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Vascular smooth muscle cell (VSMC) plasticity
is implicated in extracellular matrix (ECM)
turnover and arterial failure. The osteochondrocytic
phenotypes of synthetic VSMCs are thought to
drive glycosaminoglycan (GAG) accumulation and
swelling typically seen in connective tissue disease
and hypertension. A central question is whether
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this phenotype switching under non-homeostatic conditions is a cause or effect of those
conditions. We implement a cause—effect association between ECM damage, lost cell
mechanosensitivity, and cell phenotype modulation using the Constrained Mixture Model,
to simulate the evolution of VSMC population over time. We modelled a cylindrical bi-layer
of media and adventitia of a mouse common carotid artery and simulated remodelling in
response to initially compromised ECM, concurrent with varying degrees of hypertension.
In normo- and moderately hypertensive ECM disruption, physiological remodelling restores
mechanical homeostasis to cells with slightly altered mechanical properties. Alternatively,
severe hypertension yields complete medial degeneration. Complete loss of stored elastic
energy is observed, with stiffened arteries yielding characteristically high pulse wave velocities
(PWVs). Early intervention recovering hypertensive to normotensive pressure, as well as
enhanced adventitial collagen turnover, are shown to prevent medial degeneration. Our model
thus offers a tool to better understand the relationship between ECM damage, arterial failure,
and hypertension.

1. Introduction

The extracellular matrix (ECM) serves as a dynamic structural framework that not only provides
mechanical support to soft tissues, such as large elastic arteries, but also plays a critical
role in cellular signalling and environmental sensing [1,2]. Central to arterial adaptation and
maladaptation is the architecture of the medial layer of large elastic arteries, where vascular
smooth muscle cells (VSMCs) are embedded in concentric elastin lamellae, interspersed with
collagen and glycosaminoglycans (GAGs) as well as other signalling and regulatory molecules.
Effective VSMC mechanosensing depends on anchorage to elastic fibre extensions that transduce
mechanical signals to the cell [3,4]. In fibrillar form, elastin anchors cells to lamellae and mediates
force transfer; in lamellar form, it provides structural integrity and communication pathways
during development, forming load-bearing sheets [5]. However, elastin synthesis and cross-
linking largely cease after early childhood, effectively resulting in the elastin lamellae having
a half-life of 70years [6]. Their degradation with ageing, along with compensatory collagen
deposition, leads to arterial stiffening, hypertension [7,8], and is associated with aortic aneurysms
(AAs) or aortic dissections (ADs) [9-11].

Elastin damage may have several underlying causes; in ageing it results from lamellar
fatigue (possibly accelerated by hypertension) [12,13], while in genetic disorders it stems from
defective structural components. In Marfan syndrome (MFS), for example, mutation of the elastin
associated glycoprotein fibrillin-1 reduces lamellar integrity, promoting vessel dilatation and
AA/AD [14]. Likewise, a deficiency in normal fibulin-4, another elastin-associated glycoprotein,
can cause AA [13]. Indeed, disrupted TGF-beta signalling (mutations to genes encoding
ligands, receptors, and downstream signalling molecules) in Loeys-Dietz Syndrome (LDS) has
comparable effects [10,11].

Like elastin, collagen plays a key role in maintaining aortic homeostasis when functional, and
disease when dysregulated. Its turnover increases with ageing [15] and hypertension [16], while
deficient collagen contributes to AA in genetic disorders like vascular Ehlers-Danlos Syndrome
(VEDS) [10,17]. Kawamura et al. highlight that the adventitia and its physiologically robust
collagen are essential protections from rupture in VSMC dysregulated aortas [18], and Weiss et al.
show that AA formation requires combined adventitial collagen disruption (via BAPN), elastin
degradation, and GAG accumulation—not any single factor alone [19]. In human AA, Yousef
et al. report that tissue composition is a reliable indicator for diagnosing asymptomatic aneurysm,
with increased GAGs and VSMCs and reduced elastin being most significant contributors [20].
Imaging and biomechanical tests show that collagen becomes thicker and straighter in elastase-
treated mice [21]. Combined with increased cross-linking [17], this results in lower material
stiffness but higher structural stiffness due to increased collagen deposition.
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While previously overlooked in regards to arterial biomechanics, GAGs also have an
important role in mechanosensing; they influence interlamellar spacing (and fibrillar elastin
stretch) by sequestering water molecules in a phenomenon called Donnan swelling, facilitating
mechanosensing of embedded VSMCs [22]. Hyaluronan and proteoglycans (PGs) like versican
are common in healthy arteries, whereas aggrecan and fibronectin increase in AA [10]. In ageing,
an increase in interlamellar distance, with a decrease in distension throughout cardiac pulsation,
suggests that the moderately accumulated GAGs and swelling work to maintain this interlamellar
distance [23,24]. An extreme case is Hutchinson-Guilford Progeria Syndrome, where VSMCs
adopt an osteochondrogenic phenotype and overproduce GAGs, though the triggers remain
unclear [25]. This leads to ECM detachment, dysfunction and anoikis (a form of programmed
cell death). It has been observed that GAG build-up and swelling increases viscous energy loss
in abdominal AA throughout the cardiac cycle [26], suggesting that ECM swelling and damage—
not diameter alone—may serve as interesting biomarkers for arterial disease. Furthermore,
increased GAG build-up with upregulated cell turnover has been reported in carotid arteries of
hypertensive mouse models [27,28].

Computational models have provided critically-needed insights into these disease
phenomena. Li et al. show that elastin degradation and impaired mechanosensing together,
not separately, are necessary to reproduce aneurysm formation [29]. Maes et al. demonstrate
how mechanobiological feedback models can simulate maladaptation under hypertensive
conditions [30]. Notably, Roccabianca et al. explicitly model GAG swelling within a constrained
mixture framework, showing that moderate osmotic loading improves compliance, while
excess impairs energy storage [31,32]. Murtada et al. further model GAG accumulation and its
consequences in progeroid mice [33]. These works offer insight into the mechanical role that
GAGs play in the arterial space, but a relation coupling the presence of GAGs to VSMCs,
and the more rapid GAG producing osteochondrocytes, remains lacking. The simultaneous
remodelling of these constituents, as well as elastin degradation and collagen turn-over, is not
described to date, and less so is one that associates the biomechanical consequences of VSMC
phenotype switching that occurs ubiquitously in hypertension [10,11], diabetes mellitus [34]
or atherosclerosis [35]. To this end, our study aims to consolidate the concepts explored in
the large body of work presented beforehand in a strongly coupled computational framework.
Evidence suggests that VSMC phenotype switching from the contractile to the synthetic and
progressively to the osteochondrocytic phenotype, and excess GAG production associated with
this new phenotype, may be a mechanism by which medial degeneration occurs [25,35]. What
we present in this work is a numerical framework that relates these concepts, extending the
work of Roccabianca et al. [31,32]. By investigating the hypothesis that VSMC maladaptation
results primarily from disrupted mechanosensing due to elastin fibre damage, which triggers
compensatory GAG production, our model aims to clarify the mechanistic pathways underlying
arterial degeneration and provide insights into potential therapeutic strategies for arterial
diseases.

2. Methods

Our computational approach has two distinct parts: the first describes the Biomechanics
model that describes the biomechanical response of arterial tissue to physiological and supra-
physiological loading conditions subject to the mechanical conservation laws of nature. We
adopt the continuum-based hyperelastic material model and convention largely presented in
Roccabianca et al. and Sorrentino et al. [31,32]. The second part is the Constituent Evolution model,
and elucidates the mechanobiological response and behaviour at these loads, largely representing
the phenomenological observations made on in vivo cellular adaptation. Since adaptation is a
process subject to time and initial perturbation (referred to as an insult), we will initially perturb
our model from what we assume is a homeostatic environment, and then observe—given the
severity of the insult—how the cell response will play out.
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Figure 1. A schematic of configurations of interest. Configurations « and «;* correspond to non-swollen in vivo and swollen
in vivo homeostatic configurations respectively. When F* = 1, these configurations are identical, and similarly for the traction-
free (ici¢) and swollen traction free (ic;f) configurations. «c; represents new hypothetical configurations of adaptation at time
t=OJMamMWMMMUmﬁmmﬂmufmxjmmwhmeMmmwmnmmmmF;TMWmmmmemkmqmmmﬁ
denoted with a subscript ‘h" refer to a homeostatic configuration (at «,), while a subscript ‘0’ refers to a value at initial
memMndmwhm;hﬂmehzomwbwamewnoMmm“emﬁmemownMemeMMMWWMe
problem (BVP), shown in solid green arrows and described in §2a, dictates that configurations of interest satisfy quasi-static
equilibrium, while the initial value problem (IVP) described in §2b is shown in dashed blue. Given a deformation F’}ﬁ at time
t, the resulting biomechancical values are used as initial conditions, and the IVP is solved on discrete time interval (At). The
resulting parameters at the end of the time frame t + At are used as boundary conditions on the BVP, and a new deformation
F’; is estimated that satisfies the governing equation.

(@) Biomechanical model

In order to estimate the biomechanical characteristics of arterial tissue at different stages of
loading and adaptation, we utilize a computational model of a bilayered, idealized cylindrical
common carotid artery composed of a media (comprising approximately 38% of the total
thickness in vivo) and an adventitia. The layers are modelled as constrained mixtures of
anisotropic hyperelastic continua [36], with axial pre-stretch of 1.7 obtained at an intraluminal
mean arterial pressure corresponding to a systolic pressure of 120 mmHg and a diastolic pressure
of 80 mmHg [31,37]. (This corresponds to a mean arterial pressure of 80+ (120 — 80)/3 which
will be labeled henceforth as 93 mmHg). The mixture deforms uniformly by F and because
independent constituents, referred to as «, are assumed to be pre-stretched from a stress-free
configuration by G%, the final constituent-specific deformations are thus given by F* =FG®*.
As illustrated in figure 1, we examine the configurations of interest going from a homeostatic
configuration (kj,) to a swollen configuration at in vivo conditions («};). Insults will create a new
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configuration («} at time t =0), after which swelling and cell adaptation take place. Henceforth,
we use the subscripts ‘4" and ‘y’ to refer to homeostatic and damaged/adapted/maladapted
configurations, respectively, and a superscript “* to indicate whether or not swelling is accounted
for.

(i) Governing equations and boundary value problem

We assume deformation, swelling, growth and remodelling occur quasi-statically, where the
governing equation is
V.0 =0, (2.1)

where ¢ is the Cauchy stress.

The equation is solved over the domain of the two layers of the artery, with Neumann
Boundary Conditions corresponding to oy,(r;) = P;,,, where Py, is the in vivo hemodynamic
pressure and oy(r;) is the radial component of the Cauchy stress at the luminal surface
(corresponding to the inner surface of the domain at r;). On the outer surface (at r,) of the
domain, the Boundary Condition corresponds to ¢;,(r,) = 0. Finally, we impose the condition of
axisymmetry, with the force due to axial prestretch on the domain being f = [0, 0, -].

(i) Kinematics

Central to our model is the assumption that an initial insult perturbs the condition of the artery
from a biomechanical, homeostatic equilibrium. Henceforth, we assume this equilibrium to be the
in vivo configuration at which axial pre-stretch is prescribed, namely «j, (figure 1). Kinematically,
we define a transformation from this configuration to a new one that occurs due to insult
or adaptation «;. The mapping between these two configurations is defined in the electronic
supplementary material, Extended Methods i, and the deformation gradient between these
mappings is Fy = diag[dr} /dr, 7} /7, 1], where v} = det(F}) is the volume change as a result of
swelling, and r}, is the radius at this new configuration. We assume that no configurations produce
volume change except for the adapted one 7, as seen in figure 1, where v = v} = ] = det(Fy). This
is a departure from the values obtained from osmotic loading in Sorrentino et al. and Roccabianca
et al., and henceforth traction-free osmotic loading between configurations x4 and K?} is ignored
(ie. F* =1).

While all deviation from homeostasis and subsequent adaptation or maladaptation takes place
on a temporal scale, we emphasize the assumption that all deformations due to these adaptations
are quasi-static, such that no viscous or inertial effects occur. We also assume that cell and matrix
turnover in the media is uniform, noting that the diffuse nature of GAG accumulation and
swelling is in line with clinically observed specimens [32].

(iii) Constrained mixture model

The biphasic model assumes four distinct biomechanical load-bearing constituents, namely the
elastin, VSMC, GAG and collagen with the former three having a significantly larger mass fraction
in the media compared to the adventitia, and the latter having the opposite distribution. In
this mixture, the VSMCs involved in the biomechanical load-bearing are those of the contractile
phenotype. We utilize the model presented in Roccabianca et al. and Murtada et al. to describe
the constrained mixture and GAG strain energy functions [25,31], and present it in the electronic
supplementary material, Extended Methods section ii.

Volume change of the biphasic mixture here (defined as v) occurs primarily due to Donnan
Swelling and the presence of GAGs [38]. Essentially, we relate the current mass, or for convenience
referential mass fraction of GAGs (¢°) to the volume change |, and the osmotic pressure (/T) due
to Donnan swelling [33,39,40]. We describe these constitutive relations between osmotic pressure
and volume change more explicitly in the electronic supplementary material, Extended Methods
ii. The load-bearing role of GAGs is elaborated on in §2biii.

Downl oaded from http://royal soci etypublishing.org/rspal/article-pdf/doi/10.1098/rspa. 2025. 0787/ 6133611/ r spa. 2025. 0787. pdf
by TU Del ft user

on 08 May 2026

1810570728 ¥ 205§ 20l eds/feuinof/BioBuiysiigndiiaposiefos



To summarize the above in the context of our study: the evolution of constituent mass fractions
and tissue volume (due to swelling) will dictate the deformations (F}) for which the governing
equation of quasi-static equilibrium (equation (2.1)) is satisfied. The next section will outline the
phenomenological growth and remodelling laws proposed to determine this temporal evolution,
and present a numerical means to characterize several key biological phenomena.

(b) Constituent evolution model

The Constrained Mixture Model (CMM) offers a unique opportunity to examine the impact
of each constituent in the mixture on the total strain energy given the ratio they occupy
in the mixture and how they individually deform [41]. To that effect, and utilizing the
previous statement of the CMM in electronic supplementary material, equation A.2, we present
the following relation between the current constituent-specific strain energy, referential mass
fractions and total strain energy:

Wes = = ]“’ RES™ (g, W), (2.2)

where W{ is the current constituent-specific strain energy and ¢g, represents the current mass
fraction of constituent o with respect to the original total mass. We show how we obtained
equation (2.2) in the electronic supplementary material, Extended Methods i. The use of this
expression becomes clear when defining rates of evolution that are first order (i.e. m* =f(Y", m“, t))
but we lack information about the total mass, only initial mass fractions. All subsequent rates of
that form are thus assumed to be in total reference mass, and thus m* =~ ¢%,, i.e. we omit the
subscript Rt in the following formulation.

(i) Elastin damage models

Two distinct roles of medial elastin are explored. We distinguish the damage that affects elastin
in its lamellar configuration (v}, which is the primary load-bearing mechanism in the media,
and the damage to elastin fibers (/) that are assumed to connect VSMCs to their extracellular
environment.

Lamellar elastin damage

Deformation of the elastin lamellae is what is directly accounted for in the Constrained Mixture
(¢°0° in electronic supplementary material, equation A12), and it is assumed that the interlamellar
elastic fibers are a negligible factor and carry no stress in mechanical load-bearing but a major
role in mechanosensing. Here, temporal evolution of consequent damage to elastin lamellae is
assumed to be driven by stress felt on those structures due to distension

dy!

o =R AacehHa -y, (2.3)

where Ac® is defined as the deviation of the elastin-specific stress from a homeostatic value,
explicitly as Ao’ =tr(c¢)/tr(o}) — 1 for all values of Ac®>0. kg/ is a constant that defines the
sensitivity to stress deviation. This stress driven damage is then limited to values 0 < y/ <1
and is strictly increasing, consistent with the features of elastin lamellae that cannot be repaired
past early development. With the rate described in equation (2.3) being strictly positive, we also
highlight the immediate damage that occurs in excess stress, without any delay associated with
this event. This damage is then accounted for in the load bearing as a depletion of the elastin
constituent mass fraction:

¢ =1-yg. (24)

The choice of incorporating damage in the mass ratio term is deliberate, and its implication is that
damage depletes load-bearing elastin, not the intrinsic ability of elastin lamellae to bear loads. We
explore in electronic supplementary material, appendix ii the difference between incorporating
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damage of lamellae in the term ¢° or in c°. Note that the initial value of damage, yé, in subsequent
simulations is assumed to be the main perturbation from homeostasis. This event is what we
consider the insult, or the onset of maladaptation. The physical meaning behind this value
underscores whether insult and maladaptation can be impacted heavily at different ages, since
elastin damage correlates with age.

Elastic fibre damage

The second consideration focuses on interlamellar elastic fibrils (elastin plus elastin-associated
glycoproteins including fibrillin-1) attaching cells to their environment. This is a simplification of
the biological struts that often involve many proteins including TGF-g binding complexes and
integrins [2,42]. All these molecules act as an ensemble offering a distensible quality to these cell-
ECM connections, and focal adhesion complexes then act as mechanoreceptors to stress along
these ensembles, globally referred to as elastic fibers or elastic fibrils. As swelling causes medial
expansion and thickening, the stretch pushing apart lamellar layers will create tensile stresses
that act to stretch the elastic fibers. Damage (y/) evolves according to a similar principle to the

lamellar damage as below
pAim— N | 1= 2.
dt kfy (er) ( /oy )’ 2

where I'(¢;) defines the progression of damage due to stretch of the fibers, and ¢° and goZ define
the mass of VSMCs in the current and homeostatic configurations, respectively. Since independent
fibers are diffuse, and distributed arbitrarily in the circumferential direction, the radial component
is the primary axis of sensing interlamellar distance. Thus the thickness of the media is correlated
to that interlamellar distance, and elastic fibre damage progression is coupled to deviation of
interlamellar thickness. Radial stretch is measured as ¢, = (t — 13;) /7, (Where 7 is medial thickness
and 7y, is thickness at homeostasis). The progression is then related back to the thickening (due
to swelling) in interlamellar spaces, and a lower limit for radial stretch (e,,) beyond which
interlamellar elastin is torn is then defined. Damage initiation is then defined at a critical stretch
beyond 80% and up to 220% [43], i.e. I' = (g — &)/ (Ermax — Erens) fOr & >0.8, and I' =0 for
gy < 0.8. As we designate the stretch at which we expect damage to occur, we create a demarcation
in our model where the maladaptive process is fully assumed to take effect. By dividing the
damage parameter »/ with the VSMC mass gain (¢°/¢},), we account for the appearance of new
cells with full mechanosensitive integrity, and the buffering effect this may have on accumulation
of mechanosensitive damage.

It is important to consider that this arrangement of damage implies—similar to that of
equation (2.3)—that elastic fibers of individual cells are not replenished once they are damaged,
only being replenished by the appearance of new cells. Furthermore, the assumption that the
overall medial thickening impacts all fibers across the media is discussed more closely in the
discussion section.

Values of constants used to simulate elastin lamellar damage and elastic fibre damage can be
found in electronic supplementary material, table Al.

(ii) Contractile VSMC turnover and osteochondrogenic phenotype

In consideration of the load bearing constituents of the ECM, we model contractile VSMC

turnover, as well as production of GAGs and collagen. These cells work to restore sensed stresses

to a preferred homeostatic value, and accordingly, we incorporate the constrained mixture model

with terms describing rates of production and removal of contractile VSMCs, as well as those of
the osteochondrogenic phenotype in the media are, as follows

m

% =k"Ac" " — Kmal(pmgoo (2.6)

and o
4 Kmal(pm 0 kanOIAp QD (2 7)
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where once again Ac™ is defined as the perturbation from homeostatic stress due to tension on
contractile VSMCs, and subject to sensed stresses through elastic fibers where Ac™ =[(1 — v -
" /o] — 1, for all Ac™ > 0. The populations of cells are referred from their mass fractions where
@™ and ¢’ are the referential mass fractions of contractile and osteochondrocytic phenotypes of
VSMCs in a given volume of media, respectively. The gain parameters k", K™l and k! represent
the parameters governing stress-driven VSMC growth rate, damage driven phenotype switch,
and anoikis rate, respectively.

We introduce the term Ap° in equation (2.7) that describes anoikis: phenomenon of death or
loss of cell viability in the medial environment due to excessive degradation of the ECM leading
to a loss of cell-cell and cell-matrix interactions. Since the growth of osteochondrocyte population
is pathological, we define the two roles of this growth. In the first term, we account for the effect
of osteochondrocytes overcrowding contractile VSMCs, and in the second, we account for the
resultant high density and excess amount of osteochondocytic cells. This is implemented in the
medial volume numerically as Ap°® = ((¢°/9°)(¢},/9}) - 1 (¢° /95)] — 1). Anoikis is then driven
by this density coinciding with lost VSMC cell density, as well as a gain parameter indicating a
basal rate kK,

Finally, we comment on the term representing the maladaptive differentiation of VSMCs from
the contractile to the osteochondrocytic phenotype. When estimating the rate of differentiation as
Kmalgm 0 we incorporate the presence of pathological osteochondrocytes, as well as contractile
VSMCs in the driving factors increasing phenotype switching with the underlying assumption
that-next to ECM dysregulation-it takes osteochondrocyte crowding, and anoikis of surrounding
VSMCs to trigger the switch.

ECM damage and lost mechanosensitivity as drivers for phenotype switch

We implement the gain parameter K™ in equation (2.6) to incorporate elastin fibre and
lamellar damage as kmal — gmal (g, f 4 w,y!). In the presence of osteochondrocytes in their
vicinity, elastin lamellar damage and elastic fibre damage thus scale the inherent likelihood
of differentiation (kmal) of VSMCs, and for our studies, we choose to emphasize the tendency
to differentiation on lost mechanosensitivity—or loss of anchoring of VSMCs-compared to
lost lamellar integrity. Thus, we interpret parameters w; and w, as the weight due to lost
mechanosensitivity on phenotype switching rate, and the weight due to lost elastin lamellae
integrity on phenotype switching rate, respectively. Hence, the choice of w; =0.8 and w, =0.2.
Values of constants used in simulating cell turnover can be found in electronic supplementary
material, table A2.

(iii) GAG turnover and Gibbs-Donnan swelling

We relate the presence of GAGs in the media to their production by VSMCs, as well as rapid
production of GAGs by the osteochondrogenic phenotype. We also account for GAG removal
due to basal degradative processes involving proteases or similar inflammatory responses [44].
The equation that governs the presence of GAGs is as follows

d(pG .

1 =KC (01 = ¢°) =K, (2.8)

where K& and kC correspond to a gain parameter for production and VSMC-independent
removal, respectively.

Furthermore, 7 represents the production of GAGs by cells scaling a basal production rate
(no) by a factor yielding n=mno - n1. Here, 71 =0 corresponds to an absence of cells, therefore
an absence of GAG producers, and equation (2.8) has a strictly negative loss term to deplete
GAGs. We choose a function where 11 =1 will yield a pole or equilibrium point where the GAGs
correspond to the homeostatic value, therefore we define ng = 2<p0G /(+/5 = 1). An illustration of
the rate of GAG production and its change relative to VSMC and osteochondrocytes is shown in
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electronic supplementary material, figure A.3a. Accordingly, with the stated restrictions on the

function 51, a suitable description can be found as
_explk(e" + k)] -1

n= exp[k (Adr - @t + k)] — 17

(2.9)

where we let k” =10 to reflect that osteochondrogenic cells produce GAGs 10 x as rapidly as
VSMCs. The presence of A, in the denominator reflects the role of GAGs as a mechanism to
maintain interlamellar distance, as compression of the media in the radial direction serves to then
shift equilibrium GAGs in the media even at a homeostatic VSMC population.

The above allows us to define GAG production by cells, with a net accumulation when 71 > 1
and a net removal for 71 <1 while also maintaining that no GAGs are produced unless these
cells are present. Values of constants used to simulate GAG turnover can be found in electronic
supplementary material, table A.3.

(iv) Collagen turnover in the adventitia

Collagen turnover is governed by stress-driven stimuli. The production and removal is thus
governed by the following relation
dgti

—q =K (Lol (2.10)

where Ac¢ defines the change in stress along collagen fibre of family j. The collagen constituent
in our continuum approach encompasses the families of collagen III predominantly found in
media of elastic arteries, with type I found in the adventitia. Since rapid collagen turnover is
associated with decreased overall collagen integrity, new collagen produced is characterized by
thicker singular fibers that are less crimped but with denser cross-linking between adjacent ones
[19,24]. Phenomenologically, this change in the microstructure of the fibre network is accounted
for in a loss of continuum fibre stiffness represented by parameter kij in electronic supplementary
material, equation A8. A measure of 100% is defined for collagen produced at lower stimulus
(Ac9) with an inverse correlation between integrity and stress fold-change (shown schematically
in electronic supplementary material, figure A.4), and the minimum value of integrity defined at
5% at a 5-fold change of fibre stress (CDQOR =5). Stated numerically, the integrity (q) of fibre j is
defined

7 =100% Ac% <0 (2.11a)
i=[100-95( 27" Y]o% 0<no% < cDOR (2.11b)
= —_ o < .
1 CDOR o=
and q =5% CDQR < AcF. (2.11¢)

The integrity of produced collagen at time ¢ (q{;) is then added to previous collagen and the total

integrity (‘flxt) is calculated as the weighted average according to
j G ¢ i Cj
Tor =0 — ol +a,_1(0l1) (212)
with the fibre stiffness then adjusted to the new integrity relative to homeostatic stiffness ki"h as
G J 45
k) =gk . (2.13)

Values of constants used in simulating collagen turnover can be found in electronic
supplementary material, table A 4.

(c) Hypothesis and overview of simulated scenarios

In this section, we illustrate the described modelling approach of coupling the mechanically
constrained problem with the growth and remodelling laws assumed in figure 1.
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We assume mechanical homeostasis at equilibrium for a mean arterial pressure of 93 mmHg,
corresponding to systolic/diastolic pressure of 120/80 mmHg, and this framework is applied to a
model vessel representative of the mouse common carotid artery. We explore the hypothesis that
elastin damage and lost mechanosensitivity of VSMCs drives cell differentiation, and the loss of
the contiguous contractiles further disrupts cell-cell connections triggering anoikis and increasing
osteochondrocytic phenotype density.

An abrupt/immediate insult is applied on the lamellae and a time scheme advances to
simulate adaptation under varying degrees of hypertension. As such, there are two triggers
perturbing from homeostasis: initial insult to the elastic constituent of the artery in the media,
and increased luminal pressure. At every time At, a swelling is applied, and mass fractions are
updated according to stimuli and deviations from homeostasis in the previous time step. Thus, a
new static equilibrium is satisfied, and these deviations in turn dictate a new set of stimuli. This
scheme is run for a cycle of 1000 days, solving for equilibrium at each 1day and the transient
response in this period reaches an equilibrium by then. The cycle of 1000 days is assumed to be
adequate for any equilibrium to be reached. The radius (r}) at every time point is determined
by minimizing the cost function that enforces force balance using a non-linear least squares
optimization scheme (Isqnonlin, [45]), while the values of evolving constituents are solved for
the subsequent time step using fourth-order Runge-Kutta solver (ode45, [45]). We demonstrate
the behaviour of the model in four distinct scenarios:

— Scenario 1: Remodelling under insult and moderate hypertension. In this scenario,
we individually simulate constituent turn-over and remodelling under normotension
(purely due to insult), and various grades of moderate hypertension. In this case, an
arbitrary initial insult corresponding to moderate lamellar damage (yé =15%) (eg. due
to ageing or lamellar fatigue) is applied, and adaptation is simulated under conditions
of mean Arterial Pressures corresponding to sys/dias pressures of 120/80 mmHg
(93 mmHg), 130/85 mmHg (100 mmHg), 140/90 mmHg (106 mmHg) and 150/95 mmHg
(113 mmHg).

— Scenario 2: Remodelling under insult and severe hypertension. We explore what
our model can simulate with the same degree of initial elastin lamellar fragmentation
(yé:lS%), at a more moderate hypertension with a systolic/diastolic pressures of
160/100 mmHg and a mean pressure of 120 mmHg.

— Scenario 3: Intervention and recovery by reducing hypertension. The starting point for
this scenario are the results from scenario 2. Consequently, we observe what happens
if the pressure is relieved from the hypertensive 120 mmHg to normotensive 93 mmHg
at different time points. This is to simulate the effect of intervention that reduces
hypertension in a patient and the impact of intervention time.

— Scenario 4: Intervention and recovery by enhancing adventitial response. This is a
replication of scenario 2, with the assumption that turnover of collagen that happens
in the adventitia (i) takes place more rapidly. This constitutes an adjustment of the gain
parameter in equation (2.10) (i.e. kK =k instead of k€ =1/70 in scenario 2). The second
aspect of enhanced adventitial integrity can be implemented when collagen turnover
(ii) takes place with deposited collagen having more robustness. Here the decline in
collagen deposition quality in equation (2.11) is modified (i.e. CDQR =100 instead of
CDQR =5 in scenario 2). This is akin to intervention strategies that promote adventitial
integrity.

We report constituent turnover in these scenarios, as well as calculated damage due to insult
and subsequent (mal)adaptation. We also report evolving vessel dimensions and subsequent
intramural elastic and osmotic stresses, and perform a hypothetical ‘excision” and biaxial
Pressure-Distension test on the evolving in silico model at days 50, 300 and 900 post onset of
insult. Finally, we use the Bramwell-Hill equation to compute pulse wave velocities (PWVs) from
Pressure-Distension relations of the evolving arteries in these scenarios [46].
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3. Results

(@) Scenario 1: remodelling under insult and moderate hypertension

Our simulation demonstrates key features of physiological adaptation post-insult (figure 2). The
model predicts an initial progression of damage to the elastin lamellae post insult (panel a).
Like the fraying of individual strands of rope, excess stress causes the lamellae to progressively
disintegrate, and varying degrees of moderate hypertension cause this progression to occur
more rapidly (as seen by the arrow demonstrating this trend). Turnover of contractile VSMCs
and collagen (shown in figure 2b,e, respectively) have worked to reduce the stresses on the
lamellae and recover elastin to sub-critical stress as seen by the plateau (or arrest) of elastin
damage in panel (a) reached after 31, 29, 27 and 25 days in 93 mmHg, 100 mmHg, 106 mmHg
and 113 mmHg pressures, respectively. As the VSMCs continue to turnover due to elevated stress
compensating for the lost elastin, the sustained lamellar damage (18.04%, 19.71%, 20.89% and
21.99%) drives osteochondrocyte development, and the accompanying GAG production causes
swelling (figure 2c,d, respectively). We demonstrate the trend of more rapid response at higher
pressures, with similar asymptotic masses of contractile VSMCs, osteochondrocytic cells and
GAGs in the long term, and more permanent differences in elastin and collagen content at these
varying pressures.

The long-term evolution simulated by our model suggests recovered contractile VSMC
populations (seen in panel (b)), albeit to a smaller sizes compared to ones prior to insult. The
mechanosensitivity of cells also remains largely undisrupted as seen in panel (d) and this absence
of damage to mechanosensitivity maintains contractile VSMC phenotypic integrity. Here, the
biomechanical characteristics of the artery remain largely unchanged as evident in the Pressure-
Distension of arteries at normotension and moderate hypertension remain largely similar across
the range of pressures and at operational pressure at which the vessels adapted (dashed
lines in panels (a) and (b) for normotensive and moderately hypertensive cases, respectively).
Lasting effects of remodelling from sustained moderate hypertension include permanent elastic
energy loss with stored elastic energy in the media dropping from a homeostatic 124.70 kPa
before insult, to 107.68 kPa and 109.59 kPa with onset of insult at normotensive and moderately
hypertensive pressures, respectively, and reduction to 102.26 kPa and 98.69 kPa by day 1000 of
adaptation as shown in panel (c) (figure 3). Furthermore, it is evident that adaptation at this
mild hypertension yields mildly stiffer vessels, with long-term PWVs remaining approximately
1.237 + 0.217ms~! higher in mild hypertension than those adapted at normotension with insult,
and 1.858 + 0.429 ms~! higher than homeostatic PWV (of 7.249 ms™!), as reported in table 1.

(b) Scenario 2: remodelling under insult and severe hypertension

Initial remodelling follows the same trend of contractile VSMC and adventitial collagen turnover,
with GAG build-up (and thus swelling) due to the presence of the former constituent within
the damaged ECM. On day 164, this swelling has created enough radial displacement between
lamellae (80%) to functionally damage elastin fibers connecting contractile VSMCs to the lamellae
and thus disrupting mechanosensing. This in turn causes accelerated phenotype modulation
from the contractile VSMCs to osteochodrogenic ones, and the rapid conversion—as well as
lost mechanosensing and increased swelling—all work to trigger anoikis. Severe depletion of
contractile VSMC population is observed in the time-frame between day 164 and the peak
of elastic fibre damage at day 195. The loss in contractile VSMC population and subsequent loss
of osteochondrocytes means that the abundant GAG production and natural degradative cycle of
produced GAGs will see alleviated swelling and restored interlamellar spacing by day 208.

In the long term (figure 3a—d), GAG degradation through natural processes in the absence
of VSMC recovery will reduce elastin fibre damage (as seen in the plateau of y/ in panel a),
but will eventually cause elastin lamellae to carry the remaining stress. That stress—in excess
of homeostasis—re-triggers lamellar damage (day 354) that escalates to full degradation in the
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Figure 2. Evolution of relevant constituents according to our hypothesis under varying degrees of moderate hypertension.
Panel (a) shows the transient damage to lamellae, and recovery due to the initial VSMC increase (b). Sustained lamellar
damage, and accompanying growth of the osteochondrocytic phenotype (c) will produce excess GAGs (d). At increased degrees
of hypertension, higher peaks of cell turnover are seen, but long-term restoration to equilibrium values are reached after
restoration of homeostatic cell stress (trend with varying hypertension shown by black arrow). Collagen build-up in the
adventitia also works to restore homeostatic stress, and increased but moderate hypertension causes increased long-term
collagen deposition seen in panel (e). Simulation results shown in solid black at normotensive and hypertensive pressures of
93 mmHg and 106 mmHg, respectively, are used for comparisons in other simulations. All values are normalized from initial
values, presented in electronic supplementary material, tables A.1-A.4.

absence of other load bearing constituents in the media. Moreover, panel (b) shows how the
degradation of medial constituents, and compromise of elastin in particular, is compensated
for by collagen buildup in the adventitia (electronic supplementary material, figure B.1). Since
contractile VSMCs and elastin are the primary constituents that bear a circumferential load in
the media, their depletion causes adventitial collagen to take over. Thus, elastic energy storage
in our model is shown to diminish under these conditions of complete lamellar loss (as seen in
panel (c)).

Our model also predicts initial inward remodelling caused by the GAG accumulation and
luminal shrinkage, but with the eventual depletion of GAGs after cell loss, swelling is mitigated
and the artery remodels to a homeostatic dimension (figure 4a). Therefore, it is interesting to
observe that despite the similar dimensions to a physiologically healthy (homeostatic) artery, the
artery is much more fibrous and less elastic as observed in tissue fibrosis.

Adventitial collagen carrying the majority of stress (shown in panels (b-d)) and characteristic
loss of the bimodal s-shape of the pressure-distension curve at late stages of maladaptation (seen
in electronic supplementary material, appendix B.1 figure B.2 panel (c)) are also demonstrated at
severe hypertension. These fibrous arteries exhibit elevated PWVs as seen in table 1, with a PWV
> 14ms~! at day 900 post-insult.
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Figure 3. Evolution of relevant constituents and stored elastic energy under severe hypertension. Panel (a) informs us of the
eventual medial degeneration of elastic constituents in severe hypertension. We observe the compensatory effect of GAGs on
lamellae (day 0—354), having an antagonistic effect on fibers (triggered on day 164 in panel (d)). Unlike moderate hypertension,
the swelling caused by these excess GAGs is enough to disrupt interlamellar elastin fibers, and mechanosensitivity is impaired as
seen in panel (d). This rapidly accelerates maladaptation, and within 31 days (in the period spanning onset of mechanosensitive
disruption at day 164 to stabilization on day 195) we observe complete VSMC transition and elevated cell death (b). The opposite
effect appears when GAGs are depleted and the lamellae have to carry the excess loads again without shielding from VSMCs or
GAGs (day 354-1000). These are primarily the radial loads since the circumferential one is accounted for with adventitial collagen
increase. Panel (c) suggests that concurrent with lost cell population and lamellar degradation, the biomechanical markers
observed in many pathologies of elastic arteries are also reported in our model. The loss of elastance and diminished Windkessel
effect in the media of these elastic arteries has immediate consequences on artery stiffening and further complications.

() Scenario 3:intervention and recovery by reducing hypertension

The presented third scenario demonstrates the potential of the model/framework as a hypothesis-
testing tool. Running simulations where blood pressure is restored from 120 mmHg to 93 mmHg
at some point in time suggests the existence of a point-of-no-return, and we observe a
gradual change in model prediction when intervening at days 94, 95 and 96 after insult. As
illustrated in figure 5, minor but decreasing VSMC loss is seen at 1000days in simulations
where pressure is restored at later elapsing days post-insult but before 94 days. These arteries
show no compromised mechnosensitivity in turned-over VSMCs, and thus recover similar
to normotensive and moderately hypertensive arteries in scenario 1. (We avoid reporting all
simulations of intervention before day 94, but demonstrate this extreme intervention at day 94 in
figure 5 as seen by the dotted line). Contrarily, intervention at day 95 post-insult and hypertension
demonstrates an intermediary recovery profile with mild VSMC loss, and sustained but halted
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Table 1. Table of Pulse Wave Velocity (PWV) calculated from our model. Data points are plotted in figure 7.

PWV at Time-Points

Operational Pressure Insult-free PWV  Day 0 Day 50 Day300  Day900
Scenario 1 Normotensive (93 mmHg)

compromise of mechanosensitivity intermediary between scenario 1 and scenario 2. Finally,
intervention at day 96 does not prevent eventual failure (shown in the long dashed line).

While we understand that accelerated VSMC phenotype switch happens when mechanosens-
ing becomes compromised, this only occurs at day 164 (as seen in the §3b), and failure to recover
before day 94 implies that the point-of-no-return shown in the model comes before the major
cause of failure (lost mechanosensing) is triggered. There is a marked difference in response
when intervention from hypertension is done early enough, where moderate recovery of cell
populations can still take place and medial rescue remains possible, and thus we show that we
can start with conditions similar to scenario 2 but end with outcomes in scenario 1 subject to
intervention time.

(d) Scenario 4: intervention and recovery by enhancing adventitial response

In replicating the conditions of scenario 2, we observe that rapid collagen turnover supports non-
homeostatic loads rapidly, alleviating growth-inducing stress on contractile VSMCs, and resulting
in a smaller peak contractile VSMC mass during adaptation as seen in the dashed line in figure 6
in panel (a). This sub-critical mass, and the absence of lamellar damage (dashed in panel (b)),
avoids critical osteochondrocytic phenotype build-up and cells eventually recover to an outcome
similar to scenario 1. Furthermore, enhancing the adventitial response via maintaining deposited
collagen integrity also avoids elastin lamellar damage and excess osteochondrocytic phenotype
proliferation, although peak cell turnover (and thus likelihood of reaching critical mass) is larger
in this strategy compared to the prior. The outcome is equally as favourable, with PWV of these
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Figure 4. Evolution of in silico vessel dimensions and intramural wall stresses under normotension and severe hypertension.
Panel (a) demonstrates the remodelling of the artery to dimensions that are similar to the homeostatic ones in the final
configuration. This suggests that physiological dimensions (which were not explicitly maintained as a conserved value) with
radically different biomechanical behaviour are not enough to determine disease. Assessment of intramural stress at discrete
times (50, 300 and 900 days) during maladaptation shows that concurrent with elastin loss in the media is a sizeable increase
in elastic stress in the adventitia. The transition is most evident in a comparison between panels (b), (c) and (d) where the latter
shows a sharp decline in circumferential and axial stresses with the loss of load-bearing constituents, and a noticeable increase
in adventitial load-bearing.

arteries both showing similar or identical stiffness in late-stage adaptation that remains similar to
baseline PWYV at the elevated operational pressure (figure 7c).

4. Discussion

The scientific community has recently come to understand the role of VSMC plasticity and
phenotype switching in aortic disease, whereby they change in morphology and function to
produce GAG-dense ECM in response to perturbation from their own mechanical environments
and a loss of sensitivity to that environment [2,22]. The concurrence of these phenomena in
ageing and aortopathies can be partly explained through the maladaptation of cells and the
consequences of this maladaptation, and can be incorporated in numerical and computational
models. Capturing the interplay between these processes and their influence on one another is
vital for the understanding and study of diseases and their underlying mechanisms in silico.
What we present in this work is a model that can simulate cases of biomechanical and
cellular compromise exhibited in different aortopathies, given assumptions of the underlying
mechanisms, and sensible initial conditions. The model’s versatility allows us to simulate cases of
adaptation and irreversible maladaptation depending on the severity of the conditions mirroring
clinical settings, demonstrated here via pressure-driven supra-physiological loading in presence
of mild elastin damage (insult) at baseline.
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Figure 5. Evolution of contractile VSMC population and compromised mechanosensitivity at severe hypertension and
interventions to normotension. A point of bifurcation appears depending on when intervention is chosen to take place. Lowering
pressure from hypertensive to normotensive on day 94 (dotted line) shows outcomes of cell population recovery (panel (a)) and
maintained mechanosensitivity (panel (b)) as seen in response to insult at normotension or moderate hypertension. On the
other hand, intervention on day 95 (short dash) presents an intermediary response between physiological adaptation, and
pathological maladaptation. Intervention at day 96 (long dash) onward suggests that the restorative process seems to have
passed ‘critical point’ beyond which maladaptation and progressive medial degeneration take place.

(@) Model implementation and results in the context of current insights

While we are not the first to present a model that replicates arterial failure or maladaptation due to
insult [33,47-49], we are confident in reporting that adaptation and maladaptation observed in our
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Figure 6. Evolution of contractile VSMC population, elastin lamellar damage and the osteochondrocytic phenotype population
at severe hypertension with enhanced adventitial response. Rapid collagen turnover (dashed line), upon insult, reduces peak
contractile VSMC turnover as seen in panel (a), preventing lamellar damage (panel (b)), and critical osteochondrocytic cell
accumulation (panel (c)). Intact collagen turnover (dotted line) also prevents maladaptation, rescuing the media from crossing
the ‘critical point'.

model lends additional credence to the cause—effect relationship between medial degeneration,
and the mechanisms for maintenance of biomechanical homeostasis. Post-insult, the model
demonstrates mild loss in contractile cell population after turnover, but maintains lamellar
integrity in normotensive and mildly hypertensive conditions (figure 2).

Severe hypertension (120 mmHg) stimulates large VSMC turnover initially in a disrupted ECM
environment (figure 3b), and creates the intractable conditions for osteochondrocytic proliferation
(panel (a) in electronic supplementary material, figure B.1) and contractile VSMC phenotype
switch. While we observe rapid swelling of the media and larger VSMC, and increased GAG
production in the earlier phase of severe hypertension (panel (c) in electronic supplementary
material, figure B.1), this excess gives way to VSMC population collapse and GAG turnover,
and thus the absence of GAG producers creates excess loading on the elastin lamellae, where
we see progressive lamellar loss. This is different to the long-term response observed in moderate
hypertension scenarios.

Additionally, the model is capable of reproducing significant biomechanical markers of arterial
maladaptation in severe hypertension, where we show the lost elastic potential of the artery
(figure 3c) as seen in clinical cases and animal models of medial degeneration [14,19,25,29]. Not
only is the biomechanical profile of the maladapted arteries replicated, but the constitutive and
cellular profile of diminished cells, excess GAGs and degraded elastin are similarly reported in
our simulations (figure 3). We report the characteristic bimodal s-shape seen in healthy arteries
in adapted arteries as evident in panel (a),(b) in electronic supplementary material, appendix
B.1 figure B.2 [37]. However, in simulated maladapted arteries (panel (c)), this loss is observed at
later days of maladaptation, post-medial degeneration, which is otherwise seen in elastase treated
arteries [21].

The model predicts an increase in PWV upon onset of insult (Day 0) as seen in figure 7. All
scenarios demonstrate the effect of the adaptive process in reducing PWV early in the process
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Figure 7. Pulse Wave Velocity (PWV) data reported at 4 discrete time-points in different simulated scenarios. Panel (a)
demonstrates PWVs adapted under persistent normotensive, moderately hypertensive, and severely hypertensive operational
pressures (Scenario 1 & 2). Panel (b) shows PWVs at intervened pressure from 120 mmHg done at day 94 (dotted), day 95
(short dashes) and day 96 (long dashes) (Scenario 3). Panel (c) shows PWV variation under severe hypertension with an
enhaced adventitial response either through rapid collagen turnover (triangle) or with maintained collagen intergity (diamond)
(Scenario 4). We emphasize that these plots are not to be read as continuous time-points, but 4 discrete readings. Panel (b)
shows the discontinuity between readings as operational pressure is dropped.

(Day 50-300) towards a homeostatic value (7249 ms™ 1), but persistence of elevated pressures
increases vessel stiffness again (Day 900) and maladaptation causes drastic stiffening (as seen in
Scenario 2). Similarly, once intervention is taken on too late, the model predicts an eventual failure
and stiffening in the long term ( Scenario 3), while early intervention drastically eliminates a long-
term effect of hypertension (dotted in Scenario 3). The model also highlights the importance of
the adventitia on the media, showing that supplemented collagen remodelling can rescue from
severe maladaptation, and avoid excess artery stiffness in the long term (Scenario 4).

(i) Our model in the context of hypertension

Hypertension imposes mechanical and metabolic stress on VSMCs, triggering a phenotypic
switch from a contractile to a synthetic and pro-inflammatory state [50]. This transition
is characterized by down-regulation of contractile phenotype biomarkers and increased cell
proliferation, migration, and ECM turnover [51,52]. This state also promotes vascular remodelling
and medial thickening, with chronic hypertensive stress further reprogramming contractile
VSMCs into the osteochondrogenic phenotype [53], leading to active vascular calcification
[54]. This calcification and remodelling results in increased arterial stiffness and pulse wave
velocity (PWYV), elevating systolic blood pressure and pulse pressure, while reducing diastolic
perfusion [55]. The stiffened arteries further propagate mechanical stress on VSMCs, sustaining
the synthetic and osteochondrogenic phenotype in a pathological feedback loop. Together, these
findings establish a vicious cycle wherein hypertension drives VSMC dysfunction and vascular
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calcification [56], which in turn amplify vascular resistance and blood pressure [8], contributing
to the progression of hypertensive cardiovascular disease.

Central to our model is that there is a preferred homeostasis that cells serve to maintain and
conserve, and it was through gradual degrees of moderate hypertension, and subsequently a
more severe one that we challenge this homeostasis in scenario 1 and scenario 2, respectively. As
such, at least some consideration should be given to what extent the model reproduces arterial
remodelling in hypertension. Interrogating the impact of hypertension on maladaptation in our
model successfully allowed us to distinguish between the bifurcative behaviour of arteries that
exhibit mild ECM turnover but maintained biomechanical function in moderate hypertension
(scenario 1), and maladapted arteries with excessive elastin degradation and VSMC loss in severe
hypertension (scenario 2).

Moderate hypertension causes VSMC buildup similar to severe hypertension early on post-
insult (figure 2) which triggers GAG up-regulation. The absence of excess swelling prevents ECM
damage and compromised mechanosensitivity, and prevention of this critical ECM disruption,
along with the preserved ability of VSMCs to sense their environment, prevents anoikis and wide-
spread phenotype switching and suggests a similarity to many cases of GAG build-up that don’t
result in aggressive elastin degradation [20,26].

While scenario 1 showed a mild response in the long term, severe hypertension provoked
a detrimental response in scenario 2. As illustrated in figures 3 and electronic supplementary
material, B.1, the model predicts severe disruption of the media in scenario 2, with an almost
complete loss of its VSMC population and elastic function. It is remarkable that these fundamental
changes occur with little noticeable change in vessel size as observed by panel (a) in figure 4. This
may in part be attributed to the maintenance of adventitial integrity in our model, where we have
overlooked the degradative and inflammatory processes that accelerate collagen degradation as
well, similar to elastin [11]. Notwithstanding these assumptions, this demonstrates that arterial
remodelling may not be captured by morphological/geometrical biomarkers typically used in
clinics (e.g. to characterize dissection likelihood in aneurysms) and can only be fully understood
through a more comprehensive assessment of tissue constitution [57-59].

An interesting result produced by the model is revealed in scenario 3, where we tested the
impact of (the timing of) restoration of blood pressure to normotensive values. Simulations
suggest a tipping point (94/95 days for the tested model configuration), beyond which the
maladaptive cascade becomes irreversible. Unloading the artery before this point-of-no-return,
however, allows the physiological collagen and contractile VSMC turnover to dominate over the
phenotype switch and maladaptation. While elastic function is not restored to pre-hypertensive
values, there is no complete depletion of contractile VSMCs. This difference is most evident in
late stage PWVs at day 900 in normotensive pressures being significantly higher in late term
intervention compared to earlier intervention (figure 7b). By dropping the pressure from severe
hypertension to normotension, we eliminate the influence of strain-stiffening due to operational
pressure on artery stiffness. Moreover, the progression of medial degeneration in late intervention
highlights that artery stiffening observed at Day 900 isn’t a result of pressure-induced strain-
stiffening, but functional alteration of the artery, and the loss of the Windkessel effect. This
presents a more bleak outcome when considering that day 300 readings of PWVs (taken well
after intervention) indicate little difference between arteries in different scenarios, and offer little
to inform of the future trajectory of adaptation or maladaptation, further highlighting the need
for preemptive strategy in early intervention.

(i) Our model in the context of ageing and genetic disease

Core to the model is arterial remodelling in response to elastin damage (an initial damage of 15%
was assumed in scenario 1-4), which may result from ageing and/or specific genetic diseases
leading to reduced integrity of elastic lamellae or fibrillar structures key to mechanotransduction.
In our model, both lamellar and fibrillar damage are combined in the definition of Kmal i
equation (2.6) using weighting terms for each. This implies an equal contribution of damage
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towards maladaptation—albeit at different rate—although Li et al. postulate that damage-driven
halted mechanosensing (fibrillar damage) is more rapid and exponential [29], and that damage
from ECM disruption (lamellar damage) has a more gradual linear influence on progression
of maladaptation. We can rationalize a linear increase as a very slow exponential increase, but
we might need to consider different analytical functions to distinguish these behaviours. There
is existing work that involves either micro-structurally inspired models that could capture this
heterogeneity, or cell-signal models that can inform the gene-expression and pathway activation
involved in this complex process [30,60].

The structuring of our model allows us to relate its components—whether rate constants,
gain parameters or constitutive relations—to physiologically relevant parameters. For example,
genetic predisposition to disrupted mechanosensing (such as in MFS or vEDS) or swelling driven
disrupted mechanosensing (such as in ageing or hypertension) can be emulated by adjusting

the rate (or propensity) of elastin fibril damage due to radial stretch in kg/ (equation (2.5)
and electronic supplementary material, table A.1), or by lowering the threshold for damage in
&row N I'(er). While previous work dictates that elastin would fail at a stretch of 80% [43]—
the default value in our model—a discrete fibre simulation of a peel test where failure of
individual fibers was at much lower stretches (5-30%) still yielded accurate numerical replication
of experimental peel tests of healthy elastic media [61]. Additional model results reported in
electronic supplementary material, appendix i figure B.3 show that lowering the threshold for
damage (&1, ) to take place at stretches as low as 5 % can cause maladaptation to occur even at
normo-tensive pressure if there is sufficient initial insult to lamellar elastin. This aligns with the
possible predisposition to early maladaptation in genetic diseases increasing that susceptibility to
damage [14].

Our model also allows us to investigate the role of adventitial rescue in hypertension in
conditions that may be otherwise impaired in genetic diseases such as VEDS. By demonstrating
that enhanced collagen remodelling can rescue at severe hypertensions (scenario 4), we also
conclude that collagen compromise can pose a greater risk at more moderate and even
normotensive pressures.

(iii) Our model in the context of aneurysms and aortic dissection

While only showcased for an elastic artery model subjected to elevated blood pressure,
our proposed remodelling framework is particularly applicable to aortic aneurysms, where
histopathology suggests a major compromise in its elastic and load-bearing function [10,11].
Furthermore, studies of the make-up and structure of these arteries reveals swelling and mucoid
buildup due to the presence of PGs/GAGs in otherwise healthy specimens [19,26]. Additionally,
the pioneering work of Glagov has shown that GAGs are used by certain cell populations
as a response to cyclic disruption from homeostatic stress in their environment, suggesting a
maintenance mechanism by which their presence acts [3].

At the same time, none of the simulated scenarios leads to long-term dilatation, which
is experimentally observed in, for instance, elastase treated arteries [21] or BAPN + elastase
treated arteries [19], where radical changes in radii and thickness are observed. The most
apt comparison would therefore be a comparison with results immediately after the initial
insult is applied in our simulations, which does show arterial dilatation. Inward remodelling
instead of dilatation of the outer diameter is also a possible explanation, since adventitial
collagen recruitment at these pressures is at its highest and is not under compromise as
demonstrated by the BAPN + elastase study. Evidence of the model presented by Li et al.
suggests that both elastin and collagen compromise are necessary for dilatation [29], and
the adequate adjustment of collagen compromise to reflect this will be explored in future
work.

The importance of accurately representing turned-over collagen rates or compromised quality
presents us with two parameters of the model that have critical outcomes on model predictions.
The parameter describing the rate of VSMC production due to stress perturbation (k" from
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equation (2.6)) and that describing the rate of circumferential collagen buildup due to stress
perturbation (k2 from equation (2.10)) are inextricably linked. So long as k”* > k2 (as implemented
in scenario 1,2 and 3), the recovery of circumferential function of lost elastin is taken by VSMCs,
which are inherently susceptible to phenotype switch due to this initial damage. Conversely, if
the rate of collagen turnover is equal or more rapid (simulated in scenario 4), then insult will be
recovered with the intact adventitial turnover and any excess VSMCs will always recover, albeit to
lower steady-state equilibrium values (similar to what is observed in physiological recovery). The
quality of produced collagen will suffer from this increased rate, but no critical damage will be
reached and no cell loss accompanied by elastin disintegration will occur. Similarly, if the quality
of collagen remains intact, then medial rescue is still observed.

If collagen in tissues has a more rapid rate of turnover, we see this as a limiting factor in
our model. However, we can rationalize this discrepancy in a few different ways. Firstly, we can
assume that the rate at which collagen turnover will be accelerated can indeed be faster, but the
threshold or setpoint at which this accelerated rate takes place is higher (i.e. the range of stress at
which homeostasis and collagen turnover is produced is higher).

We also believe that the results of our model hold key importance in the understanding of
aortic dissection and the underlying conditions that might trigger it. If the incidence of dissection
occurs due to dehiscence of elastin lamellae, and luminal intrusion of blood into the media, the
considerations of interlamellar stresses is crucial to determining the likelihood of that dehiscence.
Our model reports medial stresses that suggest swelling and tensile osmotic forces within the
media in the later stages of our simulations (panel (d) in electronic supplementary material,
figure B.1) where elastin is largely absent, and thus unable to offer the necessary balance between
radial compression from the new configuration and tensional buildup from swelling. This is
experimentally confirmed in peeling tests where the absence of GAGs necessitated larger forces to
peel apart elastin lamellae (although this was done on healthy lamellae, not fragmented ones with
excess swelling) [61]. This falls within the broader conversation of the good, the bad and the ugly
roles of GAGs in radial load bearing balanced with elastin radial load bearing mentioned before
[31]. In physiological conditions, the media is compressed (from the lumen pushing it outward but
also from the adventitia and parenchymal tissue inward, resisting deformation). In swelling, the
endogenous osmotic load in the media acts against this, and in moderate amounts it is cooperative
with elastin, shielding it from damage as seen in electronic supplementary material, figure B.1
panel (d), when GAGs have become hypotonic as governed by electronic supplementary material,
equation A.14. In the absence of elastin, the loads become tensile, which would facilitate arterial
wall delamination.

(b) Considerations on our framework

While the model presented extends the constrained mixture growth and remodelling framework
by including VSMC phenotype switching and GAGs, we invite the reader to consider a few key
considerations that may have an impact on our results.

A first consideration is in regard to the absence of the primary function of contractile
VSMC phenotypes in active contraction and the myogenic response of active force generation
in hypertension. Indeed, increased hypertensive loading in a renal artery ligation animal model
is known to be accommodated in elastic arteries with increased VSMC tone in the first days
after ligation until remodelling takes place [55]. The consequence of that on our model would
be a diminished circumferential stress felt by the contractile VSMCs. There is more recent work,
however, that suggests densification of contractile VSMCs in response to hypertension [62], which
supports our construction of the model where active proliferation of cells and an increase in their
numbers (mass) occurs as a response to insult.

The absence of inelastic growth from our model may also lead us to overestimate stresses
on the tissue constituents, exaggerating the rates of adaptation/maladaptation. This may also
explain the similarity in dimensions after maladaptation as seen in figure 4a. It is for this reason
that formulations of remodelling often involve remodelled stretches Fg 1 (as seen in [41,63,64])
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that, when multiplied by the total deformation F(t) (see figure 1), will diminish the stress due
to deformation. In the case of our model, incorporating it into the growth laws will move
equilibrium configurations away from the homeostatic one, but this adds another dimension
of complexity as we have no intuitive method by which to design this particular constitutive
behaviour. When assuming a proportional non-elastic growth in swollen deformations, we
observe a dampened effect and mitigation of likelihood of maladaptation as seen in electronic
supplementary material, appendix i in figure B.4. This dampening aligns with the description
of in-elastic growth characterized in other works [64], but generally speaking, determining that
proportion offers an additional parameter that is difficult to identify in our model.

The natural turnover cycle of VSMCs [25], their senescence in ageing [65], or their change
in gene-expression profiles [30,60] were not accounted for explicitly. When working with the
time scales in question and forecasting over such long periods, these considerations come into
question. Typically, versican is the commonly occurring PG/GAG molecule in healthy and
remodelling arteries, with its distribution along the aortic tree correlating with that of elastin
(decreasing from the heart to the venous system) [10,19,40]. On the other hand, expression and
abundance of aggrecan is increased in aneurysms and dissections [10,11,19,22]. If versican and
aggrecan have different swelling properties or mechanical ones, it can be used to distinguish
between their populations and consider their distribution given the segment of the artery being
modelled.

Finally, our choice to model elastin loss and mechanosensing deserves some scrutiny in how
we chose not to include the detailed mechanisms by which mechanosensing is established in
the first place, and how newly proliferated VSMCs produce de novo elastin [66,67], a precursor
to the larger cross-linked elastin fibers along with Fibronectin, Fibrillin-4 and Fibulin fibers.
Additionally, many cell phenotypes including VSMCs have self-regulating mechanosensing
mechanisms, where Focal Adhesion maturation strengthens the sensing established by cells and
stabilize mechanosensing and signal transduction against loss or damage of external force sensors
[42]. This bears relevance to highlight that the resilience of elastin fibrils assumed in our model, or
that lost mechanosensing arising from their damage, must be considered if these stabilizers occur
more rapidly or more effectively.

In regards to phenotype modulation, we have chosen not to model the synthetic/degradative
VSMC phenotype explicitly [2,11,23]. There is growing evidence suggesting engagement of
inflammatory pathways, and modulation of the contractile phenotype to the degradative one in
severe hypertension [68]. This phenotype is responsible for an up-regulation of ECM altering
molecules such as matrix metalloproteases (MMPs) that have a degradative effect on ECM
components (such as MMP-2, MMP-3 and MMP-12 and their degradative function on elastin
and collagen) [10,11]. This can appear in three distinct roles in our model: the further depletion
of contractile VSMCs (by adding an additional depletion term in equation (2.6)), the elevated
rate of degradation of elastin lamellae/fibers (similarly in equations (2.3) and (2.5)), and the
elevated degradation rate of collagen fibers (equation (2.10)). It may be worth exploring how
these rates can be coupled to an extra phenotype population similar to how the GAGs were
coupled to the population of the contractile and osteochondrogenic phenotypes. The assumption
regarding contractile VSMC phenotype switch incorporated only osteochondrocytes, and not the
myriad of other phenotypes that also have an effect on the ECM [2,35]. Calcification observed
in many aneurysmal hypertensive artery walls with the osteochondrocytic phenotype [35]
include plaque formations and fibrinogen deposits (all due to aberrant phenotypes and all with
significant biomechanical characteristics overlooked here [69]). An expansion of the constrained
mixture accommodating these constituents with phenotypic modulation can be used to study
atherosclerotic tissue similar to previous studies [70].

(c) Limitations of our framework and future directions

The reader is provided a deeper discussion on the limitations and future directions in the
extended discussion. We comment on the choice of tissue being the common carotid artery,
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and the considerations of our findings on other tissues, noting that many studies we build on
gain their insights from other large elastic arteries, not just the CCA. We similarly comment
on the choices of models we build on, and offer brief suggestions for paths forward to explore
the robustness of our model further. Finally, we briefly mention possible avenues for in vitro
validation of our simulated mechanisms using organ-on-a-chip systems.

5. Concluding remarks

In conclusion, we present in this work a model of biomechanical maladaptation. We report the
ability of the models to simulate medial degeneration, cell loss and stored energy decrease—all
signs of arterial dysfunction in ageing and connective tissue genetic diseases—in sustained severe
hypertension and with modest initial ECM degradation. The model also simulates physiological
responses in milder cases of initial damage, and the importance of timely intervention in
prevention of maladaptation. The proposed model incorporates GAG dysregulation and VSMC
turnover due to different stimuli and perturbation from homeostatically conserved values,
relating severe changes in these environments to lost mechanosensitivity and subsequent
phenotype switching. While most of this work is based on decades of experimental and theoretical
soft tissue modelling, we hope to present the community with novel interpretation of the
constantly shifting physiological norm dictated by evolution of the biomechanical, cellular
and extra-cellular environment. By assuming the method by which this evolution takes place
(phenotype switch) and what triggers this evolution, and showing that these assumptions
replicate features seen in arterial dysfunction, we hope to expand the general body of work in
this field. It remains imperative to move closer to an understanding of the dynamic nature of
adaptation and the feedback loops that ultimately falter or cause progressive degeneration.

Dataaccessibility. All necessary data and code required to run, test, and reproduce simulated results are provided
(https:/ /github.com/yousofma/Data_RSPA_ABDELRAOUEF).

The data are provided in electronic supplementary material [71].
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