
Vol.:(0123456789)1 3

Biomechanics and Modeling in Mechanobiology (2024) 23:413–431 
https://doi.org/10.1007/s10237-023-01782-7

ORIGINAL PAPER

Growth and remodeling of the dissected membrane in an idealized 
dissected aorta model

Lise Gheysen1 · Lauranne Maes2 · Nele Famaey2 · Patrick Segers1

Received: 14 July 2023 / Accepted: 11 October 2023 / Published online: 10 November 2023 
© The Author(s) 2023

Abstract
While transitioning from the acute to chronic phase, the wall of a dissected aorta often expands in diameter and adaptations in 
thickness and microstructure take place in the dissected membrane. Including the mechanisms, leading to these changes, in a 
computational model is expected to improve the accuracy of predictions of the long-term complications and optimal treatment 
timing of dissection patients. An idealized dissected wall was modeled to represent the elastin and collagen production and/
or degradation imposed by stress- and inflammation-mediated growth and remodeling, using the homogenized constrained 
mixture theory. As no optimal growth and remodeling parameters have been defined for aortic dissections, a Latin hypercube 
sampling with 1000 parameter combinations was assessed for four inflammation patterns, with a varying spatial extent (full/
local) and temporal evolution (permanent/transient). The dissected membrane thickening and microstructure was considered 
together with the diameter expansion over a period of 90 days. The highest success rate was found for the transient inflam-
mation patterns, with about 15% of the samples leading to converged solutions after 90 days. Clinically observed thickening 
rates were found for 2–4% of the transient inflammation samples, which represented median total diameter expansion rates 
of about 5 mm/year. The dissected membrane microstructure showed an elastin decrease and, in most cases, a collagen 
increase. In conclusion, the model with the transient inflammation pattern allowed the reproduction of clinically observed 
dissected membrane thickening rates, diameter expansion rates and adaptations in microstructure, thus providing guidance 
in reducing the parameter space in growth and remodeling models of aortic dissections.

Keywords Aortic dissection · Finite element analysis · Growth and remodeling · Membrane thickening · Parameter space 
reduction

1 Introduction

Similar to the healthy aorta, the dissected aortic wall evolves 
over time as a consequence of soft tissue growth and remod-
eling. This typically leads to aortic expansion as well as 
thickening and a reduced motion of the dissected membrane, 
i.e. the delaminated part of the aortic wall that separates 

the true lumen (normal blood path) from the false lumen 
(newly formed blood path) between the delaminated and the 
remaining part of the wall (Karmonik et al. 2012; Peterss 
et al. 2016; Trimarchi et al. 2013). Moreover, inflammation 
has been observed in the region of the dissection, which 
is expected to affect the soft tissue growth and remodeling 
(He et al. 2006; Luo et al. 2009; Wang et al. 2020). Under-
standing the impact of growth and remodeling in the context 
of aortic dissections might contribute to treatment optimi-
zation. Indeed, both medically and endovascularly treated 
patients regularly show the development of complications, 
such as aortic expansion and malperfusion, and/or the need 
for late (re)interventions (Fattori et al. 2013; Nienaber et al. 
2011). This indicates that the current treatment strategies 
are often not able to determine the optimal patient-specific 
treatment at hospital admission. Moreover, the timing of the 
intervention has been found to impact the long-term out-
come of the treatment in terms of maximal aortic diameter, 
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false lumen size and true lumen expansion (Jubouri et al. 
2022). In combination with accurate models of the blood 
flow and thrombus formation, the inclusion of growth and 
remodeling in models of aortic dissection will help in the 
prediction of potential complications and/or the preferred 
timing of stent-graft placement.

Multiple theoretical frameworks to represent soft tissue 
growth and remodeling, such as the (homogenized) con-
strained mixture theory, have been proposed over the past 
decades and applied to arterial diseases as hypertension and 
aneurysm formation, where the growth and remodeling pro-
cess was explained as a consequence of elastin degradation 
and collagen remodeling induced by changes in stress and/
or inflammation (Braeu et al. 2017; Brandstaeter et al. 2021; 
Cyron et al. 2014; Horvat et al. 2019; Latorre et al. 2019; 
Maes et al. 2023; Mousavi et al. 2019; Ramachandra et al. 
2020). Furthermore, a multi-scale framework was developed 
and used to model the effect of the microstructural constitu-
ent remodeling on the macroscopic soft tissue deformation 
in a chronic dissection (Gacek et al. 2023).

However, these growth and remodeling models come with 
a large set of parameters and knowledge regarding proper 
physiological values thereof is still limited. In case longitu-
dinal experimental data are available, values for the consid-
ered parameters can be determined through parameter fitting 
(Maes et al. 2023). However, often insufficient or even no 
data are available and parameter values have to be assumed. 
In this respect, the impact of adopted parameter values for 
the stress-induced growth and remodeling has been tested, 
but not in the framework of aortic dissections (Braeu et al. 
2017; Brandstaeter et al. 2021; Cyron et al. 2014; Horvat 
et al. 2019; Mousavi et al. 2019; Valentin and Humphrey 
2009). Indeed, the transition from the acute to the chronic 
phase in the dissected aorta has, to the authors’ knowledge, 
not yet been modeled and proper parameter values have, 
consequently, not yet been established.

Therefore, this study aims to investigate whether the tran-
sition of the dissected aorta from the acute to the chronic 
phase, and the corresponding dissected membrane thicken-
ing, can be represented by applying stress- and inflamma-
tion-mediated growth and remodeling of elastin and col-
lagen using reported ranges for the growth and remodeling 
parameters.

2  Methods

2.1  Model framework

2.1.1  Geometry

The reference geometry is based on an idealized model of 
a slice of a dissected aorta. The dissected wall model was 

developed as a cylindrical geometry with an axial length of 5 
mm, an inner diameter of 27.3 mm and a total wall thickness 
of 1.90 mm (Fig. 1) (Yamauchi et al. 2018). Of the total wall 
thickness, a fraction of 75% was assumed to correspond to 
the media and 25% to the adventitia (Humphrey 2013; Weis-
becker et al. 2012). The false lumen is implemented in the 
cylindrical reference geometry by integrating unconnected 
elements at 70% of the medial layer, thus in the outer third of 
the media, and comprises 245° of the circumference, a value 
retrieved from a patient CT scan and in correspondence to 
Brunet et al. (2023) (Osada et al. 2013). The CT scan was 
acquired from the University Hospital of Düsseldorf with 
consent of the local ethical committee (reference number: 
2017064325) (Logghe et al. 2021). In its unloaded state, 
the false lumen is not visible and the model appears as the 
geometry of a healthy cylindrical aortic wall (Fig. 1(a, c)). 
The model does not include the tears or connection with the 
healthy aortic wall and, therefore, represents an infinitely 
long dissection.

2.1.2  Acute material behavior

Both the medial and the adventitial layer of the dissected 
wall model are assumed to behave as an anisotropic hyper-
elastic Holzapfel-Gasser-Ogden (HGO) material with two 
non-dispersed fiber families (Holzapfel et al. 2000). The 
strain energy density functions for the elastin and collagen 
fraction of each layer, �e

M
 , �c

M
 and �e

A
 and �c

A
 , were, conse-

quently, defined as

where subscripts M and A, respectively, indicate the medial 
and adventitial layer and superscripts e and c refer to elastin 
and collagen, respectively. Parameters c10, k1 and k2 cor-
respond to the elastin shear modulus, the collagen stiffness 
and the collagen fiber stiffening, respectively. Parameters 
c10 and k1 were linked for the media and adventitia based 
on the observed elastin and collagen area fractions in both 
layers (Iliopoulos et al. 2009). The invariants of the right 
Cauchy-Green tensor C of deformation gradient tensor 
F, with C = FTF, are indicated as I1 and Ii, with i = 4, 6. 
The fourth and sixth invariants, I4 and I6, depend on the 
fiber stretch and the mean fiber angles αM and αA, which 
are defined with respect to the circumferential direction and 
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differ for the media and adventitia. Note that the fibers are 
assumed to contribute to the load bearing in tensile stretch 
only. The initial density of constituent i, expressed as frac-
tion w.r.t. the initial configuration, is accounted for by �i

0
 . 

Including this density allows the expression of the fraction 
of collagen and elastin with respect to a reference unit area 
within each material layer, which is assumed to contain no 
other constituents than collagen and elastin.

The parameters were determined based on a predefined 
value of the pulse wave velocity as proposed in Gheysen 
et al. (2023), where the pulse wave velocity of a full facto-
rial design of the Gasser-Ogden-Holzapfel (GOH) param-
eters, including collagen fiber dispersion, was calculated for 
a reference cylinder. A pulse wave velocity of 6 m/s was 
assumed, which is representative for the aortic stiffness in 
middle-aged humans and, thus, corresponds to the average 
age of dissection patients (Logghe et al. 2021). As a non-
dispersed one-dimensional fiber orientation was assumed 
in the growth and remodeling implementation (Sect. 2.2.1), 
the GOH parameter combination that fulfilled the zero dis-
persion condition, both in the media and adventitia, and 
was closest to the target pulse wave velocity of 6 m/s was 
selected. This resulted in parameters c10M = 0.015 MPa, 
k1M = 0.12 MPa, k2M = 6.9, αM = 0.79 rad for the media and 

c10A = 0.0051 MPa, k1M = 0.14 MPa, k2M = 6.9, αM = 1.4 rad 
for the adventitia. The aortic wall tissue was assumed to be 
composed of elastin and collagen; smooth muscle cells were 
not accounted for. Consequently, the initial fractions of col-
lagen and elastin were determined as percentage of the total 
elastin and collagen area, based on the data of Iliopoulos 
et al. (2009). This resulted in a respective initial collagen 
fraction for the media and adventitia of 0.27 and 0.40, for 
each fiber family. The corresponding initial elastin fractions 
were 0.46 for the medial and 0.20 for the adventitial layer.

2.1.3  Loading and boundary conditions

To account for the in vivo loading state of the aortic wall, 
an axial stretch and circumferential and radial deposi-
tion stretches have been included using a MATLAB (The 
MathWorks Inc., USA) implementation of the deposition 
stretch algorithm of Famaey et al. (2018). This pre-stressing 
algorithm was first applied to a healthy cylindrical geom-
etry, without false lumen, with a constant deposition strain 
of 10% in the fiber direction for collagen and in the axial 
direction for elastin (Bellini et al. 2014; Horny et al. 2014). 
The in vivo deformation of the acute dissection was sub-
sequently obtained by applying the resulting deposition 

Fig. 1  Overview of the slice 
model in the (a, c) unloaded 
and (b, d) loaded configuration. 
The predefined dimensions of 
the model are indicated on the 
(a, c) unloaded shape, which 
corresponds to the geometry 
of the in vivo healthy wall, but 
already includes the predefined 
location of the false lumen. 
A schematic indication of the 
measured geometrical param-
eters is illustrated on the (b, d) 
loaded configuration, with Ti

DM
 

being the dissected membrane 
thickness and Di

tot
 , Di

FL
 and Di

TL
 

referring to the respective total, 
false lumen and true lumen 
diameter, where day i indicates 
the day of interest in the growth 
and remodeling process. Note 
that Di

tot
 , Di

FL
 and Di

TL
 are 

measured at the same line, but 
are indicated next to each other 
for better visualization
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stretches, obtained from the deposition stretch algorithm 
in MATLAB, simultaneous with a diastolic pressure of 80 
mmHg to the true and false lumen to a finite element model, 
with 3000 hexahedral elements, in Abaqus/Standard (Das-
sault Systèmes, France). The healthy configuration was not 
explicitly determined in the finite element analysis. Note 
that no load was applied to the dissected membrane, due 
to the assumption that the pressure exerted by the true and 
false lumen compensates each other. The slight difference 
in surface on which the pressure is acting indicates that the 
applied loading conditions provide an approximation of the 
in vivo situation. At the proximal and distal boundaries, only 
radial expansion was allowed for the adventitial layer and 
the connected medial layer, while the circumferential direc-
tion was an additional degree of freedom for the dissected 
membrane. This procedure leads to a dissected wall, shown 
in Fig. 1(b, d), that embeds initial stresses in the (remaining) 
aortic wall, while stress is relieved in the dissected mem-
brane as the delamination takes place and the diastolic pres-
sure is applied.

2.2  Transition from acute to chronic dissection

While the medical consensus on the definition of the acute, 
subacute and chronic phase of the dissection is, respec-
tively, 0 to 14 days, 2 weeks to 3 months and more than 
3 months after onset of the symptoms, a different defini-
tion was adopted for the experimental data of Peterss et al. 
(2016), where the dissected membrane thickening from the 
acute to the chronic phase was assessed (Dake et al. 2013). 
Indeed, they considered the membrane thickening after 2 to 
6 weeks as subacute and after 6 weeks as chronic. In order 
to allow for a comparison with the experimental data, the 
definition of Peterss et al. (2016) was adopted here. In total, 
30 growth steps were implemented, each accounting for a 
time step of 3 days, thus considering growth and remodeling 
during 90 days.

2.2.1  Homogenized constrained mixture theory

The evolution of the dissected wall during the transition 
from an acute to a chronic dissection was modeled using 
an implementation of the homogenized constrained mixture 
algorithm in Abaqus/Standard. While the details of the the-
ory, developed by Cyron et al. (2016), and the implementa-
tion, proposed by Maes et al. (2023) and Maes and Famaey 
(2023), have been extensively described before, the most 
important aspects are summarized below.

In the homogenized constrained mixture theory, the total 
deformation gradient tensor F at time s is the result of the 
soft tissue growth Fg and the constituent-specific remodeling 
Fi
r
 and elastic deformation Fi

elas
 according to

with i indicating the considered constituent and i = e, c corre-
sponding to elastin and collagen, respectively. Consequently, 
the elastic deformation gradient tensor Felas is determined 
if the total deformation, which can be determined using a 
finite element model, and the deformation due to growth 
and remodeling is known. The soft tissue growth is assumed 
to occur in the radial direction and to affect the different 
constituents in the same manner. Therefore, the Fg at time s 
was implemented as

 where ag is a unit vector that indicates the main growth 
direction, �tot the total density of elastin and collagen 
together and I the identity matrix (Braeu et al. 2017; Maes 
and Famaey 2023).

As it is assumed that elastin does not remodel, the deforma-
tion imposed by the remodeling only depends on the collagen 
and can be extracted from

for one-dimensional collagen fibers (Braeu et al. 2017; 
Cyron et al. 2016; Maes and Famaey 2023). The mean col-
lagen fiber direction in the initial configuration is indicated 
by Mf

, , while �c,fr (s) represents the collagen remodeling 
stretch in the fiber direction of fiber family f at time s. For 
more details about the derivation of this equation, the reader 
is referred to the original papers (Braeu et al. 2017; Cyron 
et al. 2016; Maes and Famaey 2023).

The densities of collagen and elastin change over time due 
to the constituent degradation and, in case of collagen, produc-
tion. Therefore, the current change in density of constituent i, 
�̇�i(s) , is determined as

where �̇�i
+
(s) and �̇�i

−
(s) represent the respective production 

and degradation of constituent i at time s. Note that the den-
sities, and the corresponding changes, are expressed relative 
to the initial configuration.

The total strain energy density function � tot is calculated as 
a combination of the strain energy density function of the dif-
ferent constituents and their corresponding densities. Moreo-
ver, it is assumed that the strain energy only depends on the 
elastic part of the deformation. This results in

(2)F(s) = Fi
elas

(s)Fi
r
(s)Fg(s),

(3)Fg(s) =
𝜌tot(s)

𝜌tot(0)
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where j = M, A depending on whether the medial or adven-
titial layer is considered (Sect. 2.1.2).

2.2.2  Stress‑mediated growth and remodeling

As the aortic wall attempts to restore homeostasis, collagen 
is remodeled by sensing the difference between the current 
and the homeostatic stress state (Humphrey and Rajagopal 
2002). It is assumed that this stress-mediated growth and 
remodeling is present, both in health and disease, and, con-
sequently, in the framework of aortic dissections. Therefore, 
the collagen production depends on the difference between 
the homeostatic and the current stress in the direction of 
fiber family f, �c,f

h
 and �c,f (s) , respectively, and the gain fac-

tor kc
�
 . The homeostatic fiber stress, �c,f

h
 , is determined as the 

stress that corresponds to the imposed homeostatic collagen 
fiber deposition strain of 10%. The degradation rate is, on 
the contrary, assumed to be constant and to depend on the 
characteristic time of collagen Tc, which was taken as 101 
days (Braeu et al. 2017; Maes et al. 2023). This results in

This stress-mediated growth and remodeling, thus, retains 
the homeostatic configuration for a healthy aortic wall, 
which is indicated in appendix 1.

2.2.3  Inflammation‑mediated growth and remodeling

As inflammatory cells have been observed in the dissected 
region, inflammation might be involved in the process of the 

(7)�̇�
c,f

+ (s) =
𝜌c,f (s)

Tc

(

1 + kc
𝜎

𝜎c,f (s) − 𝜎
c,f

h

𝜎
c,f

h

)

(8)�̇�c,f
−
(s) = −

𝜌c,f (s)

Tc
.

dissected membrane thickening (He et al. 2006; Luo et al. 
2009; Wang et al. 2020). In total, four inflammation patterns 
were considered based on the duration and location of the 
inflammation. As indications have been found for a transient 
and permanent effect of inflammation on the dissected mem-
brane (Peterss et al. 2016; Xu and Burke 2013), a transient 
and permanent inflammation process was studied similar to 
Maes et al. (2023) and Drews et al. (2020). The transient 
inflammatory reaction (Fig. 2a), as a consequence of the 
dissection of the aortic wall, was defined as

with δ and � being shape parameters that determine the loca-
tion and extent of the inflammation peak and s being the time 
expressed in days. The second pattern implies a permanent 
inflammatory reaction triggered by the dissection, which 
is in correspondence to the observations of Peterss et al. 
(2016), where no significant change in degree of inflamma-
tion of the dissected membrane was found between the acute 
and chronic phase (Fig. 2a). The permanent inflammation 
function is described as

with δ being the shape parameter that defines how fast the 
inflammatory process arises after occurrence of the dissec-
tion and s being again the time expressed in days.

Next to parameters δ and � , three gain factors were 
defined which impose the extent to which the inflam-
mation-mediated growth and remodeling of collagen and 
elastin takes place. Indeed, kc

Γ+
 , kc

Γ−
 and ke

Γ−
 , respectively, 

represent the extent of the collagen production, collagen 
degradation and elastin degradation as a consequence 
of the inflammatory reaction. Adding the effect of this 

(9)Γt(s) =

(

�s

� − 1

)�−1

e−�s+�−1,

(10)Γp(s) = 1 − e−�s

Fig. 2  Schematic overview of the (a) duration, i.e. permanent or transient, and (b) location, i.e. full or local, of the inflammation patterns. For 
the (b) location, the area of inflammation is indicated in red
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inflammation to the stress-mediated growth and remod-
eling Eqs. (7) and (8) leads to

 Here, Γ can be replaced by Γt or Γp , depending on the con-
sidered inflammation duration. The location of the inflam-
mation was either applied to the full wall, i.e. the complete 
medial and adventitial layer, or to the media that surrounds 
the false lumen, i.e. the dissected membrane and the media 
of the remaining wall, which is referred to as local inflam-
mation (Fig. 2b). The regions which are not subjected to 
inflammation are still affected by the stress-mediated growth 
and remodeling and Eqs. (7) and (8), thus, apply.

2.2.4  Implications of the growth and remodeling algorithm

The applied homogenized constrained mixture algorithm 
has been discussed before (Maes et al. 2023), but it is 
worth to touch upon some implications of the consid-
ered dissected wall growth and remodeling. The mod-
eled stress-mediated growth and remodeling depends on 
the difference between the current and the homeostatic 
collagen fiber stress, �c,f (s) and �c,f

h
 , respectively, where 

collagen production is triggered in case of increased fiber 
stress. This is expected to happen in the remaining wall 
of the dissected aorta, as a thinner wall has to withstand 
the same pressure. Conversely, the production of fibers 
decreases if their stress level is below the homeostatic 
state, which is the case in the acute dissected membrane, 
where the delamination corresponds to the release of the 
stresses in the tissue and, consequently, in the collagen 
fibers.

Besides, note that the combination of stress- and 
inflammation-mediated remodeling implies that the col-
lagen fibers remodel, even though their stress state equals 
the homeostatic one. In this case, the remodeling is trig-
gered by the difference in inflammation-related produc-
tion, kc

Γ+
 , and degradation, kc

Γ−
 . The concept that a severe 

inflammatory response might cause maladaptation and 
trigger the arterial wall to deviate from its homeostatic 
state was introduced by Latorre and Humphrey (2018), 
where it was applied in a constrained mixture model in 
the framework of hypertension.

(11)�̇�
c,f

+ (s) =
𝜌c,f (s)

Tc

(

1 + kc
Γ+
Γ(s) + kc

𝜎

𝜎c,f (s) − 𝜎
c,f

h

𝜎
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)

(12)�̇�c,f
−
(s) = −

𝜌c,f (s)

Tc

(

1 + kc
Γ−
Γ(s)

)

(13)�̇�e
−
(s) = −1∕3𝜌e(s)ke

Γ−
Γ(s).

2.3  Parametric study of growth and remodeling 
parameters

2.3.1  Input parameters and sampling

As no clear parameter values for the stress- and inflamma-
tion-mediated growth and remodeling parameters ( kc

�
 , kc

Γ+
 , 

kc
Γ−

 , ke
Γ−

 , δ and � for transient inflammation and kc
�
 , kc

Γ+
 , kc

Γ−
 , 

ke
Γ−

 and δ for permanent inflammation) have been established 
in the framework of aortic dissections, previously reported 
values were used to define ranges with potential parameters 
(Table 1) (Braeu et al. 2017; Brandstaeter et al. 2021; Cyron 
et al. 2014; Maes et al. 2023; Mousavi et al. 2019). The 
resulting parameter space was sampled using a Latin hyper-
cube with 1000 samples. Due to the different dimensions of 
the transient and permanent inflammation pattern, a different 
Latin hypercube sampling was required for both cases. The 
same Latin hypercube was, however, used for the local and 
full inflammation pattern. For all input parameters, a uni-
form probability distribution was assumed. For each Latin 
hypercube sample, a finite element analysis was performed 
and the success rate was assessed for the four inflammation 
patterns. Moreover, the range of the individual growth and 
remodeling parameters that resulted in a converged solution 
was determined.

2.3.2  Output parameters

In correspondence to the definition of the acute, subacute and 
chronic dissection phase of Peterss et al. (2016), the thickness 
of the dissected membrane was considered at 0, 15, 42 and 90 
days. Note that the subacute phase is commonly defined to start 
after 14 days, but that day 15 is considered since a time step of 
3 days was chosen (Dake et al. 2013; Peterss et al. 2016). The 
thickness was determined by extracting the coordinates of the 

Table 1  Overview of the applied parameter ranges for the Latin 
hypercube sampling of the transient and permanent inflammation pat-
tern, based on published data on parameters used in the homogenized 
constrained mixture theory.  The minimal (min) and maximal (max) 
values of the published ranges are reported (Braeu et al. 2017; Brand-
staeter et al. 2021; Maes et al. 2023; Mousavi et al. 2019)

Parameter Transient inflammation
[min; max]

Permanent inflammation
[min; max]

kc
�
(−) [0.00; 0.42] [0.00; 0.42]

kc
Γ+

(−) [1.74; 24.9] [1.74; 24.9]
kc
Γ−

(−) [1.41; 20.7] [1.41; 20.7]
ke
Γ−

(step−1) [0.000; 0.0707] [0.000; 0.0707]
δ  (days−1) [0.0151; 0.478] [2.77; 17.0]
�(−) [1.10; 4.64] NA
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circumferentially central nodes at the true and false lumen side 
of the dissected membrane, throughout the axial direction, for 
each of the considered time points (Fig. 1b). Consequently, 
the thickening rates corresponding to the three phases were 
determined in case of 30 converged growth and remodeling 
time steps in the finite element analysis. The thickening rates, 
RT, of the dissected membrane were calculated as

where Ti
DM

 and Tj

DM
 represent the thickness of the dissected 

membrane at day i and j (with i > j), respectively. Moreo-
ver, it was assessed which thickening rates agreed to the 
ranges as reported in Peterss et al. (2016). To account for 
the measurement uncertainty in the reported thickening 
measurements, additional uncertainty was added to the 
confidence intervals. A CT scan with a pixelsize of 1 mm 
was assumed, which leads to a maximal uncertainty of 2 
mm per thickness measurement. As the thickening is the 
result of two thickness measurements, a total uncertainty 
of 4 mm was added to the lower and upper boundary of the 
reported confidence intervals. This resulted in an extended 
clinical range of [−3.50; 6.09] mm/year in the acute, [−4.13; 
5.09] mm/year in the subacute and [−3.99; 4.03] mm/year 
in the chronic phase. In this respect, it was assessed which 
parameter values of the individual growth and remodeling 
parameters resulted in thickening rates within these extended 
clinical ranges.

The total diameter expansion of the aorta as a consequence 
of the dissection was assessed by calculating the cross-sec-
tional distance of the total intraluminal space at day 0, 15, 42 
and 90 (Fig. 1d). Moreover, the false and true lumen size were 
measured along this line as the distance between the inner side 
of the aortic wall and the middle of the dissected membrane. 
In this way, the sum of the true and false lumen sizes is by 
definition equal to the total diameter. As clinical data of the 
diameter expansion are often established based on follow-up 
data of multiple years, the expansion rate was estimated by 
extrapolating the diameter expansion using the growth rate in 
the chronic phase up to a duration of 365 days (Miyahara et al. 
2011; Sueyoshi et al. 2009; Tolenaar et al. 2013; Trimarchi 
et al. 2013). The diameter expansion rate is, therefore, calcu-
lated as the sum of the modeled diameter expansion between 
day 0 and day 90 and the estimated diameter expansion from 
day 90 until day 365, by extrapolating the chronic expansion 
rate. In this way, the expansion rate, Rn

e
 , is represented in mm/

year and expressed as

with superscript n referring to the respective total (tot), 
false lumen (FL) and true lumen (TL) and Di

n
 indicating the 

(14)RT =
Ti
DM

− T
j

DM

i − j
,

(15)Rn
e
=
(

D90

n
− D0

n

)

+
D90

n
− D42

n

90 − 42
(365 − 90),

corresponding diameter at time i, which is indicated in days. 
The change in volume of the dissected membrane, i.e. the 
combined volume of the elastin and collagen, over time was 
assessed as well.

In order to consider the change in the dissected mem-
brane microstructure, the evolution of the collagen and 
elastin content, expressed relative to the initial volume, 
was analyzed at day 15, 42 and 90, similar to the thick-
ening rates. At day 0, the collagen and elastin content 
corresponds to the predefined fractions as indicated in 
Sect. 2.1.2. The collagen and elastin content was deter-
mined as the average of the content of each element of 
the dissected membrane, weighted by the corresponding 
volume.

3  Results

3.1  Parametric study of growth and remodeling 
parameters

For the full and local permanent inflammation patterns, 
convergence until the chronic phase (90 days) is reached 
for only 3 (0.3%) and 1 (0.1%) of the 1000 samples, 
respectively. The transient inflammation patterns result in 
higher success rates of 146 (14.6%) cases for the full and 
88 (8.8%) for the local inflammation. Slightly lower suc-
cess rates are, thus, found for the local compared to the full 
inflammation, irrespective of the considered duration. Due 
to the very limited convergence of the permanent inflam-
mation patterns, the reported results are focused on the 
transient inflammation patterns. Some additional results 
regarding the permanent inflammation are, nevertheless, 
shown in appendix 2.

An overview of the individual growth and remodeling 
parameter ranges that lead to convergence for growth 
and remodeling with transient inflammation over 90 days 
is given in Fig. 3, for all combinations that resulted in 
a converged solution and the selection of combinations 
with thickening rates within the extended clinical range 
(Sect. 3.2). Overall, a larger reduction in parameter ranges 
is established for the full inflammation, compared to the 
local one. When combining the relative reduced individual 
parameter widths that result in convergence over 90 days, 
the total parameter space is reduced to 75.3% and 75.1% of 
the initial parameter space for the full and local transient 
inflammation pattern, respectively. When further refining 
the parameter space to those parameter ranges that lead to 
thickening rates within the extended clinical ranges, the 
parameter space related to the full and local inflammation 
pattern reduces to 13.2% and 44.9% of the initial space.
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3.2  Example cases

The deformed configurations at day 0, 15, 42 and 90 of four 
illustrative transient inflammatory example cases are illus-
trated in Fig. 4 and in appendix 3, while the change of their 
stresses and deformations over time is included as animation 
in the online supplementary material. For the example case 
with transient, local inflammation and thickness rates within 
the extended clinical range, Figs. 5 and 6, respectively, pre-
sent the change in strain and fiber stress and the change 
in collagen and elastin content in the dissected wall over 
time. The corresponding growth and remodeling parameters 
of this example are kc

�
 = 0.130, kc

Γ+
 = 5.34, kc

Γ−
 = 3.67, ke

Γ−

= 0.0533  step−1, � = 0.198  day−1 and � = 1.24.  
As a consequence of the dissection, the fiber stress in the 

remaining wall initially increases, to decrease again during 
the growth and remodeling process. The opposite effect is 

seen for the dissected membrane. The elastin and collagen 
content only adjusts once the growth and remodeling process 
starts. Therefore, Fig. 6 does not include the pre-dissection 
configuration. The growth and remodeling process induces a 
sudden decrease in the elastin content between day 0 and day 
15 in the portion of the media that is subjected to inflamma-
tion. Afterwards, the elastin content remains, approximately, 
constant. The content of collagen initially decreases in the 
dissected membrane, to increase again from day 42 onwards, 
while an overall increase in collagen content is observed in 
the adventitia of the remaining wall.

3.3  Thickening rates of the dissected membrane

Figure 7 shows the dissected membrane thickening over 
time for the converged samples of the transient inflam-
matory cases. A decreasing thickening rate over time is 

Fig. 3  Overview of the width 
of the parameter range of the 
simulated samples that fulfilled 
the convergence criteria of the 
simulation during 90 days of 
growth and remodeling (con-
verging) and resulted in thicken-
ing rates within the extended 
clinical range (clinical) for 
the full and the local transient 
inflammation pattern. The width 
is expressed as percentage of 
the initial width of the param-
eter range

Fig. 4  Examples of the predicted changes in geometry over time due 
to the growth and remodeling for samples with transient inflammation 
that is applied (a, c) over the full geometry and (b, d) locally around 

the false lumen, which result in thickening rates (a, b) outside and (c, 
d) within the extended clinical range
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found for the local and full transient inflammation pat-
tern, where, respectively, 24 (2.4%) and 38 (3.8%) samples 
result in rates within the proposed extended clinical ranges 
for the acute, subacute and chronic phase. An overview of 

the corresponding growth and remodeling parameters is 
given in appendix 4. In contrast, the converged samples 
with permanent inflammation indicate an increasing trend 

Fig. 5  Evolution of the (a) fiber 
stress and (b) circumferential 
and (c) radial strain over time 
for an example sample with 
local and transient inflamma-
tion. The stress is expressed as 
the fiber Cauchy stress, while 
the circumferential and radial 
logarithmic strain are indicated 
to represent the deformation. 
The fiber stress is illustrated for 
one fiber family in the medial 
and one in the adventitial layer, 
which is representative for the 
second fiber family too. The 
radial and circumferential direc-
tion is defined according to the 
pre-dissected configuration

Fig. 6  Evolution of the (a) elastin and (b) collagen content over time for an example sample with a local and transient inflammation pattern as 
illustrated in (c). The content is expressed as fraction of the initial volume
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in thickening rate over time, for the local as well as the full 
inflammation pattern (appendix 2).

3.4  Diameter expansion and volume change

Over the considered 90 days of soft tissue growth and 
remodeling, the total diameter increases for all param-
eter combinations within the extended clinical thickening 
range and a median total diameter expansion rate of 5.09 
mm/year and 4.71 mm/year is observed for the full and 
local inflammation pattern, respectively (Table 2). The 
false lumen size increases with a median rate of 19.6 mm/
year for full and 19.7 mm/year for local inflammation. The 
true lumen size, however, decreases over time at a respec-
tive median rate of 15.0 mm/year and 14.8 mm/year for 
the full and local inflammation pattern. The volume of the 
dissected membrane at 90 days varies from 84 to 106% of 
the initial volume for the full and from 84 to 111% for the 
local inflammation pattern.

3.5  Dissected membrane microstructure

An overview of the elastin and collagen content at day 90 is 
shown in Fig. 8 for the parameter combinations resulting in 
thickening rates within the extended clinical ranges. For both 
inflammation patterns, the amount of elastin remains similar 
or decreases, which results at day 90 in an elastin content 
between 28.0% and 45.8% of the initial volume (elastin con-
tent at day 0: 46%). The trend in collagen content is variable. 
At day 90, the collagen content of the full inflammation pat-
tern ranges from 42.5 to 63.5% of the initial volume (col-
lagen content at day 0: 54%) and the respective minimal and 
maximal collagen content as result of the local inflammation 
pattern varies from 39.5% to 76.4% of the initial volume. 
This indicates that both decreasing and increasing collagen 
contents are observed.

4  Discussion

The current study aims to evaluate whether existing growth 
and remodeling algorithms, fed with parameters from lit-
erature, allow the reproduction of the soft tissue growth and 
remodeling in aortic dissections, with a particular focus on 
the thickening and change in microstructure of the dissected 
membrane. A slice model of an acute dissection with an ani-
sotropic hyperelastic material that accounts for the deposi-
tion stretches was used as starting point and a homogenized 
constrained mixture model was applied to represent a period 
of 90 days. The model included collagen production as a 
consequence of deviations from the homeostatic stress state 
as well as collagen and elastin degradation and/or production 
triggered by inflammation. Four inflammatory response pat-
terns were considered, depending on the location and dura-
tion of the inflammation.

Fig. 7  Resulting thickening rates, RT, of the dissected membrane for 
the (a) full and (b) local transient inflammation pattern, for the acute 
(Day 0–15), subacute (Day 15–42) and chronic (Day 42–90) phase. 
The rates corresponding to converging simulations are indicated with 

black circles. The points corresponding to converged simulations that 
lead to thickening rates within the extended clinical range are filled in 
green. The upper and lower boundaries of the extended clinical range 
for the three phases are shown with a dashed line

Table 2  Expansion rate of the total diameter ( Rtot
e

 ), the true lumen 
( RTL

e
 ) and the false lumen ( RFL

e
 ), expressed as mm/year, based on 

extrapolation of the expansion rate in the chronic phase up to a period 
of 365 days, for the full and local transient inflammation patterns that 
resulted in thickening rates within the extended clinical range.  The 
median and the minimal (min) and maximal (max) expansion rate are 
indicated

Expansion rate Full inflammation
median [min; max]

Local inflammation
median [min; max]

Rtot
e

(mm/year) 5.09 [2.57; 7.69] 4.71 [2.59; 7.76]
RTL
e

(mm/year) −15.0 [−20.8; −13.7] −14.8 [−21.4; −13.4]
RFL
e

(mm/year) 19.6 [16.7; 26.2] 19.7 [16.3; 26.8]
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The overall success rate is limited to 15% for the consid-
ered inflammation patterns, which indicates that only par-
ticular growth and remodeling parameters are compatible. In 
this respect, the difference between the inflammation-medi-
ated collagen production and degradation is hypothesized 
to be an important factor as only about 60% of the total 
kc
Γ+

− kc
Γ−

 range is able to reach convergence for transient 
inflammation, which further decreases to 4% for permanent 
inflammation (Table 1). Introducing a dependency between 
both parameters in the sampling is expected to enhance the 
success rate of the model. Furthermore, a clear difference 
in success rate between transient and permanent inflamma-
tion is observed. Indeed, the transient inflammation results 
in success rates of 9% to 15%, while a maximal rate of only 
0.3% is found for the permanent inflammation. Further-
more, the obtained thickening rates for the few converging 
samples with permanent inflammation show an increas-
ing trend (appendix 2), which would by definition result 
in increasingly thicker membranes until non-physiological 
thicknesses would be obtained. This persistent thickening is 
also hypothesized to be the main reason for the very limited 
convergence. Consequently, the permanent inflammation 
pattern is unrealistic and not able to reproduce the clini-
cal observations of dissected membrane thickening. This 
suggests that transient inflammation, rather than perma-
nent inflammation, takes place after dissection of the aorta. 
Although Peterss et al. (2016) reported no significant differ-
ence in the presence of inflammation between dissections in 
the acute and chronic phase, the transient pattern is in line 
with the findings of Xu and Burke (2013), who reported 

that inflammation mainly occurred in the first week after 
dissection.

It is important to highlight that this study is not aimed 
towards revealing the ground-truth growth and remodeling 
mechanisms and corresponding parameters in aortic dissec-
tions. Rather, this study investigates up to which extent the 
clinical observations of dissection patients can be repro-
duced based on the existing soft tissue growth and remod-
eling knowledge. As such, the ability to reproduce clinical 
trends does not necessarily imply that the model captures the 
physiological reality. It only supports the assumptions that 
transient inflammation potentially plays an essential role in 
the soft tissue growth and remodeling of aortic dissections.

The resulting median total diameter expansion rates are 
5.09 mm/year and 4.71 mm/year, respectively, for the full 
and local transient inflammation (Table 2). Experimentally, 
mean and median total diameter expansion rates of 2.10 mm/
year up to 5.28 mm/year were established for type B dis-
sections with a patent false lumen (Miyahara et al. 2011; 
Sueyoshi et al. 2009; Tolenaar et al. 2013; Trimarchi et al. 
2013). The model, thus, predicts expansion rates that are 
in the upper part, but still within the range, of the available 
experimental data. The slight increase in predicted expan-
sion rate, compared to the measurements, might be explained 
by the limited time frame of the modeled results. Despite 
the fact that only the chronic phase was used to extrapolate 
the diameter expansion to a duration of one year (Eq. (15)), 
experimental expansion rates were calculated over longer 
time frames, with mean and median follow-ups ranging from 
19.5 to 48.9 months, which is expected to result in a lower 

Fig. 8  Overview of the (a, b) 
elastin and (c, d) collagen con-
tent of the dissected membrane 
for the (a, c) full and (b, d) 
local inflammation pattern, for 
the parameter combinations that 
lead to thickening rates within 
the extend clinical range. The 
content is expressed relative to 
the initial volume of the dis-
sected membrane
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average expansion rate (Miyahara et al. 2011; Sueyoshi et al. 
2009; Tolenaar et al. 2013; Trimarchi et al. 2013). Indeed, 
the largest expansion rates have been observed in the first 
days after the dissection, whereas lower mean expansion 
rates of 1.2 mm/year to 1.5 mm/year are reported in the 
chronic phase (Berezowski et al. 2022; Kelly et al. 2007). 
Moreover, slight differences in the methodology to obtain 
the total diameter, e.g. considering the short-axis diameter, 
might lead to a discrepancy between the experimental and 
the modeled results too (Sueyoshi et al. 2009). Taking this 
into account, the model predictions reasonably approach the 
existing measurements.

Only few data are available on the evolution of the true 
and false lumen size, but an increase of the false lumen size 
over time, both in absolute and relative terms, has been 
observed, in line with the simulated data (Blount and Hag-
spiel 2009; Song et al. 2007). The extent to which the false 
lumen size increases, however, differs. While the current 
results show a median expansion rate of 19.6–19.7 mm/year 
in absolute terms, which corresponds to a relative increase 
from 25% to about 49% of the corresponding total diam-
eter, a mean false lumen growth rate of 6.52 mm/year and a 
relative increase up to 12% of the total diameter was found 
(Blount and Hagspiel 2009; Song et al. 2007). Even lower 
growth rates were established when considering growth from 
the chronic phase on (Kelly et al. 2007). Regarding the true 
lumen, a slight increase in absolute size was reported, with 
growth rates of 0.8 mm/year to 1.0 mm/year, both for meas-
urements starting at the acute and chronic phase (Blount 
and Hagspiel 2009; Kelly et al. 2007). A strong decrease, 
with median rates up to -15 mm/year, is, on the contrary, 
found in the current study. It is hypothesized that the distinc-
tion between the resulting and reported true and false lumen 
growth rates is related to the use of a slice model, where the 
connection of the dissected membrane to the healthy aortic 
wall is limited and the movement of the dissected mem-
brane, thus, less restricted compared to a patient-specific 
dissected aorta (Fig. 1). Moreover, the large circumferential 
size of the false lumen included in the model might play a 
role. Indeed, a false lumen angle of 245°, obtained based on 
a patient-specific CT scan, is at the higher range of the phys-
iological values (Brunet et al. 2023; Logghe et al. 2021). 
Next to a strong decrease in true lumen diameter, a flattening 
of the true lumen was observed. To the authors’ knowledge, 
experimental data which could confirm or contradict this 
observed trend are currently lacking and results are to be 
interpreted keeping in mind the explorative computational 
character of the study.

In this respect, it is noteworthy that the implemented 
material model assumes that the collagen fibers do not con-
tribute to load bearing in compression. Doubts have, how-
ever, been raised regarding this assumptions (Horgan and 
Murphy 2020). If collagen fibers would provide resistance 

against deformation in compression, decreased displace-
ments of the dissected membrane and changes in true and 
false lumen size are expected over time. This might have 
some impact on the resulting thickening rates, the stress-
mediated (decrease in) collagen production and, conse-
quently, the collagen content of the dissected membrane. 
While determining the effect of this assumption on the dis-
sected membrane would be of interest, no major effect on 
the total diameter expansion rate is expected. The assump-
tion is, therefore, expected to affect the selection of material 
parameters that lead to thickening rates within the clinical 
extended range, rather than the pathophysiological relevance 
of the presented model.

The evolution of the false lumen, true lumen and total 
diameter was found to be similar for the full and local tran-
sient inflammation pattern (Table 2). On the one hand, the 
change in true and false lumen diameter is generally dic-
tated by the deformation of the dissected membrane. The 
total diameter, on the other hand, is mainly impacted by 
the deformation of the remaining wall as a consequence of 
the increased load due to the dissection. As the medial col-
lagen fibers are more circumferentially oriented compared 
to the adventitial ones, the medial tissue strength provides 
the highest resistance against the deformation, which takes 
place in the circumferential direction as the axial stretch is 
fixed. The medial layer that surrounds the false lumen, thus, 
largely determines the overall change in geometry, while the 
adventitial layer and the media of the true lumen wall play a 
limited role. As this tissue portion is not differently affected 
by the local and full inflammation pattern, no major effects 
in the overall range of diameters are observed.

Interestingly, the overall modeled changes in microstruc-
ture correspond to the experimental observations. Indeed, 
the model indicates a decrease in functional elastin content 
over time, induced by the inflammation, which agrees with 
the presence of fragmented elastin in the dissected mem-
brane (Fig. 8) (Sariola et al. 1986; Schlatmann and Becker 
1977; Wang et al. 2006). While fibrosis, indicating an abun-
dant presence of collagen, has been experimentally observed 
in the dissected membrane, the collagen content of the con-
sidered samples either increased or decreased (Schlatmann 
and Becker 1977; Wang et al. 2006). In this respect, it is 
worth noting that no constraints on the relation between kc

Γ−
 

and kc
Γ+

 were applied, which implies that for some samples 
a higher inflammation-mediated collagen degradation than 
production was imposed. These simulations, naturally, lead 
to a net decrease in collagen. No requirements regarding 
the balance between the stress- and inflammation-mediated 
growth and remodeling were defined either. Indeed, the col-
lagen production is expected to be purely attributed to the 
inflammation as the dissected membrane is in a quasi-stress-
free state in the acute phase, which will impose a negative 
stress-mediated collagen production that decreases the 
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overall collagen production. If kc
Γ+

 was only slightly higher 
than kc

Γ−
 , a decrease in collagen content was obtained in 

case the corresponding kc
�
 was relatively large, in particular 

when the inflammatory response was restricted to a limited 
time frame. This is also illustrated by two examples shown 
in appendix 5.

A slight difference between the local and full inflamma-
tion pattern was found in this respect. In case of local inflam-
mation, 22 of the 38 samples that lead to a thickening rate 
within the extended clinical range resulted in the expected 
increased collagen content at day 90. For full inflammation, 
an increasing collagen content was observed for only 13 of 
the 24 samples within the extended clinical thickening range. 
Despite the limited differences between the full and local 
inflammation pattern, the presence of less samples with a 
decreasing collagen content with local inflammation might 
imply that the local inflammation is slightly more appropri-
ate to represent the physiological process.

Although an increase in collagen and a decrease in elastin 
in the dissected membrane correspond to the reported data, 
a quantitative comparison with published experiments is not 
straightforward (Sariola et al. 1986; Schlatmann and Becker 
1977; Wang et al. 2006). Indeed, the model considers the 
functional elastin and collagen, while e.g. fragmented elastin 
might be part of the experimental staining, and thus the pub-
lished area fractions. Moreover, the model only accounts for 
elastin and collagen, whereas other constituents are intrin-
sically included in the total soft tissue area determined in 
experiments. Thus, the total area or volume obtained from 
the model and experiments might differ. Furthermore, it is 
not always unambiguously indicated whether the results are 
compared to control samples in absolute amounts or with 
respect to the corresponding total soft tissue area/volume 
(Wang et al. 2006).

4.1  Limitations

The presented model approaches the soft tissue growth and 
remodeling in aortic dissections in terms of thickening rates, 
total diameter expansion rates and changes in elastin and 
collagen, but it does not account for the presence of other 
constituents as smooth muscle cells or glycosaminoglycans. 
Glycosaminoglycans are, however, expected to play a role in 
the dissection initiation and progression (Ahmadzadeh et al. 
2018; Humphrey 2013). Next, the model represents an ideal-
ized aortic dissection, without tears or healthy aortic wall, 
which is strongly simplified compared to a patient-specific 
geometry. Moreover, the obtained results are based on one 
set of HGO material parameters for the medial and adven-
titial layer and, thus, no fiber dispersion was included. The 
material parameters were selected based on a representative 
pulse wave velocity for a healthy middle-aged human. As 
differences in the behavior of healthy and (pre-)dissected 

wall tissue are expected (Deplano et al. 2019), the consid-
ered pulse wave velocity and the corresponding material 
parameters should be considered as an approximation of 
the acute dissected wall behavior. However, no representa-
tive information on the pulse wave velocity of pre-dissection 
or acute dissection patients was available, to the authors’ 
knowledge.

For the acute material behavior, area fractions were 
used to determine the relation between the same constitu-
ents of the medial and adventitial layer, on the one hand, 
and between the elastin and collagen fractions within each 
material layer, on the other hand. This option was chosen 
in order to represent the elastin and collagen content in a 
more intuitive manner, i.e. as fraction of a tissue portion 
of the considered layer that contains no other constituents 
than elastin and collagen. To confirm that the impact is 
limited to the representation of the constituent content, the 
example case shown in Figs. 5 and 6 was repeated with the 
amount of elastin and collagen provided in absolute terms 
(data not shown). The maximal elementwise difference in 
fiber stress was limited to 1% for the dissected wall after 90 
days of growth and remodeling, when comparing the applied 
model to a model where the elastin and collagen content was 
expressed in absolute terms. This negligible difference is 
hypothesized to be the consequence of the rounding during 
the calculation of the relative fractions.

For the dissected membrane, no net load was assumed, to 
reduce the simulation time as convergence was more easily 
achieved. However, this assumption is an approximation as 
it neglects the difference in surface of both sides of the dis-
sected membrane on which the pressure is applied. A com-
parison with and without an explicit pressure load on both 
surfaces of the dissected membrane indicated an average 
elementwise difference of 2% relative to the maximal fiber 
stress in the dissected membrane at the start of the growth 
and remodeling process (data not shown). This limited effect 
on the fiber stress of the dissected membrane, therefore, jus-
tifies the assumption that there is no net loading at the dis-
sected membrane.

Furthermore, the current knowledge on the evolution 
of the dissected membrane thickness over time is limited. 
To the best of our knowledge, the only reference reporting 
quantitative thickening rates of the dissected membrane is 
Peterss et al. (2016), with thicknesses measured from CT 
scans, which imposes quite some uncertainty on the obtained 
ranges. This uncertainty was accounted for by including an 
additional range of 8 mm to the 95% confidence interval. 
This extended clinical range might, however, overestimate 
the true uncertainty of the CT measurement. Despite the 
potential overestimation, the predefined range allows the 
determination of a selection of growth and remodeling 
parameters that are able to approximate the experimental 
observations. This selection can be applied to guide the 
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reduction of the total growth and remodeling parameter 
space to a subspace with a higher rate of potentially physi-
ological parameter combinations, which are usable in com-
putational models.

5  Conclusion

An idealized model was developed to represent the dissected 
membrane thickening during the transition from acute to 
chronic dissection as a consequence of stress- and inflamma-
tion-mediated growth and remodeling. A parametric study 
of the growth and remodeling parameters was performed 
for multiple inflammation patterns that differed based on 
the applied location and duration. For a subset of the con-
sidered growth and remodeling parameter space, the tran-
sient inflammation was able to reproduce the experimentally 
observed trends of the thickening rates and the total diameter 
expansion rate. The changes in elastin and collagen content 
over time could be represented by the transient inflamma-
tion as well, in particular when it was locally applied around 
the false lumen. The developed model framework is, conse-
quently, able to represent the clinically observed situation, 
while it also provides guidance to reduce the growth and 
remodeling parameter space.

Appendix 1

Stress‑mediated growth and remodeling 
of a healthy aortic wall

See Fig. 9.

Appendix 2

Thickening rates for the permanent inflammation 
patterns

See Fig. 10.

Appendix 3

Time evolution of example cases with a transient 
inflammation pattern

See Fig. 11.

Appendix 4

Parameter combinations with clinically observed 
thickening rates

Tables 3 and 4.

Fig. 9  Evolution of the col-
lagen fiber and the maximal 
principal Cauchy stress during 
stress-mediated growth and 
remodeling of a healthy aortic 
wall for an example sample, i.e. 
the same sample as indicated 
in Fig. 5 with kc

�
= 0.130 . Note 

that the fiber stress is shown for 
one fiber family of the medial 
and adventitial layer, which is 
representative for the second 
family too
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Fig. 10  Resulting thickening rates, RT, of the dissected membrane 
for the (a) full and (b) local permanent inflammation pattern, for the 
acute (Day 0–15), subacute (Day 15–42) and chronic (Day 42–90) 
phase. The rates corresponding to converging simulations are indi-
cated with black circles. The points corresponding to converged 

simulations that lead to thickening rates within the extended clini-
cal range would be filled in green, but are not present for the perma-
nent inflammation pattern. The upper and lower boundaries of the 
extended clinical range for the three phases are shown with a dashed 
line

Fig. 11  Front view of the 
predicted changes in geometry 
over time due to the growth and 
remodeling for samples with 
transient inflammation that 
is applied (a, c) over the full 
geometry and (b, d) locally at 
the false lumen, which result in 
thickening rates (a, b) outside 
and (c, d) within the extended 
clinical range. The presented 
samples correspond to those 
illustrated in Fig. 2. The 
deformed configurations at day 
0, 15, 42 and 90 are shown in an 
increasingly bright shade of red
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Appendix 5

Evolution of elastin and collagen content of two 
example samples

The evolution of the elastin and collagen content is illus-
trated for two example samples with local transient inflam-
mation, in particular differing by the timing and width of the 
peak of the inflammatory response (A: peak at day 14, width 
at 50% of the peak of 24 days; B: peak at day 1, width at 50% 
of the peak of 4 days). The parameters of both examples are 
indicated in Table 5 and the transient inflammation pattern 
is illustrated in Fig. 12. Note that the inflammation-mediated 
collagen production, kc

Γ+
 , is higher than the degradation, kc

Γ−
 , 

in both examples. The peak of the inflammation pattern of 
example A extends, however, over a larger time frame com-
pared to example B.

The resulting evolution in elastin and collagen content 
of the dissected membrane is shown in Fig. 13, where the 
content of elastin decreases for respective examples A and 
B to 40.6% and 44.8%. For collagen, the content increases to 
63.5% for example A, while a decrease to 51.0% was found 

for example B. The reason for the overall decrease in col-
lagen content in case B is attributed to the short period of 
inflammation in combination with the rather large decrease 
stress-mediated collagen production.

The discussed examples both have a transient inflam-
mation pattern. Note, however, that the evolution in dis-
sected membrane microstructure is completely similar 
for the full inflammation pattern as the same elastin and 

Table 3  Growth and remodeling parameter combinations that result 
in thickening rates within the extended clinical range for the transient 
full inflammation pattern

kc
�
 (−) kc

Γ+
 (−) kc

Γ−
 (−) ke

Γ−
  (step−1) δ  (days−1) � (−)

0.0150 3.57 3.55 0.0403 0.349 3.23
0.0741 11.6 10.6 0.0476 0.390 1.82
0.0842 3.12 2.16 0.0145 0.253 1.37
0.0328 4.30 2.82 0.0165 0.326 3.09
0.0520 5.79 5.03 0.0147 0.145 2.97
0.130 5.34 3.67 0.0533 0.198 1.24
0.169 9.90 3.13 0.0135 0.343 1.28
0.0751 18.6 16.8 0.0555 0.215 1.16
0.0677 4.89 2.50 0.0671 0.454 3.24
0.000749 4.46 7.87 0.0384 0.357 1.86
0.0337 4.97 6.46 0.0230 0.296 3.86
0.00175 5.09 4.58 0.0155 0.301 1.35
0.0179 7.47 7.42 0.0462 0.171 1.52
0.0990 5.62 6.91 0.00875 0.406 1.87
0.0456 7.88 11.3 0.0367 0.460 1.41
0.168 3.83 2.96 0.00757 0.227 2.98
0.0548 2.83 1.66 0.0227 0.276 2.41
0.0460 2.01 1.46 0.0541 0.119 2.47
0.112 13.5 18.1 0.0197 0.450 1.21
0.0445 3.44 2.43 0.0420 0.339 3.93
0.123 5.11 6.97 0.00311 0.356 1.54
0.0896 2.32 2.00 0.0429 0.227 2.69
0.113 7.38 6.85 0.0217 0.249 1.11
0.134 16.4 7.16 0.0124 0.436 1.22

Table 4  Growth and remodeling parameter combinations that result 
in thickening rates within the extended clinical range for the transient 
local inflammation pattern

kc
�
 (−) kc

Γ+
 (−) kc

Γ−
 (−) ke

Γ−
  (step−1) δ  (days−1) � (−)

0.0150 3.57 3.55 0.0403 0.349 3.23
0.344 5.48 4.69 0.0173 0.0942 3.17
0.0741 11.6 10.6 0.0476 0.390 1.82
0.0842 3.12 2.16 0.0145 0.253 1.37
0.0328 4.30 2.82 0.0165 0.326 3.09
0.0520 5.79 5.03 0.0147 0.145 2.97
0.226 4.79 2.18 0.0643 0.293 4.57
0.130 5.34 3.67 0.0533 0.198 1.24
0.0868 6.06 4.80 0.0679 0.388 3.57
0.169 9.90 3.13 0.0135 0.343 1.28
0.0751 18.6 16.8 0.0555 0.215 1.16
0.0677 4.89 2.50 0.0671 0.454 3.24
0.290 11.9 9.53 0.0470 0.382 2.40
0.154 20.0 14.5 0.0342 0.394 1.18
0.00175 5.09 4.58 0.0155 0.301 1.35
0.00542 13.2 12.1 0.0628 0.271 4.33
0.0179 7.47 7.42 0.0462 0.171 1.52
0.224 16.1 13.4 0.0241 0.356 1.29
0.0990 5.62 6.91 0.00875 0.406 1.87
0.0456 7.88 11.3 0.0367 0.460 1.41
0.168 3.83 2.96 0.00757 0.227 2.98
0.0548 2.83 1.66 0.0227 0.276 2.41
0.0346 6.11 5.31 0.0693 0.195 2.77
0.0460 2.01 1.46 0.0541 0.119 2.47
0.129 17.3 17.1 0.0670 0.447 1.50
0.389 4.55 3.45 0.0206 0.243 3.49
0.112 13.5 18.1 0.0197 0.450 1.21
0.261 5.16 2.90 0.0691 0.457 4.24
0.163 5.50 3.77 0.0327 0.162 3.70
0.0445 3.44 2.43 0.0420 0.339 3.93
0.123 5.11 6.97 0.0031 0.356 1.54
0.0896 2.32 2.00 0.0429 0.227 2.69
0.0387 13.9 16.1 0.0472 0.393 1.55
0.00909 4.00 6.73 0.00740 0.370 3.50
0.113 7.38 6.85 0.0217 0.249 1.11
0.158 7.42 7.17 0.0104 0.447 3.20
0.239 4.81 4.09 0.00340 0.425 2.44
0.134 16.4 7.16 0.0124 0.436 1.22
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collagen content was obtained after 90 days of growth and 
remodeling.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10237- 023- 01782-7.
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