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Abstract. Management and follow-up of chronic aortic dissections continues to
be a clinical challenge due to progressive aortic dilatation. To predict dilatation,
guidelines suggest follow-up of the aortic diameter. However, dilatation is trig-
gered by haemodynamic parameters (pressure and wall shear stresses (WSS)),
and geometry of false (FL) and true lumen (TL). We aimed at a better under-
standing of TL and FL haemodynamics by performing in-silico (CFD) and in-
vitro studies on an idealized dissected aorta and compared this to a typical pa-
tient. We observed an increase in diastolic pressure and wall stress in the FL
and the presence of diastolic retrograde flow. The inflow jet increased WSS at
the proximal FL while a large variability in WSS was induced distally, all being
risk factors for wall weakening. In-silico, in-vitro and in-vivo findings were
very similar and complementary, showing that their combination can help in a
more integrated and extensive assessment of aortic dissections, improving un-
derstanding of the haemodynamic conditions and related clinical evolution.

Keywords: Aortic dissection, Computational Fluid Dynamics, In-vitro phan-
toms, Aortic diseases.

1 Introduction

Aortic pathologies represent an important subgroup within cardiovascular diseases,
and while their prevalence is limited, they are associated with a very high morbidity
and mortality (>50% in the acute phase). Despite improved diagnostic and therapeutic
techniques, the management and follow-up of aortic dissections continue being a
challenge in clinical practice.

Classic aortic dissection is believed to begin with the formation of a tear in the aor-
tic intima that exposes an underlying media layer to the pulsatile pressure of the in-
traluminal blood (Fig. 1) leading to a longitudinal cleaving of the media layer along
the aortic wall, causing the dissection. The dissection process extends typically ante-
grade (driven by the forward force of the aortic blood flow) but sometimes retrograde
from the site of the intimal tear. The lumen will be divided into two parts, the true
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(TL) and the false lumen (FL). In 90% of cases TL and FL are communicated through
entry and exit sites in the dissection flap. The distension of FL during the pulsatile
pressure inside the lumina can cause intimal flap movement, distorting the TL shape
and narrowing its calibre, potentially leading to TL collapse obstructing side branches
and inducing visceral ischemia.

Fig. 1. A classic dissection
of the descending aorta
(Left). The typical clinical
appearance on magnetic
resonance (middle) and
computed tomography
(right) images. TL: True
MRI CT Lumen; FL: False Lumen.

L]
Q
o
a
q
Q
L]

9

While acute ascending aortic dissections require immediate surgery, descending
aortic dissections are often treated medically and persist in the chronic phase [1].
However, these patients still have high mid/long term mortality during the chronic
phase, mainly due to the progressive dilatation of the aorta and subsequent rupture.

In current clinical practice, prediction of outcome is mainly based on maximum to-
tal aortic diameter, which is compared with guidelines for deciding the best therapeu-
tic approach. However, previous work has shown that maximum diameter is not a
reliable determinant of rupture and progression [1-4]. In addition to it, haemodynamic
parameters (intra-luminal pressure and flow conditions/wall shear stresses), geometric
factors (such as the shape and curvature of the aorta and the communications between
FL and TL), and intrinsic wall properties, all play an important role in the progress of
dilatation and risk of rupture.

Whereas an integrated clinical approach towards the biomechanics and haemody-
namics of the dissected aorta is still lacking, based on clinical observations and pa-
tient registries, several markers have been suggested to assist in the prediction of
dilatation. The patency of the descending aorta FL. may be responsible for progressive
aortic dilation [1] and partial thrombosis of the FL has been found as a predictor of
post-discharge mortality in patients with type B acute aortic dissection [5].

It was also observed that prognosis of patients with open communication between
TL and FL is poorer than in those without such communication, and free communica-
tion with high flow rates carries a higher risk for reoperation because of the high flow
pressure and wall stress. Nevertheless, complete obliteration of the FL can occur
despite open communication and is possibly related to the size of communication [6].
Poor inflow in the TL and lack of outflow in the FL. may have impact in FL dilation
and rupture during follow-up period [7].

Therefore, from clinical observations, the importance of tear size and location is
clear. However, the contradictory findings on which situations are leading to further
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dilatation of the FL show that there is still a lack of understanding of the interplay of
all variables.

Another factor that could affect the dilation of the FL is the compliance or mechani-
cal strength of the dissected aortic wall. Arteries respond to changes in blood pressure
and flow conditions by remodelling. Wall shear stress (WSS) is the tangential force
resulting from the friction that the flowing blood exerts on the luminal surface. It has
been shown that WSS can change the morphology and orientation of the endothelial
cell layer [8]. Prolonged high WSS is known to cause vessel dilation and internal elas-
tic lamina fragmentation, and may be the responsible for dissection initiation [9]. On
the other hand, inflammatory and atherosclerotic pathways, triggered by low WSS,
could also play an important role in dissection pathogenesis. Excessively low WSS
could lead to atherosclerotic inflammatory infiltration and thereby cause deterioration
of the aortic wall that could lead to mechanical weakening and rupture [10].

Therefore, it is expected that better aortic morphologic and hemodynamic analysis
will be much more predictive for aortic dilatation and will improve the clinical strati-
fication of the risk of these patients, facilitating a better therapeutic management.

The aim of this study is to assess whether an integrated approach towards TL and
FL haemodynamics will allow us to define risk markers of severe aortic enlargement.
For this, in-silico and in vitro studies were performed to investigate the impact of
morphological characteristics on the haemodynamics of the TL and FL and the find-
ings were compared to a typical patient from our hospital.

2 Methods

2.1 In-Vivo

In our hospital, chronic aortic dissection patients undergo regular follow-up with
trans-thoracic and trans-oesophageal echocardiography for the quantification of
changes in aortic size. Additionally, an MRI study, including short-axis phase-
contrast acquisition of blood flow in the distal FL. and TL (Fig. 2) is performed and
when clinically indicated, a CT study is additionally done.

Eluis vs. Temge

e

Fig. 2. Typical results from a clinical MRI phase-contrast study. Left: instantaneous volume
flow in FL (blue) and TL (red); Middle: measurements in TL; Right: measurements in FL

2.2 In-Silico

Idealized geometry. A Computational 3D model of typical type B aortic dissections
was constructed with the CAD software GID (CIMNE, Barcelona) (Fig. 3) [11]. The
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Fig. 3. Left: Idealized
geometry of an aortic
dissection including the
dissected section (A)
and the non-dissected
aortic  section (B);
Right: The result of the
CFD simulations,
showing the velocities
at the longitudinal mid-
plane of the dissection.

dimensions of the model, including the aortic arch and the ascending aorta, were selected
based on anatomical measurements [12,13]. These are: aortic diameter: 20 mm; dissected
segment diameter: 40 mm; FL length: 160 mm; TL thickness: 3 mm; dissection flap
thickness: 2 mm; and FL thickness: 1 mm. A proximal and distal tear was included with
10 mm diameter, corresponding to 25% of the dissected segment diameter.

Computational fluid dynamics (CFD) simulation. The computational mesh con-
sisted of approximately 1.1 million tetrahedral elements with a size range of 0.5-1.0
mm and was created with GID (CIMNE, Barcelona). The CFD simulation was per-
formed using CFD-Tdyn (CompasslS, Barcelona), solving the Navier Stokes equa-
tions. The no-slip wall of the dissection model was assumed to be rigid, assuming that
in chronic dissection there is reduced flap motion, so that a rigid flap is a good first
approximation. Additionally, several studies suggested that the difference in flow
induced pressure variations and consequent wall stress between rigid and elastic aortic
models is negligible [14,15]. Realistic time dependent velocity and pressure wave-
forms (adapted from [16]) were applied at the inlet and outlet of the fluid domain
respectively. We assessed intra-luminal pressure and instantaneous volume flow in
the FL and TL at the distal and proximal descending aorta, respectively. The WSS
distribution at the TL and FL surface was calculated and the velocity vectors at the
mid-plane of the dissected geometries were analyzed.

2.3 In-Vitro

Phantom. A simplified physical phantom (without the aortic arch), similar to the 3D
geometry used for the in-silico approach, was made from a compliant and flexible
material to meet the tensile strength of the aorta. The model was constructed from two
individual parts to simulate the dissection: the TL and the FL. These parts were joined
together to form the final model. The TL consisted of a silicone tube of 16mm inner
diameter and 2mm wall thickness in which holes were made to create the tears.

The FL part was custom made by first creating the geometry using modelling clay
and PVC tubes. Next, from this, a two-part silicone (RTV) mould is made, which can
be used to create multiple wax casts of the FL. Both halves of the mould are held
together for casting a replica from beeswax. After solidifying, any mould marks re-
maining on the wax were carefully polished away. The wax replica was used in a
lost-wax technique to create a latex (Kryolan) phantom by dipping the replica in
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Fig. 4. Experimental set

S——— up for the in-vitro meas-
e | lcometancel - o urements. Right: dia-
purp | | chamber gram of the circuit. Left:
different components of
- the circuit (top left:
Flow ' model pulsatile pump; top right:
latex phantom; bottom:
portable ultrasound
a— machine and phantom in

{1 a water tank).

Resistance
wilve

liquid latex many times at intervals of 1 hour. Once the coating was finished, the
model was heated, to remove the wax.

Experimental set up. A dynamic flow circuit, mimicking the human circulatory
system, was set up to evaluate flow and morphological characteristics under con-
trolled conditions (Fig. 4). The circuit consisted of a pulsatile pump, a compliance
chamber, the dissection model, and a collecting system, connected in series. The flow
pump (Harvard Apparatus) was programmed to simulate pulsatile left ventricle output
with a heart rate=70bpm; stroke volume=70ml; and systolic/diastolic phase ra-
ti0=30/70. Peripheral resistance and systemic pressure were adjusted with the use of
resistors (adjustable valves) placed proximal and distal from the phantom.

Measurements/Imaging. TL and FL pressure waveforms were measured with a fluid
filled catheter at the distal and proximal sections. Flow was measured using an ultra-
sonic flow meter (Transonic Systems Inc). Pressure and flow waveforms were digi-
tized using a PowerLab 16/30 with LabChart Pro acquisition and analysis software
(ADInstruments, Colorado Springs, CO, USA). Phantom geometry as well as fluid
appearance and velocities within the phantom were assessed by two-dimensional and
Doppler ultrasound using a high-end portable clinical ultrasound scanner (Vivid Q -
GE Healthcare) (Fig. 7).

3 Results
3.1 CFD Simulations

At the distal tear, higher FL pressures were observed at the onset of the cycle, result-
ing in an antegrade jet through the tear, whereas the FL/TL pressure gradient inverted
at the end of the cycle leading to deceleration and inversion of the velocities and re-
sulting in retrograde flow through the distal tear.

Fig. 5 shows the resulting absolute volumetric flows. FL flow variations are re-
markably different from the TL, with a biphasic pattern and high early systolic flow.

Fig. 6 shows the normalized velocities during the cycle, obtained at different posi-
tions in the model. As can be observed, flow direction in the TL is dominantly ante-
grade (positive), except at the proximal section were its direction slightly reverses
during early diastole. However, in the FL, fluid velocities begin to be retrograde from
late systole, resulting in the reverse flow shown in the flow pattern plots (Fig. 7).
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Through the entry tear, we can observe a clear inflow during systole and outflow
during diastole, while there is outflow during systole and inflow during diastole
through the exit tear. The magnitudes of the velocities at both tears are similar. How-
ever, there is a shift in the time course indicating the propagation of the fluid wave.
From the assessment of the flow pattern in the dissected region (Fig. 7), we observe
a bidirectional flow in the FL with a prominent retrograde during diastole. The most
significant elevation in WSS is seen at the impact zone of the entry jet at end-systole,
whereas during diastole there was a high variability of WSS in the distal zone.

Beginning

of systole

End-systole

End-diastole

End-systole

End-diastole

Fig. 7. Top: flow patterns at beginning and end-systole and end-diastole. The zoomed area
shows the presence of FL diastolic retrograde flow at the exit tear. Bottom: WSS distributions
at the FL surface. Left: the entry tear at end-systole; right: the exit area at end-diastole.



120 P.A. Rudenick et al.

3.2 In-Vitro Measurements

Fig. 8 shows the echocardiographic image and measured Doppler flows for the in-vitro
setup. The morphology of TL, FL and exit-tear can be easily recognised and the Dop-
pler traces show the systolic forward flow and diastolic retrograde flow.

systolic antegrade flow  diastolic retrograde flow

- Fig. 8. Echocardiography of
the in-vitro setup. Left: lon-
gitudinal cut of the phantom
at the distal part and colour
flow Doppler. Top right:
pulsed Doppler velocity
waveform at the entry tear;
bottom right: colour Doppler
j velocity waveforms at the
Ny |V~ exit tear: Red: velocity
ik il through the exit tear; Pink:
TL velocity distal from the
exit tear; Cyan: TL velocity
proximal to the exit tear.

Exit tear geometry Entry tear velocities

Exit tear velocities Exit tear velocities

Fig. 9 shows the pressure measurements at distal and proximal section in TL and
FL. Distal pressures were higher than proximal pressures, also coinciding with the
high WSS area detected in the CFD simulations. Comparing pressures between
lumina, diastolic pressures in the FL were higher than in the TL. A high pressure
gradient between TL and FL is measured at the distal section, which explains the
presence of a remarkable reverse flow at the distal tear of the phantom.
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3.3 Comparison of In-Silico and In-Vivo Data

Fig. 10 shows the comparison of the instantaneous flow profiles of the simulated ge-
ometry and from one of the patients in our clinic (obtained from MRI phase-contrast
velocity measurements). This patient had a large entry tear (12mm) and showed rapid
dilatation of the FL over the course of the follow-up (10%/year over 10 years). As can
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be seen, the observed profiles are remarkably similar, illustrating the usefulness of the
in-silico approach to study the haemodynamics of typical patients.

4 Discussion

The dilatation of the dissected aorta depends on multiple factors. The cyclic wall
stress in the FL is determined by the blood pressure changes, in interaction with the
wall properties. Wall properties themselves are related to genetics, chronic pressure
levels and flow (in particular WSS).

In our findings, the diastolic pressure in the FL was higher than in the TL, expos-
ing the already weak and thin FL wall to higher wall stress. Additionally, pressures
are higher at the distal section than at the proximal section, explaining the distal
propagation of dissections.

Complex flow patterns have been thought to increase inflammatory cell infiltration
in artery wall, increasing risk rupture [17,18]. We show both in-silico and in-vitro that
the entry-jet and flow reversals result in complex flow patterns in the FL. A concen-
trated, jet-like flow is noted, directly impinging on the FL wall at the proximal and
distal site during peak systole and diastole, respectively. This fast proximal jet might
explain the eccentric dilatation of the proximal FL observed in a subset of patients.

An important hemodynamic factor that influences vascular remodelling, aortic ex-
pansion and rupture is WSS. WSS influences the morphology and orientation of
endothelial cells [8]. An acute increase in WSS leads to an increase of the aortic di-
ameter and weakening of the aortic wall because of loss of elastic tissue, change of
muscle cell orientation, and acceleration of cell deterioration. On the other hand, the
exposure of the arterial wall to low or variable WSS may increase intercellular per-
meability and increase the vulnerability of these regions of the vessel to atherosclero-
sis and weakening that could ultimately lead to rupture.

The cumulative effect of increases in pressure (wall stress) and changes in elastic prop-
erties, initiated by altered WSS, results in increased risk of further dilatation and rupture.

Limitations: There are many limitations in both in-silico and in vitro studies of an
aortic dissection. We used a flexible dissection phantom to mimic the aortic wall
compliance. Despite being an idealized model, its dimensions are based on clinical
measurements and this generic model is ideal for parametric studies.

Whereas the overall flow and pressure waveforms were very similar, we had some
differences of values between the results obtained with the in-silico and in-vitro mod-
els. It was mainly because we compared a flexible physical phantom with a rigid



122 P.A. Rudenick et al.

computational model, and boundary conditions did not correspond exactly to the ones
of the in-vitro model. Furthermore, the resistance and compliance of the experimental
set up was not perfect, resulting in rather flat velocities when pressure waveforms
were adjust to mimic human measurements.

Despite these mentioned differences, in-silico and in-vitro results follow a similar be-
haviour and are thus useful and complementary as a first validation of our results and in
helping to explain clinical observations. Additionally, a wider range of dissection geome-
tries, corresponding to the variety of patients’ appearances in clinical practice, should be
studied to obtain a full understanding of the haemodynamics in aortic dissection.

Clinical relevance. At present, follow-up and treatment of patients with aortic dissec-
tion seem to be non-ideal and it remains difficult to balance the high morbidity and
mortality rates registered during the chronic phase of the disease with the severe side
effects and risks of surgical or endovascular interventions. In current clinical practice,
prediction of outcome in aortic dissections is mainly based on maximum total aortic
diameter, which is compared to clinical guidelines for deciding the best therapy.
However, this has proven to show severe limitations in assessing the genesis and
evolution of aortic dissection [3,4]. So, the need for better predictors of the evolution
of aortic dissection is evident, especially to assess FL dilatation and to evaluate and
titrate a better pharmacological management.

Our study provides a methodology to assess haemodynamic and WSS differences
originating from different geometrical configuration. Understanding these differences
and assessing them in clinical practice with imaging modalities such as Magnetic
Resonance Imaging (MRI), Transesophageal Echocardiography (TEE) and Computed
Tomography (CT), will play an important role in the diagnosis and follow-up of aortic
dissections. Combining measurements from imaging together with computational
flow analysis using patient-specific geometries and boundary conditions could addi-
tionally enable to obtain a much more detailed view on the haemodynamic and wall
stress conditions in aortic dissections, thus helping to provide an integrated view on
the patient and enable the prediction of local remodelling that could be induced.

5 Conclusion

We evaluated haemodynamic parameters in the TL and FL of a chronic aortic dissec-
tion. For this, we have constructed a model of a type B dissection which allows study-
ing aortic geometries, including different tear locations and sizes, both using in-silico
computer simulations and in-vitro phantom measurements and if which the results can
be directly compared to clinical patients. From one of these experimental in-vitro and
in-silico models we showed the flow dynamics in the FL, contributing to novel ways
for a better understanding of the haemodynamic conditions and related clinical evolu-
tion in patients with a chronic aortic dissection.
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