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Abstract

Myriad risk factors–including uncontrolled hypertension, aging, and diverse genetic muta-

tions–contribute to the development and enlargement of thoracic aortic aneurysms. Detailed

analyses of clinical data and longitudinal studies of murine models continue to provide

insight into the natural history of these potentially lethal conditions. Yet, because of the co-

existence of multiple risk factors in most cases, it has been difficult to isolate individual

effects of the many different factors or to understand how they act in combination. In this

paper, we use a data-informed computational model of the initiation and progression of tho-

racic aortic aneurysms to contrast key predisposing risk factors both in isolation and in com-

bination; these factors include localized losses of elastic fiber integrity, aberrant collagen

remodeling, reduced smooth muscle contractility, and dysfunctional mechanosensing or

mechanoregulation of extracellular matrix along with superimposed hypertension and aortic

aging. In most cases, mild-to-severe localized losses in cellular function or matrix integrity

give rise to varying degrees of local dilatations of the thoracic aorta, with enlargement typi-

cally exacerbated in cases wherein predisposing risk factors co-exist. The simulations sug-

gest, for the first time, that effects of compromised smooth muscle contractility are more

important in terms of dysfunctional mechanosensing and mechanoregulation of matrix than

in vessel-level control of diameter and, furthermore, that dysfunctional mechanobiological

control can yield lesions comparable to those in cases of compromised elastic fiber integrity.

Particularly concerning, therefore, is that loss of constituents such as fibrillin-1, as in Marfan

syndrome, can compromise both elastic fiber integrity and mechanosensing.

Author summary

Aneurysms are local dilatations of the arterial wall that are responsible for significant dis-

ability and death. Detailed analyses of clinical data continue to provide insight into the

natural history of these potentially lethal conditions, with myriad risk factors–including

uncontrolled hypertension, aging, and diverse genetic mutations–contributing to their

development and enlargement. Yet, because of the co-existence of these risk factors in

most cases, it has been difficult to isolate individual effects or to understand how they act
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in combination. In this paper, we use a computational model of the initiation and progres-

sion of thoracic aortic aneurysms to contrast key predisposing factors both in isolation

and in combination as well as with superimposed hypertension and aging. The present

study recovers many findings from mouse models but with new and important observa-

tions that promise to guide in vivo and ex vivo studies as we seek to understand and even-

tually better treat these complex, multi-factorial lesions, with data-informed patient-

specific computations eventually the way forward.

Introduction

Thoracic aortic aneurysms (TAAs) are local dilatations of the proximal aorta that often have

an increased risk of subsequent dissection and/or rupture. Clinical experience reveals that

uncontrolled hypertension and natural aortic aging are key risk factors for the initiation and

progression of these lesions [1,2], though many TAAs arise from diverse genetic mutations [3–

5]. Specifically, predisposing mutations affect genes that encode extracellular matrix (e.g.,

FBN1, which encodes fibrillin-1, or EFEMP2, which encodes fibulin-4, both of which affect

elastic fibers), cytoskeletal proteins (e.g., ACTA2, which encodes smooth muscle α-actin, and

MYH11, which encodes smooth muscle myosin heavy chain), and the cytokine transforming

growth factor-beta (TGFB2) or its signaling through transmembrane receptors (TGFBR1,2,
which encode type 1 and 2 TGFβ receptors) or intracellular second messengers (e.g., SMAD2,
which encodes a key downstream signaling molecule SMAD2), which affect collagen turnover

among many other biological processes. There is, in addition, increasing evidence that detri-

mental alterations to either extracellular matrix or intracellular contractile proteins implicate a

dysfunctional mechanotransduction axis in the smooth muscle cells as causative of certain

TAAs [5–8].

Advances in genetics have provided critical insight into TAAs based on human data,

though the complexity of the disease process continues to stimulate countless studies in mice,

particularly those having mutations to genes that have been found in humans, including Fbn1,
Acta2,Myh11, Tgfbr1, and so forth. Mouse models enable the collection of detailed longitudi-

nal data on the molecular and cellular biology, histopathology, biomechanical properties, and

in vivo cardiovascular function. Yet, these mouse models are similarly complex, with disease

presentation differing with the wild-type background [9], manifesting at different times and to

different extents within the same genetic model [10], and in some cases seemingly manifesting

differently in mice and humans (cf. [11,12]). Indeed, genetic analyses reveal hundreds of dif-

ferentially expressed genes even in the case of a targeted mutation to a single gene (e.g.,

[13,14]), suggesting that additional collateral or compensatory changes can complicate inter-

pretation further.

There is, therefore, a pressing need to synthesize information from different types of stud-

ies, including cellular [15] and murine and clinical [16]. It has long been appreciated that the

biomechanics is fundamental to understanding these complex lesions [17–19], with continu-

ing suggestions that “biomechanical analyses should be an integral part of aortic disease char-

acterization under different genetic lesions and pharmacological interventions” [2]. We

submit, therefore, that data-informed computational models, including systems biological and

biomechanical, can contribute to our understanding by synthesizing empirical information

and generating and testing hypotheses (e.g., [20,21]). In this paper, we build on a well-estab-

lished theoretical framework for describing arterial growth (changes in composition) and

remodeling (changes in organization) that allows one to predict evolving geometry, micro-

structure, and mechanical properties. Specifically, we present computational simulations of

PLOS COMPUTATIONAL BIOLOGY Factors predisposing to aortic aneurysms

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008273 October 20, 2020 2 / 25

https://doi.org/10.1371/journal.pcbi.1008273


the development of local dilatations of the murine thoracic aorta resulting from prescribed

changes in many of the key risk factors that give rise to TAAs, including relative effects of local

losses of elastic fiber integrity, aberrant collagen structure, reduced smooth muscle contractil-

ity, and dysfunctional mechanosensing or mechanoregulation of matrix, all of which have

been implicated as causative in human and murine studies. In addition, we consider the effects

of hypertension and aortic aging, both in isolation and when superimposed on local losses in

matrix integrity or cell functionality. An advantage of in silico approaches is that one can study

each of the implicated factors in isolation and then in combination. Results reveal that some

local insults can have marked effects alone, but in most cases the combination of multiple

insults or risk factors is particularly concerning.

Methods

Theoretical framework

The normal thoracic aorta consists of myriad constituents that collectively endow the wall

with appropriate resilience and stiffness, which provide biomechanical functionality, and yet

sufficient strength, which protects against mechanical failures such as dissection and rupture.

Importantly, these constituents can turnover and allow the aorta to change its caliber, wall

thickness, and composition, and thus biomechanical properties, to adapt to diverse changes in

hemodynamic loading, as in consistent exercise or conversely hypertension [22,23]. In con-

trast, adverse changes occur in natural aging and most disease processes, which can result

from phenotypic modulation of the cells (as in progressive endothelial dysfunction) and

changes in matrix composition and organization (as in fibrosis). Hence, a computational

modeling framework must account for different structurally significant constituents that can

have different material properties and different rates of turnover.

Over a period of years, we developed a “constrained mixture model” that can describe the

evolving composition, geometry, and nonlinear material properties of arteries under many

conditions (e.g., [20,24,25]). Briefly, this model requires three different constitutive relations

for each of the structurally significant constituents, which for convenience we lump into three

groups: elastin-dominated matrix, collagen-dominated matrix, and functional smooth muscle

cells. The three relationships describe the rates of mass density production (mα(τ)>0, where τ
is the time at which constituent α = 1,2,. . .,n is produced), the removal of these constituents

due both to their normal half-lives and accelerated losses in disease (qα(s,τ)2[0,1], where s is

the current time of interest), and the multiaxial mechanical properties (with passive behaviors

captured by Ŵ aðFanðtÞðsÞÞ > 0, which denotes the stored elastic energy in constituent α that

depends on the multiaxial deformation FanðtÞðsÞ experienced by that constituent at current time

s relative to the configuration at τ at which it was incorporated within the extant matrix) of the

individual constituents. In particular, elastin is not produced in maturity, but it can become

degraded or damaged; collagen turns over continuously, and functional smooth muscle (with

passive and active contributions to load bearing) can increase (via cell proliferation), decrease

(via apoptosis), or adapt (remodel).

Importantly, because of the mechanobiological control of matrix by intramural cells [26],

the functions for rates of production and removal include (potentially evolving) nominal val-

ues (ma
NðtÞ > 0 and kaNðtÞ > 0, respectively) as well as modulated changes that are propor-

tional to deviations in mechanical stimuli from homeostatic values, here assumed in terms of a

mean pressure- and axial force-induced intramural stress (σ) and flow-induced wall shear

stress (τw). Specifically, we model production (per unit current volume) by

maðtÞ ¼ ma

NðtÞU
a
ðtÞ ¼ ma

NðtÞð1þ Ka

s
DsðtÞ � Ka

tw
DtwðtÞÞ ð1Þ
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where Ka

i > 0 are gain-type parameters that dictate the sensitivity of the overall deviations in

stress (Δσ and Δτw) from homeostatic values (σo and τwo), with Δσ = ((1−δ)σ−σo)/σo where δ2
[0,1] is a newly introduced parameter to account for perfect mechanosensing (δ = 0) or its dys-

function (δ�1) and Δτw = ((1−ξ)τw−τwo)/τwo where ξ2[0,1] similarly accounts for endothelial

health (ξ = 0) or its dysfunction (ξ�1). These relations, generally collected into stimulus func-

tions Uα, capture, for example, increases in pressure-induced wall stress tending to heighten

matrix production through increased angiotensin II and TGFβ signaling as well as increases in

flow-induced wall shear stress tending to attenuate matrix production via increased nitric

oxide, which additionally stimulates vasodilatation [24,27]. In the simulations below, we

assume that flow remains constant and that endothelial-mediated effects are confined to the

non-aneurysmal segments; hence, we do not solve the full fluid-solid-growth problem here.

We similarly assume that the distending pressure is constant, at either normotensive or hyper-

tensive systolic levels, not considering pulse pressure due to the current lack of appropriate

G&R relations in terms of pulsatility (cf. [28]).

We model removal by

qaðs; tÞ ¼ expð�
Z s

t

kaNðtÞdtÞ ¼ expð�
Z s

t

kaoð1þ kðDsðtÞÞ
2
ÞdtÞ ð2Þ

where kaN are rate-type parameters modulating the role of deviations in intramural stress (Δσ)
from homeostatic values, with kao the original rate, noting that increased wall stress can both

increase the production / activation of proteinases and decrease the vulnerability of normal

matrix to proteolytic digestion [29,30]. Production and removal of constituent α determine its

homogenized mass density per unit reference volume through the convolution integral

raRðsÞ ¼
Z s

� 1

ma

RðtÞq
aðs; tÞdt ð3Þ

wherema
R ¼ Jm

a are associated referential mass density production rates, with J ¼
P
raR=r ¼

det F the volume ratio computed from the deformation gradient F from reference to current

(in vivo) configurations for the mixture.

Finally, the biomechanical behavior of the aortic wall is given in terms of the Cauchy stress

σ sð Þ ¼ � p sð ÞIþ
2

JðsÞ
F sð Þ

@WRðsÞ
@CðsÞ

FT sð Þ þ σact sð Þ ð4Þ

where p is a Lagrange multiplier that enforces isochoric motions during transient loading, C =

FTF the right Cauchy-Green tensor,WR ¼
P
Wa
R, that is, the total stored energy per unit refer-

ence volumeWR is the sum of the energies stored in the constituent parts (namely, with con-

stituents α representing elastin- and collagen-dominated matrix as well as mechanically

functional smooth muscle), and σact is the contractile active stress generated by the smooth

muscle cells. For the constituent-specific passive mechanical properties, we let

We
RðsÞ ¼ �

e
RðsÞŴ

eðsÞ ¼ �eRðsÞ
ce

2
trðFeTðsÞFeðsÞÞ � 3ð Þ ð5Þ

for the elastin-dominated matrix (e), where �
e
R ¼ J�

e
represents its referential mass fraction

within the mixture, Fe = FGe is the deformation gradient measured from its fixed natural

(stress-free) configuration, with Ge an effective deposition stretch tensor, and ce is a shear

modulus that can be determined from biomechanical testing data. For the energy stored in
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multiple fiber families, which turnover continuously, we let

Wc;m
R ðsÞ ¼

1

r

Z s

� 1

mc;mR ðtÞq
c;mðs; tÞŴc;mðl

c;m
nðtÞðsÞÞdt ð6Þ

for collagen (c) and passive smooth muscle (m) dominated behaviors, where ρ is the mass den-

sity of the tissue,mc;mR ¼ Jmc;m are referential mass density production rates, l
c;m
nðtÞðsÞ the fiber

stretches relative to the associated evolving natural configurations, including the extent of the

respective deposition stretches Gc,m (which result directly from active cell mechanoregulation

at the time of deposition), and

Ŵc;mðl
c;m
nðtÞðsÞÞ ¼

cc;m1

4cc;m2

ðexp½cc;m
2
ððl

c;m
nðtÞðsÞÞ

2
� 1Þ

2
� � 1Þ ð7Þ

with cij material parameters that can be determined from biaxial mechanical tests on excised

arteries. Moreover, we let [31]

σactðsÞ ¼ �mðsÞT DtwðsÞð Þly;actðsÞ 1 �
lm � ly;actðsÞ
lm � lo

� �2
 !

ey � ey ð8Þ

where ϕm is the mass fraction of smooth muscle, T(Δτw) = Tmax(1−exp(−(CB−CSΔτw)2)) is a flow

induced wall shear stress mediated level of contractility of the circumferentially oriented smooth

muscle cells (with CB and CS parameters), which exhibit a nonlinear dependence on the active cir-

cumferential stretch (λθ,act), with λm and λo levels of stretch at which contraction is maximal or min-

imal. The active circumferential stretch λθ,act(s) = a(s)/aact(s), with a(s) the current luminal radius

and aact(s) an active reference length that describes adaptive shifts in vasomotor tone via rearrange-

ment of smooth muscle cells via aactðsÞ ¼
R s
� 1
kactað�tÞe� kactðs� �tÞd�t (cf. [27,31]) with kact the associ-

ated rate parameter. In particular, aact(0) = a(0) (i.e., λθ,act(0) = 1, given an in vivo reference

configuration) and aact(s�0)!a(s�0) (i.e., λθ,act(s�0)!1) when active remodeling is complete.

Model parameters

Recall that contributors to TAAs are thought to include compromised elastic fiber integrity and

remodeled collagen, with altered turnover rates, dysfunctional or lost smooth muscle cells, and

compromised mechanosensing and mechanoregulation of matrix in addition to the general risk

factors of hypertension and aging. For purposes of illustration, we used biaxial biomechanical

data from a normal descending thoracic aorta from a wild-type male mouse [25] to parameter-

ize the baseline biomechanical model. Rather than determining the remaining parameters from

specific mouse models of TAAs, to facilitate comparisons across the many different cases we

varied parameters over reasonable ranges to model the different disease conditions of interest.

TAAs frequently present as asymmetric lesions and the involved segment need not be of uni-

form thickness or luminal diameter. Yet, to facilitate comparisons across cases and to increase

insight into vessel-level consequences of the different insults, herein modeled constitutively,

consider an initially straight cylindrical segment of the murine thoracic aorta of uniform in vivo

wall thickness (ho = 40 μm) and luminal radius (ao = 647 μm) into which an initial insult can be

placed within the central region, to avoid further complications due to end effects, either asym-

metrically or axisymmetrically. Indeed, we focused primarily on axisymmetric cases, which

enable the most consistent comparisons, with the evolving axisymmetric insult prescribed by

W zoð Þ ¼ Wend þ Wcentral � Wendð Þexp �
zo � lo=2

zod

�
�
�
�

�
�
�
�

nz
� �

ð9Þ
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where zo2[0,lo], with lo = 15 mm, is the axial coordinate in the reference (homeostatic) con-

figuration, νz = 5 and zod = 3 mm are respective (baseline) axial exponential decay and devia-

tion parameters, and ϑend and ϑcentral are values of the associated controlling parameter near

the ends (zo = 0,lo) or within the central (zo = lo/2) regions of the computational aorta. For

example, the axial profile for W ¼ Ka

tw
=Ka

s
, used in Eq (1) for all of the non-uniform simula-

tions, is shown in Fig A in S1 Supporting Information. Values of key model parameters are

listed in Table 1 (and associated caption) for both normal and diseased vessels. Based on pre-

liminary finite element simulations, where different model parameters where altered gradu-

ally, we defined (Fig B in S1 Supporting Information), for the axisymmetric lesions, an ~30%

loss of elastic fiber integrity as mild and an ~60% loss as severe, both captured by reductions

in the value of the elastin-associated material parameter ce (which is computationally equiva-

lent to reducing the local mass fraction of elastin, see Eq (5)); this reduction of the value of ce

is comparable to that found via biaxial tests in the Fbn1mgR/mgRmodel of Marfan syndrome

[32]. Likewise, we defined mild-to-severe losses of collagen cross-linking by ~10 to 25%

reductions in the material parameter cc
1
. Effects of increased collagen degradation relative to

collagen production imply an increased rate kc; we used a decreased growth-feedback param-

eter kcKci [33] or, equivalently, an increased ratio of the rate of smooth muscle-to-collagen

turnover Z ¼ ðkmKmi Þ=ðk
cKci Þ in our computations. Based on our preliminary study (e.g., Fig

B in S1 Supporting Information), we defined mild-to-severe increases in collagen degrada-

tion relative to collagen production by 5 to 12.5% increments in the parameter η. We also

defined mild-to-complete losses of contractile capacity by letting the value of the active stress

parameter Tmax be reduced by 60 to 100%. These preliminary simulations also revealed that

the simulated growth and remodeling (G&R) responses were very sensitive to the parameter

δ, which controls that percentage of the intramural stress that is mechano-sensed. Hence, we

let mild-to-severe degrees of compromised mechanosensing be defined by δ = 0.075 to δ =

0.185. Compromised mechanoregulation of matrix was modeled by 0.4 to 1.2 percent reduc-

tions in the deposition stretch Gc, another highly sensitive parameter, which relates to colla-

gen undulation at the time of deposition.

Table 1. Representative values of parameters for the baseline model, a non-aneurysmal mouse descending thoracic aorta, adapted (homogenized through the thick-

ness) from [25].

Inner radius, thickness, length ao, ho, lo 0.647mm, 0.040mm, 15mm

Constituent mass fractions �
e
o; �

m
o ; �

c
o 0.34, 0.33, 0.33

Collagen relative fractions βθ, βz, βd 0.056, 0.067,0.877

Diagonal collagen orientation α0o 29.9˚

Elastic material parameters ce; cm
1
; cm

2
; cc

1
; cc

2
89.71kPa, 261.4kPa, 0.24, 234.9kPa, 4.08

Deposition stretches Ge
y
;Gez;G

e
r;G

m;Gc 1:90; 1:62; 1=ðGe
y
GezÞ; 1:20; 1:25

Combined production-removal Z ¼ Kmi =K
c
i � kmo =kco 1

Shear-to-intramural gain ratio Km
tw
=Km

s
¼ Kc

tw
=Kc

s
0.35

Dysfunctional mechanosensing δ,ξ 0,0

Vasoactive parameters Tmax, CB, CS, λm, λ0 250kPa, 0.8326, CB/2,1.1,0.4

Superscripts e,m, c denote elastin-dominated, load-bearing smooth muscle, and collagen-dominated; superscripts/subscripts r, θ, z, d denote radial, circumferential,

axial, and symmetric diagonal directions. Subscript o denotes original homeostatic values; subscripts i = σ, τw denote intramural and wall shear stress related parameters,

respectively. For the severely diseased vessels, we let: cecentral ¼ 34:1 kPa; cc
1jcentral ¼ 181 kPa; Tmax|central = 0, δcentral = 0.185, Gccentral ¼ 1:235, or ηcentral = 1.05 for the

axisymmetric aneurysms (see Eq (9) and Figs 1, 2, and H in S1 Supporting Information), and ceapex ¼ 20:2 kPa; cc
1japex ¼ 111 kPa; δapex = 0.4, or Gcapex ¼ 1:22 for the

asymmetric ones (see Eq (10) and Fig 4), with ϑend = ϑbaseline for all cases.

https://doi.org/10.1371/journal.pcbi.1008273.t001
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Finally, for completeness, we considered a few asymmetric simulations with the evolving

asymmetric insult (i.e., axially- and circumferentially-nonuniform) prescribed by

W zo; yoð Þ ¼ Wend þ Wapex � Wend

� �
exp �

zo � lo=2

zod

�
�
�
�

�
�
�
�

nz
� �

exp �
yo � p

yod

�
�
�
�

�
�
�
�

ny
� �

ð10Þ

where θo2[0,2π] is the circumferential coordinate (azimuth) in the reference configuration,

νθ = 5 and θod = π/3 are additional (baseline) circumferential exponential decay and deviation

parameters, and ϑapex is the value of the associated controlling parameter at the apex (zo = lo/2,

θo = π) of the potentially developed aneurysm.

Computational method

We have previously presented finite element implementations of our constrained mixture

model (e.g., [34,35]), but herein we use a fast, efficient 3-D implementation [36] that is based

on the underlying assumption that each G&R state is mechanobiologically equilibrated [27],

which holds for cases wherein the characteristic timescale of the remodeling process is shorter

than the timescale for the driving stimulus, that is, for fully quasi-static G&R [37,38].

Briefly, this rate-independent formulation eliminates dependence on G&R time s by letting

responses “relax” towards evolved homeostatic states that satisfy mechanical and mechanobio-

logical equilibrium at any time s (which, thus, plays the role of an evolution parameter). This

allows equilibrium to be enforced in homeostatic grown and remodeled in vivo states for given

external loads and boundary conditions without the need to track the past history of deposi-

tion and removal (as, e.g., in the heredity integral Eq (6)) or to integrate evolution equations

(as, e.g., in finite kinematic growth approaches [39]), hence resembling an elastic computation

algorithmically. In particular, mechanobiological equilibrium in Eq (1) leads to (subscript h
refers to evolved homeostatic variables)

U
a

hðDsh;DtwhÞ ¼ 1 ð11Þ

whereby production balances removal (i.e.,ma
h ¼ m

a
Nh ¼ k

a
Nhr

a
h; [27]). On other hand, Eq (6)

reduces toWc;m
Rh ¼ �

c;m
Rh Ŵ

c;mðGc;mh Þ, which, in combination with an equilibrated energy for elas-

tin in Eq (5), leads to a rule-of-mixtures relation for the total energyWRh ¼
P
�
a

RhŴ
a with

evolved constituent mass fractions and deformations. Consistently, the Cauchy stress in Eq (4)

also adopts a rule-of-mixtures expression in terms of evolved constituent-specific passive and

active stresses

σh ¼
Xe;c;m

a

�
a

hσ̂
a

h þ �
m
h σ̂

act
h � phI ð12Þ

with the active contribution in Eq (8), and λθ,act,h = 1, relaxed as [27]

σacth ¼ �
m
h σ̂

act
h Dtwhð Þ ¼ �

m
h T Dtwhð Þ 1 �

lm � 1

lm � lo

� �2
 !

eyh � eyh ð13Þ

where both �
m
h and Δτwh are deformation-dependent, and the equilibrated (also deformation-

dependent) Lagrange multiplier ph is determined from the scalar stress-like constraint Eq (11)

during the quasi-static G&R evolution. An exact linearization of the formulation consistent

with these constraints enables implementation within a finite element framework, where

simultaneous solution of mechanical and mechanobiological equilibrium can be ensured effi-

ciently at load steps that capture evolving geometries, compositions, and properties of interest

for complex boundary value problems; see [36] for specific details.
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Even if the present model considers each G&R state as mechanobiologically equilibrated,

with degradation balanced by production, it still inherits useful ratios among relevant parame-

ters from the full model, as, for example, those that control the rates of turnover of the individual

constituents through the smooth muscle-to-collagen turnover ratio Z ¼ ZqZY ¼ ðkm=kcÞ�
ðKmi =K

c
iÞmentioned above, whereby rmRh=r

m
o ¼ ðr

c
Rh=r

c
oÞ
Z
. Moreover, note that the deviation in

shear stress from its homeostatic value Δτwh = (1−ξ)τwh/τwo−1 in Eqs (11) and (13) must be

assessed pointwise. We assume the analytical expression twh=two ¼ Qha3
o=ðQoa

3
hÞ, with a luminal

radius and Q blood flow rate, whose value and derivatives may be approximated and computed

at Gauss points in terms of local circumferential and axial stretches λθh and λzh from reference

to current homeostatic configurations (for cylindrical segments; see Appendix C in [36]),

which, in turn, enables additional straightforward computations of Eq (13) and its consistent

tangent from the equilibrated second Piola-Kirchhoff active stresses Sacth ¼ Jh�
m
hU

� 1

h σ̂
act
NhU

� 1

h (cf.

Eq (40) in [36]). For the intramural stress deviation in Eq (11), we consider sh � svh ¼
1

3
tr σhð Þ

as a stimulus, which has repeatedly yielded numerical responses that reflect experimental obser-

vations well [25,36,40]. Moreover, for the sake of clarity in our prior presentation of this rate-

independent computational framework [36], we did not posit specific evolution laws for the

magnitude or orientation of deposition pre-stretches or -stresses; rather, the rotated (i.e.,

“right”) deposition stretch tensors Gc;mNh , and hence associated pre-stresses at the constituent level

σ̂ c;mNh , were prescribed during the evolution, which were particularly critical to control the aniso-

tropic enlargement of the simulated aneurysms. Following previous studies on aneurysms (e.g.,

[34,35]), here we let the (referential) deposition angle α0h of newly synthesized collagen fibers

for the two symmetric diagonal families to evolve during G&R according to

tana0h ¼
lyh
lzh

tana0o ð14Þ

with α0o given in Table 1. Rotated Cauchy pre-stress tensors σ̂ c;mNh ða0hÞ for the diagonal fiber fam-

ilies reorient accordingly and require additional tangent contributions in terms of α0h(λθh, λzh)
and its derivatives, see S1 Appendix. In this way, the present implementation extends the

computational framework in [36] by considering an active stress for smooth muscle cells and

reorientation of diagonal collagen fibers, both computed locally under mechanobiological equi-

librium conditions.

Finally, many biomechanical metrics provide important insight into the state of aortic

health or disease, including biaxial (circumferential and axial) wall stretch, stress, and material

stiffness as well as elastic energy storage. Of these, elastic energy storage is a key indicator of

mechanical functionality [41,42] while the value of circumferential material stiffness appears

to be a particularly important indicator of aneurysmal propensity or presence [32,43]. Neither

quantity can be measured directly; they are best computed from an appropriate nonlinear con-

stitutive model of the aortic wall, modeled here with a 3-D finite element geometry. The finite

element model for the initially straight cylindrical segment of the thoracic aorta comprised

NrNθNz = 1×20×20 = 400 displacement-based 3-D quadratic elements with full 3×3×3 Gauss

integration, which showed consistent results with other quadratic meshes analyzed (Fig C in

S1 Supporting Information) as well as with a denser linear mesh in [36] while performing

faster. Each finite element simulation was computed in a modified open source finite element

code FEBio and advanced quasi-statically in 10 incremental steps, which showed quadratic

rates of convergence during global Newton-Raphson iterations and elapsed total CPU times

~1 min on a single CPU processor at 3GHz in a Workstation Dell Precision 5810 with 32GB

RAM. For all the simulations, axial displacements were fixed at the proximal and distal
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ends of the computational thoracic aorta, and cardiac output was considered constant (i.e.,

Qh/Qo = 1).

Results

Hypertension and aging

Hypertension can arise via many causes and manifest as diverse vessel level changes, often

associating with an increased structural stiffening of the central arteries, which in turn can

feedback through the hemodynamics to increase pulse pressure further [44,45]. In particular,

elevated blood pressure tends to stiffen the aorta structurally due primarily to an increased

accumulation of fibrillar collagen [46]. Fig D in S1 Supporting Information shows simulated

effects of a uniform elevation of systolic blood pressure of 1.5-fold on our baseline model of

the murine thoracic aorta, with remodeling resulting in decreased elastic energy storage as

well as a modestly increased circumferential material stiffness with an increased structural

stiffness due to wall thickening. Vascular aging is similarly a complicated biological process,

manifesting via many vessel level changes. In humans, a conspicuous change is diffuse elastic

fiber fragmentation with an associated modest uniform dilatation and stiffening of the wall

[47–49]. Fig D in S1 Supporting Information also shows simulated effects of an aging-related

uniform loss of 30% of the elastic fibers relative to our baseline aortic model, which reflects

well the general empirical observations, including a (irreversible) reduction in elastic energy

storage [50]. Finally, the bottom panels in Fig D in S1 Supporting Information show aortic

remodeling in response to a sustained elevation of pressure combined with such aging. Impor-

tantly, note that the aortic remodeling is diffuse, not localized, in all three of these cases. Effects

of hypertension and aging on aortic remodeling are considered further below as possibly

aggregating risk factors when combined with any of the five local factors that associate with

TAAs and are contrasted herein.

Elastic fiber integrity

Competent elastic fibers endow the aortic wall with an ability to store energy elastically during

systole, which can then be used to work on the blood during diastole to augment flow, as, for

example, to perfuse the coronary arteries of the left heart. Most histopathological studies reveal

local fragmentation or loss of elastic fibers in human and murine TAAs (e.g., [14,51]). Figs 1

and 2 (first rows) show predicted results for locally compromised elastic fiber integrity both

without and with the added risk factors of hypertension and aortic aging–these figures show

the mechanically-loaded geometry after the lesion has developed, with colorimetric scaling for

elastic energy storage (Fig 1) and circumferential material stiffness (Fig 2). As it can be seen,

graded localized losses of elastic fiber integrity of ~30% and 60% can result in G&R responses

that cause minor-to-marked localized dilatations of the aortic wall (cf. Fig B in S1 Supporting

Information). Importantly, when either hypertension (a sustained increase in blood pressure,

in this case a 50% elevation above baseline systolic) or aortic aging (arbitrarily taken as a uni-

form 30% loss in elastin) is superimposed on even the case of a mild localized loss of elastic

fiber integrity, the otherwise unremarkable local dilatation increases dramatically. That is,

hypertension and aortic aging can dramatically exacerbate the consequences of this underlying

initiator of the localized dilatation. Note, too, that the maximal decrease in elastic energy stor-

age capability and the maximal increase in circumferential material stiffness occur in the cen-

tral, most dilated, region, with energy storage decreasing about 30% and stiffness increasing

approximately 2-fold. These predicted changes are consistent with measured changes in the

non-aneurysmal descending thoracic aorta in Fbn1mgR/mgRmice, which have compromised

elastic fiber integrity [32], though there was no attempt here to refine the model parameters to
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fit any particular data set. That the maximal changes co-localized with the region of maximal

dilatation is also consistent with experimental (passive) measurements [43].

Finally, note that the loss of elastic fibers tends to associate with reduced vasoconstrictive

capability [52], hence we did not initially include effects of smooth muscle contractility (i.e., in

results displayed in Figs 1 and 2, first rows). Simulations in Fig E in S1 Supporting Information

(left) show a potentially protective role of smooth muscle contraction (Tmax = 50kPa; see Meth-

ods) when combined with a severe localized loss of elastic fiber integrity (~60%). Importantly,

however, such an active resistance to dilatation (which would also be mediated by changes in

the hemodynamics as the aorta enlarges) is limited, being overcome by an additional 10%

localized degradation of elastin (right), thus leading to dilatations similar to those in Fig 1,

although with further adverse changes in elastic energy storage and circumferential stiffness.

Because all of these simulations depend on particular choices of multiple G&R model parame-

ters, Fig F in S1 Supporting Information (first row) exams potential consequences of different

values for the simpler case of a uniform mild (30%) loss of the elastic fiber integrity, which

Fig 1. Fully developed, mechanobiologically equilibrated, axisymmetric dilatations of an initially cylindrical aortic segment caused by a mild (first column) or severe

(second column) localized (via the respective parameter ϑcentral in Eq (9)) loss of elastic fiber integrity (first row, parameter ce, mild 32% and severe 62% reduction),

decrease in collagen cross-linking (second row, parameter cc
1
, mild 9%, severe 23% reduction), loss of smooth muscle contractility (third row, parameter Tmax, mild 60%,

severe 100% reduction), compromised mechanosensing (fourth row, parameter δ, mild 7.5%, severe 18.5%, absolute), or compromised mechanoregulation (fifth row,

parameter Gc, mild 0.4%, severe 1.2%, relative change), with the risk factors of hypertension (third column, 50% increase in blood pressure) and aortic aging (fourth

column, uniform 30% loss of elastic fiber integrity) superimposed on the mild insults. Shown are color maps for elastic energy storage per unit current volume for the

mechanically-loaded geometries. Note that the original in vivo homeostatic valueWo = 68 kPa (light grey, centered mark). Both Ka

tw
=Ka

s
jend > 0 and ηend<1 were

adjusted via Eq (9) to maintain the distal and proximal segments normal (cf. Figs A and F in S1 Supporting Information).

https://doi.org/10.1371/journal.pcbi.1008273.g001
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emphasizes further that (marked) aneurysmal dilatation results from (severe) localized, not

uniform, losses in elastic fiber integrity, with various G&R factors simply modulating the spe-

cific extent of the response. Likewise, Fig G in S1 Supporting Information (first row) explores

effects of size and spatial transition (from normal to diseased regions) of the axisymmetric

lesion considered, which can be controlled with the decay (νz) and deviation (zod) parameters

in the Gaussian-like exponential distribution in Eq (9). Perhaps expectedly, for fixed minimal

(ce|end) and maximal (ce|central) levels of compromised elastic fiber integrity, longer aneurysms

develop for prescribed lesions that are initiated by greater axial insults (i.e., greater zod for fixed

νz). Conversely, a notably reduced overall dilatation develops for a more gradual decay from

maximally to minimally injured locations (i.e., lower νz for fixed zod). Similar conceptual pre-

dictions are obtained for the other insults considered below (second to fourth rows), although

with different degrees of maximal aneurysmal dilatation.

Collagen remodeling

Fibrillar collagens endow the aortic wall with stiffness and strength; they have a normal half-

life on the order of months but can turnover more quickly to adapt the wall to changing

mechanical loads. Such remodeling can also be maladaptive, however, resulting from or

Fig 2. Same as Fig 1 except color maps for circumferential material stiffness for the mechanically-loaded geometries. Note the original in vivo homeostatic value

cθθθθo = 1428 kPa (dark blue, bottom mark) as well as an increased stiffness at the shoulder of some of the lesions resulting from a locally increased α0h (i.e., higher λθh/
λzh, see Eq (14)).

https://doi.org/10.1371/journal.pcbi.1008273.g002
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contributing to aneurysmal disease progression [53,54]. Collagen remodeling can manifest in

many ways, including differences in cross-linking and rates of degradation. Figs 1 and 2 (sec-

ond rows) show predicted effects of localized decreases in collagen cross-linking, both in isola-

tion and in combination with hypertension or aging. As it can be seen, localized changes in

collagen integrity also result in localized dilatations of the aortic wall, either modest or marked

depending on the initiating insult, with all dilatations again exacerbated by hypertension or

aging. Proteinase activity is increased in many TAAs [55], hence we similarly considered

increased rates of collagen degradation relative to collagen production (via the parameter

Z ¼ ðkmKmi Þ=ðk
cKciÞ; see Methods). Fig H in S1 Supporting Information shows predictions for

a locally increased ratio η (Table 1) combined with either hypertension or aging, which again

results in localized dilatations, particularly when both risk factors are superimposed. Impor-

tantly, complementing a prior finding that effects of flow-induced shear stress-mediated

matrix turnover contribute to the biaxial G&R near the non-aneurysmal end regions [36], the

parameter η>0 needed to be adjusted in the non-aneurysmal ends for all simulations to main-

tain the adjacent non-aneurysmal regions homeostatic (particularly those with uniform effects

of aging). Indeed, a uniform moderate decrease of 20% in collagen cross-linking leads to

minor-to-modest dilatations and stiffening depending on specific values of these G&R param-

eters, with a superimposed contractile capacity again proving to be potentially protective (Fig

F in S1 Supporting Information, second row).

Reduced smooth muscle contractility

Vascular caliber is controlled via multiple mechanisms, both global (central nervous system)

and local, with the latter depending on endothelial cells sensing the local wall shear stress and

secreting vasodilators or vasoconstrictors that induce smooth muscle relaxation or contraction

[56,57]. Reduced smooth muscle contractility thus causes the wall to dilate, transferring load-

bearing to the extracellular matrix [58]. Although elastic arteries such as the aorta are thought

to have low basal tone compared with muscular arteries, the murine aorta has a significant

contractile range. Figs 1 and 2 (third rows) show predicted consequences of mild and severe

(total) localized losses of vessel-level smooth muscle tone in our model of the thoracic aorta.

As it can be seen, overall effects on central geometry and material properties are relatively

modest. Shown, too, is the predicted consequence of a localized loss of smooth muscle contrac-

tility with superimposed hypertension or aging. Perhaps surprisingly, overall effects on the

geometry and properties are again modest. Albeit not shown, only when both hypertension

and aging were superimposed on the case of a mild localized loss of smooth muscle contractil-

ity did the aortic dilatation and associated changes in biomechanical properties become dra-

matic. Aging is often accompanied by hypertension, hence emphasizing the need to consider

many factors in combination. Finally, Fig F in S1 Supporting Information (third column)

shows different responses given a uniform loss of 80% of smooth muscle tone combined with

different G&R parameters, which again yields the most modest changes in geometry and stiff-

ness among all of the considered insults.

Dysfunctional mechanosensing

Intramural cells sense their local mechanical environment, via integrins and competent acto-

myosin activity, by probing the extracellular matrix that carries most of the hemodynamically

imposed load [59,60]. Such mechanosensing of matrix is thus critical to mechanical homeosta-

sis of the aorta. Figs 1 and 2 (fourth rows) show predictions for mild and modest degrees of

compromised mechanosensing, which importantly results in localized dilatations of the aortic

wall that are exacerbated by hypertension and, to a lesser degree, aortic aging. Again, note that
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the maximal changes in elastic energy storage and circumferential material stiffness manifest

within the most dilated region, with quantitative changes similar to those for compromised

elastic fiber integrity (cf. first rows). Fig I in S1 Supporting Information shows predicted

changes in additional biomechanical metrics–biaxial wall stress and material stiffness as well

as local changes in volume ratio–due to the associated localized dilatations, again revealing

marked changes. Fig 3 further shows a possible progressive (quasi-equilibrated mechanobiolo-

gically) dilatation with increasingly greater losses of mechanosensing. Finally, Fig F in S1 Sup-

porting Information (fourth row) shows different responses given a uniform moderate (12%)

loss of mechanosensing combined with different G&R and contractile parameters, with

minor-to-modest dilatations and stiffening similar to predictions for a mild loss of elastic fiber

integrity (first row).

Dysfunctional mechanoregulation

Functional intramural cells not only degrade old structural constituents and deposit new con-

stituents within the extant matrix, they work on and fashion these new constituents so as to

Fig 3. Mechanobiologically (quasi)equilibrated, progressive dilatation of an initial non-aneurysmal aortic segment with increasingly greater losses of

mechanosensing δ>0 (clockwise from the upper right mesh). Note that the dilatation tended to asymptotic for δ!0.185+, suggesting the presence of a

mechanobiological static instability [33] while maintaining inner pressure Ph = Po. Indeed, equilibrium solutions for δ�0.185+ could not be achieved using

standard Newton-Raphson global finite element iterations (hence defining the severe case in Figs 1 and 2 at δ = 0.185), suggesting the need for path-

following (e.g., arc-length) methods to better capture numerically, and advance quasi-statically, these nearly-singular unstable responses.

https://doi.org/10.1371/journal.pcbi.1008273.g003
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ensure preferred properties under conditions of interest [61,62]. Mechanoregulation of colla-

gen can be captured, in part, via values of the deposition stretches (or, pre-stresses) that are

built into the new constituents at the time of matrix production. Figs 1 and 2 (fifth rows) show

predicted effects of localized changes in the deposition stretch of the multiple families (i.e., ori-

entations) of fibrillar collagen. Clearly, poorly mechanoregulated collagen within the central

region can result in modest-to-marked localized dilatations of the aortic wall, which are again

exacerbated by hypertension or aging. Consistent with the stress derived from Eq (7),

decreased collagen cross-linking and dysfunctional mechanoregulation, as modeled here,

affect the mechanical response of collagen similarly, hence leading to similar computational

results when prescribed locally (cf. second rows), but also uniformly (Fig F in S1 Supporting

Information, second and fifth rows). Note that it has been shown previously that values of the

deposition stretch must be greater than unity to enable potentially optimal tissue maintenance

or remodeling [24,63].

Evolving stress-stretch relations

Biomechanical metrics such as material stiffness, energy storage, and contractility are funda-

mental descriptors of aortic properties and function [41,64], yet many people intuit changes in

stress and stretch more easily. Hence, equibiaxial stress-stretch tests at the apices of the respec-

tive aneurysms were simulated, with material properties and mass fractions extracted in post-

processing from our 3-D computational formulation. Fig J in S1 Supporting Information

shows (passive) material behaviors after the respective lesions have arisen from marked losses

of elastin fiber integrity (recall Figs 1 and 2, first rows), reductions in collagen cross-linking

(second rows), decreased vessel-level smooth muscle contractility (third rows), dysfunctional

mechanosensing (fourth rows), and dysfunctional mechanoregulation (fifth rows). Compari-

sons with the initial non-aneurysmal behaviors show a general loss of distensibility and exten-

sibility in all five cases, consistent with the computed increase in material stiffness, even for

those insults that do not alter directly the initial (passive) material properties, but rather the

mass fractions (such as loss of contractility and dysfunctional mechanosensing). Note that the

largest change in material behavior occurs in the circumferential and axial directions for the

case of compromised elastic fiber integrity, which shows an initially compliant behavior that

stiffens within the region of physiological stresses (~200 kPa). Consistent with the growth and

remodeling observed in Figs 1 and 2, the smallest change in passive material behavior occurred

for the loss of vessel-level smooth muscle contractility. Effects of reduced collagen cross-link-

ing and compromised mechanosensing and mechanoregulation of matrix yield stiffer

responses, although with differently evolved anisotropy. Importantly, the present results,

which focus on differences in remodeled properties for aneurysms that develop from a com-

mon non-aneurysmal aorta, complement but extend significantly those in [35], which revealed

a clear dependency of aneurysmal enlargement on initially different non-aneurysmal aortic

properties, hence highlighting the complexity of the disease process.

Asymmetric dilatations

Although axisymmetric simulations are both computationally less expensive (e.g., by allowing

one to focus on a single longitudinal section) and easier to interpret, most TAAs are asymmet-

ric. Hence, we considered one class of asymmetric losses of cell or matrix function (Fig 4).

Interestingly, findings were similar to those for the axisymmetric case although the degree of

the more localized insult needed to be greater to elicit similar localized dilatations. In other

words, cases of complete circumferential involvement of the initiator of localized dilatation

can give rise to marked dilatations even if the degree of the insult is mild. When truly localized,
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axially and circumferentially, the surrounding normal tissue appears to lessen or slow the

severity of the response. Indeed, Fig K in S1 Supporting Information shows effects of the

length and width of the initiating axisymmetric insults considered, controlled in these cases

with deviation parameters zod and θod in the bidirectional Gaussian-like exponential distribu-

tion in Eq (10). Similar to the analysis in Fig G in S1 Supporting Information, for fixed mini-

mal (ϑend) and maximal (ϑapex) levels of compromised parameters, longer and/or wider

asymmetric aneurysms develop for prescribed insults that expand axially and/or circum-

ferentially (i.e., greater zod and/or θod for fixed νz and νθ), with damage increased along the

cross-sections generally leading to a substantial worsening of the aneurysms. Albeit not

shown, the computational model predicted that diagonal fibers of collagen within the damaged

area of these asymmetric aneurysms reoriented toward the circumferential direction, via Eq

(14), consistent with a prior parametric analysis [36] that showed that asymmetric axial expan-

sions of the central region, hence larger out-of-plane deformations of the aortic centerline

associated with increasing realignments toward the circumferential direction (as prescribed

therein).

Fig 4. Fully developed, mechanobiologically equilibrated, asymmetric dilatations of an initially cylindrical aortic

segment caused by marked locally compromised elastic fiber integrity (first row, 78% decrease in ce), collagen cross-

linking (second row, 53% decrease in cc
1
), mechanosensing (third row, δ = 0.4), or mechanoregulation (fourth row,

2.3% decrease in Gc) via ϑapex in Eq (10). Shown are color maps for circumferential material stiffness (left) and elastic

energy storage per unit current volume (right) for the mechanically-loaded geometries. Note the original in vivo

homeostatic values cθθθθo = 1428 kPa (dark blue, bottom mark) andWo = 68 kPa (light blue, second-from-bottom

mark). Both Ka

tw
=Ka

s
jend > 0 and ηend<1 were adjusted via Eq (9) to maintain the distal and proximal segments normal

(cf. Figs A and F in S1 Supporting Information).

https://doi.org/10.1371/journal.pcbi.1008273.g004
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Discussion

Uncontrolled hypertension is a well-known risk factor for thoracic aortopathies and anti-

hypertensive medications are often prescribed [2]. Hypertension increases the pressure-load

on the aortic wall, which increases wall stress and the potential for mechanical failure, namely

dissection or rupture. In addition, however, increased pressure-loading elicits mechanosensi-

tive responses in normal cells that initially attempt to adapt the wall to offset the increased

load, typically via the deposition of additional fibrillar collagen among other changes in com-

position. This hypertensive response is complex, however, often accompanied by endothelial

dysfunction, smooth muscle cell phenotypic modulation, and inflammatory cell infiltration as

well as global effects on the central nervous and renin-angiotensin systems [44,65]. Our model

of hypertension focused on the initial mechano-adaptive response that seeks to return wall

stress toward normal via an increased deposition mainly of collagen, which thickens the wall

[25]. Vascular aging is similarly a well-known risk factor for many cardiovascular diseases,

including TAAs [1]. Again, the effects of aging on the vasculature are manifold, including

endothelial dysfunction, smooth muscle phenotypic modulation or apoptosis, extracellular

matrix remodeling, and inflammation [66,67]. Our model of aging focused on the diffuse loss

of elastic fiber integrity, as in human though not natural murine aging [50]. Consistent with

observations in clinical and animal model studies, our in silico simulations yielded an aortic

wall that remodeled in hypertension primarily via an increase in wall thickness and in aging

primarily via an increase in caliber, both uniformly and both consistent with an initial

mechano-adaptative response (i.e., in the absence of intramural cell dysfunction or inflamma-

tion). There were two key observations. First, neither hypertension nor aging alone resulted in

localized dilatations; rather their effects were uniform in our idealized model. Second, both of

these factors exacerbated each of the five different initiators of localized dilatation, which in

many cases (with�170% and�100% maximal increases in diameter locally for axisymmetric

and asymmetric lesions, respectively) reached the clinical definition of an aneurysm (�50%

increase). Our findings are thus consistent with these two conditions being important risk fac-

tors for aneurysmal progression, though not aneurysmal initiation consistent with clinical

experience of millions of individuals who are hypertensive or of advanced age and yet the

much smaller numbers that present with TAAs.

Competent elastic fibers endow the aortic wall with an ability to resist, indeed to recoil

against, distending pressures, which helps to control luminal diameter. We considered local-

ized losses of elastic fiber integrity as arise in Marfan syndrome. Studies in the Fbn1mgR/mgR

mouse model of Marfan syndrome reveal compromised elastic fiber integrity along the entirety

of the aorta, though the greatest losses manifest in the aortic root/ascending aorta where aneu-

rysms first develop [68]. It has been suggested that the different embryonic lineage of smooth

muscle cells in this region (from the second heart field and neural crest) and the different state

of mechanical loading (biaxial loading and complex hemodynamics) contribute to the predis-

position of the proximal aorta to aneurysm [69–71]. We did not attempt to model propensity

due to differential embryonic lineage or site-specific loading. Rather, we focused on the more

general question as to whether a localized loss of elastic fiber integrity can result in aneurysmal

dilatation based solely on a mechanobiological response to the insult. Consistent with prior

simulations that mimic human abdominal aortic aneurysmal enlargement due to localized

losses in elastin [35], we found for the murine thoracic aorta that localized losses of elastic

fiber integrity give rise to local dilatations under normotensive conditions, with the initial

extent of the insult important in dictating the degree of dilatation over the period studied.

Moreover, superimposed hypertension (i.e., uniform increase in pressure) always exacerbated

the dilatation, consistent with findings in patients [72], whereas superimposed aging (i.e.,
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additional uniform loss of elastin) had differing effects depending on the degree of the initial

insult, which appears to be consistent with findings in Marfan patients whereby stiffness differs

from age-matched controls in younger but not older Marfan patients [73].

Natural turnover rates of collagen are orders of magnitude higher than those of elastin

[26,64], thus collagen remodeling is a ubiquitous part of most aortic adaptations and maladap-

tations, including TAAs. Importantly, mutations to the gene that encodes lysyl oxidase (LOX),

which governs enzymatic cross-linking of collagen, result in aneurysms in humans and mice

[74–76]. Note that the normal accumulation of mature collagen is prevented in these germline

mutations. Allied studies show further that globally blocking lysyl oxidase in mature mice, in

which the aortic collagen had matured, results in a modest phenotype unless superimposed on

other defects, particularly Marfan syndrome [77] or a model of aortic aneurysm initiated by

the degradation of elastin via elastase [78]. Our results reflect but extend these findings.

Whereas use of β-aminopropionitrile (BAPN) in animal models results in uniform reductions

in collagen cross-linking, we were able to examine localized reductions. Mild losses had little

effect, but severe localized reductions in collagen cross-linking allowed marked dilatations of

the thoracic aorta. Interestingly, superimposing hypertension on the vulnerable aorta

increased the localized dilatation more than did superimposing aging, though both exacer-

bated the situation. Localized collagen degradation had similar effects.

Smooth muscle cell-induced vasoconstriction also enables the aortic wall to resist disten-

sion under the action of blood pressure. Multiple mutations predisposing to TAAs, including

those encoding fibrillin-1 and fibulin-4 and especially those encoding smooth muscle α-actin

and smooth muscle myosin heavy chain, compromise vessel-level contractility [16,52,79,80].

Some have thus implied that loss of vessel-level contractility predisposes to TAAs, yet smooth

muscle contractility is also compromised in cases wherein TAAs do not develop, including

fibulin 5 null mice [81]. We studied potential effects of localized losses in overall contractility,

which resulted in modest localized dilatations in the case of an otherwise normal aortic wall

exposed to normal pressure loading. Both hypertension and aging increased these local dilata-

tions, though the changes did not reach aneurysmal levels even when blocking contractility

fully. Importantly, albeit not shown, marked dilatations arose when both risk factors were

superimposed on the initial smooth muscle insult. This simulation is consistent with a study

that showed that pressure elevation augments aortic dilatation in the Acta2-/-mouse, which

has reduced vessel-level contractility [82]. Nevertheless, despite some suggestions to the con-

trary, our simulations suggest that localized losses in vessel-level contractility need not be

strong initiators of TAAs. Toward this end, we emphasize that cell-level contractility [80] is

controlled by the same actomyosin regulators as is vessel-level contractility [52], with cell-level

manifestations affecting both cell migration and the mechanosensing and mechanoregulation

of matrix.

Importantly, simulations of potential effects of localized losses of mechanosensing or

mechanoregulation of matrix revealed a high propensity toward aneurysmal dilatation. In par-

ticular, we modeled compromised mechanosensing by altering the percentage of the intramu-

ral stress (δ�1, see Methods) that is transduced to influence matrix production. We have

suggested that the propensity of TAAs to form in cases of either fibrillin-1 mutations or

smooth muscle cell dysfunction, among others, points to the mechanotransduction axis as a

potential initiator of these lesions [6]. Recent studies in cells and different genetically modified

mice support this hypothesis [80,83–85]. This in silico study is the first, however, to examine

mechanosensing in isolation. The simulations suggest that increasingly greater reductions in

localized mechanosensing give rise to increasingly larger localized dilatations (Fig 3), and

superimposing aging and especially hypertension increase these dilatations. Because compro-

mised mechanosensing can result from dysfunctional actomyosin activity, comparing these
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results (fourth rows in Figs 1 and 2) to those for lost vessel-level contractility (third rows in

Figs 1 and 2) suggest that compromised mechanosensing has a more severe effect on the aneu-

rysmal phenotype. Whereas vessel-level contractility affects aortic diameter, and thus wall

stress [58], mechanosensing affects the ability of the cells to sense the stress and respond

appropriately via matrix turnover [6,61]. Compromised mechanoregulation of the newly

deposited collagen, modeled via altered deposition stretches, similarly resulted in marked

localized dilatations.

Hence, although actomyosin pathways necessarily overlap for both vessel-level contractility

and mechanosensing / mechanoregulation of the matrix, the present simulations suggest that

aortic consequences are very different. Our findings are thus consistent with an earlier sugges-

tion that the primary role of actomyosin activity in the aorta is “in managing matricellular

interactions and sensing the extracellular environment to control appropriate elaboration and

maintenance of extracellular matrix” [3]. It is similarly consistent with a prior computational

finding that showed that uniform losses in smooth muscle contractility tend to disrupt arterial

mechano-adaptations less than does uniformly compromised mechanobiologically mediated

matrix turnover [24]. Importantly, our results are also consistent with recent findings that

decreased actomyosin activity in smooth muscle cells from Acta2-/-mice have reduced integrin

expression and reduced mechanosensing [86]. In summary, the present simulations further

support the hypothesis that dysfunctional mechanosensing is a contributor to TAAs [5–8].

Whereas the present model allows many effects to be studied in isolation, data obtained

from actual vessels necessarily reveal intrinsic couplings. To name a few, loss of elastic fiber

integrity in a mouse model of Marfan syndrome associates with reduced vasoconstrictive capa-

bility [52]; loss of elastic fiber integrity also alters the micro-properties [53] and undulation

[87] of the neighboring collagen fibers; deletion of integrin linked kinase alters smooth muscle

contractile protein expression, not just cell-matrix interactions [88]; and disruption of fibulin-

4, an elastin associated glycoprotein, leads to changes in collagen synthesis and maturation

[54] as well as cytoskeletal actin [83,89]. For the purposes of this study, however, we exploited

the advantage of in silico simulations and studied in isolation tissue-level consequences of five

key genetically predisposed alterations with superimposed hypertension and aging. These sim-

ulations support a “multi-hit” hypothesis in that the aorta tends to be mechano-adaptive, and

thus fault tolerant, when subjected to mild insults, but it succumbs to severe and especially

multiple insults, or hits. Controlling risk factors such as hypertension is critical [90], though

some interpretations may suggest otherwise depending on the mouse model used [91].

Notwithstanding the insights gained, there is a need to consider further determinants as

well. Endothelial dysfunction can result in reduced nitric oxide bioavailability, hence promot-

ing smooth muscle contractility but also enabling inflammation, which appears to increase

with prior cell and matrix damage [92]. Phenotypic modulation of smooth muscle cells from

contractile to synthetic can reduce contractility, but also disturb balances in matrix production

and removal. Smooth muscle apoptosis necessarily reduces overall vasoconstriction, but also

mechanosensing and mechanoregulation of matrix. Losses in elastic fiber integrity reduces

wall resilience, but in some cases also the ability of the smooth muscle cells to mechanosense

the mechanical state of the wall. There is, therefore, a need to consider many additional combi-

nations of hits, not just superimposed hypertension and aging. We also did not account for ini-

tial aortic curvature, which is particularly important in the ascending aorta, or the pulsatility of

loading, which includes cyclic distension and extension in the ascending aorta. We did not

account for changes in hemodynamics as the aorta enlarges (except indirectly in Figs D, E, F in

S1 Supporting Information), though we assumed that wall shear stress was sensed only within

the regions that were free of the prescribed insults. Wall shear stress regulation, along with the

relative rates of turnover of smooth muscle versus collagen, is critical for maintaining
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homeostatic control of the distal and proximal segments. Fluid-solid-growth models [93] will

enable broader follow-up studies. Finally, we did not account for different ages at which the

insult occurred, the sex of the mice, or observed mouse-to-mouse variability in geometry,

composition, or wall properties, which would provide better bounds on expected behaviors,

particularly why certain lesions appear earlier or progress more rapidly. Clearly more data will

be needed to inform more complete models.

Rather, we established a baseline model using mean data from one particular group of male

mice, and insults of interest were introduced consistently in an otherwise initially straight cir-

cular segment of a model thoracic aorta, which thereby enabled consistent comparisons across

groups and clearer delineation of the effects of the insults in isolation and in combination. Not

surprisingly, loss of matrix integrity, via either compromised elastic fibers or poorly remodeled

collagen, enables marked dilatations. Perhaps surprisingly, compromised mechanosensing

and mechanoregulation can evoke as strong of an aneurysmal propensity whereas loss of ves-

sel-level smooth muscle contractility does not. Hence, it appears that reduced actomyosin

activity is more severe in its effects in compromising mechanosensing and mechanoregulation

of matrix (cf. [60,86,94]). There is a need for caution, therefore, not to over-interpret conse-

quences of compromised vessel-level contractility, often measured via wire or pressure myo-

graphy [52,79], even though many if not most mutations predisposing to TAAs (e.g., Fbn1,
Acta2,Myh11,Mylk, Tgfbr1, and Prkg1mutations in mice) reduce vessel-level contractility.

Whereas we focused on aortic dimensions and properties appropriate for mice, because

myriad mouse models are available to study the natural history of TAAs, there will be a need to

repeat these simulations for human lesions and it is possible that contractility plays an even lesser

role in the human than murine aorta. We otherwise expect, however, that the basic theoretical

framework, computational approach, and functional forms of most constitutive equations should

translate from the mouse to the human, thus necessitating primarily a re-parameterization of the

model when studying human lesions. Consistent with an earlier suggestion that “Over time, the

major challenge in aortic aneurysmal research will likely shift from gene identification to the

assessment of gene product function in large vessel homeostasis” [3], we submit that in silico stud-

ies (including digital twins) can complement in vivo and ex vivo studies as we seek to understand

and eventually better treat these complex, multi-factorial lesions, with data-informed patient-spe-

cific computations (e.g., [95]) eventually the way forward.
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