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Abstract

Objective — To quantify the natural history of thoracic aortopathy in a common mouse model and to
identify robust correlations between measures of wall remodeling such as aortic dilatation or localized
mural defects and evolving wall microstructural composition and biomechanical properties.

Approach and Results — We combined a high-resolution multi-modality imaging approach (panoramic
digital image correlation and optical coherence tomography) with histopathologic examinations and
biaxial mechanical testing to spatially correlate, for the first time, macroscopic mural defects and medial
degeneration of the ascending aorta with local changes in aortic wall composition and mechanical
properties. Results revealed strong correlations between local decreases in elastic energy storage and
increases in circumferential material stiffness with increasing proximal aortic diameter and especially
mural defect size. Mural defects tend to exhibit a pronounced biomechanical dysfunction that is driven
by an altered organization of collagen and elastic fibers.

Conclusions — While aneurysmal dilatation is often observed within particular segments of the aorta,
dissection and rupture initiate as highly localized mechanical failures. We show that wall composition and
material properties are compromised in regions of local mural defects, which further increases the
dilatation and overall structural vulnerability of the wall. Identification of therapies focused on promoting
robust collagen accumulation may protect the wall from these vulnerabilities and limit the incidence of
dissection and rupture.
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Introduction

Thoracic aortic aneurysms progressing to dissection (TAADs) are responsible for significant
morbidity and mortality. While a complex collection of cellular, molecular, and genetic factors render the
aorta susceptible to TAAD?, it is ultimately biomechanical factors such as blood pressure, wall stress, and
wall strength that dictate local material and structural failures of the aortic wall. Thus, there is pressing
need to understand better the evolving vulnerability of the aortic wall and the biomechanical mechanisms
that promote aortic dissection and rupture®>. The importance of understanding structure-function
relationships of the central vasculature is underscored further by observations that uncontrolled
hypertension and exuberant exercise — two incidences of excessive biomechanical loading on the aortic
wall —are critical risk factors for TAAD initiation®’. This is likely due to increased wall stresses exacerbating
the effects of underlying mural defects rather than initiating the pathologic disease processes®.

The ongoing discovery of genetic mutations and variants that predispose the aorta to lesion
formation has led to the development of multiple models for TAAD in mice. Studies in these models have
revealed critical insights into the underlying molecular mechanisms, cell pathobiology, and tissue-level
changes in microstructure associated with TAAD? 2, Indeed, mouse models not only provide a convenient
approach for studying the effects of specific genetic mutations or pharmacological interventions on
vascular biology, structure, and mechanical properties, they also enable the longitudinal studies that are
necessary for understanding better the natural history of conditions such as TAAD.

Chronic infusion of angiotensin Il (Angll) has proven to be a useful model for studying the
development of thoracic aortic lesions in mice that are characterized by local intimomedial tears, aortic
dilatation, and adventitial fibrosis**™®. To date, however, most attention has focused on the effector cells,
histological changes within the wall, or in vivo imaging of such thoracic lesions’~2°, Although blood
pressure-induced cyclic wall strains and distensibility — bulk measures of structural stiffness — have been
reported to decrease with aortic dilatation?!, there remains a need for complementary studies of the
associated changes in wall properties locally, particularly given that acute dissection and rupture are
inherently mechanical failures. Due to the geometric complexity of Angll-induced lesions, advanced
imaging and quantification methods are needed to delineate the observed intramural and regional
variations in remodeling?.

In this paper, we combine ex vivo a custom panoramic digital image correlation (pDIC) approach
with optical coherence tomography (OCT) imaging and biaxial biomechanical testing to identify evolving
local microstructural composition, mural degeneration, and mechanical properties of the ascending aorta

as a function of the duration of Angll infusion. Despite using a standard genetically inbred hyperlipidemic



mouse strain — apolipoprotein-E-deficient (Apoe”") on a C57BL/6J background — we found that the extent
of mural defects and the degree of aortic dilatation varied considerably from mouse to mouse, consistent
with prior studies focused on remodeling over a set duration of Angll infusion'®?32* We thus re-classified
and further analyzed the data independent from Angll duration and instead focused on either the degree
of aortic dilatation or the spatial localization of mural defects, both of which revealed stronger
correlations between histo-mechanical changes and thoracic aortopathy. We also found that evaluation
of the type and size of the mural defect may be distorted by standard histological examinations, thus
pointing to the need for higher resolution non-destructive methods — such as pDIC analysis and OCT
imaging. The proposed analysis framework provides full-field information on intact geometrically-complex
specimens under controlled physiologic conditions rather than relying on information solely from in vivo
ultrasound which lacks information on the current mechanical state of the tissue!® or histological
sectioning which requires destructive tissue processing®. We submit that the present findings of highly
localized evolving changes in mural defects and mechanical properties complement many prior studies on
the histology and cell pathobiology of thoracic aortic lesion formation, thereby providing increased insight

into the progressive deterioration of the aortic wall in this mouse model of thoracic aortopathy.

Nonstandard Abbreviations and Acronyms

Angll — angiotensin Il

ANOVA — analysis of variance

Apoe”" — apolipoprotein-e null mouse

pDIC — panoramic digital image correlation

OCT — optical coherence tomography

TAADs — thoracic aortic aneurysms and dissections

TGF-B — transforming growth factor-beta

Materials and Methods

All data that support the findings of this study will be made available by the corresponding author
upon reasonable request. Detailed information regarding experimental data collection, mathematical
modeling, and inverse material property estimation is available in the online-only Data Supplement. A
description of the statistical methods used in the current study is below.

Statistical Methods. All data were first tested for normality (Kolmogorov-Smirnov test) to

determine the most appropriate statistical tests. In the event that data were not normally distributed, we



used either the non-parametric Mann-Whitney U test (between two groups) or the non-parametric
Kruskal Wallis one-way ANOVA on Ranks followed by Dunn’s post-hoc test for multiple comparisons
(between more than two groups) to compare results across study groups. When non-parametric statistics
were not required, groups were compared using either Student’s t-test (two groups) or one-way ANOVA
with post-hoc Tukey’s HSD test for multiple comparisons (more than two groups). Correlations between
the various mechanical metrics and histological area fractions were assessed using the non-parametric
Spearman’s rank correlation coefficient, r. For all reported comparisons, a value of p < 0.05 was considered

significant. Significant differences between or among groups are indicated in each figure.

Results

The aortic wall rapidly thickens and loses mechanical functionality with Angll infusion. One of
the primary mechanical functions of the aortic wall is to store elastic energy during systolic distension and
to use this energy to work on the blood during diastolic recoil to augment antegrade and retrograde blood
flow?. In addition to its direct effects on the vessel wall, chronic infusion of Angll raises central blood
pressure thus resulting in an initial increase in aortic wall stress that is often mitigated by a mechano-
mediated thickening of the wall*®. Such thickening can yet compromise mechanical function?®, Whereas
wall thickness increased quickly in the ascending aorta in response to increases in blood pressure over the
first 14 days of Angll infusion, the capacity of the wall to store elastic energy diminished rapidly, suggesting
the development of marked mechanical dysfunction within the first 7 days of Angll infusion (Figure S1).
Circumferential material stiffness has also proven to be a particularly important biomechanical metric in
the natural history of TAADs?. In contrast to the evolving changes in wall thickness and energy storage,
circumferential stiffness mirrored the progressive reduction in circumferential stretch and appeared to
increase slowly over 28 days of Angll infusion; axial material stiffness, on the other hand, did not change
appreciably (Figure S1). Although local estimations of geometric and mechanical metrics varied from
mouse-to-mouse, clear trends of mechanical dysfunction emerged over the time course of Angll-induced
disease progression.

Evolution of mechanical properties correlates better with aortic dilatation than infusion time.
Due to the geometric variations that were observed during Angll infusion, from 0 to 28 days, we next
ordered the locally identified geometric and mechanical metrics as a function of the degree of mean
proximal aortic dilatation, independent of the duration of Angll infusion. An unsupervised k-means
clustering algorithm suggested a natural separation of the 17 overall specimens into three Groups (Figure

1A-B, S2): no dilatation controls (Group 1, n=3), modest Angll-induced dilatation (Group 2, n=7), and



marked Angll-induced dilatation (Group 3, n=7). Importantly, some of the most dilated specimens had
been harvested at 14 days of infusion while many of the modestly dilated vessels had been harvested at
21 or 28 days. When data were re-classified and viewed in this way (Figure S3), the trends of increasing
wall thickness and decreasing energy storage were similar to that of the duration of infusion. By contrast,
circumferential material stiffness exhibited a more progressive increase from baseline (Group 1) through
moderate-to-marked dilatation (Group 2 and 3). This k-means grouping also revealed significant negative
correlations between energy storage and wall thickness that diminished with increasing aortic dilatation
as well as a trend toward increasing circumferential stiffness with wall thickening. There was also a
preservation of the well-known linear relationship between stiffness and wall stress across Groups 1, 2
and 3 (Figure S4).

Although a k-means grouping facilitates standard statistical comparisons (e.g., ANOVA), such a
consolidation of the data can reduce the information content available. We thus evaluated potential
correlations in key geometric and mechanical metrics on a specimen-by-specimen basis as a function of
mean proximal aortic diameter (Figure 1C). These findings revealed stronger correlations for increasing
wall thickness, decreasing stored energy, decreasing biaxial stress, and increasing circumferential stiffness
with little change in axial stiffness, all with respect to increased mean aortic diameter. Recall that the
duration of Angll exposure did not associate directly with dilatation (Figure 1A, S2). Finally, the data
revealed negative correlations between measures of aortopathy and principal wall stretches (in the
circumferential and axial directions) when calculated at the in vivo value of axial stretch and a distending
pressure of 80 mmHg (Figure S5). Together, these findings support the existence of a progressive increase
in structural stiffness in this model of thoracic aortopathy that has been reported previously in vivo using
ultrasound®>?’.

Mural defects present regionally, but three-dimensionally. Notwithstanding the importance of
overall (bulk) mechanical properties on hemodynamics, it is local material or structural vulnerabilities that
give rise to dissection and rupture. OCT revealed two distinct types of localized mural defects in the
ascending aorta due to Angll infusion: microscopic intramural delaminations (red asterisks; Figure 2A) and
macroscopic partial (inner) medial ruptures (white asterisks; Figure 2B). Note, therefore, that none of the
mice considered herein presented with a full transmural rupture of the thoracic aorta leading to
extravasation of blood into the thoracic cavity. Importantly, the two types of defects often extended
partially around the circumference and along the axial length of the ascending aorta, thus representing
three-dimensional defects. Following individual defects along a vessel (see Figures S6 and Figure S7)

suggested that intramural delaminations may precede the formation of partial inner medial ruptures.



From a biomechanical perspective, it is plausible that intramural delaminations increase the wall stress
locally within the intact inner portion of the wall. Such increases in stress could cause the tissue to fail
mechanically and thus give rise to a partial inner medial rupture, sometimes in layers?®?°, That the inner
portion of the wall was under high mechanical stress and still highly elastic was further suggested by the
marked separation of the two ends of each medial sub-layer that retracted when the layer failed (white
asterisks; Figure 2B). The full-field OCT measurements revealed further that these mural defects tended
to present predominantly in the proximal half of the ascending aorta closer to the aortic root (Figure 3A,C
and Figure 4A,B). There was also a greater overall defect area found in dorsal and ventral aspects
compared to lateral (inner and outer curvature) aspects of the wall (Figure 3A,B and Figure 4A,B). Though
not statistically increased, outer curvature defects tended to be more prevalent than inner curvature
defects across all samples (Figure 3B). Again, the highly localized nature of the mural defects is both clear
and important.

Mural defects dictate localized changes in mechanical properties. Although total defect area
appeared to increase with duration of Angll infusion, there was a strong positive correlation with the
extent of dilatation, as defined by Groups 1 through 3 from unsupervised k-means clustering (dashed
circles; Figure 4C). Moreover, overall local wall thickness (intimal-to-adventitial distance independent of
intramural delamination) increased while circumferential wall stretch decreased with increasing defect
area; axial wall stretch remained nearly the same independent of total defect area. Elastic energy storage
and biaxial wall stress correlated negatively with defect area while circumferential stiffness correlated
strongly and positively with defect area; similar to axial stretch, the axial stiffness did not vary appreciably
with defect area (Figure 4D). As defect area related well to the degree of aortic dilatation, similar overall
trends emerged when plotting the various metrics versus diameter alone (see Figure 1C).

To better assess the impact of three-dimensional mural defects on ascending aortic biomechanics,
coupled OCT and pDIC analyses were necessary to co-localize defects and local mechanical properties.
Following data acquisition and co-registration, an inverse method based on the principal of virtual power
identified local material parameters for a constitutive model that has proven useful in biomechanically
describing diverse blood vessels (see Supplemental Methods and previously published work for a detailed

30-34) " Using this approach, we separated the local mechanical

description of the analysis pipeline
properties — such as thickness, stored energy, and biaxial stiffness, among others — over the surface of
each specimen based on their co-localization with mural defects; patches with defects are shown in red
and patches without defects are shown in blue (Figure 5A, S8, S9). This separation was performed for all

specimens with detectable defects (Group 2 and Group 3) and results were compared between individual



samples as well as across all samples in Groups 1, 2, and 3. Overall, we observed similar trends in energy
storage and circumferential stiffness such that regions with mural defects tended to have lower energy
storage and higher circumferential stiffness than their non-defect counterparts (Figure 5B, S8). Note that
defect regions had a larger thickness than non-defect regions in Group 2 but a smaller thickness than non-
defect regions in Group 3 (Figure S8). As our OCT thickness measurements include contributions from
intramural delaminations (wherein thickness will appear greater due to included accumulations of
amorphous material, including fluid), this provides further evidence for the natural progression of mural
defects from microscopic intramural delaminations to macroscopic partial medial tears. These trends
were generally true when comparing within each sample, but was more evident when comparing across
groups, hence emphasizing that biomechanical dysfunction was greater in regions of mural defect.

Histo-mechanical changes correlate better with dilatation and defects than duration of infusion.
It is axiomatic that local mechanical properties depend directly upon the composition and organization of
the underlying material, noting that the media consists primarily of smooth muscle and elastic fibers
whereas the adventitia consists primarily of fibrillar collagen. Using quantitative histological analyses, we
computed medial and adventitial area for each sample (Figure 6A) and found that the media:adventitia
ratio tended to decrease over the first 14 days of Angll infusion, but remained nearly constant thereafter
to 28 days (Figure 6C). By contrast, when assessed based on k-means clustering Groups (Figure 6B), the
media:adventitia ratio instead decreased as a function of aortic dilatation (Figure 6D). Taken together,
such changes are consistent with adventitial fibrosis combined with medial damage and degeneration
during Angll infusion (denoted by asterisks and arrows in histological images; Figure 6). As expected, these
layer-specific changes were paralleled by changes in the two primary structural proteins in the wall: elastic
fibers and fibrillar collagen (Figure 6E). Note the progressive decrease in percent elastin and increase in
percent collagen, particularly in medial collagen, with increasing dilatation (Figure 6F). Detailed analysis
of regions with mural defects (Figure S10A) further revealed a similar trend toward increased collagen
and decreased elastin in defect regions, as compared to non-defect regions (Figure 6G,J); despite similar
collagen content overall, birefringence analysis showed a higher percentage of thick orange fibers and a
lower percentage of thin green fibers in defect regions (Figure S10B), suggesting a potential for collagen
reinforcement following defect formation. Accumulation of other structural components, such as
glycosaminoglycans (GAGs) and fibrin, was much less than that of collagen; cellular density was also
minimally affected by Angll infusion (Figure 6H,1).

Co-registration of histo-mechanical properties reveals local structure-function relationships.

Following characterization of mural defect composition, the highly localized nature and biomechanical



consequence of the mural defects demanded finer assessments, here achieved by co-registering
histological (composition), OCT (wall thickness and defect location and type), and pDIC (mechanical
properties) data (Figure 7). Importantly, whereas the pDIC and OCT data were co-registered easily given
their common in vivo loading conditions, the histological sections had been fixed and processed in an
unloaded configuration and in some instances distorted by the sectioning procedure. Indeed, direct
comparison of OCT and histological images suggested that intramural delaminations seen on OCT often
appeared as partial medial ruptures on histological examination (solid red circle; Figure 7), likely due to
sectioning-related tearing of the highly vulnerable region around a delamination. While partial inner
media tears (dashed red circles; Figure 7) were more conserved between OCT and histology images, there
were yet several instances of distortion (i.e., larger defects) in histological images.

Co-localization of mural defects with key biomechanical metrics (white rectangles; Figure 7)
allows direct association with local microstructural composition obtained from histology. In this regard
(schematic; Figure 8A), it proved useful to return to the k-means groupings in seeking correlations
between local composition and mechanical metrics (Figure S11). Indeed, the clearest histo-mechanical
correlations emerged for Group 3 — the markedly dilated vessels (Figure 8B). Independent of defect
location, collagen content correlated positively with adventitial percentage, as reported previously’.
Whereas one expects elastically stored energy to increase with elastin content and biaxial wall stiffness
to increase with collagen content, these expectations held only in regions without defects (blue curves).
That is, in regions of mural defects (red curves), with low elastin and high collagen content, changes in
energy storage neither increased with elastin nor decreased with collagen. Moreover, in these same
regions of mural defects, the circumferential stiffness and axial stiffness tended to decrease with
increasing collagen content; similar to earlier findings, axial stiffness was independent of collagen content
in non-defect regions (Figure 8B). Taken together, these findings suggest that the histologically identified
elastin and collagen are likely compromised in some cases due to either fragmentation or altered
organization. Indeed, the counterintuitive reduction in stiffness with increasing collagen content suggests
that thoracic aortopathy leads to changes in collagen structure or deposition (see Figure S10B) which

potentiate the development of biomechanical dysfunction.



Discussion

Ten years after the initial observation that a chronic high-rate infusion of Angll (1000 ng/kg/min)
can produce dramatic suprarenal abdominal aortic lesions in Apoe”" mice®®, ascending aortic aneurysms
were reported in the same mouse model, though with a very different pathology®3. About the same time,
it was also shown that systemic neutralization of transforming growth factor-beta (TGF-B) activity
exacerbated thoracic aortic disease in Angll-infused wild-type mice3®. Although precise roles for the renin-

angiotensin system and TGF-B remain unclear in the context of TAADs>"~3°

, chronic Angll-infusion remains
a convenient and reproducible model for studying potential mechanisms and time-courses of particular
thoracic aortopathies?? even though direct translation to human pathology is limited. Indeed, lesions
typically arise rapidly in the same anatomical location, within 3-5 days of Angll infusion, and independent
of hypercholesterolemia®. This model has also revealed initially unexpected roles of endothelial cells and

fibroblasts in the evolving thoracic pathology’4!

, Which is otherwise characterized by marked medial
deterioration. Importantly, fragmentation of elastin and either partial or full breaks of the elastic lamellae
often occur in the outer portion of the media and within the region of the outer curvature'*, hence
emphasizing a need to study effects regionally. Finally, based on in vivo measurements of cyclic strains, it
has been noted that the aortic wall becomes structurally stiffer within 3 days of Angll infusion, which
persists over the typical 28 days of infusion!®4°, Although inferences of structural stiffness do not yield
information on local material properties, it appears nonetheless that increased circumferential material

16,21

stiffness is a general characteristic of thoracic aortic aneurysms*>“*, which in some cases reflects an

underlying dysfunctional mechanosensing or mechanoregulation of matrix®*?

. We previously used
standard biaxial testing to quantify altered bulk biaxial mechanical properties in the ascending aorta of
Angll-infused Apoe” mice'®. We confirmed that distensibility drops dramatically within 4 days while both
wall thickness and circumferential stiffness increase progressively over the first 14 days. The increase in
wall thickness paralleled the increase in blood pressure and included a marked accumulation of fibrillar
collagen in the adventitia by 14 days, with a dramatic decrease in energy storage at 14 days. Although
these bulk findings provide insights into the evolving mechanics, we were not able to co-localize or
correlate these changes with mural defects or histological changes.

Herein, we sought to complement prior studies by correlating for the first time the evolving mural
defects and local mechanical properties of the thoracic aorta in adult male Apoe” mice on a normal diet
as a function of the duration of high-rate Angll infusion for up to 28 days. As the focus of the current study

was on local biomechanical analyses of established mural defects, not biological mechanisms underlying

formation and susceptibility of such defects, we only studied male mice. This choice was motivated



primarily by consistency with prior studies and the greater propensity to thoracic aortopathy in male than
female Apoe”” mice>*®3>4% Toward this end, we employed a novel ex vivo multi-modality imaging
approach3®32; pDIC provided information on surface deformations that resulted from well-controlled
applied loads over a physiologic range while OCT provided critical information on through-the-wall
changes in thickness and intramural structure. Together, these two high-resolution imaging methods
(each on the order of 7 microns) allowed us to use a validated inverse method to quantify locally the
material-specific strain energy function’, from which one can calculate the biaxial wall stress and material
stiffness that result from the underlying nonlinear, anisotropic material*** (see Supplemental Methods
for additional details). Importantly, we found that key biomechanical metrics correlated better with both
the degree of mean proximal aortic dilatation and the extent of local mural defects than they did with
duration of Angll infusion. Of particular note, the capacity of the ascending aorta to store energy elastically
decreased with both dilatation and mural defect area while circumferential material stiffness increased
with both. There was also a positive correlation between defect area and aortic diameter, suggesting that
medial degeneration evidenced by partial medial tears may contribute to the observed increase in
diameter®. Recalling that energy storage reflects a key functionality of the aorta while circumferential
stiffness associates with aortic aneurysm?®, we submit that these two key metrics provide particular
insight into the local biomechanics and mechanobiology of remodeling and mechanical dysfunction
associated with thoracic aortopathy.

Of course, in any soft tissue, biomechanical changes result from underlying changes in
microstructural composition and organization. Although they were not able to measure mechanical
properties locally, a previous study using high-resolution synchrotron-based imaging reported that®®: (i)
intramural micro-hemorrhage in the ascending aorta occurred early (within 3 days of Angll infusion) and
tended to occur more frequently in the outer media, (ii) elastic lamellar defects tended to emerge
relatively late (18 days after initiating Angll infusion) and appeared to compromise mainly the middle

IM

lamellar structures, and (iii) dissections (defined as intramural “gaps” of at least 10% of the local wall
thickness, typically with loss of continuity of at least 3 elastic lamellae) presented preferentially on the
outer, not inner, curvature. Our OCT data similarly revealed more lesions on the outer curvature than
inner curvature, though with a preferential dorsal / ventral rather than lateral presentation and a clear
proximal (toward the aortic root) predilection. OCT also revealed microscopic intramural delaminations

primarily within the inner half of the wall, which appeared to precede formation of macroscopic inner

medial ruptures that reduced the effective wall thickness locally. This local thinning likely contributes to



increasing mean wall stress on the remaining portion of the intact wall surrounding the defect and may
promote further damage and propagation of the defect?.

Standard histological analysis has been the primary method for assessing wall integrity in this
Angll infusion model. Our histological findings were consistent, overall, with those reported
previously®*°, but our study had the added benefit of co-localization with local material properties given
our multi-modality experimental approach. Comparison of OCT and histological findings suggested that
preparation of histological slides (e.g., dehydration, embedding, sectioning, and staining) may exaggerate
the number and degree of inner medial ruptures. That is, additional damage likely occurs within
vulnerable regions during sectioning with a microtome. We note, however, that the OCT measurements
were recorded in only one (the reference state defined at 80 mmHg distending pressure and specimen-
specific in vivo axial stretch) of the 42 mechanically loaded states included during pDIC testing (14 pressure
states from 10 to 140 mmHg each at 3 different axial stretches ranging from the in vivo axial stretch to
+5% of the in vivo axial stretch), hence it is possible that further microscopic damage occurred during
mechanical testing®. Nevertheless, the OCT imaging revealed complex axial variations in contiguous
mural defects that typically progressed from intramural delaminations located proximally and distally to
the related partial medial ruptures. Again, this suggests that the intramural delaminations may nucleate
partial medial ruptures by exposing thin portions of the inner media to higher wall stresses that can
contribute to defect propagation under the action of persistent hemodynamic loading in vivo®. We
submit that ex vivo OCT imaging has the potential to reveal local defects that may otherwise be difficult
to visualize in vivo given its higher spatial resolution, noting too that ex vivo pressurization was performed
with a physiologic saline solution as opposed to whole blood as is the case in vivo. That these isolated
portions of the media were under high wall stress and yet retained some elasticity was revealed by the
highly retracted appearance of the opposing ends of the failed portions of the wall while maintained under
physiological loading ex vivo. Indeed, the release of elastic energy due to tearing appears to contribute to
aortic dilatation associated with Angll infusion*®. We emphasize here that the primary goal of this study
was to characterize the mechanical environment surrounding macroscopic mural defects in thoracic
aortopathy, thus admitting a radially-homogenized description of material properties across the remnant
wall*®32, Future, equally important, characterization of the mechanics of microscopic mural defects

2846 which could

(including medial delaminations) will necessarily require discrete modeling approaches
also aid in modeling defect propagation, which was beyond the presence scope.
Importantly, our co-localized registrations of pDIC-OCT-histology suggested further that, in

response to Angll infusion, there was an increased accumulation of fibrillar collagen around defects, but



this collagen appeared to be mechanically compromised relative to collagen in regions without mural
defects. Whether this defect-related collagen was partially degraded or simply not well organized when
deposited must be explored in future investigations*°; such cannot be assessed by standard histology
alone. Indeed, we recently found misleading histological findings in another model of aortic aneurysm
comprised of abdominal elastase administration plus B—aminopropionitrile exposure®, It is intriguing,
nonetheless, that the 14 day samples often had larger diameters than 21 and 28 day samples in the
current study. Combined with our histological findings, this observation may suggest that excess collagen
deposition could increase structural stability within regions of mural defect and thereby reduce (or
possibly even slightly reverses) the process of aortic dilatation. That is, increasing collagen deposition in
regions of mural defects may help to limit aortic dilatation and possibly dissection and rupture. Again,
none of the 17 mice had transmural ruptures and we did not observe any evidence of intramural thrombus
(i.e., significant fibrin on Movat staining). A possible limitation of our current study is that ex vivo
biomechanical testing under axial stretching and cyclic pressurization could have removed intramural
blood®, if present, hence the absence of signs of hemorrhage need not imply an initial absence of
intramural blood. This critical issue needs to be addressed in future studies as well.

In conclusion, the process of aneurysmal dilatation occurs within select regions of the central
vasculature whereas aortic dissection and rupture are even more localized mechanical events. There is a
pressing need, therefore, to quantify and compare both the biology and the mechanics within small
regions susceptible to dissection and rupture with respect to the less affected far field tissue responses.
In the current study, our multi-modality pDIC-OCT imaging approach revealed for the first time that
deviations of key geometric and mechanical metrics from normal values correlate well with the mean
dilatation of the proximal aorta, but especially so with the area of mural defects. Whereas two primary
classes of defects emerged — microscopic intramural delaminations and macroscopic partial inner medial
ruptures — our findings suggest the former may be a precursor to the latter. Regardless, regions of largest
mural defect appear to have poorly organized collagen fibers and compromised elastic fibers, hence
resulting in mechanical properties that render that portion of the wall not only dysfunctional, but
increasingly vulnerable to mechanical failures that manifest clinically as dissection and ultimately
transmural rupture. Based on the current findings, late deposition or organization of collagen may be
protective, thus identification of therapeutic approaches that protect or enhance the structural collagen
around regions with mural defects could reduce catastrophic vascular events, such as dissections and

ruptures, and thus reduce patient morbidity and mortality.
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Highlights (3-5)

e Combining high-resolution methods for imaging (optical coherence tomography), biomechanical
analysis (panoramic digital image correlation), and quantitative histological analysis enables
determination of local structure-function relationships in murine the aorta.

e Co-localization of mural composition, defects, and mechanical properties reveals marked
biomechanical dysfunction of the aneurysmal ascending aortic wall characterized by loss of energy
storage capability and higher circumferential stiffness.

e Microscopic mural defects (medial delaminations) likely precede macroscopic defects (partial medial
tears) due to redistributions of wall stress from damaged to initially undamaged tissue.

e Promoting robust collagen accumulation within regions of local mural degeneration and thoracic
aortopathy promise to protect the wall from catastrophic mechanical failure and should be pursued.
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Figure 1. Local ascending aortic biomechanical dysfunction correlates with proximal aortic diameter.

Analysis of key geometric and biaxial mechanical metrics as a function of proximal aortic diameter, rather
than duration of Angll infusion, reveals strong correlations. (A) Distribution of mean proximal aortic
diameters for all tested specimens (n=17 total); samples were tested after 0 days (n =3), 7 days (n=2), 14
days (n=3), 21 days (n=4), or 28 days (n=5) of Angll infusion. Unsupervised k-means clustering identified
three groups based on mean diameter (magenta, black, and blue ellipses; see Figure S2 and Figure S3).
(B) Representative 3D wireframe geometry reconstructions from pDIC testing. Samples are oriented with
the distal end (just past the brachiocephalic artery) at the top and the proximal end (towards the root) at
the bottom; the dilatation at the top-right of each sample is the ligated aortic arch. (C) Correlations of
eight key geometric and mechanical metrics as a function of mean proximal aortic diameter with average
+ standard error data shown for all samples (circle colors indicate the duration of Angll infusion, as in
Figure 1A). Each average data point represents up to 1000 localized assessments (40 circumferential
locations X 25 axial locations) per specimen. All values are calculated at a fixed value of 100 mmHg across
samples and circumferential (circ) and axial stretches are computed relative to an in vivo reference
configuration defined ex vivo at 80 mmHg distending pressure and the specimen-specific value of the in



vivo axial stretch. Correlation strength was evaluated by the Spearman rank correlation coefficient r with
correlation coefficients and p-values reported for each comparison.

Fig. S7-12

Figure 2. OCT imaging of thoracic aortopathy samples reveals two primary types of mural defects.
Representative OCT images highlight the two primary types of mural defects observed — intramural
delaminations and partial medial ruptures. (A) Intramural delaminations are indicated by apparent gaps
within the vessel wall that can be small or large (red asterisks). (B) Partial medial ruptures can present as
two distinctly torn medial aspects (white asterisks) that mimics intimal flap presentation. In both
instances, defects were typically less than half of the distance from the root to the brachiocephalic artery
(toward the proximal end of the specimen). The cross-sections shown are selected from the 100 OCT
cross-sections available for each sample (note Figure S6 and Figure S7 contain ~20 successive cross-
sections to visualize the 3D nature of the mural defects).
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Figure 3. OCT imaging reliably identifies the location and size of mural defects.

Semiautomatic analysis of OCT cross-sections revealed the spatial localization of mural defects. (A) Mural
defect map for a representative specimen, with the regions with local defects shown in red and regions
without local defects shown in blue. Defect locations have been mapped on the co-registered 3D
geometry reconstructed from pDIC (top) and are also shown in a 2D representation (bottom). Note the
outer curvature is aligned at 0° to allow for repeatable definitions of dorsal-ventral and inner-out
curvature quadrants across specimens; proximal and distal are defined as the lower and upper half of the
sample, as shown. (B) Analysis of all samples with measurable defects (in Group 2 and Group 3) revealed
a preferential defect localization on the dorsal and ventral sides over the inner and outer curvature. (C)
Additionally, defects were typically located in the proximal half of specimens (toward the aortic root).
Non-parametric Kruskal Wallis one-way ANOVA followed by Dunn’s post-hoc test for multiple
comparisons (panel B) or Mann-Whitney U test (panel C).
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Figure 4. Local ascending aortic biomechanical dysfunction also correlates with mural defect size.

(A) Mural defects in OCT cross-sectional images typically present as either intramural delaminations (red
rectangles) or partial medial tears (red ellipse). (B) Regional variations in mural defects can be extracted
from OCT images and projected onto 3D geometry reconstructions from pDIC or 2D defect maps. (C) The
extent of defect area (normalized by total area in 2D maps) tended to have a weak positive correlation
with duration of Angll infusion (left), but showed strong correlations with mean proximal aortic diameter
(right) and k-means clustering Groups 1, 2, and 3 (dashed ellipse; right). Marker colors indicate the
duration of Angll infusion. (D) Correlation analysis revealed strong relationships between key geometric
and mechanical metrics and normalized defect area. In particular, note the decrease in stored energy and
biaxial stress and the increase in thickness and circumferential stiffness with increasing normalized defect
area. Correlation strength was evaluated by the Spearman rank correlation coefficient r with correlation
coefficients and p-values reported for each comparison.
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Figure 5. Local mural defects tend to have worse biomechanical dysfunction than non-defect regions.
(A) Representative 3D ascending aortic shape reconstructions and unwrapped 2D property maps showing
geometric and mechanical metrics for regions without mural defects (blue; left) or regions with underlying
defects (red; right). Spatial distributions of four key metrics — wall thickness, stored energy, and
circumferential and axial stiffness — are shown for defect and non-defect regions. (B) Locally identified
distributions of stored energy and circumferential stiffness for each sample (up to 1000 data points per
sample) in Group 2 and 3 ordered from left to right according to the mean proximal aortic diameter (open
bars) as well as for all data points within each group (filled bars); analysis of regions with and without
defects are denoted by red and blue bars, respectively. Black box corresponds to the specimen shown in
the representative 3D and 2D parameter maps. Note that the decreases in elastic energy storage and
increases in circumferential material stiffness are generally exacerbated in the defect regions relative to
the non-defect regions (see Figure S8 and S9 for additional biomechanical metrics). Non-parametric
Kruskal Wallis one-way ANOVA followed by Dunn’s post-hoc test for multiple comparisons.
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Figure 6. Histological analysis reveals microstructural changes associated with thoracic aortopathy.
Quantification of Movat-stained histological images was initially focused on changes in the percentage of
the wall occupied by media and adventitia (A) over the course of Angll infusion or (B) as a function of k-
means clustering groups. (C) The ratio of media/adventitia tended to decrease non-monotonically over
Angll whereas (D) the decrease was more apparent when comparing across Groups 1, 2, and 3. (E, F) This
layer-specific change was consistent with the general percent increase in collagen and decrease in elastin,
due in part to deposition of the former and fragmentation of the latter (red asterisks, right). (H, 1) Marginal
changes in GAGs, fibrin, and cellular density were observed across time points or k-means groups.
Illustrative histological cross-sections from Group 2 (moderate dilatation) and Group 3 (marked dilatation)
lesions contain many cases of localized partial (black arrows, right) or full medial ruptures (black asterisks,
right) despite an intact adventitia. Local analysis over each histological cross-section (see Figure S10)
revealed (G) a trend toward increased collagen and (J) decreased elastin in regions with mural defects,
compared to non-defect regions. Non-parametric Kruskal Wallis one-way ANOVA followed by Dunn’s
post-hoc test for multiple comparisons.
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Figure 7. Co-registration between modalities enables comparison of local mechanical properties with
underlying tissue microstructure.

Spatial co-registration of (top row) OCT inferred regions of mural defects with pDIC maps of identified
material properties such as stored energy and circumferential stiffness (middle row and bottom row) and
histological composition (center) facilitates development of local structure-function relationships in
thoracic aortopathy samples. This process is illustrated for two representative samples with intramural
delaminations (solid red ellipse) and partial medial tears (dashed red ellipses); white rectangles indicate
locations of mural defect in parameter maps. In addition to compositional and mechanical analysis of
mural defects, this approach highlights that visualization of defect areas appear to be exaggerated in
histological sections (defects within dashed ellipses appear larger), relative to OCT. This is likely due in
part to microtome-based sectioning artifacts arising in regions of compromised structural integrity.
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Figure 8. Histo-mechanical correlations reveal the contribution of microstructural composition to local
mural defect biomechanics.

(A) Schematic representation of the co-registration procedure for comparing OCT, pDIC, and histological
results. Note that regional histological analysis, was performed independently for 40 circumferential
sectors for consistency with the number of circumferential patches in the inverse material parameter
estimation. (B) Correlations for key geometric and mechanical metrics as a function of local elastin and
collagen fraction in k-means clustering Group 3 (see Figure S11 for Group 1 and Group 2). Note that these
two structural proteins endow the wall with its energy storing capacity (i.e., resilience) and stiffness /
strength (i.e., structural integrity), respectively. Correlation analysis has been performed separately for
regions with mural defects (red) and regions without mural defects (blue). Defect regions tended to have
lower elastin content and attenuated increases in energy storage with increasing elastin as well as reduced
biaxial material stiffness with increasing collagen fraction. Both of these findings suggest the collagen and
elastin remaining within defect regions are potentially compromised though they are often present
histologically. Correlation strength was evaluated by the Spearman rank correlation coefficient r with
correlation coefficients and p-values reported for each comparison.



