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Computational Modeling Predicts Immuno-Mechanical Mechanisms

of Maladaptive Aortic Remodeling in Hypertension

Abstract

Uncontrolled hypertension is a major risk factor for myriad cardiovascular diseases. Among

its many effects, hypertension increases central artery stiffness which in turn is both an ini-

tiator and indicator of disease. Despite extensive clinical, animal, and basic science studies,

the biochemomechanical mechanisms by which hypertension drives aortic stiffening remain

unclear. In this paper, we show that a new computational model of aortic growth and remod-

eling can capture differential effects of induced hypertension on the thoracic and abdominal

aorta in a common mouse model of disease. Because the simulations treat the aortic wall as

a constrained mixture of different constituents having different material properties and rates

of turnover, one can gain increased insight into underlying constituent-level mechanisms of

aortic remodeling. Model results suggest that the aorta can mechano-adapt locally to blood

pressure elevation in the absence of marked inflammation, but large increases in inflamma-

tion drive a persistent maladaptive phenotype characterized primarily by adventitial fibrosis.

Moreover, this fibrosis appears to occur via a marked increase in the rate of deposition of

collagen having different material properties in the absence of a compensatory increase in

the rate of matrix degradation. Controlling inflammation thus appears to be key to reducing

fibrosis, but therapeutic strategies should not compromise the proteolytic activity of the wall

that is essential to mechanical homeostasis.

Keywords: wall stress, blood pressure, aorta, constrained mixture, inflammation

1. Introduction

It has long been known that angiotensin II (AngII) plays diverse roles in arterial health

and disease, particularly by affecting blood pressure regulation and hypertension. Bardy

et al. (1996) showed, for example, that exogenous AngII and imposed increases in transmu-
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ral pressures can independently stimulate extracellular matrix production within the aortic

wall, the latter via wall stress / strain induced stimulation of a local renin-angiotensin sys-

tem and signaling through the type 1 angiotensin receptor. These ex vivo findings were

confirmed in vitro by Li et al. (1998) who showed that increased cyclic stretch / stress sim-

ilarly increases matrix production by isolated vascular smooth muscle cells via local AngII

production and associated increases in transforming growth factor-beta. Notwithstanding

the utility of ex vivo and in vitro studies, the complex nature of the effects of AngII in

hypertension demands further investigation and validation via in vivo experimental data.

Toward this end, rodent models continue to be extremely valuable in elucidating underly-

ing genetic, molecular, and mechanical mechanisms in cardiovascular disease. A commonly

used animal model of induced hypertension involves the continuous infusion of AngII in

mice. For example, Louis et al. (2007) demonstrated the importance of cellular mechano-

sensing in induced hypertension by contrasting effects of AngII infusion on the structure and

mechanical properties of common carotid arteries from WT (wild-type) and Itga1−/− (inte-

grin subunit alpha-1 null) mice. Tieu et al. (2009) used the AngII infusion model to show

the importance of the pro-inflammatory cytokine IL-6 in promoting adverse macrophage-

mediated aortic wall remodeling in induced hypertension by contrasting its effects in male

WT, Il6−/− (interleukin-6 null), and Ccr2−/− (where the Ccr2 gene encodes a chemokine

receptor for monocyte chemoattractant protein-1) mice. Wu et al. (2014) compared conse-

quences of AngII infusion in male WT, immunocompromised Rag1−/− (lacking mature B-

and T-lymphocytes), and Il17a−/− mice, and showed that T Helper 17 (Th17) production of

the pro-fibrotic cytokine IL-17a drives adventitial fibrosis in the hypertensive thoracic aorta.

Ji et al. (2014) showed further that sex-differences in AngII-induced hypertension depend

strongly on differences in T-cell regulation of pro-fibrotic (IL-17a) and anti-inflammatory

(IL-10) cytokines between males and females.

Hypertension often presents with co-morbidities, such as hyperlipidemia, which tends to

increase the risk for development and progression of atherosclerosis. For this reason, effects

of AngII infusion have also been commonly studied in either Apoe−/− (apolipoprotein-E null)

or Ldlr−/− (low density lipoprotein receptor null) mice, both of which have a propensity for

atherosclerosis that is exacerbated when placed on a high fat diet. We recently reported an
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unexpected observation in AngII infused Apoe−/− mice maintained on a regular diet; namely,

the infrarenal abdominal aorta (IAA) mechano-adapted while the descending thoracic aorta

(DTA) maladapted within the same hypertensive animals (Bersi et al., 2017). In this regard,

we define a local mechano-adaptation as a near restoration of both blood pressure-induced

mean circumferential wall stress and blood flow-induced mean wall shear stress, which re-

quire locally that luminal radius a → ǫ1/3ah and wall thickness h → ǫ1/3γhh (Humphrey,

2008) where ǫ and γ represent fold-changes in flow and pressure from homeostatic, which

is denoted by subscript h. Importantly, the maladaptation within the thoracic aorta cor-

related strongly with increased inflammation, as measured by an increased recruitment of

CD45+ (bone marrow derived cells), CD43+ (T-cells), and CD68+ (macrophages) cells,

particularly in the adventitia. Hence, there is a need to consider both mechanobiological

and immunobiological contributors to aortic wall growth (changes in mass) and remodeling

(changes in microstructure). Although copious experimental data can provide insight into

complex mechanisms of disease progression, well informed computational models can often

provide further insight via parametric studies and numerical experiments. The goal of this

paper, therefore, was to develop a computational model for progressive changes in aortic

wall structure and function that occur in response to chronic AngII infusion in Apoe−/−

mice with a specific focus on understanding better and contrasting the differential effects of

immune cell recruitment and inflammation in the thoracic and abdominal aorta.

2. Methods

2.1. Experimental data

We recently reported experimental findings for 19-week old male Apoe−/− mice rendered

hypertensive via a continuous infusion of AngII at 1000 ng kg−1min−1 for up to 28 days (Bersi

et al., 2017). Studying adult mice at this age and over a brief (four week) period obviates

considerations of both somatic growth and vascular aging, thus allowing one to focus on

hypertension-induced effects. Briefly, blood pressures were collected using a tail-cuff method,

which revealed rapid increases up to 14 days, then little change thereafter. Specific values of

systolic blood pressure were 111.6, 155.4, 167.6, 181.3, 183.9, and 186.2mmHg after 0, 4, 7,

14, 21, and 28 days of infusion (diastolic, mean, and pulse pressures can similarly be found
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in Supplemental Information in Bersi et al., 2017). Biaxial biomechanical data from seven

different cyclic pressure-diameter and axial force-length protocols were collected after the

same durations of AngII infusion (0, 4, 7, 14, 21, and 28 days) while immuno-histochemical

data were collected after a subset of durations (0, 4, 14, and 28 days). By comparing changes

in wall thickness with changes in blood pressure, we found that the IAA mechano-adapted at

≥ 14 days (h ∼ γho, with subscript o denoting the original homeostatic value and with ε ∼ 1

due to unchanged cardiac output) while the DTA appeared to mechano-adapt by 14 days

but then exhibited a marked maladaptation (h ≫ γho), resulting primarily from significant

adventitial fibrosis. Long term follow-up (7 months after terminating the 28 days of AngII

infusion) revealed further that this maladaptation persisted in the DTA despite removal of

the exogenous inflammatory stimulus and a marked reduction in blood pressure to levels

similar to non-infused age-matched controls.

2.2. Computational model

We recently presented a novel computational model of arterial growth and remodeling

(G&R) that includes mechano- and immuno-stimulated matrix turnover and showed that

this model can capture salient biomechanical features of the time-course of maladaptive re-

modeling of the thoracic aorta in WT mice infused with AngII at 490 ng kg−1min−1 (Latorre

and Humphrey, 2018b). Briefly, this constrained mixture model allows one to account for

the evolution of aortic composition (i.e., mass fractions), mechanical properties, deposition

stretches, and rates of turnover of multiple structurally significant constituents. Among the

key equations are the mixture relation for biaxial wall stress,

σ
α
Γ (s) =

1

ρ

∫ s

−∞

mα
Γ (τ) q

α
Γ (s, τ) σ̂

α
Γ (s, τ) dτ (1)

with

σ̂
α
Γ (s, τ) =

2

Jα
Γn(τ) (s)

F
α
Γn(τ) (s)

∂Ŵ α(Cα
Γn(τ) (s))

∂Cα
Γn(τ) (s)

F
αT
Γn(τ) (s) (2)

where ρ is the wall mass density, mα
Γ (τ) > 0 denotes the true rate of mass density production

at G&R time τ , qαΓ (s, τ) ∈ [0, 1] is the fraction of material produced at time τ that survives

to the current time s ≥ τ , and Ŵ α is the stored energy function; each term is constituent-
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(α) and layer- (Γ = M,A for media and adventitia, respectively) specific. C
α
Γn(τ) (s) =

F
αT
Γn(τ) (s)F

α
Γn(τ) (s) is the right Cauchy–Green tensor and Jα

Γn(τ) (s) = detFα
Γn(τ) (s) where

F
α
Γn(τ) (s) = FΓ (s)F

−1
Γ (τ)Gα

Γ (τ) (3)

is the constituent- and layer-specific deformation gradient, with n (τ) denoting potentially

evolving constituent-specific natural (stress-free) configurations (consistent with a concept

of adaptive homeostasis; Davies, 2016), FΓ capturing mixture-level deformations (at time s

or τ) relative to a common reference configuration, and G
α
Γ (τ) representing the “deposition

stretch” at which the constituent is incorporated within each layer at a preferred prestress

(Cyron and Humphrey, 2014). Moreover, we assume that mass density production and

survival are governed constitutively by

mα
Γ (τ) = kα

Γ (τ) ρ
α
Γ (τ) Υ

α
Γ (τ) (4)

and

qαΓ (s, τ) = exp

(

−

∫ s

τ

kα
Γ (t) dt

)

(5)

respectively, where kα
Γ > 0 is a rate parameter that governs constituent removal via a first-

order type kinetic decay, ραΓ is the associated mass density, and Υα
Γ > 0 is a function that

stimulates mass production at (Υα
Γ = 1), below (Υα

Γ < 1), or above (Υα
Γ > 1) basal levels.

Whereas we previously modeled data for thoracic aortic maladaptation in WT mice infused

with AngII at 490 ng kg−1min−1 (Latorre and Humphrey, 2018b), preliminary simulations

revealed that more complex constitutive relations were needed herein for Apoe−/− mice

infused with AngII at 1000 ng kg−1min−1. Consequently, we extended our prior model to

include a rate parameter for constituent removal of the form

kα
Γ (t) = kα

Γ0

(

1 + (∆σ (t))2
)

(6)
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where kα
Γ0 denotes a basal rate of removal. We similarly extended the immuno-mechano-

stimulus function for constituent production to the form

Υα
Γ (τ) = 1 + fα

Γσ (∆σ (τ))− fα
Γτ (∆τw (τ)) + fα

Γϕ (∆̺ϕ (τ)) (7)

where ∆σ and ∆τw are deviations in pressure-induced intramural and flow-induced wall

shear stress from homeostatic values, and ∆̺ϕ is a measure of the evolving inflammatory

cell burden (cf. Figure 3 in Bersi et al., 2017), with fα
Γσ, f

α
Γτ and fα

Γϕ generally nonlinear,

monotonically increasing functions such that fα
Γη (0) = 0 for η = σ, τ, ϕ. Given the large

stress differences ∆σ and ∆τw reached in the DTA during the evolution of hypertensive

remodeling, we defined sigmoidal (saturation) functions fα
Γσ (∆σ) = Kα

Γσ arctan (∆σ) and

fα
Γτ (∆τw) = Kα

Γτ arctan (∆τw), whereas f
α
Γϕ (∆̺ϕ) = Kα

Γϕ∆̺ϕ (as in Latorre and Humphrey,

2018b) consistent with the experimentally observed near linear correlation between morpho-

logical changes and inflammatory cell burden (see Figure 4 in Bersi et al., 2017). In addition,

to describe the markedly maladaptive time-course data, we let the rate kα
Γ0 and gain Kα

Γσ,

Kα
Γτ , K

α
Γϕ parameters evolve as a function of the inflammatory burden as

kα
Γ0 (∆̺ϕ) = kα

Γ0o + (kα
Γ0h − kα

Γ0o) gk (∆̺ϕ) (8)

and

Kα
Γη (∆̺ϕ) = Kα

Γηo + (Kα
Γηh −Kα

Γηo)gK (∆̺ϕ) , η = {σ, τ, ϕ} (9)

where subscripts o and h denote original and evolved homeostatic values, with gk and gK

generally nonlinear, monotonically increasing functions such that g (0) = 0 and g (1) = 1,

for which sinusoidal functions gk (∆̺ϕ) = gK (∆̺ϕ) = sin(π
2
∆̺ϕ) proved useful.

Finally, also following our prior study (Latorre and Humphrey, 2018b), we assumed that

the intramural elastic fibers, smooth muscle, and collagen fibers could be described by the

following stored energy functions:

Ŵ e(Ce
Γ(s)) =

ce

2
(Ce

Γ(s) : I− 3) (10)
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for an amorphous elastin-dominated matrix (α = e), where ce is a shear modulus, and

Ŵ α(λα
n(τ)(s)) =

cα1
4cα2

[

ec
α
2 ((λ

α
n(τ)

(s))2−1)2 − 1
]

(11)

for a circumferentially oriented composite of collagen fiber and passive smooth muscle (α =

m) plus axially and diagonally oriented collagen fibers (α = c) in the media as well as cir-

cumferentially, axially, and diagonally oriented collagen fibers in the adventitia, with cα1 and

cα2 material parameters and λα
n(τ)(s) the corresponding stretch. Note that these functions to-

gether constitute a layer-specific “four-fiber family” model, with effects of other constituents

(such as proteoglycans) captured phenomenologically via a fit to data. Additional details

regarding the G&R model development and implementation can be found elsewhere (Latorre

and Humphrey, 2018b).

2.3. Parameter estimation

Whereas some of the key model parameters can be determined directly from experimen-

tally measured data (e.g., initial wall geometry, mass fractions, and in vivo state of stress

and strain), we have developed a systematic, step-by-step, nonlinear regression approach to

determine many of the other parameters from available histological and biaxial mechanical

data. Such regression yields best-fit values of constituent-specific material parameters and

deposition stretches (cf. Appendix in Latorre and Humphrey, 2018b). Note, too, that we

used the unloading curves from the biaxial data to capture only that part of the energy

that was stored during loading and was subsequently available to do work. Importantly,

energy dissipation (hysteresis) is generally small over loads imposed during a cardiac cycle.

Finally, because some of the requisite parameter values cannot be determined from nonlin-

ear regressions, we also developed (in that same Appendix) a method for estimating values

of the gain-type parameters for constituent production and rate parameters for constituent

removal, which herein include an additional dependence on inflammatory cell burden (Eqs.

(8) and (9)). Importantly, experimental data collected at different times over the course of

AngII infusion (0, 4, 7, 14, 21, and 28 days) allows one to estimate parameters that evolve

with the extent of inflammatory burden. By assuming an immunomechanobiologically equi-

librated evolution, we apply the aforementioned nonlinear regression method particularized
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at intermediate times to estimate how model parameters evolve over the four-week period

of AngII infusion.

3. Results

Table 1 lists values of the model parameters for the locally mechano-adapted IAA and

maladapted DTA based on experimental results reported in Bersi et al. (2017); it was fur-

ther assumed that both segments maintained the same overall mass density ρ = 1050 kg /m3.

For some parameters we list both original (homeostatic, at day 0) and final (perhaps home-

ostatic, at day 28) values, again assuming a potentially adaptive homeostasis thus allowing

“short-term adaptations to set-points, and to the range of ‘normal’ capacity” (Davies, 2016).

For example, best-fit tensile collagen parameters evolved from [cc+1 , cc+2 ] = [450 kPa, 3.51] to

[309 kPa, 4.62] for the IAA over the four weeks of AngII induced hypertension. In con-

trast, these same parameters evolved more dramatically for the DTA, from [297 kPa, 5.36] to

[393 kPa, 38.5], suggestive of a marked matrix remodeling beyond simply replacing prior con-

stituents with new constituents having only a different natural configuration. Figure 1 shows

both representative fits of the model to pressure-diameter and axial force-stretch data as well

as predicted time course of changes in both the collagen and smooth muscle parameters for

the IAA and DTA, computed as functions of the inflammatory cell density. To reduce the

number of parameters to be determined from intermediate nonlinear regressions, the deposi-

tion stretches and parameters in compression (not shown) were prescribed to evolve linearly,

at most, between respective original (∆̺ϕ = 0) and final (∆̺ϕ = 1) values. Again, the

time course of changes were less marked in the IAA than in the DTA. For example, the

deposition stretch for collagen Gc remained near 1.20 for the IAA but evolved from 1.20 to

1.05 for the DTA. Amongst the many other parameters, the gains associated with collagen

production similarly changed (increased) much more for the DTA than the IAA, especially

in the adventitia, while the rate parameters driving degradation changed modestly for both

the IAA and DTA. Taken together, these results reflect the experimental findings that G&R

was more dramatic in the DTA than the IAA and especially so in the adventitia.

Our model-based results suggest further, however, that this G&R could be heightened

considerably by an inflammation-mediated increase in the rate of production of collagen
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having different properties. Given that one must be careful not to over-interpret param-

eter values in nonlinear models, it is prudent to focus more on the predicted tissue-level

consequences. Hence, note that the resulting parameterized model allows one to simulate

the evolution of multiple geometric and mechanical metrics, including wall thickness (h),

the preferred in vivo axial stretch (λiv
z ), biaxial wall stress (σθθ, σzz) and material stiffness

(cθθθθ, czzzz), elastically stored energy (W ), and overall distensibility (D), all of which were

computed with our full heredity integral-based model. Moreover, at any time during a sim-

ulation, we can perform a “numerical biaxial test” to plot structural (pressure-diameter and

axial force-length) and material (Cauchy stress-stretch) responses. For example, Figure 2

shows predicted structural and material responses for the IAA and DTA at 0, 7, 14, 21, and

28 days of AngII-induced hypertension, with either no inflammation (i.e., assumed mechano-

stimulated G&R alone, due primarily to pressure elevation) or inflammation prescribed based

on experimental findings (cf. Figure 3 in Bersi et al. (2017)). When including the effects

of inflammation, pressure-diameter responses tend to evolve toward a stiffer response, es-

pecially in the DTA. More dramatically, the axial force-stretch results show a progressive

left-ward shift in both cases and aortic regions, indicative largely of an evolving reduction

in the preferred value of the axial stretch. Finally, the predicted biaxial mechanical proper-

ties show modest left-ward shifts, more dramatic in the DTA, wherein an overall reduction

in wall stress is seen at comparable distending pressures, suggestive largely of the evolving

increase in wall thickness.

Indeed, Figure 3 shows model inputs (i.e., prescribed time courses for the blood pressure

elevation as well as inflammatory burden in the IAA and DTA) and associated experimen-

tally measured (symbols) and computationally predicted (lines) changes in luminal radius

and wall thickness, with the latter delineated for the media and adventitia. As it can be

seen, the model captured the measured findings well for the IAA when either excluding or

including the observed modest level of inflammation; it similarly captured well the measure-

ments for the DTA up to 14 days whether excluding or including the inflammation, but

results from 14 to 28 days for the DTA could be captured only when including inflamma-

tion. These findings – that inflammation played little role in the IAA while it played a

dramatic role in the DTA after two weeks – are consistent with that observed by Bersi et al.
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(2017), but we emphasize here that we first attempted to fit all of the data without inflam-

mation or evolving properties and only then extended the model as appropriate to capture

the actual experimental observations. Toward this end, note that the near preservation of

the lumen in the IAA likely maintained wall shear stress near normal while the inward re-

modeling in the DTA likely increased wall shear stresses. One would expect increased wall

shear stresses to increase nitric oxide production by the endothelium and hence vasodilata-

tion, but it appears that this normal response mechanism was compromised (i.e., that there

was endothelial dysfunction, but this was not assessed experimentally). Finally, Figure 4

shows the effect of measured inflammation on the predicted evolution of eight additional

geometrical or mechanical metrics in the IAA and DTA. Again many metrics change more

dramatically in the DTA, particularly in the presence of inflammation after 14 days. Total

wall thickness increases and the preferred in vivo axial stretch decreases, which together

tend to reduce the early hypertension-induced increase in biaxial wall stresses; these stresses

tend toward baseline values in the IAA but to values much lower than baseline in the DTA

due to the exuberant inflammation-driven thickening after 14 days. Interestingly, the cir-

cumferential material stiffness is maintained near normal in both segments while the axial

stiffness decreases from baseline in the DTA alone. Computed distensibility D decreases in

both segments with time of AngII infusion, again more dramatically in the DTA.

Figure 5 shows model predictions for the long-term evolution, over 224 days, of inner

radius and wall thickness in the DTA given either a vanishing inflammatory cell burden or

merely a decrease in inflammation following cessation of AngII infusion at 28 days and a

return of blood pressure toward normal. Importantly, just as the model was only able to

capture the 28 day responses in the DTA by including significant inflammation (Figures 1,

3, and 4), it was only able to capture the long-term responses by including a lower, but

persistent inflammation. This finding motivated us to re-evaluate previously unpublished

data at the 224 day endpoint (cf. Bersi et al., 2017). As it can be seen in the bottom panels

of Figure 5, these data confirmed the model predictions of a persistent level of inflammation.

Finally, we have recently shown in a similar (simplified) computational model for arterial

G&R that low values of the parameters governing the rate of matrix synthesis (e.g., gain

parameters Kα
Γη in Eq. (9)), or low ratios of in vivo stiffness to (pre)stress (e.g., cθθθθo/2σθθo),
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can both result in uncontrolled dilation and thickening over G&R time scales following tran-

sient perturbations in blood pressure (Latorre and Humphrey, 2019). Therefore, even though

the present modeling is more complex (with a bilayered, rather than unilayered, wall; non-

linear, rather than linear, stimulus functions for mass production, including inflammatory

effects; and inflammation-dependent, rather than constant, properties), it is worthwhile to

investigate roles of these properties in the present case from a perspective of mechanobio-

logical stability. In fact, (stable) plateaus for geometric, material, and structural properties

were observed after 14 days of AngII infusion in both experiments (Bersi et al., 2016) and

subsequent modeling (Latorre and Humphrey, 2018b) for WT mice subject to a lower rate

of AngII infusion. In contrast, because evolved plateaus were not experimentally apparent

in the present case, especially for the DTA (Figures 3 and 4), and perhaps because of the

higher rate of AngII infusion or different mouse model, results from our computations can

yield insight into possible mechanobiological stability properties of evolved (mal)adaptive

states. Albeit not shown, the model, with parameters in Table 1 and inputs (inner pres-

sure and inflammation burden) sustained as P (s > 28)/Po = P (s = 28)/Po = 1.68 and

∆̺ϕ(s > 28) = ∆̺ϕ(s = 28) = 1, predicted asymptotically stable evolutions towards re-

spective evolved states in both regions (adaptive for the IAA, maladaptive for the DTA),

hence consistent with the aforementioned stabilizations observed in WT mice, although de-

layed. Similar stable responses under transient perturbations in pressure were obtained at

s = 224 days for the DTA at the respective evolved state (Figure 5). Furthermore, consider-

ation of 50% lower values of either gain parameters (all reduced proportionally) or stiffness

components for medial smooth muscle cells and adventitial collagen (while preserving as-

sociated stresses) still yielded asymptotically stable responses towards the same evolved

states, although with oscillations of higher amplitude, consistent with results in Latorre

and Humphrey (2019). Considered together, these results suggest further that the fibrotic

response observed mainly in the DTA, while being maladaptive and hence compromising

homeostasis, seems to preserve mechanobiological stability, which suggests that it may be

challenging to reverse maladaptive remodeling once entrenched.
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4. Discussion

One can define a local mechano-adaptation of the aorta as cell-mediated changes in

geometry and wall composition that either maintain or restore toward normal both the

pressure-induced mean circumferential wall stress (σθθ = Pa/h) and the flow-induced mean

wall shear stress (τw = 4µQ/πa3), with P denoting the distending pressure, Q the volumetric

flow rate, a the inner radius, h the wall thickness, and µ the viscosity of the blood. We

previously showed experimentally that, according to this definition, a 28-day moderate rate of

infusion of AngII in male C57BL/6 mice leads to grossly maladaptive G&R of the DTA (Bersi

et al., 2016), and that a descriptive computational model can capture such observations by

including inflammation as well as the usual mechano-stimulation of matrix turnover (Latorre

and Humphrey, 2018b). We similarly found experimentally that a 28-day high rate of infusion

of AngII in male Apoe−/− mice on a C57BL/6 background results in a gross maladaptation

of the DTA, which persisted for at least 7 months after ending the AngII infusion; in stark

contrast there is a near perfect mechano-adaptation of the IAA (Bersi et al., 2017). Figures 2

to 5 demonstrate that our mechano-driven, immuno-mediated computational model of aortic

G&R is able to delineate the differential hypertension-induced evolutions of geometry and

material properties in the DTA and IAA, the former with a significantly higher inflammatory

burden that was predicted to persist, in part, following cessation of AngII infusion after 28

days. Indeed, a subsequent re-evaluation of experimental data confirmed this prediction.

Importantly, capturing these experimental findings with our model required that the material

parameters for collagen / passive smooth muscle evolve and so too the gain- and rate-

parameters for extracellular matrix production and removal (Table 1). The former appears

to be consistent with measured differences in collagen fiber diameter in the common carotid

artery from an aortic coarctation model of induced hypertension (Eberth et al., 2009) and in

the DTA in an AngII model of induced hypertension (Korneva and Humphrey, 2019), both

in the mouse; the latter in turn appears to be qualitatively consistent with measurements

of increased turnover rates in a model of hypertension in rats (Nissen et al., 1978). Note

that inducing hypertension via coarctation of the aortic arch in the mouse also results in

marked fibrosis of the thoracic aorta within a short period (14 days) that is also driven

by inflammation, as evidenced by increases in IL-6 and monocyte chemoattrant protein-1
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(MCP-1) that appear to be mediated by AngII since the associated remodeling is attenuated

by Losartan, a specific type 1 AngII receptor antagonist (Kuang et al., 2013). We would thus

expect that salient features from our modeling of mechano- and immuno-mediated G&R in

the aorta would also hold for other forms of induced hypertension.

It is important to note that although some material parameters had to evolve in our

current G&R model, our current quantitative modeling of evolution is very different from

that which was reported previously (Eberth et al., 2011), wherein different sets of best-fit

parameters were determined via nonlinear regression for the same hyperelastic constitutive

relation at different times of aortic coarctation-induced hypertension. Indeed, fitting differ-

ent data sets with separate sets of material parameters has been common in modeling the

effects of hypertension (Hayashi and Naiki, 2009) and aortic aging (Ferruzzi et al., 2011;

Waffenschmidt et al., 2016). In contrast, we used a constrained mixture model of G&R to

describe and predict the evolving vascular geometry and properties based primarily on val-

idated relations for rates of mass production and removal (Valent́ın and Humphrey, 2009),

with production now depending directly on both mechanical stimuli and inflammatory cell

burden (Eqs. (4) and (7)). Prior models of arterial G&R in hypertension (e.g., Tsamis

et al., 2009; Rachev and Gleason, 2011) have not included effects of inflammation directly,

but here we suggest that both mechano-driven and immuno-mediated matrix turnover are

critical in hypertensive vascular remodeling and (mal)adaptation; such inclusion alone has

allowed us to model the regional differences within the aorta considered herein. Importantly,

the present model not only emphasizes the centrality of the extent and time-course of the

inflammatory burden (Figure 3), it also highlights the importance of altered rates of matrix

turnover, with fibrosis resulting from marked increases in deposition in the absence of corre-

sponding increases in degradation. The search for potentially improved therapeutics should

thus seek to reduce the pressure elevation and inflammatory burden without compromising

appropriate proteolytic activity.

AngII has been reported to increase significantly the pulse wave velocity and material

stiffness of the thoracic and abdominal aorta in Apoe−/− mice (Tham et al., 2002). The lat-

ter was measured using ring tests, however, which do not capture the complexities of biaxial

G&R. Indeed, our experimental findings show that the circumferential material stiffness is
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maintained near original values in both WT and Apoe−/− mice subject to AngII-induced hy-

pertension (Bersi et al., 2016, 2017), which suggests that the intramural cells retain an ability

to mechano-sense and -regulate the extracellular matrix (Bellini et al., 2017; Humphrey et al.,

2015). Biaxial tests have also been employed by others to study the thoracic and abdominal

aorta of Apoe−/− mice as a function of age and diet (Agianniotis and Stergiopulos, 2012;

Cilla et al., 2016), but not as a function of AngII-induced hypertension and inflammation; it

was for this reason that we focused on describing our prior biaxial data (Bersi et al., 2017).

As seen in Figure 4, our G&R model captures these biaxial data sets well. Importantly, the

combination of a marked thickening of the aortic wall—adaptively in the IAA and excessively

in the DTA—with preserved circumferential material stiffness would nevertheless increase

the structural stiffness in vivo, which in turn would be expected to increase the pulse wave

velocity as observed experimentally (Hartley et al., 2000; Tham et al., 2002). Whereas pulse

wave velocity is an integrated (global) measure of vascular health, our findings delineate the

potential local biomechanical mechanisms for this increase in structural stiffening and the

regional differences therein.

Notwithstanding the ability of the present and past models to describe and predict diverse

G&R responses in the vasculature, there is a pressing need for continued model advancement.

For example, although one can use evolving values of diastolic, mean, or systolic pressures

to drive G&R in hypertension models (herein we used systolic given the prior observation

of a statistically significant correlation between aortic changes and systolic, but not mean,

arterial pressure; Eberth et al., 2009), the intramural cells appear to respond most to changes

in pulse pressure (Lacolley et al., 2009; Scott et al., 2012), that is, cyclic changes in wall

stress or strain. This can be accounted for by positing and testing stimulus functions that

account for changes in cyclic loading (cf. Cardamone et al., 2010), particularly since local

pulse pressures often differ from region to region within the aorta (Cuomo et al., 2019). More

experimental data will be needed to investigate this important aspect of the mechanobiology,

however.

There is also a need to understand better what drives regional differences in inflammation

and to model the molecular drivers rather than simply to prescribe phenomenologically the

measured inflammatory cell burden, particularly since cytokine profiles differ by sex even
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for the same cell type (Ji et al., 2014). We included inflammatory cell density – based on

total local bone marrow derived (CD45+) cell expression – directly in the production term

because proinflammatory cytokines, such as the T-cell associated IL-17a, increase collagen

gene expression in synthetic cells and contribute to hypertensive remodeling (Wu et al.,

2014). We also assumed that matrix removal depended on a stress stimulus since increased

mechanical loading increases both MMP activity (Asanuma et al., 2003) and the resistance

of matrix to degradation (Ruberti and Hallab, 2005). More data are needed to better un-

derstand and model these opposing actions in response to the same stimulus. Unlike our

modeling of the WT aortic maladaptation (Latorre and Humphrey, 2018b), evolving rate

parameters for matrix removal were also needed to predict the time-course data available,

seemingly consistent with prior experiments in other rodent models (Nissen et al., 1978).

This important emergent finding also appears to be consistent with the notion that in-

flammation contributes to homeostasis, but its prioritization (to otherwise protect against

threats) allows it to over-ride or suppress other homeostatic mechanisms, often resulting in

changes in set-points and entrenching alternative stable states (Kotas and Medzhitov, 2015).

Our prior data also suggest that inflammatory cell infiltration followed, and thus may have

been stimulated by, the pressure-induced increase in wall stress (Bersi et al., 2017), hence

supporting our phenomenological modeling assumptions. Nevertheless, inflammation should

be considered more precisely and explicitly in both the production and removal equations

when more quantitative data become available. In particular, inflammation involves cells

from diverse hematopoeitic lineages—such as myeloid (e.g., monocytes, macrophages, and

dendritic cells) and lymphoid (e.g., T-cells and B-cells)—which secrete myriad chemokines

(MCP-1), cytokines (IL-6, IL-17a, TNF, and so forth), and proteases (MMP-2,9,13, among

others) that impact extracellular matrix remodeling; thus there is a need for cellular- and

molecular-specific models to be incorporated within a G&R model. Only in this way will we

be able to simulate potential pharmacotherapies and immunotherapeutic treatment strate-

gies.

Indeed, more mechanistic models should also account for regional differences in cell phe-

notype, including receptor distributions. Although the DTA and IAA include smooth muscle

cells derived from similar embryonic lineages (somatic and splanchnic mesoderm; Majesky,
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2007), there is yet a considerable increase from the proximal to distal aorta in type 1 AngII

receptor (AT1aR and At1bR) density (Poduri et al., 2012) and associated contractile re-

sponses to AngII (Rateri et al., 2011). Alternatively, expression of connexins (Cx43 and

Cx45) decreases from the proximal to distal aorta (Ko et al., 2001), noting that connexins

play roles in aortic contractility and they change expression in AngII-induced hypertension

(Alonso et al., 2010). We recently found that increased adventitial fibrosis tends to correlate

with a progressive loss in smooth muscle contractility in the DTA (Korneva and Humphrey,

2019), hence emphasizing the need for greater attention to the roles of endothelial and smooth

muscle function. These, and other, regional differences could play important roles beyond

just differences in local pulse pressure and inflammatory cell burden in driving differential

G&R along the aorta and should eventually be modeled.

Finally, we used a full heredity integral based constrained mixture model since differ-

ent constituents can be incorporated within extant matrix at different times relative to

constituent-specific natural configurations, yet such modeling can be computationally ex-

pensive. There is, therefore, motivation to seek simpler constrained mixture models. We

have show that some simplifications can be achieved depending on the differential rates

of mechanical loading and matrix turnover (Latorre and Humphrey, 2018a), which may

be exploited in cases wherein pressure loading and inflammatory burden exhibit different

time-courses. Further experimental attention to the rates of change in mechanical loading,

infiltration and activation of inflammatory cells, and cell/matrix turnover could allow for

both more precise modeling and computationally less expensive simulations. In this work,

a simplified framework allowed us to parameterize our mathematical model by means of

nonlinear regressions of experimental data as a first approximation to the actual evolution.

In conclusion, we have presented a new computational model of G&R that delineates

local mechano-adaptive and maladaptive growth and remodeling as a function of aortic re-

gion in AngII-induced hypertension, which required explicit consideration of consequences

of regional differences in inflammatory cell burden. That is, a purely mechano-mediated

G&R model was not able to capture measured geometrical or mechanical changes in the

DTA after 14 days of infusion, when inflammation manifested most dramatically. Our sim-

ulations suggested further that such inflammation persists for long periods after removing
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the exogenous (AngII) stimulus, and new experimental data presented herein supports this

prediction. It could be that fibrotic matrix produced during AngII infusion could differ

slightly in composition or turnover more slowly, thereby stimulating preserved or additional

deposition of matrix with altered properties (cf. Parker et al., 2014). There is clearly a

need for additional experimental investigation of this key issue, which may contribute to

the clinical observation that pharmacological treatment of hypertension must continue, once

started, which is to say it has yet been impossible to reverse. Whereas mechanical homeosta-

sis is promoted by negative feedback loops, as captured by the stress-difference term in our

stimulus function, fibrosis appears to be driven either by positive feedback or no feedback,

as modeled presently. Understanding such feedback loops, and the associated (in)stabilities

(Schwartz et al., 2018), also promises to provide increased insight into possible treatment

strategies. Toward this end, there is also a pressing need to understand better the possible

role of inflammation in altering or over-riding mechanical homeostasis, perhaps via persistent

changes in set-points (Kotas and Medzhitov, 2015). Finally, we focused on local mechano-

adaptation or maladaptation. There is a need to explore better the coupled effects between

local mechanics and global hemodynamics, noting that local adaptations can be beneficial

at the cell-tissue level and yet detrimental to the global circulatory system, thus establishing

broader feedback loops that can ultimately drive disease (Humphrey et al., 2016; Laurent and

Boutouyrie, 2015). Much thus remains to be understood, and we submit that computational

G&R models promise to aid considerably in this pursuit.
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Prescribed data IAA DTA

Inner Radius, Thickness (sys, o) ao, hMo, hAo [417, 17, 15]µm [710, 29, 13]µm

Inner Radius, Thickness (sys, h) ah, hMh, hAh [464, 30, 23]µm [514, 48, 114]µm

Medial Mass Fraction (o) φe
Mo, φ

m
Mo, φ

c
Mo 0.154, 0.651, 0.195 0.344, 0.461, 0.195

Medial Mass Fraction (h) φe
Mh, φ

m
Mh, φ

c
Mh 0.076, 0.690, 0.234 0.300, 0.500, 0.200

Adventitial Mass Fraction (o) φe
Ao, φ

m
Ao, φ

c
Ao 0.003, 0.0, 0.997 0.017, 0.0, 0.983

Adventitial Mass Fraction (h) φe
Ah, φ

m
Ah, φ

c
Ah 0.002, 0.0, 0.998 0.002, 0.0, 0.998

In vivo Axial Stretch (o, h) λiv
zo, λ

iv
zh 1.81, 1.63 1.55, 1.32

Progressive best-fit to end-point data IAA DTA

Diagonal Collagen Orientation α0 30.7o 32.1o

Layer-specific Collagen Fractions βθ
A, βz

M = βz
A 0.058, 0.057 0.044, 0.057

Elastin Parameter ce 114kPa 92.4kPa

Elastin Deposition Stretches Ge
r, G

e
θ, G

e
z 1/Ge

θG
e
z , 1.96, 1.73 1/Ge

θG
e
z , 1.92, 1.72

Muscle Param: Tens / Comp (o) cm+
1o , cm+

2o , cm−

1o , cm−

2o 343kPa, 1.23, 129kPa, 0.05 497kPa, 0.27, 198kPa, 0.03

Muscle Param: Tens / Comp (h) cm+
1h , cm+

2h , cm−

1h , cm−

2h 440kPa, 0.08, 6.56kPa, 0.08 310kPa, 3.15, 0.97kPa, 0.71

Collagen Param: Tens / Comp (o) cc+1o , cc+2o , cc−1o , cc−2o 450kPa, 3.51, 2.13kPa, 0.08 297kPa, 5.36, 143kPa, 0.07

Collagen Param: Tens / Comp (h) cc+1h , cc+2h , cc−1h , cc−2h 309kPa, 4.62, 16.6kPa, 4.62 393kPa, 38.5, 0.98kPa, 27.9

Deposition Stretches (o) Gm
o , Gc

o 1.17, 1.20 1.19, 1.20

Deposition Stretches (h) Gm
h , Gc

h 1.20, 1.19 1.20, 1.05

Estimated / calculated from evolution data IAA DTA

Medial Smooth Muscle Gains (o) Km
Mσo, K

m
Mτo,K

m
Mϕo 0.473, 1.410, 0.010 0.140, 0.140, 0.210

Medial Collagen Gains (o) Kc
Mσo, K

c
Mτo,K

c
Mϕo 0.550, 1.650, 0.012 0.800, 0.800, 1.230

Adventitial Collagen Gains (o) Kc
Aσo,K

c
Aτo, K

c
Aϕo 0.331, 0.990, 0.007 12.21, 12.21, 18.78

Evolved Gains (h) Kα
Γσh,K

α
Γτh,K

α
Γϕh Kα

Γσo, 0.033 ×Kα
Γτo,K

α
Γϕo 5×Kα

Γσo, 5×Kα
Γτo, 5×Kα

Γϕo

Mass Removal Rates (o) kmM0o, k
c
M0o, k

c
A0o [1/10, 1/10, 1/10] day−1 [1/2, 1/16, 1/20] day−1

Mass Removal Rates (h) kmM0h, k
c
M0h, k

c
A0h [1/3, 1/3, 1/3] day−1 [2/3, 1/12, 1/15] day−1

Table 1: Model parameters for both an original / basal (subscript o; control) and an evolved-to-new home-
ostatic (subscript h; AngII infused) state for both the infrarenal abdominal aorta (IAA) and descending
thoracic aorta (DTA) from Apoe-/- mice (Bersi et al. 2017). Parameters are separated by class: those
prescribed based directly on measurements, those obtained via nonlinear regression of data, and those esti-
mated based on prior G&R simulations and the ability to describe the time-course data available. “Elastin”,
“Muscle”, and “Collagen” parameters represent elastin-dominated isotropic and smooth muscle / collagen-
dominated anisotropic contributions, with glycosaminoglycans and other constituents not specified explicitly.
Superscript + or − refer to behaviors in tension or compression; subscripts M and A refer to medial and
adventitial respectively.
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Figure 1: Columns one and two: Nonlinear regressions of mean pressure-diameter (at in vivo axial stretch
and during unloading) and axial force-length (at luminal pressure of 100 mmHg and during unloading)
experimental data (symbols), for the IAA (first row) and DTA (second row), computed with associated rate-
independent G&R models (cf. Appendix 1 in Latorre and Humphrey 2018b). Albeit not shown, experimental
tests at 7 and 21 days, as well as pressure-diameter tests at 0.95- and 1.05-fold axial stretches and force-
length tests at 60 and 140mmHg, were also included in the regression, with similar outcomes. Columns
three and four: Evolution of best-fit model parameters in tension cα+1 and cα+2 for collagen (α = c, solid
line) and smooth muscle (α = m, dashed line) as a function of the inflammatory cell burden ∆̺ϕ, as given
by a progressive nonlinear regression. Note that cα+1,2 (0) = cα+1,2o and cα+1,2 (1) = cα+1,2h, consistent with original
(o) and evolved homeostatic (h) values in Table 1.
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Figure 2: Model predictions of evolving passive biaxial mechanical responses with (second and fourth rows)
or without (first and third rows) inclusion of the measured extents of inflammation. Pressure-diameter
responses at individual values of in vivo axial stretch (first column) and axial force-length responses at a
fixed luminal pressure of 100mmHg (second column), as well as associated circumferential (third column)
and axial (fourth column) Cauchy stress-stretch behaviors, for the IAA (first and second rows) and DTA
(third and fourth rows) at baseline (0 days) and after 7, 14, 21, and 28 days of AngII infusion (cf. Figure
S3 in Bersi et al. 2017).
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Figure 3: Model predictions of geometric (bilayered, with all quantities normalized to values at time 0 prior to
AngII infusion) properties for the IAA (first row) and DTA (second row) following a rapid 1.68-fold increase
in systolic pressure that persists up to s = 28 days (grey lines, model inputs). Predictions are shown with
(black solid) or without (black dashed) inclusion of inflammatory effects, the former with a modest 4.9-fold
increase in the IAA but a marked 67.6-fold increase in the DTA (respective grey lines, additional model
inputs). Shown, too, are mean ± SEM experimental values (open circles with error bars) extracted from
Bersi et al. (2017), as well as the associated mechanobiologically equilibrated (fully relaxed, at s > 28 days
for IAA, but at s ≈ 14 days for DTA) solution for the case with no inflammation and P/Po = 1.68 (solid
black square). Note a similar wall thickening in both cases in the IAA, although the luminal radius tends to
return to normal in the simulation without inflammatory effects; note, too, a dramatic increase in adventitial
versus medial thickening in the DTA after 14 days consistent with a delayed but exuberant production of
inflammatory collagen within the adventitia.
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Figure 4: Evolving geometric, material and structural properties for the IAA (first and third rows) and DTA
(second and fourth rows). Model predictions, with (solid) and without (dashed) inclusion of inflammatory
effects, of (from left to right and top to bottom) wall thickness in unloaded traction-free configuration htf

(µm), in-vivo axial stretch λiv
z , circumferential σθθ and axial σzz stress (kPa), circumferential cθθθθ and axial

czzzz stiffness (MPa), stored energy density per unit current volume relative to its value at time 0 prior to
AngII infusion W − Wo (to enable proper comparisons between energy functions with different referential
values, cf. Eq. (S1) in Bersi et al., 2017), and distensibility D (MPa−1) computed over time throughout
AngII infusion at time-dependent systolic pressures (Figure 3). Symbols and error bars represent mean ±
SEM experimental values (with inflammatory cell infiltration) at six times throughout the evolution: baseline
(0 days), 4, 7, 14, 21 and 28 days (cf. Figure 1 in Bersi et al., 2017).
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Figure 5: Top row: Model results for long-term responses – up to 196 days after terminating the AngII
infusion at 28 days – of normalized geometric (bilayered) properties for the DTA following a 1.68-fold increase
in systolic pressure (grey line, model input) that persists up to s = 28 days but drops to P/Po = 1.26 during
the subsequent 196 days (note the logarithmic scale starting at s = 1 day as well as the non-monotonic change
in prescribed inflammation and computed geometry at s = 28 days). Predictions are shown with (black solid
line) and without (black dashed line) inclusion of inflammatory effects that were measured up to 28 days
(respective grey lines, additional model inputs). Shown, too, are mean ± SEM experimental values (open
circles with error bars) extracted from Bersi et al. (2017), as well as the associated mechanobiologically
equilibrated (adaptive, fully relaxed) solution for the case with no inflammation and P/Po = 1.26 (solid
black square). Note that the model predicted that some inflammatory effects needed to remain in order to
describe the observed long-term, persistent maladaptive, response at 224 days. Bottom row: Based on this
prediction, we examined available but previously unanalyzed histological sections (Verhoeff Van Gieson, or
VVG, staining shows elastic fibers in black and collagen in pink; note the dramatic adventitial thickening
due mainly to excessive collagen) and indeed found a continuing presence of inflammatory cells at 224 days
(red immunostained CD45+ cells, a pan-inflammatory marker), which was quantified and is shown by the
solid circle with error bar. This correspondence served as a further validation of the predictive capability of
the model.
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