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Abstract
Thoracic aortic aneurysms (TAAs) are associated with aortic wall remodeling that affects transmural transport or the move-
ment of fluid and solute across the wall. In previous work, we used a Fbln4E57K/E57K (MU) mouse model to investigate 
transmural transport changes as a function of aneurysm severity. We compared wild-type (WT), MU with no aneurysm (MU-
NA), MU with aneurysm (MU-A), and MU with an additional genetic mutation that led to increased aneurysm penetrance 
(MU-XA). We found that all aneurysmal aortas (MU-A and MU-XA) had lower fluid flux compared to WT. Non-aneurysmal 
aortas (MU-NA) had higher 4 kDa FITC-dextran solute flux than WT, but aneurysmal MU-A and MU-XA aortas had solute 
fluxes similar to WT. Our experimental results could not isolate competing factors, such as changes in aortic geometry and 
solid material properties among these mouse models, to determine how intrinsic transport properties change with aneurysm 
severity. The objective of this study is to use biphasic and multiphasic models to identify changes in transport material 
properties. Our biphasic model indicates that hydraulic permeability is significantly decreased in the severe aneurysm model 
(MU-XA) compared to non-aneurysmal aortas (MU-NA). Our multiphasic model shows that effective solute diffusivity is 
increased in MU-NA aortas compared to all others. Our findings reveal changes in intrinsic transport properties that depend 
on aneurysm severity and are important for understanding the movement of fluids and solutes that may play a role in the 
diagnosis, progression, or treatment of TAA.
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1  Introduction

Thoracic aortic aneurysms (TAAs) pose a critical public 
health concern with an incidence rate of 5.3 per 100,00 
individuals/year and a rupture rate of 1.6 per 100,000 indi-
viduals/year (Gouveia e Melo et al. 2022). Current treat-
ment guidelines recommend surgery at specified diameters 
or dilation rates. However, optimal surgical timelines vary 
depending on patient-specific factors like genetic mutations, 

sex, and comorbidities (Isselbacher et al. 2022). Independ-
ent of etiology, loss of smooth muscle cells (SMCs) and 
elastic fiber degeneration are commonly observed in TAAs 
(Isselbacher 2005).

Elastic fibers, in the medial (middle) section of the aortic 
wall, are extracellular matrix (ECM) components organized 
in layers that alternate with SMCs to form lamellar units 
(Wolinsky and Glagov 1967). These elastic fibers provide 
reversible elasticity to the artery and are thought to physi-
cally isolate the SMCs (Yanagisawa and Wagenseil 2020). 
Although the bulk of mass transport across the aortic wall is 
regulated by the endothelial cells (ECs) lining the lumen of 
the aorta, EC dysfunction and impaired barrier function have 
been demonstrated in mouse models of TAA (Yang et al. 
2023). Circulating blood-borne solutes may have increased 
transport across the aortic wall due to EC dysfunction and 
elastic fiber degeneration that plays a role in TAA progres-
sion (Michel et al. 2007, 2018). For example, plasminogen 
protein was present in higher concentrations in the medial 
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layer of human TAA compared to control, even though plas-
minogen mRNA was undetectable, implying transport from 
the blood (Borges et al. 2010). Plasminogen is converted to 
plasmin within the aortic wall that can cause SMC apop-
tosis and ECM degradation exacerbating TAA progression 
(Boukais et al. 2018a, b).

We have shown experimentally that transmural fluid and 
4 kDA FITC-dextran solute flux are altered in the ascend-
ing thoracic aorta (Crandall et al. 2022, 2023) and carotid 
artery (Cocciolone et al. 2018) in chemical and genetic 
mouse models of elastic fiber fragmentation associated 
with TAA. Using a Fbln4E57K/E57K mouse model of TAA 
(Igoucheva et al. 2015), we showed that transmural fluid and 
solute flux depend on the presence of the genetic mutation 
associated with fragmented elastic fibers and on aneurysm 
severity (Crandall et al. 2023). However, our experimental 
results could not isolate competing factors, such as changes 
in geometry and solid material properties of the aortic wall 
amongst these mouse models, to determine how intrinsic 
transport properties change with aneurysm severity.

Continuum models of biphasic and multiphasic materials 
have been developed to understand how intrinsic solid and 
fluid properties of soft tissues, including strain-dependent 
porosities, hydraulic permeability, and effective solute dif-
fusivities, govern fluid and solute flux (Holmes and Mow 
1990; Ateshian et  al. 2012; Lai et  al. 1991). We previ-
ously developed a multiphasic model of the denuded (ECs 
removed) carotid arterial wall as a continuum mixture of 
solid, fluid, and solute phases to determine intrinsic trans-
port properties, hydraulic permeability and effective diffu-
sivity, as a function of genetic and chemical disruption of the 
elastic fibers (Guang et al. 2022). However, the model did 
not include expansion of the arterial wall due to an applied 
pressure or case-specific geometry and characterization of 
the effects of solid wall material properties.

Here, we use FEBio (Maas et  al. 2012) to develop 
biphasic and multiphasic models of the ascending aortic 
wall with experimentally measured geometries and mass 
transport data from our prior experimental work using the 
Fbln4E57K/E57K TAA mouse model (Crandall et al. 2023). 

The objective of this study is to distinguish competing fac-
tors that may influence transmural fluid and solute flux and 
reveal changes in intrinsic transport properties in TAA that 
may explain our experimental results. The biphasic model 
allows us to characterize how the fluid moves relative to 
the solid phase in the aortic wall of our mouse models 
with varying genetic mutations and aneurysm severity. 
The multiphasic model further allows characterization 
of solute movement across the aortic wall given altered 
fluid–solid interactions in our different mouse models. We 
determine how hydraulic permeability and effective solute 
diffusivity of the ascending aortic wall depend on TAA 
severity in mouse models of human disease.

2 � Methods

2.1 � Mouse model

We previously published experimental transmural trans-
port data for the ascending aortic wall in mouse models 
of TAA with varying severity (Crandall et al. 2023). We 
used mice with a clinically identified missense mutation 
(Fbln4E57K/E57K) in the Efemp2 gene which encodes the 
fibulin-4 protein that is partially responsible for ECM 
assembly and elastogenesis in the aortic wall (Igoucheva 
et  al. 2015). Fbln4E57K/E57K mice have 50% TAA pen-
etrance and elastic fiber fragmentation. Fibulin-4 inter-
acts with lysyl oxidase (LOX) during elastogenesis to 
form elastic fibers. To increase aneurysm severity, we 
bred the Fbln4E57K/E57K mice with Lox haploinsufficient 
mice (Lox+/-) (Hornstra et al. 2003), hypothesizing that 
decreased lysyl oxidase would increase aneurysm pen-
etrance. We observed 100% aneurysm penetrance in 
the Fbln4E57K/E57K;Lox+/- mice. We performed transport 
experiments on the ascending aorta from four experimen-
tal groups: Fbln4+/+;Lox+/+ (WT), Fbln4E57K/E57K;Lox+/+ 
without an aneurysm (MU-NA), Fbln4E57K/E57K;Lox+/+ 

Table 1   Cases are defined by the genotype and presence or absence of aneurysmal dilation

The genotype, aneurysm penetrance, and elastic fiber fragmentation are listed, as well as the experimentally derived length and unloaded outer 
radius (mean ± SD) and thickness (Halabi et al. 2017; Crandall et al. 2023)

Case Genotype Aneurysm pen-
etrance (%)

Elastic fiber frag-
mentation (Y/N)

Length ( l ) (mm) Outer radius ( R
o
 ) (mm) Thickness 

( T  ) (mm)

WT Fbln4+/+ 0 N 1.63 ± 0.29 0.42 ± 0.13 0.11

MU-NA Fbln4E57K/E57K 50 Y 3.27 ± 0.43 0.46 ± 0.08 0.13
MU-A 3.92 ± 0.71 0.76 ± 0.15 0.13
MU-XA Fbln4E57K/E57K; Lox± 100 Y 4.26 ± 1.03 0.76 ± 0.14 0.13
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with aneurysm (MU-A), and Fbln4E57K/E57K;Lox+/- with 
aneurysm (MU-XA) (Table 1).

2.2 � Experimental transport measurements

Detailed experimental methods can be found in (Crandall 
et al. 2023).  Briefly, we euthanized 3–4-month-old male 
and female mice by carbon dioxide inhalation. All animal 
procedures were approved by Washington University’s Insti-
tutional Animal Care and Use Committee. The ascending 
thoracic aorta was dissected, placed in phosphate-buffered 
saline (PBS) at 4 °C, and tested within 72 h of dissection. 
The aorta was fixed onto cannulae using 7–0 sutures in a 
pressure myograph (110P, Danish Myo Technology) and 
placed in a 7-mL PBS bath at 37 °C. The myograph was 
pressurized to the mean mouse blood pressure of 13.33 kPa 
using a static fluid column and stretched to 1.1 × axial stretch 
(Wagenseil et al. 2005). Fluid flux ( Jv) was measured by 
introducing a bubble into the lead tubing of the myograph 
to measure the bubble’s velocity as fluid permeated through 
the aortic wall. To study transport of a solute, PBS in the 
static column was replaced with 1.25 mM 4 kDa fluorescein 
isothiocyanate (FITC)-dextran dissolved in PBS (Sigma-
Aldrich; #46944) and the myograph was again pressurized 
to 13.33 kPa using the static column. Concentration of the 
4 kDa FITC-dextran in the bath over time was measured 
using a fluorescent plate reader (MolecularDevices, Spec-
traMax M2e) to determine solute flux ( Js) through the aortic 
wall. Experimental values of transmural fluid flux ( Jv) and 
solute fluid flux ( Js) are summarized in Table 2 (Crandall 
et al. 2023).

2.3 � Aortic wall geometry

For construction of the computational models, unloaded 
inner and outer radii are required. In our experiments, 
we recorded the outer radii and thickness at 13.33 kPa 
and length at 1.1 × axial stretch (Crandall et  al. 2023). 
Using previously published pressure-diameter curves for 
Fbln4E57K/E57K ascending thoracic aorta from Dr. Carmen 

Halabi, the average outer radius at 0 kPa was obtained for 
WT, MU-NA, and MU-A (Halabi et al. 2017). We assumed 
that the MU-XA aorta had the same unloaded outer radius 
as the MU-A aorta, since the loaded outer radii at 13.33 kPa 
are similar. As axial stretch ratio was not recorded in the 
pressure-diameter curves (Halabi et al. 2017), we assumed 
that it was similar to the 1.1 × axial stretch used in Crandall 
et al. (2023). Unloaded inner radii were determined assum-
ing an incompressible hollow cylinder. The starting geom-
etry for the models was the average length of the ascending 
aorta between cannulae recorded for the experimental data 
(Crandall et al. 2023) and the average calculated unloaded 
radii for each case (Table 1).

2.4 � Aortic wall solid material properties

The unconstrained Holzapfel-Gasser-Ogden (HGO) consti-
tutive relation (Gasser et al. 2006) available in FEBio (Maas 
et al. 2012) was chosen to model the nonlinear solid mechan-
ical behavior of the aortic wall. The HGO relation includes a 
Neo-Hookean isotropic solid with two symmetric families of 
exponentially behaving embedded fibers. The FEBio imple-
mentation of the unconstrained HGO constitutive relation 
allows for pore volume changes in response to fluid flux. The 
strain energy function ( Ψ ) for the solid material is given by:

where c is the Neo-Hookean material constant, I1 = tr(FTF) 
and F is the deformation gradient tensor, J = det F is the vol-
ume ratio, and k1 and k2 are fiber material constants. κ char-
acterizes the fiber dispersion ranging from 0 (no dispersion) 
to 1/3 (isotropic dispersion) (Gasser, Ogden, and Holzapfel 
2006). I4i = �2

�
���2� + �2

z
���2� describes the stretch along 

the fiber direction oriented at angle ± γ degrees (i = 1, 2) to 
the circumferential direction and λθ, λz are the aortic stretch 
ratios in the circumferential and axial directions, respec-
tively. The fibers only support positive strain. K0 is the bulk 
modulus of the isotropic Neo-Hookean solid and is set to 
1000 × greater than c in FEBio to ensure that the solid tis-
sue is intrinsically incompressible (Altundemir et al. 2023).

As we did not have the necessary stretch-stress data 
for the mouse aortae used in this study to fit HGO mate-
rial parameters, we used previously published data from 
Bellini et al. (2016) for the ascending aorta from a dif-
ferent genetic model of TAA (Fbn1mgR/mgR) (Pereira et al. 
1999) with and without aneurysms and wild-type controls. 
We used the material parameters and 4-fiber constitutive 
relation in Bellini et al. (2016) and circumferential and 

(1)

Ψ = c
2
(

I1 − 3
)

− c ln J +
k1
2k2

2
∑

i=1

[

exp
{

k2
[

�I1 + (1 − 3�)I4i − 1
]2
}

− 1
]

+
K0

2

(

J2 − 1
2

− ln J
)

Table 2   Average experimental measurements for fluid ( J
v
 ) and solute 

( J
s
 ) flux (mean ± SD) (Crandall et al. 2023)

& indicates significant difference from WT and #indicates significant 
difference from MU-NA

Case
Fluid Flux, J

v
 

⌊

10−4
mm

s

⌋

Solute Flux, J
s
 

⌊

10−7
�mol

mm2∗s

⌋

WT 7.57 ± 2.57 0.97 ± 0.76
#

MU-NA 4.96 ± 1.42 4.85 ± 2.06
&

MU-A 3.01 ± 0.80
&

2.26 ± 0.84
#

MU-XA 2.40 ± 0.62
&

0.80 ± 0.53
#
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axial stretch ratios from previous studies in our labora-
tory (Kailash et al. 2024) to generate pseudo-stretch-stress 
data. We then used nonlinear optimization in MATLAB 
to minimize differences between the pseudo-stretch-stress 
data and the HGO predicted stretch-stress values to obtain 
approximate material parameters for the HGO constitutive 
relation for WT, MU-NA, and MU-A aortae.

We created structural models of the ascending aorta 
for each case using the measured cylindrical geometry 
(Table 1) and approximate HGO parameters in FEBio 
(Maas et  al. 2012). We assumed that MU-XA aorta 
would be similar to but “stiffer” than MU-A aorta so that 
k1 would be increased by 44%. To simulate our experi-
mental set-up where we tie the aorta onto cannulae, zero-
displacement boundary conditions in all directions were 
imposed at the long ends of the cylinder. We examined the 
structural model results at a point midway along the aortic 
length where edge effects were negligible. We adjusted 
the approximate HGO parameters to match measures of 
luminal pressure and outer diameter (Halabi et al. 2017) 
(Fig. 1A). We then calculated the resulting circumferential 
stretch (λθ) and stress (σθ) at an element midway across 

the aortic wall thickness (Fig. 1B) to ensure the pattern of 
predicted behavior matched that observed for wild-type, 
aneurysmal, and non-aneurysmal mouse aorta (Bellini 
et al. 2016). We also calculated the deformed thickness 
at 13.33 kPa from the structural models to compare to 
our experimental results (Crandall et al. 2023) (Fig. 1C). 
We used these final HGO parameters (Table 3) for the 
biphasic (Sect. 2.5) and multiphasic (Sect. 2.6) models 
for each case.

2.5 � Biphasic model

A biphasic model of the aortic wall was constructed in 
FEBio (Maas et al. 2012). The experimental set-up was 
modeled by considering the aorta as a hollow cylinder fully 
interfaced with a 7-mL external collecting bath (Fig. 2A) 
and case-specific geometry (Table 1). Zero-displacement 
boundary conditions in all directions were imposed at the 
ends of the cylinder. The aortic wall was meshed using 
eight-node hexahedral elements refined radially closer to 
the inner and outer radius. The 7 mL collecting bath was 
also meshed using eight-node hexahedral elements refined 
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Fig. 1   Solid mechanical behavior of the aortic wall. Using case-
specific geometry (Table  1) and unconstrained HGO parameters 
(Table  3) for each case, we show the A experimental (Halabi et  al. 
2017) and model predicted luminal pressures vs. outer diameter 
behavior and highlight (dashed box) the 13.33 kPa luminal pres-
sure used for the transport experiments in Crandall et  al. (2023). 
Halabi et  al. (2017) did not include MU-XA experimental data, 

so we assume it is similar to MU-A based on the diameter at 13.33 
kPa reported in Crandall et al. (2023). B Model-predicted mid-wall, 
mid-length circumferential stretch ( �� ) vs. stress ( �� ) for each applied 
pressure for each case. C Deformed thickness at 13.33 kPa from 
the experimental data in Crandall et al. (2023) and predicted by the 
model

Table 3   Unconstrained 
Holzapfel–Gasser–Ogden 
(HGO) material parameters for 
each case

Values were calculated using the material parameters and 4-fiber constitutive relation in Bellini et  al. 
(2016) along with circumferential and axial stretch ratios from Kailash et al. (2024) to generate pseudo-
stretch-stress data for WT, MU-NA, and MU-A cases. We used nonlinear optimization to fit approximate 
HGO material parameters to the pseudo-stretch-stress data and adjusted them to match the experimental 
pressure-diameter data, expected stretch-stress behavior, and deformed thicknesses (Fig. 1). We assumed 
that the MU-XA aorta would be similar to, but “stiffer” than MU-A aorta so that k1 would be increased. 
The bulk modulus, Ko, was chosen as 1000 × c to ensure incompressibility

Case c (kPa) k1 (kPa) k2 �(◦) κ K
0
(kPa)

WT 15 3 0.1 23 0.1 15,000
MU-NA 23 20 1 24 0.26 23,000
MU-A 24 9 1.7 34 0.01 24,000
MU-XA 24 13 1.7 34 0.01 24,000
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closer to the inner radius. The mesh densities were chosen 
to satisfy mesh convergence and independence.

Baseline material properties for the biphasic and mul-
tiphasic representations of the aortic wall and collecting bath 
are given in Fig. 2B. An unconstrained HGO solid material 
model was used for the aortic wall, and parameters were 
determined as described in Sect. 2.4. The solid volume frac-
tion of the aortic wall was set to �0 = 0.6, as determined 
from previous experiments (Chooi et al. 2016) and mod-
eling (Guang et al. 2022). The collecting bath was modeled 
as an incompressible, isotropic Neo-Hookean solid with E 
= 0.01 kPa, ν = 0.49, �0 = 0 (no solid volume fraction) to 
represent the fluid phase. The aortic wall and collecting bath 
were given constant isotropic permeability k where  k = koI 
and ko is the isotropic hydraulic permeability and I is the 
identity tensor. ko for the aortic wall was optimized from 
experimental data (Sect. 2.7) and ko for the collecting bath 
was set to 1 mm4

mN∙s
.

In the system, the total mixture stress (σ) is related to 
both the hydraulic fluid pressure ( p ) and the solid matrix 
stress ( �e),

(2)� = −pI + �
e,

where the solid matrix is determined by the strain energy 
function (Eq. 1) and the deformation. The volumetric fluid 
flux (w) of the fluid relative to the solid in the biphasic 
model is,

where ∇ is the gradient. To match the experimental condi-
tions (Crandall et al. 2023), we prescribed a fluid pressure 
boundary condition of p = 13.33 kPa at the inner nodes 
of the aortic wall and p = 0 kPa via a zero fluid pressure 
boundary condition at the outermost nodes of the collecting 
bath. For a biphasic surface with a non-zero fluid pressure, 
corresponding mixture traction must be applied. The nor-
mal component of the mixture traction (tn) was prescribed 
as tn = -13.33 kPa to the inner elements of the aortic wall 
(Maas et al. 2024).

2.6 � Multiphasic model

A multiphasic model was created using similar procedures, 
displacement boundary conditions, and material properties to 
those described above (Fig. 2) with the addition of a concentra-
tion gradient due to the 1.25 mM 4 kDa FITC-dextran that was 
added to the lumen of the aorta in the experiments (Crandall 

(3)w = −k ⋅ (∇p),

Fig. 2   Model geometry and variables. A The aortic wall is modeled 
as an axisymmetric cylinder (red) with a case specific outer (Ro) and 
inner (Ri) radius shown in Table 1. The bath (blue) is modeled as an 

incompressible fluid with a 7-mL volume. B Baseline biphasic and 
multiphasic parameters for the aortic wall and the bath
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et al. 2023). The solute has access to all pore spaces of the 
solid matrix. In the multiphasic model, the volumetric flux (w) 
of the solvent relative to the solid is,

with the effective fluid pressure ( ̃p) defined by,

and

where R is the gas constant, θ is the absolute temperature, 
d = deff I assuming constant isotropic diffusivity, d0 is the 
solute free diffusivity, C is the concentration of the solute, 
ϕ is the osmotic coefficient and is assumed to be unity. �w 
is the mobile fluid fraction where  �w

= 1 − �s , and �s is 
the solid matrix volume fraction in the current state. The 
solute free diffusivity was calculated using the Stokes–Ein-
stein equation,

where kB is Boltzmann’s constant, rs is the solute’s hydrody-
namic radius, and � is the dynamic viscosity of the solvent 
(Miller 1924). We previously showed that the hydrody-
namic radius of 4 kDA FITC-dextran is close to the radius 
of 1.4 nm measured by the manufacturer (Guang et al. 2022). 
The viscosity of PBS at 310 K was assumed to match that 
of water ( (6.92 × 10

−4 kg

m∗s
 ); hence d0 = 2.34 × 10

−4 mm
2

s
 

(Fig. 2B). The effective solute diffusivity (deff) was opti-
mized from the experimental data (Sect. 2.7).

The molar flux (j) of the solute relative to the solid in the 
multiphasic model is given by,

To match the experimental conditions for the multiphasic 
model we prescribed effective fluid pressure p̃ = 10.11 kPa 
at the inner nodes of the aortic wall and hydraulic fluid pres-
sure p = 0 kPa via a zero fluid pressure boundary condition 
at the outermost nodes of the collecting bath. We prescribed 
tn = −13.33 kPa to the inner elements of the aortic wall, as 
in the biphasic model. In the collecting bath, we set d0 to be 
10,000 × higher than d0 in the aortic wall to simulate well-
mixed conditions and set deff = d0 because the collecting bath 
has no resistance to solute flux.

(4)w = −k̃ ⋅

(

∇p̃ + R𝜃
d

d0
⋅ ∇C

)

,

(5)p̃ = p − R𝜃𝜙C,

(6)k̃ =

[

k−1 +
R𝜃

𝜑w

C

d0

(

I −
d

d0

)]−1

,

(7)d0 =
kB�

6�rs�
,

(8)j = d ⋅

(

−�w
∇C +

C

d0
w

)

2.7 � Optimizing transport material properties

The constrained Levenberg–Marquardt optimization algorithm 
in FEBio was utilized to obtain the hydraulic permeability ( k0) 
by optimizing biphasic predictions of fluid flux at the outer 
wall ( w ) to experimental measures of fluid flux ( Jv ) for each 
aorta. After determining k0 for each aorta using the biphasic 
model, the constrained Levenberg–Marquardt optimization 
algorithm in FEBio was used to determine deff  for each aorta 
by optimizing multiphasic predictions of transient concentra-
tion to experimental measures of transient concentration. We 
evaluated the ability of our multiphasic model to match experi-
mental solute findings by comparing our multiphasic solute 
flux ( j ) to our experimental solute flux ( Js ). The objective of 
this study was to determine if k0 and deff  , which are intrinsic 
transport properties, are altered in mouse models of TAA.

2.8 � Statistical analysis

One-way ANOVA and Tukey’s post-hoc test were used to 
test for differences in k0 and deff  between the four cases (WT, 
MU-NA, MU-A, MU-XA) at a significance level of 0.05 
(Prism, GraphPad).

3 � Results

3.1 � Experimental results

Experimental results for fluid and solute flux have previously 
been published and are summarized in Table 2 (Crandall et al. 
2023).

3.2 � Biphasic model parameter sweep

To understand how different factors contribute to the trans-
mural fluid flux, we varied the undeformed thickness (0.11 
– 0.13 mm), �0 (0.3–0.9), unconstrained HGO parameters, 
and k0 ( 1 × 10−7 − 1 × 10−5

mm4

mN⋅s
) and calculated the transmu-

ral fluid flux for the biphasic model. Unless otherwise noted, 
we used WT geometry and HGO parameters for the biphasic 
model parameter sweep. The parameter ranges represent dif-
ferences between cases (Tables 1 and 3) and expected experi-
mental values based on previous work (Guang et al. 2022; 
Chooi et al. 2016). As thickness increases from the minimum 
of 0.11 mm to the maximum of 0.13 mm (Table 1), fluid flux 
decreases by 29% (Fig. 3A), indicating that thickening of the 
aortic wall in MU mice partially contributes to the reduced 
fluid flux observed experimentally (Table 2). Across the ranges 
tested, �0 has no effect on fluid flux (Fig. 3B). The case-spe-
cific HGO parameters (Table 3) decrease the fluid flux by 28% 
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in MU-NA, 40% in MU-A, and 43% in MU-XA compared to 
WT (Fig. 3C), demonstrating a geometry independent effect 
of the solid material parameters on fluid flux. k0 has the larg-
est effect on fluid flux, increasing it ninefold over the range 
tested (Fig. 3D). These observations indicate that k0 is a criti-
cal parameter to determine for fluid flux predictions across 
the aortic wall.

3.3 � Determination of hydraulic permeability

We solved for k0 by optimizing our biphasic w against our 
experimental values of Jv using case-specific geometry and 
unconstrained HGO material properties (Tables 1 and 3). 
We found a 49% decrease in k0 for MU-XA compared to 
MU-NA aortas (Fig. 4A). The experimentally derived fluid 
flux and biphasic model-simulated fluid fluxes are shown in 
Fig. 4B. The average absolute percent difference between the 

experimental and model-simulated fluid fluxes was 0.08% 
for all aortas.

3.4 � Multiphasic model parameter sweep

We next explored how undeformed thickness, �0 , uncon-
strained HGO parameters, k0, and deff  affect transmural 
solute flux. Unless otherwise noted, we used WT geometry 
and HGO parameters for the multiphasic model parameter 
sweep. Increasing undeformed thickness from the mini-
mum of 0.11 mm to the maximum of 0.13 mm (Table 1) 
decreases solute flux by 29% (Fig. 5A). This is opposite to 
the changes observed experimentally for increased solute 
flux in the thickened MU aorta compared to WT (Table 2), 
highlighting the importance of controlling for geometric 
effects. Increasing �0 from 0.3 to 0.9 reduces solute flux by 
71% (Fig. 5B). The case-specific HGO parameters (Table 3) 
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decrease the solute flux 28% in MU-NA, 40% in MU-A, 
and 43% in MU-XA compared to WT (Fig. 5C), which is 
again opposite to the experimentally observed changes in 
the MU cases compared to WT (Table 2). There is a 51% 
increase in solute flux as k0 increases from 1 × 10

−7 mm4

mN∙s
 to 

1 × 10
−5 mm4

mN∙s
  (Fig. 5D). As deff increases from 1 × 10

−6 mm
2

s
 to 

1 ×10−5 mm
2

s
 , there is a ninefold increase in solute flux. These 

results show weak dependence of solute flux on undeformed 
thickness and HGO material parameters, moderate depend-
ence on �0 and k0, and strong dependence on deff  . Thick-
ness values were determined experimentally. Unconstrained 
HGO material parameters were estimated from previous 
data (Sect. 2.4). k0 was determined from optimization of 
the experimental fluid flux to the biphasic model fluid flux. 
deff  was determined from optimization of the experimental 
transient concentration to the multiphasic model transient 
concentration. While solute flux is dependent on �0 , in the 
absence of physiologic data we set �0 = 0.6 , as has been 

found experimentally (Chooi et al. 2016) and we have done 
previously (Guang et al. 2022).

3.5 � Determination of effective solute diffusivity

We used the optimized k0 for each aorta and determined deff 
from nonlinear optimization using the experimental tran-
sient concentration data (Fig. 6A). This yielded an aorta-
specific k0 and deff across all four cases. deff is significantly 
increased in MU-NA aorta compared to all other groups, 
but neither aneurysmal group (MU-A or MU-XA) is dif-
ferent from WT (Fig. 6B). Given k0 and deff, the multipha-
sic model was used to determine a simulated solute flux 
(Fig. 6C). The average absolute percent difference between 
the experimental and model-simulated solute flux was 47% 
for all aortas, with no trend toward over-or under-predicting 
in each case (average percent difference is -3%). It should be 
noted that there were variations in the geometry (Crandall 
et al. 2023) and likely the material behavior for each aortic 
wall that were not accounted for in our models which used 
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case-specific average geometry and HGO material param-
eters (Tables 1 and 3). Differences between the average and 
individual geometries and material parameters could account 
for some of the differences between the model predictions 
and experimental results for the solute flux. FEBio models 
and results for each case with the average fitted ko and deff 
are available at https://​doi.​org/https://​doi.​org/​10.​6084/​m9.​
figsh​are.​27135​579.

4 � Discussion

Biphasic and multiphasic models were developed to inves-
tigate how genetic mutations associated with fragmented 
elastic fibers affect the relative movement of fluid and 4 kDa 
FITC-dextran solute across the aortic wall in mouse models 
of TAA with varying severity. Although changes in vascular 
geometry and solid material properties of the wall for the 
various cases partially contribute to changes in transmural 
fluid and solute flux, our findings reveal changes in intrinsic 
transport properties, k0 and deff  , that depend on the presence 
or absence of aneurysmal dilation in each case. In particular, 
k0 is lower in the most extreme aneurysm aortas (MU-XA), 
with elastic fiber fragmentation and 100% aneurysm pheno-
type, than in MU-NA aortas, with fragmented elastic fibers 
and no aneurysmal dilation. Interestingly, WT and MU-NA 
aortas have similar k0 indicating that changes in wall thick-
ness (Fig. 3A) and/or solid material properties (Fig. 3C) can 
explain the differences in fluid flux (Fig. 4B). MU-NA aor-
tas have significantly higher deff  than WT controls and both 
aneurysmal groups indicating that changes in wall thickness 
(Fig. 5A) and/or solid material properties (Fig. 5C) can-
not explain the differences in solute flux (Fig. 6C). The use 
of the unconstrained HGO material for the aorta allows us 
to model the nonlinear pressure-diameter and stress-stretch 
response of the aorta (Fig. 1A, B) over a range of pressures 
creating a realistic loaded geometry for the fluid- and solute 
flux simulations. The results indicate aortic wall remodeling 
associated with fragmented elastic fibers and TAA dilation 
that affects transmural fluid and 4 kDa FITC-dextran solute 
movement.

4.1 � ECM remodeling and intrinsic transport 
properties

As shown in our previous work (Guang et al. 2022), fluid 
flux is affected minimally by �0 and solid material proper-
ties, but depends highly on k0. Although only significant for 
MU-XA aortas compared to MU-NA, there is a trend toward 
decreased k0 in MU-A aortas, as well. Decreased k0 sug-
gests that ECM remodeling in response to genetic mutations 
that affect elastic fiber assembly and resulting remodeling 
seen with aneurysmal dilation may hinder fluid movement 

through the aortic wall. Previous research shows massive 
proteoglycan deposition, in particular aggrecan and versican, 
in the aneurysmal aortic wall of mice and humans (Cikach 
et al. 2018). At high concentrations, proteoglycans create a 
large osmotic swelling pressure and draw water into the tis-
sue, which then increases resistance to fluid flow and redis-
tribution of water (Kiani et al. 2002). There is evidence of 
proteoglycan deposition in the MU-XA aorta (Crandall et al. 
2023). It is possible that increased proteoglycans in the TAA 
wall sequester intra-wall fluid, decreasing the mobile fluid 
fraction, and reducing k0. In that case, k0 may be a biomarker 
of wall remodeling associated with TAA.

Our calculated deff  values, a measure of the mobility of 
a solute through a porous medium, are the same order of 
magnitude as our previous work (Guang et al. 2022). Our 
deff  values are also the same order of magnitude as those 
of the bovine internal carotid artery for similar molecular 
weight solutes (Hwang and Edelman 2002). deff  of MU-NA 
aortic wall is significantly greater than WT, whereas nei-
ther aneurysmal group (MU-A and MU-XA) is different 
from WT. Although not significant, MU-A and MU-XA 
aortae have trends toward increasing deff  compared to WT. 
It is tempting to speculate that ECM wall remodeling leads 
first to changes that facilitate solute movement when there 
are genetic mutations associated with TAA but no dilation 
(MU-NA), then as TAA develops (MU-NA and MU-XA) 
additional wall remodeling leads to changes that hinder sol-
ute movement. As many ECM proteins and fragments of 
ECM proteins can bind and sequester molecules, it is pos-
sible that dynamic changes occur in TAA formation that 
alter deff  . This should be investigated in a temporal fashion 
throughout TAA formation in a single mouse model, rather 
than multiple mouse models with varying TAA phenotypes, 
as we did in this study. Additionally, different solutes may 
be uniquely affected by dynamic ECM remodeling and the 
observed changes in proteoglycan fraction, so we can expect 
that the charge, as well as molecular weight and other char-
acteristics will affect solute transport.

Prior efforts by Edelman and colleagues characterized 
transport in the ex vivo aortic wall. They found that solute 
characteristics, like hydrophobicity or hydrophilicity, affect 
tissue concentrations and transmural transport (Lovich et al. 
1998; Hwang and Edelman 2002; Levin et al. 2004). Similar 
to our multiphasic sweep results, they found that convective 
mechanisms (i.e. k0) are significant determinants of trans-
mural heparin (solute) transport (Lovich et al. 1998). These 
studies illustrate that the driving factors (i.e. blood pressure 
and concentration), the geometry and structural composition 
of the aortic wall, and the solute properties affect transmural 
transport. Our study builds on prior work by further linking 
fluid and solute transport to geometry and structural com-
position of the aortic wall, and further identifying intrinsic 
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transport parameters that vary according to disease genotype 
and TAA phenotype.

Histological examination shows a variety of structural 
changes to the aortic wall in TAA (Yousef et  al. 2021; 
Bellini et al. 2017). In addition to fragmented elastic fib-
ers (Isselbacher 2005) and proteoglycan deposition (Cikach 
et al. 2018), studies show increased amounts of interstitial 
collagens and a loss of vascular SMCs; however, specific 
changes vary according to etiology of the disease. ECM 
remodeling can lead to changes in mechanical behavior of 
the aortic wall, exposure of previously hidden integrin-bind-
ing sites, chronic SMC activation, leakage and deposition of 
plasma derived cytokines, and infiltration of immune cells 
from the lumen and adventitia (Lin and Davis 2023).

Deposition of plasma-derived cytokines and infiltration 
of immune cells from the lumen may be affected by changes 
in transmural transport (Michel et al. 2018, 2007). Elevated 
circulating levels of plasminogen (Boukais et al. 2018), pro-
thrombin (Touat et al. 2008), and complement (Piao et al. 
2024) which are known to affect SMC phenotype and down-
stream signaling have been shown in the wall of human and 
mouse TAA, suggesting facilitated solute transport. Immune 
cell infiltration also increases in human (Li et al. 2020) 
and mouse (Sun et al. 2023) TAA, suggesting facilitated 
transport of large particles (such as cells) and/or increased 
chemo-mechanical signaling that attracts immune cells.

Recent efforts have focused on understanding and cor-
relating mechanical changes with wall remodeling over the 
course of TAA progression (Weiss et al. 2023). However, 
few studies have characterized transport changes associated 
with TAA wall remodeling that could be harnessed to opti-
mize delivery of imaging agents (Rastogi et al. 2022) or 
drugs (Shirasu et al. 2016) to the affected site.

4.2 � Hypothesized mechanism and future work

With our results, we propose a mechanism (Fig. 7) that will 
require significant future work to investigate. We hypoth-
esize that elastic fiber fragmentation associated with the 
genetic mutations in MU aorta leads to increased deff  as the 
physical barrier between the lumen and multiple layers of 
the media are disrupted. Increased deff  allows circulating 
cytokines to enter the aortic media and interact with SMCs 
(Michel et al. 2007, 2018). The cytokines stimulate ECM 
remodeling, including additional elastic fiber degradation 
and deposition of proteoglycans (Borges et al. 2010, 2009; 
Boukais et al. 2018a, b). The proteoglycans resist fluid flow 
(Comper and Williams 1987; Gard et al. 1993), decrease k0 
in the MU-A and MU-XA aortas, and bring deff  back to WT 
values. Medial calcification that is sometimes observed in 
TAA (Fletcher et al. 2022) could also serve to lower k0 and 
deff  . These alterations to mass transport and associated ECM 
remodeling may help drive TAA progression. Investigations 
into specific cytokine levels within the aortic wall, relation-
ships between exposure of SMCs to circulating cytokines 
and ECM remodeling, the role of proteoglycans in sequestra-
tion of intra-wall fluid, and how fluid and solute flux change 
over TAA progression are needed to support or refute our 
hypothesis.

Future work that can address our hypothesis includes 
experimental and computational methods. Cytokine 
screens can identify changes in circulating blood and 
the aortic wall throughout TAA progression (Meccanici 
et al. 2023). In vitro studies can investigate the effects of 
these cytokines on SMCs and ECM remodeling (Boukais 
et al. 2018a, b). Proteoglycan deposition can be measured 
through gene expression studies (Cikach et al. 2018) and 
Raman microspectroscopy (Sugiyama et al. 2021). Raman 

Fig. 7   Hypothesized mechanism. A Genetic mutations cause elastic 
fiber defects increasing deff  and diffusion of circulating cytokines into 
the aortic wall. B These circulating cytokines interact with SMCs and 
stimulate ECM remodeling, such as proteoglycan deposition, which 

C decreases k0 and brings deff  back to WT levels. These alterations to 
mass transport and associated ECM remodeling may drive TAA pro-
gression. Created with BioRender.com
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microspectroscopy can also be used to measure mobile water 
fraction (Unal and Akkus 2018). A microstructurally based 
computational model with SMCs, elastic fibers, collagen fib-
ers, and proteoglycans in the aortic wall (Roccabianca et al. 
2014) can investigate how changes in individual components 
affect fluid and cytokine solute transport.

4.3 � Limitations

Our models and experimental data are limited by the 
absence of an EC layer. ECs regulate transport across 
the aortic wall, which may be dysregulated in aneu-
rysms (Yang et al. 2023) and was not studied here. We 
assumed a homogeneous aortic wall (Giannakoulas et al. 
2005) although layer specific transport properties for the 
SMCs and elastic laminae (Tada and Tarbell 2004; Huang 
and Tarbell 1997) or media and adventitia (Chooi et al. 
2016; Hwang and Edelman 2002) have been reported. In 
the absence of measurements for our mouse models, we 
assumed constant-isotropic permeability and isotropic 
diffusivity. Hwang and Edelman illustrated differences in 
planar and transmural transport of the bovine arterial wall 
(Hwang and Edelman 2002), so future studies should also 
investigate varying directional permeability and diffusiv-
ity. Altundemir et al. (2023) used a radial strain depend-
ent permeability for human carotid artery that could be 
investigated for the mouse aorta in future work. Another 
limitation of our model is the absence of a known �0 for 
each case. Our multiphasic sweep showed that solute 
flux depends on �0 , and suggests that future work should 
attempt to measure �0 rather than rely upon a constant 
value. It is challenging to measure �0 by conventional 
means, like weighing loss of water under compression 
(Chooi et al. 2016) or fluid displacement by the tissue 
(Gueldner et al. 2024) as done with porcine aorta.

In terms of the starting geometry, our models could be 
further improved by considering axial stretch and residual 
stress. Our starting model length was at the 1.1 × axial stretch 
reported in Crandall et al. (2023) for all cases. However, it 
is known that in vivo stretch varies with TAA phenotype in 
mice (Bellini et al. 2016) and the stretch may affect stress 
and transport in a nonlinear material. We additionally did not 
have pressure-diameter behavior for the MU-XA aorta and 
had to assume material parameters. We considered circum-
ferential expansion and radial compression by incorporating 
the unloaded radius and thickness and applying a luminal 
pressure, but we did not consider residual stresses by incor-
porating opening angles (Chuong and Fung 1986). Residual 
stresses may be altered by proteoglycan distribution across 
the aortic wall (Azeloglu et al. 2008) and can affect fluid flux 
(Altundemir et al. 2023).

5 � Conclusions

This study presents a novel approach for characterizing 
transmural transport differences in the healthy and aneu-
rysmal aortic wall. The use of biphasic and multiphasic 
models allows us to determine intrinsic transport proper-
ties, k0 and deff  , across a spectrum of aneurysm phenotypes 
in the mouse. The study advances our understanding of how 
wall remodeling associated with TAA leads to alterations in 
transport properties. These intrinsic transport properties are 
necessary for extending the modeling approach to more real-
istic geometries (i.e., including ascending aortic curvature), 
driving forces (i.e., pulsatile flow and pressure), and other 
organisms (i.e., humans).
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