
Medial Collagen Type and Quantity
Influence Mechanical Properties of
Aneurysm Wall in Bicuspid Aortic
Valve Patients
Louise Neave1,2, Maria Tahir3, Miriam Nightingale1,2, Anshul S. Jadli 2,4, Vaibhav B. Patel 2,4,
Alexander J. Barker5, S. Chris Malaisrie6, Patrick M. McCarthy6, Michael Markl 7,
Paul W. M. Fedak2,6,8 and Elena S. Di Martino1,2*

1Biomedical Engineering, University of Calgary, Calgary, AB, Canada, 2Libin Cardiovascular Institute, University of Calgary,
Calgary, AB, Canada, 3Biological Sciences, University of Calgary, Calgary, AB, Canada, 4Department of Physiology and
Pharmacology, Cumming School of Medicine, University of Calgary, Calgary, AB, Canada, 5Department of Radiology and
Bioengineering, University of Colorado, Anschutz Medical Campus, Aurora, CO, United States, 6Division of Surgery—Cardiac
Surgery, Bluhm Cardiovascular Institute, Northwestern University, Chicago, IL, United States, 7Department of Radiology and
Bioengineering, Northwestern University, Chicago, IL, United States, 8Department of Cardiac Sciences, University of Calgary,
Calgary, AB, Canada

Collagen has an essential role in aortic biomechanics, and collagen remodeling has been
associated with the development and progression of aortic aneurysm. However, the exact
mechanisms behind collagen remodeling and the biomechanical implications are not well
understood. This study presents an investigation of the relationship between collagen
remodeling in the aortic wall and biomechanics, by means of collagen assays, smooth
muscle cell gene expression, andmechanical testing on human aortic specimens collected
from patients with bicuspid aortic valve. Collagen assay analysis was employed to
determine collagen-I and total collagen content; quantitative real-time PCR was used
to determine amounts COL1A1 and COL3A1 expression in the tissue. These parameters
were compared with the local biomechanical properties determined from biaxial and
uniaxial tensile testing. Collagen-I content was found to relate to improved mechanical
properties, while total collagen content did not exhibit a relationship with biomechanics.
COL1A1 and COL3A1 expression were found to relate to the collagen-I content of the
tissue, but not the total collagen content or biomechanical performance. Relationships
between variables appeared to be dependent on the collagen content in specific layers of
the aortic wall. The effect of age is also noted, as total collagen content and biomechanics
were found to have significant associations with increasing age, while collagen-I content
and collagen gene expression did not exhibit any correlation. Varying relationships were
observed when looking at younger versus older patients. Findings highlight the importance
of type and location in determining the influence of collagen on aortic biomechanics, as well
as the role of gene expression in the onset and progression of collagen remodeling in aortic
aneurysm.
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1 INTRODUCTION

Bicuspid aortic valve (BAV) patients make up 1%–2% of the
population and have a higher likelihood of developing ascending
aortic aneurysm (AsAA) than the general population, a serious
disease characterized by local weakening and dilation of the wall
of the ascending aorta (Fedak et al., 2002). The aortic wall is
composed of three layers: the intima, media, and adventitia. With
the intima being only a few microns thick, it is thought that aortic
biomechanics are primarily determined by the microarchitecture
and content of the extracellular matrix (ECM) of the media with
respect to daily cardiovascular functioning, with the adventitia
providing support for high impact loading (Wolinsky and
Glagov, 1967; Robertson et al., 2013). The media is composed
of equally spaced elastic lamellae with smooth muscle cells and
collagen interspaced between the layers. The adventitia is made of
thick bundles of collagen (Rhodin, 2014). In healthy tissue, elastin
is thought to dominate aortic tissue behaviour in normal pressure
conditions, working in conjunction with contractile phenotype
vascular smooth muscle cells (VSMCs) to allow the aorta to
undergo the large deformations necessary for cardiovascular
functioning. The collagen remains crimped or wavy, not
contributing to the biomechanics until a sufficient deformation
is reached, often assumed to be outside the physiological level of
daily functioning.

The pathogenesis of AsAA is widely associated with ECM
remodeling. As such, disruptions of the ECM in relation to AsAA
have been of interest. Studies have outlined abnormal ECM
remodeling in BAV AsAA, citing impaired collagen turnover
(Wågsäter et al., 2013), elastin fragmentation and medial
degeneration (Guzzardi et al., 2015; Halushka et al., 2016;
Cotrufo et al., 2005), and VSMC phenotypic switching and
death (Lu et al., 2021; Cotrufo et al., 2005) as possible factors
in aneurysm progression.

Collagen is of particular interest as it is known to be heavily
involved in ECM remodeling related to both aging and disease.
Unlike elastin, which cannot be produced by the body after
developmental years, collagen repair and regeneration in the
aortic ECM occurs throughout a person’s life (Wang et al.,
2021), and these processes may occur at an accelerated rate to
compensate for elastin fragmentation and reduction. As collagen
is intimately related to the structural integrity and biomechanical
performance of the aorta, there have been several studies on its
role in relation to AsAA development and progression. Results
show that changes in collagen content, crosslinking, and type are
found to occur in AsAA tissue (Tsamis et al., 2013), and the
extent of these changes may relate to the probability of serious
outcomes such as aortic dissection or rupture (Jana et al., 2019).
Increased collagen in the media has been established as a sign of
disease progression alongside fragmented elastin (Rizzo et al.,
1989; Halushka et al., 2016) and previous studies from our group
have shown that the presence of increased collagen in the media
may correlate with a decrease in tissue strength (Martufi et al.,
2018).

While it is evident that collagen plays an important role in
tissue remodeling and disease progression, the nature of this role
and the influence from various types of collagen remains unclear.

Many different types of collagen structure exist in soft tissue, the
two predominant types in aortic tissue being collagen-I and
collagen-III (Jana et al., 2019). Collagen-I is thought to be
associated with tensile stiffness and strength, while collagen-III
is thought to be associated with extensibility. AsAAs are also often
characterized by the loss of VSMCs or changes in VSMC
phenotype from contractile to synthetic (Owens et al., 2004).
The synthetic VSMC phenotype is associated with tissue
remodeling processes, including collagen production (Owens
et al., 2004). Specifically, synthetic VSMCs are known to
secrete increased RNA gene expressions COL1A1 and
COL3A1, which are thought to be associated with the
production of collagen-I and III, respectively. Previous studies
have shown that a decrease in COL1A1 expression led to a
reduction in collagen-I content, which was associated with
aortic dissection and rupture in mouse models (Rahkonen
et al., 2004).

Multiple studies have sought to understand the process and
effects of collagen remodeling and changes in the ECM observed
using histology (Smoljkić et al., 2017; Deveja et al., 2018),
microscopy (Pasta et al., 2016), and biochemical assays
(Pichamuthu et al., 2013; Chim et al., 2020). Though it is
likely that the microstructural changes observed in the ECM
histopathologically would have biomechanical implications, there
are relatively few studies that have investigated the relationship
between biomechanical properties and collagen changes in the
ECM of aortic aneurysm (Rizzo et al., 1989; Tanios et al., 2015;
Forneris et al., 2021), and even fewer that are specific to the
ascending aorta and BAV (Pichamuthu et al., 2013; Pasta et al.,
2016). Further investigation into the relationship between
microstructural and mechanical characteristics of AsAA may
provide insight into the complex, multifactorial mechanisms of
AsAA development and progression. In this study, we present a
preliminary exploration into the relationship between collagen
remodeling in BAV AsAA and biomechanics, using a
combination of enzyme-linked immunosorbent assay (ELISA)
analysis for collagen-I and total collagen content, quantitative
reverse transcription PCR (RT-qPCR) analysis for synthetic
VSMC gene expression, and biaxial and uniaxial tensile testing
for biomechanical characterization of BAV AsAA tissue.

2 MATERIALS AND METHODS

2.1 Patient Population and Tissue Samples
Tissue specimens were obtained from a population of fifteen BAV
patients undergoing elective ascending aortic resection between
2016 and 2020 at the Foothills Medical Centre (Calgary, Alberta,
Canada) under the approval of the Conjoint Faculties Research
Ethics Board (REB14-0084) and Northwestern Memorial
Hospital (Chicago, Illinois, United States) under the approval
of the Northwestern University Institutional review board
(STU00204434). Inclusion criteria: above 18 years old, had a
BAV, and no previous history of aortic surgery, aortic
dissection, rupture, or other connective tissue disorders.
Demographic data such as age, sex, and hypertension were
also collected.
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Resected whole aortic aneurysm tissue was cut into regions
(greater curvature, lesser curvature, posterior, and anterior), and
then further divided into specimens based on region size
(Figure 1). Specimens were marked to specify orientation, and
then flash frozen at −80°C in VWR tissue freezing compound.

Previous studies have indicated that freezing has minimal effects
on the biomechanical properties of tissue (Macrae et al., 2016).

2.2 Mechanical Testing and Analysis
A combination of biaxial tensile and uniaxial tensile tests were
performed on specimens to characterize the tissue response under
varied mechanical conditions. For all tests, loading was induced
in one or both of the defined principal directions: circumferential
(Tsamis et al., 2013), referring to the direction along the
circumference of the aorta; and axial (Forneris et al., 2021),
referring to the direction along the length of the aorta. From
each specimen, one circumferential and one axial test strip was
removed for uniaxial testing, with the remainder designated for
biaxial tensile testing (Figure 2B).

2.1.1 Biaxial Tensile Testing
Biaxial tensile tests were conducted using a four-motor biaxial
testing system (ElectroForce Systems, TA Instruments,
Springfield, MO) equipped with two 22N load cells.
Experimental protocol and subsequent analysis has been
previously reported by our group (Forneris et al., 2021).
Specimens were thawed at 4°C prior to testing, then cut into
squares of approximately 12 mm × 12 mm and attached to four
linear motors with sutures and hooks. The circumferential and
axial specimen directions were oriented with the motor directions
and orientation was maintained throughout testing and across
specimens. Specimen thickness and hook-to-hook distance

FIGURE 1 | Aneurysm specimen processing and biaxial mechanical testing methodology. (A) whole aneurysms were divided into circumferential regions: greater
curvature (GC), anterior (A), lesser curvature (LC), and posterior (P); (B) tissue was divided into specimens based on the size of the region, with large pieces used for
mechanical testing, and adjacent pieces used for RT-qPCR analysis; (C) hook placement on a square biaxial specimen, showing dot placement used for camera
tracking; (D) stress-strain surface obtained from fitting all experimental protocols, with the red dots representing the true equi-stretch curve in the axial direction; (E)
stress-stretch curves obtained in axial (red) and circumferential (blue) directions were characterized by the low-strain tangential modulus (LTM) and high-strain tangential
modulus (HTM). CIRC, circumferential direction; AXIAL, axial direction.

FIGURE 2 | Uniaxial analysis and layer-separation of tissue. (A) stress-
strain curve of a uniaxial test, with ultimate tensile strength (UTS) found as the
stress of the tissue at failure; (B) uniaxial specimens were directly adjacent to
the biaxial specimen, cut from the tissue in both the circumferential (blue)
and axial (red) directions; (C) manual layer-separation of the tissue was done
after biaxial testing, before the tissue was analyzed for collagen content.
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(i.e., effective specimen testing length) were measured using
digital calipers. Five dots were placed in the center of the
specimen to allow for local deformation tracking by an
overhead high-resolution digital video extensometer (DVE)
camera. To replicate in vivo conditions, the specimen was
submerged in a PBS bath warmed to 37°C for the duration of
the test (Macrae et al., 2016). A pre-load of 0.05 N in each axis was
applied to the specimens before testing.

Each specimen was subjected to a series of displacement-
controlled test protocols (1:1, 1:0.75, 1:0.5, 1:0.2, 0.2:1, 0.5:1, 0.75:
1), where 1 indicates the maximum displacement in the
circumferential or axial direction based on the original hook-
to-hook specimen dimensions. All specimens were subjected to a
maximum displacement of 60% with a subset of specimens also
subjected to an additional 80% maximum displacement set of
protocols. Each protocol consisted of five pre-conditioning cycles
with the data from the last or second last cycle being used to
characterize the passive mechanical behaviour of the specimen.

Cauchy stress and stretch were determined from the average
local deformation gradient found via optical dot tracking, the
global force readings in each direction, and the initial specimen
dimensions, with the assumption of tissue homogeneity and
incompressibility (Forneris et al., 2021; Nightingale et al.,
2021). If high shear was present, the deformation gradient was
calculated excluding the dot corresponding to the region of high
shear. As the applied displacements do not always produce
equivalent local stretch, a 3-dimensional surface was fitted to
the stress-stretch data to find the true equi-stretch biaxial
mechanical response for each specimen, allowing for better
comparison across the specimens (Figure 1D) (Forneris et al.,
2021). This data was further processed for biomechanical
parameters to compare behaviour across specimens.
Specifically, the equi-biaxial mechanical stress-stretch response
was plotted and analyzed in the circumferential and axial
directions to determine the low-strain tangential modulus
(LTM) and the high-strain tangential modulus (HTM)
(Figure 1E).

2.1.2 Uniaxial Tensile Testing
Uniaxial tensile testing was conducted using a linear motor
uniaxial testing system (ElectroForce System 3200, TA
Instruments, Eden Prairie, MN) equipped with a 200N load
cell. Specimens tested uniaxially were cut in axial and
circumferential directions (Figure 2B). An initial pre-
conditioning protocol was applied in which the specimen was
subjected to a set of 10 cycles to 15% strain—based on the initial
grip-to-grip measurement—at a frequency of 1 Hz. The specimen
was then pulled at a rate of 10 mm/min to failure. Displacement
and force values were recorded, which were then processed into
Cauchy stress and strain using the initial specimen dimensions.
The stress-strain curve for each specimen was generated, and the
ultimate tensile strength (UTS) of the specimen was found as the
first local maximum stress (Figure 2).

2.3 Collagen Assays
Collagen samples were cut from the bottom 1/3 of the biaxial
squares after they were tested. Specimens were separated into

media and adventitia by gently rubbing a scalpel on the intimal
side of the sample until separation was initiated, and then peeled
manually (Figure 2C) (Angouras et al., 2019). The media
(including intima) and adventitia layers were then processed
independently using the methods described below.

2.3.1 Total Collagen
Total Collagen data was collected using the QuickZyme Total
Collagen Assay from QuickZyme Biosciences (QuickZyme,
2022). To homogenize the sample specimens, approximately
10 mg of tissue was taken from each sample and added to a
pressure-tight, screw-capped polypropylene vial containing 50 µL
of 10N sodium hydroxide (NaOH). The vial was then hydrolyzed
at 120 °C for 1 h and cooled on ice. Once the solution reached
room temperature it was neutralized by adding 50 µL of 10N
hydrochloric acid (HCl) and vortexed. To ensure the solution was
homogeneous and pellet insoluble debris that may have been
present, the polypropylene vial was centrifuged at 10,000 x g for
5 min 2 µl of the homogenized collagen sample was then diluted
in 20 µl of ddH2O to fit within the standard curve. Preparation of
collagen standard and subsequent assay procedure was done
according to the QuickZyme Total Collagen Assay manual
(QuickZyme, 2022).

Sample calculations were done according to the QuickZyme
Total Collagen Assay manual after accounting for the 2 µl
collagen: 20 µl ddH2O dilution. The calculated concentrations
were then converted from µg to µg-collagen/µg-tissue.

2.3.2 Collagen-I
Collagen I data was collected using the Human Pro-Collagen I
alpha ELISA Kit (ab210966) from Abcam (Abcam, 2022). To
homogenize the sample specimens, approximately 10 mg of tissue
was taken from each sample and added to a pressure-tight, screw-
capped polypropylene vial containing 1 ml of Phosphate Buffered
Saline (PBS). An electric homogenizer was then used at speed 6
for 3 × 30 s intervals to homogenize sample specimens until the
solution was cloudy and no distinct particles were seen. Care was
taken to avoid homogenizing for more than 90 s. 10 µl of the
homogenized collagen sample was then diluted in 90 µl of the 1X
cell extraction buffer, prepared according to the ELISA Kit
procedure (Abcam, 2022). Preparation of collagen standard
and subsequent assay procedure was done according to the
Human Pro-Collagen I alpha ELISA Kit (Abcam, 2022).

Sample calculations were done using the concentrations
generated respective to the Collagen I standard curve. To
determine the mass of collagen (g) in the wells, concentrations
were divided by 0.05 ml, the amount of dilute collagen solution
added to the wells. This number was then divided by the mass of
tissue (g) in well, after accounting for all dilutions, to give a final
amount in g collagen/g tissue.

2.4 Quantitative Real-Time PCR
Total RNA was extracted from aortic tissues that had been fast
frozen immediately after being obtained from patients using the
TRIzol reagent (#15–596–018, Thermo Fisher Scientific)
according to the manufacturer’s instructions. The extracted
RNA was dissolved in RNase-free water, and the
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concentration of the total RNA was determined using
SpectraMax iD3 (Molecular Devices, CA, United States). The
RT-qPCR was performed as described previously (Ballasy et al.,
2021). Briefly, cDNA was then prepared using the cDNA Reverse
Transcription Kit (#4374966, Thermo Fisher Scientific). TaqMan
probes for COL1A1 (Hs.PT.58.15517795), COL3A1
(Hs.PT.58.4249241), and 18s rRNA (Hs.PT.39a.22214856.g)
were used to measure the gene expression. For each gene, a
standard curve was generated using known concentrations of
cDNA (0.1, 1, 10, 100, and 1,000 ng) as a function of cycle
threshold (CT). Expression analysis of the reported genes was
performed by TaqMan Real-time PCR using QuantStudio™
system (Thermo Fisher Scientific, MA, United States). Data
were analyzed using QuantStudio™ design and analysis
software version 1.4.3. All samples were run in triplicates in
384 well plates. 18S rRNA was used as an endogenous control.

2.5 Statistical Analysis
Statistical analysis was performed in R Studio (Version 4.04,
2021) (R Core Team, 2021) using the lme4 (Bates et al., 2015) and
moments (Komsta and Novomestky, 2015) packages. Statistical
significance was set at p < 0.05. A Shapiro-Wilk test was
performed to assess the normality of each continuous variable,
and in the case of non-normally distributed data, a logarithmic
transformation was applied to achieve normality. To determine
relationships between mechanical properties and collagen
content in the full data set, a linear mixed effect (LME) model
was used with random intercepts for patients, used to assess inter-
patient variability. LME results are reported with the Marginal R2

(R2m-values), a ratio of the variance explained by the fixed
variable as compared to the total variance in the data, and the
Conditional R2 (R2c-values), which accounts for the variance
explained by the fixed effects and the random effects. In the case
of the age-grouped data sets, variables were again assessed for
normality, followed by Pearson’s correlation test for normal data
and Spearman’s rank correlation test for non-normal data to
examine the strength and direction of relationships between
variables. Two-tailed p-values are presented with correlation
coefficients (R-values for Pearson’s correlation, ρ-values for
Spearman’s rank correlation). Variation between groups was
assessed using an ANOVA test for normal distributions, and
Kruskal-Wallis test for non-normal distributions.

3 RESULTS

3.1 Patient Characteristics
A total of 15 BAV patients were included in this study, with ages
ranging from 40 to 68 years, patient demographics presented in

Table 1. From these patients, 54 aortic tissue samples were
collected and subjected to mechanical testing. Of the
mechanical tests, 49 biaxial tensile tests and 63 (35
circumferential, 28 axial) uniaxial tensile tests were performed
successfully. Collagen-I analysis was performed on 53 specimens,
while total collagen analysis was done on a subset of 36
specimens, dependent on the amount of tissue remaining after
collagen-I analysis.

TABLE 1 | Patient characteristics.

Demographic

Age (mean ± SD) 57.27 ± 7.8
Sex 14 (M), 1(F)
Diameter (mm, mean ± SD) 50.2 ± 3.4

FIGURE 3 | Relationship of collagen in the adventitia and media with
patient age. (A) total collagen content; (B) collagen-I content; (C) collagen-
I ratio.
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RNA gene expression was conducted on 36 samples from 10
patients, samples were located adjacent to the mechanical and
collagen specimens (Figure 1B). It was necessary to use adjacent
specimens as the smooth muscle cells do not generally survive the
mechanical testing.

3.2 Regional Differences
There was no significant difference in collagen-I or total collagen
content between the anterior, posterior, greater curvature, and
lesser curvature regions. Axial LTM and HTM were the only
mechanical parameters to show regional variation, with the axial
LTM of the anterior region significantly lower than that of the
posterior (p = 0.028) and greater curvature regions (p = 0.028),
and the axial HTM of the anterior region significantly lower than
that of the greater curvature region (p = 0.0044).

3.3 Effect of Age
As previous findings from our group suggest a relationship between
ECM remodeling effects and age (Nightingale et al., 2022), collagen
content, RNA expression, and biomechanical parameters were
assessed for age-related changes. It was found that while total
collagen content had a significant positive correlation with age in
both the media (p = 0.011, R = 0.50) and adventitia (p = 0.017, R =
0.47), collagen-I content did not show any relationship with patient
age (Figure 3). The ratio of collagen-I to total collagen, however, did
have a significant negative association with age in the adventitia (p <
0.001, ρ = −0.58) and not the media.

RNA expression of COL1A1 and COL3A1 did not have any
significant relationship with age, though the oldest patients did
seem to have the highest levels of expression for both.

For biomechanics, increasing age was also found to correlate with
the circumferential properties. Specifically, an increase in the
circumferential LTM (p = 0.034, ρ = 0.30) and HTM (p = 0.032,
ρ = 0.34), as well as a decrease in the circumferential UTS (p < 0.001,
ρ = -0.55). Axial LTM, HTM, and UTS were not found to have any
relationship with age.

Given the association of total collagen content and mechanical
properties with age, a second set of analysis was completed with
patients categorized into younger (age <60 years at time of aortic
resection, N = 9) and older (age ≥60 years at time of aortic
resection, N = 6) patient groups, to observe any age-specific
remodeling characteristics. The age division was chosen based on
previous work by Haskett et al. (2010) and Martin et al. (2013)
who suggest that 60 years marks a significant transition in the in
vivo and ex vivo mechanical properties of the ascending aorta.
60 years is also the approximate onset age for thoracic aortic
aneurysm in the general population (Davies et al., 2006).

Descriptive statistics for collagen content and biomechanics
are presented for the young (<60 years) and old (≥60 years) age
group in Table 2, with comparative p-values. Comparison
between the mechanical properties of the younger and older
age groups revealed that older patients demonstrated stiffer
behaviour at both low- and high-strain conditions in the
circumferential direction, as well as significantly lower

FIGURE 4 | Age-group specific relationships between circumferential mechanical properties and collagen-I ratio in the media (top row) and collagen-I ratio in the
adventitia (bottom row). (A,D) circumferential UTS; (B,E) circumferential LTM; (C,F) circumferential HTM.
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circumferential strength. No differences were realized between
age groups in the axial mechanics. Like the findings above, older
patients were found to have a higher total collagen content in the
media, though no difference was found in the collagen-I content
between the age groups. Despite the differences in total collagen
content, there did not seem to be any significant difference in the
level of COL1A1 or COL3A1 expression between the older and
younger groups.

3.4 Collagen Content and Biomechanics
In the full patient group, the tissue biomechanics were not found
to have any association with total collagen content in the media or
adventitia. On the other hand, Collagen-I content, did appear to
relate to the biomechanics. Specifically, in the full patient group,
circumferential UTS was found to have a positive relationship
with medial collagen-I content (p = 0.039, R2m = 0.13, R2c = 0.51)
and medial collagen-I ratio (p = 0.0079, R2m = 0.23, R2c = 0.68).
No significant relationships were found between collagen-I
content or ratio in the adventitia and the mechanical
properties of the full group.

When divided into groups by age, older patients seemed to
have an inverse relationship between collagen-I ratio in the
adventitia and LTM in both the circumferential (Figure 4)
(p = 0.0055, ρ = -0.69) and axial (p = 0.031, ρ = -0.56)
directions. This relationship was also present when

considering collagen-I content in the adventitia, however the
correlation was less strong (circ: p = 0.02, ρ = -0.58; axial: p =
0.062, ρ = -0.48). No association was found between
biomechanics of the older patients and total collagen in the
media and adventitia, or with collagen-I in the media.

In the younger patients, circumferential UTS was found to
have a positive relationship with collagen-I ratio in the media (p =
0.024, ρ = 0.66) (Figure 4), but not with collagen-I content alone.
It should be noted that UTS was defined as the maximum stress
before the failure of any part or layer of the tissue, versus the
entire separation of the tissue. The media layer was often
observed to fail first, therefore it is reasonable that the UTS
would be related to variations in collagen within that layer. No
other significant associations were realized with collagen-I
content or ratio. As in the older patients, total collagen
content in the media and adventitia did not seem to correlate
with biomechanics.

3.5 RT-qPCR Analysis
RT-qPCR analysis was performed on a subset of ten patients (N =
7 < 60 years, N = 3 ≥ 60 years) based on availability of tissue
adjacent to mechanically tested specimens.

No relationships were realized between the biomechanical
properties and COL1A1 expression. In fact, the only
statistically significant relationship between RNA gene

TABLE 2 | Comparison of the collagen-I content, total collagen content, and mechanical properties between young (<60) and old (≥60) patient groups.

Young patient group
(<60 years)

Old patient group (≥60 years) p-Values (Two-Tailed)

Age (years) 52.6 ± 6.2 64.3 ± 2.9 -

ELISA

Collagen-I Content (g/g) Med: 1.23E-6 ± 1.41E-6 Med: 1.50E-6 ± 1.64E-6 Med: p = 0.367
Adv: 1.38E-6 ± 1.24E-6 Adv: 9.66E-7 ± 6.41E-7 Adv: p = 0.499
Total: 2.72E-6 ± 2.54E-6 Total: 2.51E-6 ± 2.43E-6 Total: p = 0.811

Total Collagen Content (g/g) Med: 0.0108 ± 0.00496 Med: 0.0187 ± 0.00610 Med: p = 0.003*
Adv: 0.0152 ± 0.0105 Adv: 0.0220 ± 0.00671 Adv: p = 0.059
Total: 0.0260 ± 0.0145 Total: 0.0407 ± 0.00784 Total: p = 0.017*

Collagen Ratio (Collagen-I g/Total Collagen g) Med: 2.72E-4 ± 3.54E-4 Med: 1.22E-4 ±1.59E-4 Med: p = 0.256
Adv: 1.94E-4 ± 2.43E-4 Adv: 4.86E-5 ± 3.11E-5 Adv: p = 0.136
Total: 2.27E-4 ± 2.57E-4 Total: 7.08E-5 ± 7.38E-5 Total: p = 0.133

Circumferential Direction Mechanics

Low Strain Tangential Modulus (LTM) 420 ± 163 kPa 488 ± 133 kPa p = 0.033*
High Strain Tangential Modulus (HTM) 963 ± 599 kPa 1809 ± 1,096 kPa p = 0.011*
Ultimate Tensile Strength (UTS) 1.04 ± 0.71 MPa 0.53 ± 0.62 MPa p = 0.0046*

Axial Direction Mechanics

Low Strain Tangential Modulus (LTM) 345 ± 112 kPa 346 ± 84.3 p = 0.951
High Strain Tangential Modulus (HTM) 936 ± 809 kPa 1,332 ± 957 p = 0.109
Ultimate Tensile Strength (UTS) 0.56 ± 0.32 MPa 0.65 ± 0.51 p = 0.484

RT-qPCR

COL1A1 Expression 6.72 ± 7.67 9.63 ± 8.39 p = 0.48
COL3A1 Expression 1.27 ± 0.66 1.56 ± 0.90 p = 0.42
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expression and biomechanical properties was found in the older
patient group, where circumferential HTM had a negative
association with COL3A1 expression (p = 0.042, R = -0.83).

COL1A1 and COL3A1 expression did, however, appear to
relate to the collagen-I content and total collagen content in the
tissue. Specifically, older patients displayed a positive association
of collagen-I content in the media with COL1A1 (p = 0.044, ρ =
0.66) and COL3A1 (p = 0.031, ρ = 0.70) (Figure 5). In the
adventitia, collagen-I content did not relate to gene expression,
but total collagen content was found to relate to both gene
expressions (COL1A1: p = 0.027, ρ = 0.73; COL3A1: p =
0.0021, R = 0.87).

In the young patients and full group, no relationship was
observed between COL1A1 and collagen content. COL3A1, on the
other hand, did seem to relate to the collagen-I content in the
younger patients in the adventitia (p = 0.0063, ρ = 0.58)
(Figure 5).

4 DISCUSSION

ECM remodeling is associated with the onset and progression of
aortic aneurysm, including AsAA (Jana et al., 2019; Mimler et al.,

2019; Adams et al., 2021). Collagen is a principal component of
the ECM in the aortic wall, and it interacts with other ECM
components such as elastin or fibrillin. The appropriate amounts
of each of these ECM proteins ensure arterial integrity necessary
to support the heavy hemodynamic loading conditions in the
aorta (Wang et al., 2006). Although elastin fragmentation and
degradation have been implicated in AsAA (Nienaber and Eagle,
2003; Tsamis et al., 2013), the role of collagen is less clear.
Collagen content in the aortic wall has been extensively
studied, with numerous conflicting reports (Jana et al., 2019;
Mimler et al., 2019). Increased (Rizzo et al., 1989; Bode et al.,
2000) or decreased (Rahkonen et al., 2004) collagen levels have
been associated with aortic wall weakening and aneurysm
formation, and in AsAA specifically, changes in the ratio of
collagen types present in the tissue have been reported (Jana
et al., 2019; Cotrufo et al., 2005).

Collagen in the aorta is generally associated with structural
function, responsible for mechanical performance at high
deformations and stress due to its high tensile strength and
stiffness (Holzapfel and Fratzl, 2008). However, our results
agree with previous findings (Pichamuthu et al., 2013) that
show no significant relationship between the total collagen
content of the tissue and the biomechanical behaviour,

FIGURE 5 | Age-group specific relationships between VSMC collagen gene expression and collagen-I content in the media (top row) and collagen-I content in the
adventitia (bottom row). (A,C) COL1A1 expression; (B,D) COL3A1 expression.
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suggesting that the role of collagen in AsAA tissue may vary
considerably based on collagen type andmicrostructure. Collagen
location within the tissue may also be a significant factor, as most
of the relationships observed in collagen content were layer
specific. Circumferential UTS appeared to be related to the
collagen-I content of the media, but not the adventitia, while
circumferential LTM seemed to be related to the collagen-I
content of the adventitia, but not the media.

The study of collagen remodeling in aortic aneurysm also
seems to be complicated by changes in the ECM that occur
naturally with age. BAV patients are known to present with AsAA
earlier than the general population, which makes it challenging to
separate age-dependent ECM remodeling from disease-driven
remodeling. In this study, the only parameters that appeared
independent of age were collagen-I content and COL1A1 and
COL3A1 gene expressions. Aortic aneurysm onset and
progression are known to be accompanied by VSMC
phenotypic switching, VSMC apoptosis, and medial
degeneration (López-Candales et al., 1997; Zhong et al., 2019).
The presence of synthetic VSMCs is characterized by increased
production of ECM components, such as collagen-I and collagen-
III (Petsophonsakul et al., 2019), and increased collagen-I and III
content and expression have been previously reported in aortic
aneurysms (Phillippi et al., 2010; Jana et al., 2019). Because
collagen-I content and gene expression appear to have no
association with age, it is possible they are related to disease-
specific remodeling in the aortic wall. Interestingly, total collagen
seems to significantly increase with age (as previously reported
(Andreotti et al., 1985; Halme et al., 1985; Tsamis et al., 2013))
while collagen-I ratio decreases, suggesting other types of
collagens are being produced. The biomechanical properties
also show potential aging effects, with increased tissue stiffness
at low- and high-strains, and decreased tissue strength in older
patients.

When separated into age groups, relationships between the
biomechanics and collagen content were found to differ between
the old and young patients, with LTM and UTS relating to the
content and ratio of collagen-I in the tissue. Given that there was
no significant difference between the collagen-I content of the age
groups, it stands to reason that these age-specific relationships
may arise from changes in other constituents present in the ECM.
Specifically, the increased influence of collagen-I on low-strain
stiffness in the older age group may be related to the degradation
of elastin with age. The aortic wall does not deform to the same
level in vivo as is achieved during typical ex vivo mechanical
testing protocols (60% or 80% sample strain). In healthy tissue,
low-strain measurements, such as LTM, are generally more
representative of physiological conditions, with elastin thought
to be the primary load-bearing component. As elastin content
decreases due to aging or disease progression, if the collagen
remains crimped, the low-strain stiffness should decrease. In the
case of the low-strain stiffness in the older patients, there is a
significant inverse relationship between the LTM and collagen-I
ratio, and it is possible that this result indicates a loss of elastin in
the tissue and a switch to more collagen-dependent behaviour.
With the older patients having significantly greater low-strain
stiffness than the young, the inverse relationship between LTM

and collagen-I in the old group suggests that the stiffening
behaviour may be related to the contributions of other
collagen types. This switch to collagen-dominated behaviour
may also be the reason why older patients appear to have a
stronger relationship between VSMC synthetic phenotype
COL1A1 and COL3A1 expressions, which signal for increased
collagen deposition. Whether associated with aging, disease, or
both, degradation of elastin in the aortic wall has direct
implications for the wall integrity and behaviour (Choudhury
et al., 2009; Chow et al., 2014; Nightingale et al., 2022), and
increased collagen deposition may mitigate some of the
undesirable biomechanical changes. While the exact cause and
mechanism behind VSMC phenotype switching is currently
unknown, we hypothesize that the increased expression of
COL1A1 and COL3A1 may be a consequence of compensatory
repair mechanisms mediated by synthetic VSMCs in the
aortic wall.

While the low-strain stiffness may be indicative of tissue
behaviour in vivo, it is also interesting to note the relationship
of collagen content and UTS. UTS is often used in biomechanical
studies as a pseudo-measure of rupture potential, as it offers a
means of comparing tissue strength at failure. The results show
significant associations between circumferential UTS and medial
collagen-I, as well as circumferential UTS and the medial
collagen-I ratio in the full group and young patients. These
results imply that the presence of collagen-I in the media may
be a significant factor in aortic wall failure mechanics, more so
than in the adventitia or composite tissue. As results show
greatest significance in the relationship between
circumferential UTS and the ratio of collagen-I content to
total collagen, it highlights the question of what contribution
other collagen types may have to AsAA biomechanics. In the
human ascending aorta, collagen-I, III, and IV account for the
majority of the total collagen present in the tissue (Berillis, 2013).
A reduction in the collagen-I ratio in the tissue implies an
increase in other types of collagens present. In BAV patients
specifically, an increase in collagen-IV and decrease in collagen-I
and III has been reported in AsAA tissue (Tsamis et al., 2013),
though the relationship to biomechanics was not evaluated.
Considering the positive relationship of collagen-I ratio and
UTS, it may be that other collagen types are not as beneficial
to the mechanical properties.

In the context of aortic aneurysms and disease progression,
this is an important finding. It is generally accepted that collagen
is a primary load-bearing constituent of the aortic wall. However,
as detailed above, several studies investigating the relationship
between collagen content and biomechanics in the aorta have
found that variation in total collagen content does not seem to
relate to the mechanical behaviour. As such, subsequent studies
concerning collagen remodeling in the aortic wall have generally
focused on the orientation and microarchitecture of the fibres to
explain variation in biomechanical properties (Gasser et al., 2006;
Pasta et al., 2016; Tsamis et al., 2016). Several groups have
proposed that the reduced biomechanical properties of BAV
AsAA tissue may be explained by differences in the collagen
fibre alignment and distribution (Pichamuthu et al., 2013; Pasta
et al., 2016). While these conclusions may be true, it is also
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accepted that different collagen types do not have the same
mechanical response under loading (Silver et al., 2002). To
have varying ratios of collagen types in the tissue would likely
have direct implications for biomechanical properties, as was
found in this study with the ratio of collagen-I. We suggest that
the biomechanical contributions of collagen and the significance
of collagen remodeling in AsAA cannot be reduced to simply the
collagen content or orientation, but rather are a complex product
of multiple factors, including collagen architecture, type, and
location in the tissue.

As an exploratory study, the data presented may be better used to
guide future research than to draw any concrete conclusions. This
study has limitations, such as the lack of collagen-III content to be
associated with COL3A1 gene expression and biomechanical
parameters, making it challenging to interpret some of the
relationships found without making assumptions. Additionally, the
patient cohort contains only one female subject, and so differences in
composition and biomechanics that may be sex-specific cannot be
confidently evaluated. Ideally, this work should be extended to a
larger group, including greater patient representations from both
sexes across a range of ages, if possible. Further, methodology should
be extended to include more collagen types, such as collagen-III, IV,
and collagen crosslinking. Additionally, it would be beneficial to
consider the relationship between collagen remodeling and changes
in other constituents in the ECM that may occur simultaneously,
such as elastin fragmentation and presence of matrix
metalloproteinases, for a more comprehensive understanding of
ECM remodeling in BAV AsAA.

The present findings are the first to show a potential
relationship between collagen-I content, collagen gene
expression, and biomechanics in BAV AsAA. The data shows
an influence of collagen-I on mechanical behaviour and it seems
that increased amounts of collagen-I relative to other collagens in
the aortic wall may have a beneficial effect on the wall
biomechanics in all ages. Presence of synthetic VSMCs and
the increased expression of COL1A1 and COL3A1 genes were
found to relate to collagen-I content in older patients and may
indicate the onset of favorable collagen repair and regeneration in
the ECM as a response to degrading mechanical properties or loss
of other ECM components. Consequently, the results emphasize
the importance of compensatory collagens in maintaining the
structural integrity and stability of the aortic wall by intravascular
collagen deposition. The future intent will be to investigate layer-

specific collagen-I and III content and expression, and its
correlation with layer-specific biomechanical properties.
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