 0.14 (0.03, 0.27) 0.35 (0.07, 0.84) 0.9962 (0.9958, 0.9975)
D-IM 206.7 (49.4, 990.1) 0.49 (0.11, 2.47) 0.17 (0.05, 0.36) 0.55 (0.13, 1.75) 0.9960 (0.9673, 0.9984)
N-IM 616.9 (472.1, 1203.5) 0.18 (0.13, 0.30) 0.06 (0.05, 0.10) 0.14 (0.12, 0.23) 0.9982 (0.9937, 0.9984)
D-Adv 42.6 (26.7, 82.5) 2.57 (1.30, 2.98) 0.37 (0.17, 0.65) 2.06 (1.68, 3.68) 0.9488 (0.9061, 0.9854)
N-Adv

301.1 (151.5, 331.2)

0.59 (0.51, 0.84)

0.18 (0.11, 0.23)

0.81 (0.53, 0.97)

0.8515 (0.8412, 0.9165)
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Table 3

Summary of tissue stiffness in both circumferential and longitudinal directions at different stretch ratio for three sample types from diseased and
normal groups. Values are median (25th, 75th percentiles). Abbreviation: D, diseased group; N, normal group; IW, intact wall; IM, intima-media layer;
Adv, adventitia layer. Unit of EC and EL: kPa.

Sample type r=1.0 r=1.1 r=1.2 r=13 r=1.4
D-IW EC 119.9 (109.8, 131.8) 191.1 (177.9, 212.1) 294.1 (281.6, 338.3) 467.3 (414.6, 638.1) 734.7 (672.1, 1341.7)
EL 111.8 (82.4, 120.3) 182.9 (133.8,190.3) 275.6 (248.2, 299.1) 414.9 (391.6, 474.2) 647.5 (594.4, 989.8)
N-IW EC 117.2 (114.2, 138.7) 188.6 (181.8, 218.8) 287.1 (266.5, 347.7) 439.1 (370.2, 563.3) 681.0 (499.0, 951.9)
EL 115.5 (99.0, 133.9) 180.7 (156.9, 216.5) 263.0 (237.3, 347.7) 390.5 (334.9, 545.3) 597 (451.0, 841.4)
D-IM EC 110.2 (82.9, 123.8) 173.6 (139.6, 208.6) 264.9 (249.2, 320.5) 449.3 (356.4, 555.3) 609.8 (511.8, 1330.6)
EL 105.1 (87.5, 134.1) 164.7 (145.4, 210.6) 261.7 (232.4, 307.4) 408.4 (380.8, 465.0) 616.9 (588.0, 743.8)
N-IM EC 121.1 (107.9, 145.7) 192.1 (169.3, 228.1) 292.0 (248.4, 332.2) 437.7 (350.7, 462.6) 600.5 (484.1, 670.2)
EL 103.7 (86.3, 119.2) 164.2 (135.3, 186.8) 247.7 (197.9, 272.7) 360.7 (277.8, 386.0) 494.6 (380.2, 555.7)
D-Adv EC 76.6 (49.0, 162.2) 133.4 (80.6, 261.6) 263.7 (138.4, 438.5) 551.4 (230.0, 792.8) 1026.8 (432.7, 1749.8)
EL 94.5 (65.9, 131.5) 156.8 (111.0, 214.6) 271.4 (200.6, 381.6) 503.4 (367.7, 834.5) 1015.6 (721.3, 1796.0)
N-Adv EC 177.0 (63.8, 307.3) 281.2 (100.8, 492.2) 428.3 (151.4, 768.5) 644.7 (222.3, 1206.7) 977.2 (325.3, 1943.3)
EL 194.7 (76.9, 249.0) 309.6 (121.5, 402.1) 473.0 (185.2, 643.5) 715.9 (282.7, 1052.5) 1093.5 (438.0, 1793.9)

Statistical analysis was performed to test whether significant difference in tissue stiffness exists between diseased and normal
groups at stretch level 1.3 (Fig. 4), given that human aorta typically work at this stretch level under the physiological conditions [41].
Mann-Whitney U test showed that EL of the IM samples from the diseased group was significantly higher than that from the normal
group (p = 0.0068) while no significant difference was found in the other direction or other sample types. Numerically speaking, IW
and IM samples from the diseased group generally were stiffer than those from the normal group, while Adv samples were overall softer
in the diseased group.

3.4. Comparison in histological properties between diseased and normal tissue samples

As can be seen in Fig. 2, the elastic fiber structure in the aortic media from the diseased group was disorganized and thinner,
compared to the IM sample from the normal group. More quantitative analysis on the elastic and collagen fiber densities in three
sample types of both groups are shown in Fig. 5. By gross observation, tissue samples from the diseased group had lower elastic fiber
density, but higher collagen fiber density, compared to those from the normal group. Based on the analyzed aortic samples, no sta-
tistical difference in both elastic and collagen fiber densities was found between the diseased and normal groups for any sample type.
Numerically, the median values of elastic fiber density in IW, IM and Adv samples from diseased group were 21.4 %, 22.2 %, and 40.5
% less than those from normal group. Compared to the elastic fiber density, the two groups generally were close in collagen fiber
density, with the relative difference less than 8.5 %.
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Fig. 4. Comparison in tissue stiffness of three sample types between diseased and normal groups.
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Fig. 5. Comparison in elastic and collagen fiber densities of three sample types between diseased and normal groups.
4. Discussion

The pathological mechanisms to aortic dissection are not fully understood [7,42,43]. It is of great importance to investigate the
mechanical and histological changes in the aortic wall at the pre-dissection stage, so that a better understanding why aortic dissection
would eventually happen to these diseased aortas could be gained. Clinical observations have showed that pre-dissected aorta nor-
mally undergoes extracellular matrix remodeling, leading to the weakened wall prone to dissection [6,44]. Recent literature showed
that the experimental analysis combining mechanical testing and histological staining was the powerful method for exploring aortic
diseases, which is beneficial to understand the mechanical and histological alterations in the aortic tissue during disease progression
[18,19,22-24]. This study was intended to simultaneously quantify the changes in both biomechanical and histological properties of
the normal and dissected ascending aortic wall, and its structural-functional relationship to identify potential indicator for dissection
risk assessment [9,11,14].

Even though there are other classical material models, such as modified anisotropic Mooney-Rivlin model [30],
Holzapfel-Gasser-Ogden model [45] and four-fiber family constitutive models [46,47] among others, to describe the mechanical
properties of aortic tissue, Fung-type model is also widely used and was chosen as the constitutive model in this study [15]. This model
is simple and can accurately capture the mechanical properties of the normal and diseased aortic tissues. The average R? value for all
54 samples is 0.9634, indicating its good fitting performance. In fact, in our preliminary test, we tried to perform the data fitting using
both Fung-type and modified anisotropic Mooney-Rivlin model to compare their fitting performance. The result (data not reported)
showed that the fitting performance of both models are very close. Fig. 3 shows Fung-type model-based fitted material curves of three
sample types from a sample patient (D7) and a sample donor (N5) using five consecutive protocols. Fig. 3 and Table 3 illustrate the
nonlinearity of tissue mechanical properties, and also display that material stiffness of diseased tissue samples in circumferential and
longitudinal directions increased faster than that of normal tissue samples when stretch ratio increased from 1.1 to 1.4.

4.1. Changes in mechanical properties during aortic dissection

Few studies exist to compare the mechanical properties between diseased tissues with aortic dissection and normal aortic tissues
[14,23]. Previous studies were more focus on the impact of ascending aortic aneurysm on aorta mechanics [48]. However, some
inconsistency exists in the current literature, regarding whether aneurysmal tissue is significant stiffer than normal tissue in the
ascending aorta [9,49,50]. Most studies reported that aneurysmal aortic tissues had higher tissue stiffness than normal tissues [50,51].
Using uniaxial testing, Vorp et al. claimed that aortic aneurysmal tissues were significantly stiffer in longitudinal direction, but not
significantly stiffer in circumferential direction [48]. On the contrary, Azadani et al. found that no significant difference in tissue
stiffness was found in both directions between aneurysmal and normal aortic tissues based on 37 specimens [49]. More surprisingly,
another study reported that at low strain level, normal tissue was stiffer [9].

The inconsistency in the current literature could be unified by a theory proposed recently [21]. Due to the nonlinearity of tissue
mechanical properties, aortic stiffness changes with respect to different strain or stretch levels. Thus the conclusion of whether
aneurysmal tissue is stiffer would be changed at different stretch level. In fact, this is possible because that the stiffness of the
aneurysmal tissues increases faster than normal tissues [21]. This theory probably could also be applied to the case of aortic dissection
given our data and previous work showed that the stress-stretch curve of the dissected aortic tissue typically starts lower but goes up
more rapidly, compared to normal tissues [22]. Two prior experimental studies on aortic dissection stated that dissected tissues were
generally stiffer than normal tissues, especially at high strain conditions [22,52]. But no statistical conclusion can be drawn due to the
small sample size in these studies because one study had none normal aortic specimen [52] while the other only had one dissected
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specimen [22]. Based on 18 subjects, our statistical analysis in layer-specific mechanical properties between diseased and normal
aortic tissues showed that diseased IM samples was significantly stiffer than normal IM samples in longitudinal direction at stretch ratio
1.3, but not in circumferential direction (see Fig. 4). This suggests that the IM layer has been subjected to significant mechanical
properties change during the pathological development of aortic dissection. Amabili et al. also claimed some mechanical anomalies of
the media and adventitia were associated with aortic dissection [22]. However, our data does not support the mechanical anomaly in
the adventitia layer. To best of our knowledge, this is the first report on the comparison analysis between normal and dissected aortic
tissues in a layer-specific manner with enough statistical power.

4.2. Effects of aortic tissue histology on mechanical properties

Elastic and collagen fibers are important loading-bearing aortic tissue compositions in the aortic wall [44]. Change in mechanical
properties of aortic wall was fundamentally rooted in the tissue remodeling as these aortic tissue compositions undergo dynamic
synthesis and degradation, and crosslinking [11,53]. By comparing two tissue groups, the elastic fiber densities in IW and IM samples
from diseased group were smaller than those from normal group. This is consistent with previous histopathological findings that aortic
dissection was associated with medial degeneration characterized by elastic fiber fragmentation and loss [54,55]. However, our results
showed that the difference is not statistically significant, probably due to the small sample size in the present study.

As the most important contributor to the elastic properties of the aorta, elastic fiber content decreased in diseased aortic tissue make
it less capable to resist the external loading at low stretch level [56]. Therefore, a small load would considerably elongate the diseased
aorta, leading to a small tissue stiffness at low stretch level, which is consistent with our data. It is also reported that elastin serves an
important role in stabilizing the aortic structure, and decreased elastin content was considered as the predisposing factor for aortic
dissection [4,56], which was later experimentally confirmed by an animal study [57].

Compared to elastic fiber, collagen fiber is much stiffer when straightened at physiological stretch level [56]. The higher collagen
fiber density in diseased tissue samples means that large forces were required to stretch the aortic tissue at high stretch level [56]. This
might explain why the material stiffness of diseased tissue samples increased faster than that of normal tissue samples when stretch
level increased (see Fig. 3 and Table 3). Nevertheless, it should be noted that the fiber density is not the only factor contributing to the
aortic mechanical properties, the cross-linking between these fibers and other components like glycosaminoglycans, proteoglycans and
matrix Metalloproteinases also are prominent contributions to the aortic mechanical properties [20,58].

4.3. Implication for dissection risk assessment

The significant difference in mechanical properties of IM samples between diseased and normal groups at stretch level 1.3 indicated
that, during the aortic dissection process, the intima-media layer was more influenced by the disease process. Together with noticeable
decrease in elastic fiber density in this layer, it is evidently showed that the mechanical and microstructural alternations occurred in
the intima-media layer during the pathological process, which may be associated with occurrence of aortic dissection [4,55].
Compared to IM layer, the adventitia layer was less affected by the disease as it underwent relatively smaller mechanical and
compositional alternations. This coincides with the clinical observation that the intimal tear normally progresses into the aortic media,
but not into adventitia layer [5]. All these evidence points to the fact that IM sample stiffness may be used as an indicator for aortic
dissection risk assessment in the future, especially when it is possible to measure the stiffness of the intima-media layer in clinical
setting. In fact, there are some methods proposed to estimate the material properties/stiffness of the aortic wall in vivo using clinical
data including medical images of aortic wall, pulsatile pressure conditions and other information [59,60]. However, in these methods,
the aortic wall was treated as a homogenous material, not a heterogeneous material with different tissue layers due to some limitations
such as low resolution of imaging techniques to differentiate aortic layer, the accuracy of pressure measurements. With the advance of
imaging and measurement techniques to obtain more accurate clinical information, it would come true to accurately and efficiently
quantify the layer-specific material properties of aortic wall in clinical setting [59,60].

4.4. Limitations

(1) Histology. The quantitative measurements of elastic and collagen fiber densities depend on subsample selection for histological
staining [37]. Besides, in order to perform both the mechanical and histological characterizations, the samples were histologically
examined after the biaxial tensile testing. Although tensile testing does not affect the composition of aortic tissue, it could influence the
tissue architectures, such as loose collagen fibers in adventitia and separation of some smooth muscle cells in media [31]; Care was
taken to select the subsample least influenced by the tensile testing for histological staining. (2) Shear strain/stress terms were not
considered in the current study. Previous studies have shown that the shear strain/stress was significant smaller, compared to the
normal strain/stress in the biaxial tensile testing [32]. Therefore, it is reasonable to treat them as zeros when performing the
constitutive modeling of the aortic tissues; (3) Only the elastic and collagen fibers were analyzed in this study. Other tissue constituents
such as the cytoplasm, glycosaminoglycans, and matrix Metalloproteinases which also influence the mechanical behavior of the aortic
tissue were not considered [46], and will be included in future investigation when data become available. (4) Sample size. The sample
size is small in our study. Large-scale patient studies are needed for further validation.
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5. Conclusion

Compared to normal aortic tissues, the elastic fiber density of the intima-media layer in the dissected aortic tissue was lower, while
its tissue stiffness was significantly higher in the dissected aortic tissues, indicating the tissue stiffness of the intima-media layer could
be a potential indicator for aortic dissection risk assessment.
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