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Introduction and outline of thesis



Chapter 1

The mechanical coupling of blood flow and vascular tissue is an essential part of
the cardiovascular system. Various mechanisms have been identified that enable
cardiovascular remodeling in response to hemodynamic stressors acting on global
and local levels." Furthermore, hemodynamic disturbances have been recognized as
triggering factors in the pathogenesis of cardiovascular diseases.*” To study these
mechanisms, and analyze how pathologic flow patterns can be prevented or treated,
highly detailed data on local and regional hemodynamics are necessary.

Computational fluid dynamics (CFD) is a modeling technique that is used in vari-
ous engineering fields, such as aerospace, automotive and biomedical engineering, to
study fluid flows in complex geometries. More recently, CFD techniques have been
used in cardiovascular research to study blood flow.* In this thesis, patient-specific
CFD models are used to aid understanding of the pathophysiology of cardiovascular
disease and guide surgical planning and device optimization.

Chapter 2 is an introduction to computational modeling of hemodynamics. First,
an overview of the CFD modeling methods is given. Then, a case of computationally
supported surgical planning is presented. Lastly, the challenges for clinical applica-
tions of CFD modeling are discussed.

In the second part of this thesis, CFD techniques are used to calculate the impact
of thoracic endovascular aortic repair (TEVAR) on aortic hemodynamics. Current
endografts for TEVAR are much stiffer than the native aorta. The consequences of
this stiffness mismatch on the left ventricle and unstented segments of the aorta are
poorly understood. Chapter 3 is a study where the impact of TEVAR on the left ven-
tricle is quantified using morphologic measurements and stroke work calculations
before and after TEVAR. Chapter 4 presents a patient who expired from ascending
aortic rupture following zone 2 TEVAR. The pathophysiology of this rupture was
studied using a multiparametric computational analysis, focusing on the stiffness
mismatch between endograft and native aorta.

The third part of this thesis presents studies on complex endovascular aortic repair
and device optimization. Multiple manufacturers are developing endografts that
facilitate minimally invasive repair of aortic pathologies in the vicinity of critical
branch vessels. Different branched endograft designs have been introduced, with
varying number, size and orientation of the branches that redirect flow to the target
arteries. Chapter 5 presents an overview of the literature on currently investigated
branched endografts for deploymentin the aortic arch. In Chapter 6, the postoperative
hemodynamic performance of different endograft designs for zone 0 endovascular
arch repair is tested. In Chapter 7, similar computational techniques are used to test
the hemodynamic performance of branched, fenestrated and parallel stent-grafting
solutions for endovascular aortic repair with renal artery vascularization.
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Introduction and outline of thesis

In part four, morphological studies of the aorta are reported that aim to aid surgi-
cal planning. Chapter 8 presents a computational study quantifying hemodynamic
displacement forces in the proximal landing zones for TEVAR according to the
MALAN classification. Chapter 9 investigates the pathophysiology of endograft
migration and type Ib endoleak following zone 2 TEVAR by calculating hemody-
namic displacement forces on endografts after deployment. Chapter 10 presents a
computational analysis of renal artery flow characteristics in a pediatric patient with
therapy resistant hypertension caused by a suprarenal abdominal aortic coarctation.
In this patient, the hemodynamic performance of different patch aortoplasty and
thoracoabdominal bypass repairs was tested.

Finally, part five comprises of two chapters that comment on the challenges of
endovascular repair for aortic dissection. Chapter 11 discusses the challenges of
TEVAR for type B aortic dissection. Chapter 12 discusses endovascular treatment of

mesenteric malperfusion in complicated type B aortic dissection.
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Chapter 2

Abstract

Computational fluid dynamics (CFD) is a modeling technique that enables calcula-
tion of the behavior of fluid flows in complex geometries. In cardiovascular medi-
cine, CFD methods are being used to calculate patient-specific hemodynamics for a
variety of applications, such as disease research, noninvasive diagnostics, medical
device evaluation and surgical planning. This paper provides a concise overview of
the methods to perform patient-specific computational analyses using clinical data,
followed by a case study where CFD-supported surgical planning is presented in a
patient with Fontan circulation complicated by unilateral pulmonary arteriovenous
malformations. In closing, the challenges for implementation and adoption of CFD

modeling in clinical practice are discussed.
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Patient-specific modeling of hemodynamics
Introduction

Hemodynamic disturbances are recognized as a triggering factor in the pathogenesis
of cardiovascular disease.' Computational fluid dynamics (CFD) is a well-established
computational technique that has been developed to study fluid flows in a variety
of applications such as aerospace, automotive and biomedical engineering. Over the
past decades, numerous CFD methods have been developed to study blood flow
in cardiovascular health and disease. Taylor and Figueroa wrote a comprehensive
review on the methods to perform patient-specific simulations of cardiovascular
mechanics.” To calculate hemodynamics on a patient-specific basis, CFD models
can be constructed through incorporation of medical imaging and physiologic data
and the use of adequate inflow and outflow boundary condition methods. These
models provide high-resolution data on in vivo hemodynamics that can be used to
study pathogenesis of cardiovascular diseases,” perform non-invasive diagnostics,*
assist in medical device evaluation,”® and support clinical decision making through
prediction of changes in blood flow following different therapeutic interventions.”®

In addition to the methodological advances noted above, faster parallel computers
and user-friendly commercial software packages make patient-specific simulation
of hemodynamics more accessible to clinical research settings. However, the relative
user-friendliness of these tools makes it such that unqualified users can produce
un-physiologic computational predictions. It is thus imperative for the user to
understand key aspects of computational modeling such as mesh refinement and
solution validation against clinical data.

The aim of this paper is to report on the practical aspects of using patient-specific
modeling in clinical applications. First, we present a concise overview of the methods
we use to construct image-based hemodynamic models in the context of clinical de-
cision making, specifically surgical planning. Then, we present and discuss a specific
case of CFD-supported surgical planning of a Fontan correction in a patient suffering
from unilateral pulmonary arteriovenous malformations (PAVMs). We conclude by
discussing adoption challenges for patient-specific modeling in the clinical practice,
and potential strategies for overcoming those challenges.

Methods for Patient-Specific Modeling of Hemodynamics

A patient-specific modeling workflow necessitates the following elements: (1) A
CFD code to solve the Navier-Stokes equations, characterizing the motion of an
incompressible fluid (blood) in a domain (rigid or deformable). There are numerous
commercial and academic solutions, which rely either on the Finite Element or the
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Chapter 2

Finite Volume methods. It is outside the scope of this work to discuss these methods
in detail; (2) a three-dimensional (3D) geometric model of the vascular anatomy of
interest; and (3) a set of inflow and outflow boundary conditions that represent the
physiologic flow and pressure conditions of the subject. The geometric model and
the inflow/outflow boundary conditions must be extracted from the available imag-
ing and hemodynamic data (e.g. flow and pressure).

Geometric Model Construction and Mesh Generation

Vascular geometric models can be constructed from 3D imaging modalities such as
computed tomography (CT) and magnetic resonance angiography (MRA) using a
variety of segmentation methods. For cardiovascular applications, the segmentation
procedure seeks to delineate the boundaries of the vessels of interest in a certain
region. Segmentation methods range from automatic to manual, and the outcome
is either a discrete triangulated surface mesh (e.g. STereoLithography) or smooth
analytical description of the vessel boundaries (e.g., computer-aided design (CAD)).

Numerous software packages offer automatic or semi-automatic methods such as
threshold and region-growing algorithms that eventually produce a discrete surface
triangulation. Notable examples are the open source Vascular Modeling Toolkit
(www.vmtk.org)’ and the commercial Materialise Mimics (Materialise NV, Leuven,
Belgium)." These methods work well on high quality image data and usually ren-
der a 3D model suitable for computational analysis within minutes. However, the
resolution of the vascular model is limited by the discrete surface triangulation, and
additional smoothing operations are needed in order to accommodate mesh refine-
ment procedures.

When the image data is noisy, the segmentation process often requires significant
input from the user. The custom package CRIMSON (www.cirmson.software)'" offers
semi-automatic segmentation tools whereby manually constructed centerlines and
two-dimensional (2D) segmentations of the vessel lumen are used to create a CAD
model of the vessels of interest via lofting operations. Analytical models offer the ad-
vantage of being easy to manipulate (e.g. adding or removing blood vessels, a critical
attribute for vascular surgical planning) and because they offer a smooth surface that
can easily accommodate an arbitrary number of mesh refinement operations.”” This
workflow is more time-consuming and user-dependent. The time needed to produce
an analytical vascular model suitable for mesh generation depends on the size and
complexity of the model. Typically, an expert user would need 60 minutes to create an
analytical vascular model of a healthy thoracic aorta, including the supra-aortic and
coronary arteries suitable for mesh generation. Creating a more complex model of e.g.
an aortic dissection would typically take 120 minutes, while creating a less complicated
model, e.g. an abdominal aortic aneurysm, would approximately take 30 minutes.
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Patient-specific modeling of hemodynamics

Whichever workflow is chosen (analytical or surface triangulation models), a
volumetric computational mesh must be created for the computational analysis. The
mesh must be such that it captures not only the complex boundaries of the vascular
region, but also the complexities of the blood flow field. Field-mesh mesh-adaption
techniques are thus critical to ensure good quality grids that can produce mesh-
independent computational results.”

Physiologic Data and Boundary Conditions

Patient-specific hemodynamic modeling requires information on physiologic data
such as cardiac output, blood pressure and flow splits between different vessels.
Conceptually, boundary conditions on flow and/or pressure must be prescribed
in all inlets and outlets of the computational model. However, in real-life clinical
settings it is nearly impossible to acquire flow and pressure data for all vessels of
interest, under the same hemodynamic conditions. Therefore, numerical methods
that allow the user to prescribe meaningful boundary conditions in the absence of
direct measurements are critical. Multi-scale methods have been derived to couple
CFD solvers for the Navier-Stokes equations with reduced-order, lumped-parameter
models of the circulation." These models use electric-circuit analogues such as
resistors, capacitors, and diodes to mimic properties such as vascular resistance,
compliance, and the behavior of valves. Therefore, the reduced-order models, via the
specification of meaningful values for their parameters, allow the user to include the
impact of the vasculature not contained within the image data and specify boundary
conditions in the absence of direct clinical measurements. The most-widely used
lumped-parameter model is the 3-element Windkessel. The parameters of these
models can be obtained using either data on flow and pressure, or morphometric
considerations (larger vessels carry larger flows, etc.). Another strength of lumped-
parameter models is that they represent a convenient choice for boundary condition
specification in situations in which clinical data is not directly available, such as in
virtual surgical planning. Here, one can use the same pre-operatively determined
lumped parameter models to represent the behavior of a distal vascular bed in the
post-operative scenario (instead of a direct measurement such as a pressure or flow
waveform).

Deciding which hemodynamic measurements to use for CFD modeling purposes
depends primarily on the availability of the data. It is necessary to understand the
acquisition methods and their limitations, as inconsistencies between data (e.g., lack
of mass conservation) and measurement errors affect the simulation results."

Phase contrast Magnetic Resonance Imaging (PC-MRI) provides noninvasive data
on 3D velocity maps in large blood vessels." Local blood flow can then be calculated
by integrating the velocity maps over the cross-sectional area of the vessel. PC-MRI
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velocity measurements must be acquired at each location of interest. Together with
the angiography MRA sequence, the total duration of an MRI examination may
range from 30 minutes to an hour. Consequently, changes in the physiology within
the subject may occur over the examination.”” These changes need to be identified to
avoid inconsistencies in the measured data.

Duplex Doppler ultrasonography can also be used to noninvasively acquire blood
flow measurements. Compared to PC-MRI techniques, Duplex Doppler ultrasonog-
raphy is cheaper, faster and more widely available in clinical practice. However,
Ultrasonic techniques produce operator-dependent results, are affected by tissue
signal attenuation and thus cannot reliably be used to measure flow in deep vessels."

Recent developments on dynamic imaging have enabled noninvasive assessment
of wall motion, producing useful information to characterize tissue strain."*

Pressure data can be obtained invasively from catheterization procedures and
noninvasively from applanation tonometry or cuff measurements. Catheter mea-
surements are the gold standard, however they are invasive and induce hemody-
namic changes through introduction of a catheter in the vessel lumen.” Applanation
tonometry, on the other hand, can only be used for superficial vessels and is prone to
measurement errors and highly operator dependent, impacting the accuracy of the
results.”” Cuff measurements do not capture the pressure waveform over time but
only the systolic and diastolic extremes at one location.

Invasive cardiac catheterization, the gold standard method to assess cardiac
output, can be used to obtain simultaneous measurements of blood flow and pres-
sure.”” The method provides direct measurements of blood pressure, and blood
oxygenation, which can then be used to assess cardiac output via the Fick principle.
Therefore, no information on time-resolved flow waveforms is obtained, and there is
a small risk of peri-interventional complications.

Treatment of the vessel walls

Vessel walls are often modelled as rigid structures. This approach is computationally
efficient and it produces good approximations for the velocity and pressure fields.
Alternatively, the deformability of the vessels can be taken into account using fluid
structure interaction (FSI) simulation techniques.” Here, mechanical properties such
as material stiffness and vessel thickness are assigned to the vessel wall, and the
elasto-dynamic equations describing wall motion are solved simultaneously with
the Navier-Stokes equations. Cardiovascular FSI simulations therefore describe
blood velocity and pressure, as well as wall motion and provide a more realistic
description of cardiovascular physiology, enabling calculation of quantities such as
pulse wave velocity (PWV), elastic energy storage and distensibility under different
hemodynamic and/or vascular stiffness conditions.” FSI simulations also provide
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more accurate descriptions of flow quantities that are affected by the compliance of
the vessel wall, such as wall shear stress. Cardiovascular FSI simulations are therefore
more complex and entail significantly higher computational costs compared to those
of rigid wall simulations. In practice, this means that FSI simulations take signifi-
cantly more time to run, limiting their applicability in clinical practice. Furthermore,
FSI simulations require time-resolved data on wall motion and wall thickness. This
information is often not available in routine clinical practice. Therefore, the choice
between rigid or FSI hemodynamic analysis must be made depending on the specific
quantities of interest and the availability of clinical data.”

Computational analysis

Once geometric model, computational mesh, inflow and outflow boundary condi-
tions are set, the Navier-Stokes equations are numerically solved over multiple
cardiac cycles. The cardiac cycle is split in small time increments (typically in the
range of le-3 to le-4 seconds) to accurately calculate blood velocity and pressure.
Consequently, cardiovascular CFD simulations typically entail solving millions of
equations for tens of thousands of time steps. Compared to clinical measurements,
CFD simulation results have much higher spatial and temporal resolution. These
analyses must therefore be run on high performance computing (HPC) systems. This
is particularly important to produce solutions in clinically-relevant timeframes. The
time that is required to calculate the solution of a CFD simulation depends on the
complexity of the model and the hardware that is being used. Typically, computa-
tions of a healthy thoracic aorta (mesh size +1.5 million elements), with rigid walls,
take 48 hours for 5 cardiac cycles on a HPC system with 80 cores. The same hardware
would need approximately 240 hours to compute solutions for a healthy thoracic
aorta with deformable walls (FSI).

Computational results can be post-processed to calculate variables such as flow
distribution, wall shear stress, displacement forces on medical devices,” and metrics
of hemodynamic disturbances such as turbulent kinetic energy” and platelet activa-
tion potential.”

Surgical Planning Supported by Computational Modeling

The current paradigm in cardiovascular surgical planning relies on anatomic assess-
ments, results from clinical studies and the experience of the clinician performing
the intervention. Different surgeons, when faced with the same problem, would
often choose different surgical corrections. Furthermore, an assessment of how the
hemodynamics would differ for different surgical alternatives is never made. Con-
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ceptually, this is a ‘trial-and-error’ or ‘build-and-test’ paradigm, which only relies
on previous experiences to make choices about the current problem. In numerous
engineering fields, the ‘build-and-test’ paradigm has long been replaced by a ‘virtual
testing’ paradigm, whereby computational simulations are used to optimize the
design of cars, airplanes, structures, etc. before any physical model is built.

Patient-specific computational modeling of hemodynamics therefore offers great
promise to change the current paradigm in cardiovascular surgical planning. Com-
putational modeling, if properly executed, could inform the surgeon on specific
hemodynamic differences between surgical alternatives and thus enable to theo-
retically identify an optimal solution based on function rather than on anatomical
considerations. The optimality condition will be defined by the goals of the surgery
(e.g. maximizing flow to a territory, minimizing energy losses due to turbulence,
etc.). It is critically important though that the simulation workflow is set up in such
a way that the computations reflect the actual anatomic and physiologic state of the
patient, and that the results of the predictions can be verified after the procedure is
performed.

Therefore, the workflow to perform patient-specific computational simulations to
support surgical planning should consist of a two-step approach. Step 1 creates a
clinically validated baseline (pre-operative) solution matching anatomical and he-
modynamic data. In Step 2, the validated pre-operative solution is adapted to reflect
different surgical options, with the goal of identifying the hemodynamically superior
alternative. A schematic representation of this approach is presented in Figure 1. In
the following, we present and discuss a case of computational-supported surgical
planning of a Fontan correction in a patient suffering from unilateral PAVMs.

Step 1: Step 2:
Reproduce preoperative hemodynamics Adapt geometry and BCs
to represent surgical options

Anatomical Data / Surgical Option 1

s Verified ‘
Flow Data ‘ Baseline Solution ‘ Surgical Option 2
/ I (Preoperative) r & P
Pressure Data / Surgical Option 3

Figure 1. Two-step workflow for image-based surgical planning: In step 1, a 3D anatomical model is construct-
ed from the image data and boundary conditions are tuned to reproduce pre-operative hemodynamics. This
step produces a calibrated virtual representation of the hemodynamics of the patient. In step 2, the anatomical
model and/or boundary conditions are adapted to reflect different surgical options. BCs = boundary conditions.
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Single Ventricle Circulation and Pulmonary Arteriovenous Malformations

A healthy cardiac configuration consists of a biventricular system supplying the
pulmonary and systemic circulation. Desaturated blood from the systemic circula-
tion enters the heart through the right atrium and gets pumped into the pulmonary
circulation by the right ventricle. Blood is oxygenated in the alveoli of the lungs and
returns to the left side of the heart via the pulmonary veins. From there, the oxygen-
ated blood is pumped to the aorta to supply the systemic circulation of oxygenated
blood.

Children born with an anatomic or physiologic single ventricle do not have sepa-
rate systemic and pulmonary circulations in series as described above. In this con-
figuration, oxygenated blood from the pulmonary veins is mixed with desaturated
blood from the systemic veins and is ejected together into the systemic circulation.
Complications resulting from this physiology are related to ventricular volume
overload and hypoxia in the systemic circulation, among other problems.

To improve oxygen saturation in the systemic circulation and reduce ventricular
volume overload, a Fontan circulation is surgically created in multiple stages.”® A
good overview of this surgical solution is given by Gewillig.”” Briefly, in this circu-
lation, the systemic venous return bypasses the heart and is directly connected to
the pulmonary arteries through a cavopulmonary anastomosis (CVPA). The single
ventricle is connected to the aorta and functions as the systemic pump. Multiple
surgical options are available to complete the Fontan circulation and computational
studies have been performed to calculate the impact of postoperative geometry on
energy loss and exercise intolerance.*® One important complication following CVPA
is the formation of PAVMs.”**' PAVMs are abnormal shunts between the pulmonary
arteries and veins proximal to the alveoli, resulting in reduced oxygenation of blood
from the affected lung returning to the heart and elevated cardiac output due to the
reduction of flow resistance induced by the arteriovenous shunts. Development and
progression of PAVMs are attributed to the absence of hepatic venous flow (HVF),
containing angiogenesis inhibitors, in the affected lung(s).*** Revision of the Fontan
circulation, aiming to direct sufficient HVF to the affected lung has shown to reverse
progression of PAVMs.”* Multiple surgical options are available to reroute HVF to
the lungs, however it can be difficult to discern from traditional clinical data how
the HVF is distributed over both lungs and which surgical option would result in
the best hemodynamic outcome. Patient-specific computational simulations can be
performed to gain detailed information on regional flow and pressure waveforms
and HVF distributions to each lung. Furthermore, the impact of different surgical
options on HVF distribution can be quantified to select the procedure that renders
the optimal results.”

21



Chapter 2

Case Description

An 18-year-old female presented with shortness of breath and exercise intolerance
at our institution. Medical history included heterotaxy syndrome with polysplenia,
interrupted inferior vena cava (IVC), dextrocardia, unbalanced atrioventricular
septal defect, and double outlet right ventricle with pulmonary stenosis. Surgical
history included a Kawashima operation™ at 16 months of age and insertion of an ex-
tracardiac Fontan conduit (FN) at 32 months of age. Because of the interrupted IVC,
most of the systemic venous return was transported through the azygos vein (AZV).
The Kawashima operation involved creation of an anastomosis between the superior
vena cava, AZV and main pulmonary artery. The base of the main pulmonary artery
was ligated from the right ventricle. The FN connected the hepatic vein (HV) to the
proximal left pulmonary artery to redirect HVF to the lungs, completing the Fontan
circulation.”

Clinical Data

Oxygen saturation at rest was 82%. CT imaging of the thorax revealed severe unilat-
eral PAVMs in the right pulmonary artery (RPA). Flow measurements were acquired
from PC-MRI at different locations in the Fontan circulation. Figure 2 presents the
thoracic vascular anatomy and the measured flow data. Local pressure measure-
ments were obtained through cardiac catheterization, as was cardiac output using

the Fick principle.”

Figure 2. CT data of the thoracic vasculature and
Fontan circulation. Flow data, acquired via PC-
MR, is indicated with numerical values and yellow
lines at the following locations: AZV, FN, LINV,
RINV and RPA. LPA flow could not be acquired due
to artefacts induced by two embolization coils. The
difference in morphology between LPA and RPA vas-
culatures is apparent, as a result of the pulmonary
arteriovenous malformations in the RPA (circled in
blue). AZV = azygos vein, CT = computed tomogra-
phy, EN = Fontan conduit, LINV = left innominate
vein, LPA = left pulmonary artery, PC-MRI = phase
contrast magnetic resonance imaging, RINV = right
innominate vein, RPA = right pulmonary artery.
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Patient-Specific Computational Simulations

Patient-specific computational simulations were performed to gain detailed infor-
mation on local distribution of HVF in the pulmonary circulation. A pre-operative
3D anatomical model was constructed from the CT imaging data using the built-in
analytical segmentation tool in the validated software package CRIMSON." The
workflow for this procedure is presented in Figure 3. Once the geometric model was
created, boundary conditions were tuned to match the clinically measured flow and
pressure data from PC-MRI and cardiac catheterization, respectively. Specifically,
PC-MRI derived flow waveforms were mapped to the FN conduit, AZV, and right
and left innominate veins (RINV and LINV) using a time-varying parabolic velocity

Figure 3. Workflow for geometric modeling using CT data in the CRIMSON software package. (a) Image data.
(b) Vessel centerlines and 2D contours of the vessels of interest. (c) Lofting operations were performed and a
good match between the contours of the geometric model and the image data was confirmed. (d) Completed 3D
geometric CAD model. (e) The CAD model was discretized into a finite element mesh consisting of 1,768,104
linear tetrahedral elements. CAD = computed-aided design.
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profile. The choice for parabolic velocity profiles at the inflow sections is valid for de-
veloped venous flows.” Three-element Windkessel models were tuned and mapped
to the outlets of RPA and left pulmonary artery (LPA). An overview of the specifica-
tions of the boundary conditions at the inflow and outflow sections is presented
in Table 1. As previously mentioned, lumped parameter models are a convenient
choice for outflow boundary conditions in virtual surgical planning, because they
represent the behavior of the distal vascular bed (rather than a fixed flow or pressure
waveform). Since we needed the simulation results within a clinically reasonable
timeframe, we adopted a rigid wall assumption. We argue that alterations in the
HVF distribution are mainly caused by the 3D vascular anatomy in the different
surgical scenarios, rather than the vessel wall compliance. Furthermore, all scenarios
are equally affected by this assumption, so this would not affect the comparison.

The patient’s heart rate at time of the cardiac catheterization differed from during
MRI examination. To overcome inconsistencies in the duration of the cardiac cycle,
the time scale of the pressure recordings was normalized to match the time scale of
the flow measurements.

Table 1. Parameter Values of Boundary Conditions Applied at the Inflow and Outflow Sections of the geomet-
ric model

Inflow section Mean flow rate [mL/s] Proportion [%]

AZV 34.90 35.53

FN 27.09 27.59

LINV 14.99 15.26

RINV 21.23 21.62

Total 98.21 100.00

Outflow section Proximal Resistor [Pa-s/mm’] Capacitor [mm3/Pa] Distal Resistor [Pa-s/mm’]
LPA 2.64E-05 1.86E+02 2.19E-02

RPA 5.19E-05 4.38E+01 4.66E-02

Flow waveforms derived from phase-contrast MRI were mapped to the inflow sections, mean flow rates and
proportions of total flow are reported. On the outflow sections, three-element Windkessel models were attached
and tuned to match flow and pressure measurements of the RPA and LPA. AZV = azygos vein, FN = Fontan
conduit, LINV = left innominate vein, LPA = left pulmonary artery, MRI = magnetic resonance imaging,
RINV = right innominate vein, RPA = right pulmonary artery.

Results

Baseline Simulation Results

The baseline solution successfully reproduced the patient’s hemodynamics see,
Figure 4. Iterative refinements on the values of the LPA and RPA Windkessel models
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Patient-specific modeling of hemodynamics

were made until the difference in mean and pulse values relative to the data was less
than 5%. A “particle tracking’ postprocessing analysis was used to assess the distri-
bution of HVF between both lungs.”® A one mL bolus representing a control volume
of HVF was injected in the FN and the RPA:LPA split of the particles defining the
bolus was analyzed. All particles flowed into the LPA, leaving the RPA deprived
from any HVEF. This result is consistent with the presence of PAVMs in the right lung.
Completion of this validated baseline solution achieves Step 1 in Figure 1.

o RPA Flow
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-- PC-MRI data
Simulation data

0 0.7
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14 LPA Pressure
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I
1S
£
(0]
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Figure 4. Step 1 of the surgical planning workflow: Left: Snapshot of pressure and velocity fields of the verified
baseline solution. Here, boundary condition parameters were iteratively refined until a good match between
computed and measured flow and pressure waveforms was achieved (right). LPA = left pulmonary artery, PC-
MRI = phase contrast magnetic resonance imaging, RPA = right pulmonary artery.

Surgical Planning

Surgical revision of the FN was proposed to achieve a more balanced distribution of
HVF between both lungs. Two options were considered, based on clinical feasibility.
In option 1, Hepatic-to-Azygos, the FN is removed and an anastomosis is made from
the HV to the AZV. In option 2, Fontan-to-Innominate, the FN is detached from the
LPA and extended to the LINV. Figure 5 depicts the two proposed surgical options.
Computations were performed to predict hemodynamics in both surgical options,
leaving inflow and outflow conditions unchanged relative to the baseline solution,

except for the inflow alterations resulting from the different surgical manipulations
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(Step 2 Figure 1). The RPA:LPA HVF distribution was calculated for each option
using the bolus tracking techniques. Furthermore, to assess the sensitivity of HVF
distribution to the time of bolus injection, the bolus tracking analysis was performed
at 55 different time-points in the cardiac cycle.

Option 1: Hepatic-to-Azygos

RINV. LINV

Figure 5. Step 2 of the surgical planning workflow: Two surgical options were considered as potential repair
solutions. Option 1 (Hepatic-to-Azygos) consists of the removal of the FN from the LPA and the anastomosis
of the HV directly to the distal part of the AZV. Option 2 (Fontan-to-Innominate): consists of detaching the FN
from the LPA and extending it to the LINV. The black arrows indicate the direction of the hepatic venous flow
in each option. AZV = azygos vein, FN = Fontan conduit, HV = hepatic vein, LINV = innominate vein, LPA =
left pulmonary artery, RPA = right pulmonary artery, RINV = right innominate vein.
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Figure 6. HVF distribution for the two surgical options. Top panel: path lines of HVF distribution between
RPA (red lines) and LPA (blue lines) for the Hepatic-to-Azygos and Fontan-to-Innominate options. The
RPA:LPA HVF distribution is 80:20 and 70:30 in the Hepatic-to-Azygos and Fontan-to-Innominate options,
respectively. Bottom panel: Analysis of % of HVF transported to the RPA for 55 different bolus injection
points. The injection points corresponding with maximum and minimum %HVF transported to the RPA are
highlighted for each surgical scenario. The Hepatic-to-Azygos option shows a large variability in the %HVF
transported to the RPA (maximum and minimum values of 88% and 62%, respectively). In contrast, the Fon-
tan-to-Innominate option shows a much smaller variability for the different bolus injection times (maximum
and minimum values of 63% and 77%, respectively). These findings suggest that the Fontan-to-Innominate
option is hemodynamically superior. AZV = azygos vein, FN = Fontan conduit, HVF = hepatic venous flow,
LPA = left pulmonary artery, RPA = right pulmonary artery, T = time.
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Simulation Results of the Surgical Options

Computational results for both surgical options are summarized in Figure 6. The
Hepatic-to-Azygos option resulted in a mean RPA:LPA HVF distribution of 80:20,
and a wide variability through the cardiac cycle in %HVF reaching the RPA (max.
88%, min: 62%). Conversely, the Fontan-to-Innominate option resulted in a mean
RPA:LPA HVF distribution of 70:30, and a much smaller variability in %HVF reach-
ing the RPA (max. 77%, min. 63%). Due to the more balanced RPA:LPA HVF ratio
and smaller variability over the cycle, the Fontan-to-Innominate option was selected
after discussing it within the multi-disciplinary research and surgical team.

Clinical Outcomes

The Fontan-to-Innominate surgical procedure was successfully performed. Figure
7 presents pre-operative and post-operative angiograms. The pre-operative angio-
gram shows a clear bias of HVF towards the left lung, in agreement with the particle
tracking analysis of the Baseline solution. Conversely, the post-operative angiogram
showed a much more balanced distribution of HVF between the left and right lungs,
consistent with our simulation results. At most recent clinical follow-up, 11 months
post-operative, overall symptoms had improved. The patient denied shortness of
breath and exercise intolerance. Furthermore, oxygen saturation at rest had increased
from 82% to 96%, suggesting that increased levels of HVF reverted the progression
of PAVMs.

Figure 7. Angiographic imaging was used to visualize the transport of HVF to the lungs. Left: pre-operative
angiogram shows that contrast injected in the FN is being transported exclusively to the LPA. The right lung
is completely deprived from HVF. Right: post-operative angiogram reveals that contrast injected in the FN now
reaches both lungs, with arguably larger presence of contrast in the right lung. These findings agree well with
our computational results. FN = Fontan conduit, HVF = hepatic venous flow.
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Present and Future Challenges

Computational modeling techniques have the potential to aid cardiovascular disease
research and clinical decision making.” Nonetheless, there are multiple obstacles in
the way of routine clinical application.

Computations are time-consuming, typically requiring multiple days to run,
despite advances in HPC processing speeds. Near real-time solutions are therefore
not feasible and thus computations can only aid clinical decision making in elective
cases.

The time-intensive and somewhat operator-dependent nature of model construc-
tion, parameterization and validation also affects the clinical applicability of the
workflow. Inconsistencies in clinical data can also potentially lead to inaccurate
results.”” Automated workflows relying on data-driven simulations, machine and
deep learning tools will help mitigate some of these issues. Ideally, surgical planning
supported by computational modeling should involve clinicians and bioengineers
working together in multidisciplinary teams. Clinicians should oversee informing
the patient, acquiring necessary clinical data and proposing surgically feasible op-
tions. Engineers should then perform the analyses following the two-step workflow
in Figure 1 and extract clinically meaningful conclusions. Results should then be dis-
cussed in a multidisciplinary conference and subsequently presented to the patient.

Current modeling paradigms only predict acute hemodynamic responses immedi-
ately after the surgery. Short-term hemodynamic adaptations (intrinsic or extrinsic)
are usually left out of the simulation pipeline. Progress has been recently made in de-
veloping computational methods to predict short-term hemodynamic extrinsic (e.g.
baroreflex effects*’) or intrinsic adaptations (e.g. metabolic and adrenergic responses
in the coronary bed*). A bigger challenge is to predict the long-term response of
the surgical solution due to tissue growth-and-remodeling. Although theoretical
foundations for stress-mediated vascular growth and remodeling are currently be-
ing explored,* these are far from ready to be applied in clinical decision making.

In the future, guidelines should be created to support best practices resulting
in reproducible computational approaches for specific surgical procedures. The
outcomes of the computer-guided surgical planning could then be added to the di-
agnostic workup. Additionally, training courses in computational modeling geared
towards surgical planning can be held to train participants in producing reliable
simulation workflows.
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Conclusions

The potential applications for computational modeling in the cardiovascular field

are numerous. Patient-specific simulations enable prediction of hemodynamic out-

comes in different interventional procedures, allowing development of individually

tailored treatment plans in complex vascular pathologies. In order for these analyses

to be routinely used in clinical practice, the accuracy of the simulation results needs

to be assessed. Multidisciplinary collaboration between biomedical engineers and

clinicians is key to provide accurate computational simulations that benefit research

and treatment of cardiovascular disease.
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Chapter 3
Abstract

Objective

Current endografts for thoracic endovascular aortic repair (TEVAR) are much stiffer
than the aorta and have been shown to induce acute stiffening. In this study, we
aimed to estimate the impact of TEVAR on left ventricular (LV) stroke work and
mass using a non-invasive image-based workflow.

Methods

The University of Michigan database was searched for patients treated with TEVAR
for descending aortic pathologies (2013 to 2016). Patients with available pre-TEVAR
and post-TEVAR computed tomography angiography (CTA) and echocardiography
data were selected. LV stroke work was estimated via patient-specific fluid structure
interaction (FSI) analyses. LV remodelling was quantified through morphological
measurements using echocardiography and electrocardiographic-gated CTA data.

Results

Eight subjects were included, mean age was 68 (73,25) years old, six were female. All
patients were prescribed antihypertensive drugs following TEVAR. FSI simulations
computed a 26% increase in LV stroke work post-TEVAR (0.94 (0.89,0.34) ] to 1.18
(1.11,0.65) J, P=.012). Morphological measurements revealed an increase in LV mass
index post-TEVAR of +26% in echocardiography (72 (73,17) g/m’ to 91 (87,26) g/m?,
P=.017) and +15% in CTA (52 (46,29) g/m” to 60 (57,22) g/m’, P=.043). The post- to pre-
TEVAR LV mass index ratio was positively correlated with the post- to pre-TEVAR
ratios of stroke work and mean blood pressure (0=.690, P=.058 and 0=.786, P=.021,
respectively).

Conclusions

TEVAR was associated with increased LV stroke work and mass during follow-up.
Medical device manufacturers should develop more compliant devices to reduce the
stiffness mismatch with the aorta. Additionally, intensive anti-hypertensive manage-
ment is needed to control blood pressure post-TEVAR.
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Introduction

Thoracic endovascular aortic repair (TEVAR) is the treatment of choice for descend-
ing thoracic aortic aneurysms.' Due to its superior early and mid-term outcomes
over open surgery, the use of TEVAR is increasing rapidly.” The treatment range for
TEVAR is extending with endografts deployed more proximally into the aortic arch
and in younger patients.”” Current endografts are made of materials much stiffer
than the native thoracic aorta.”” These materials enhance durability and reduce the
risk of Type IV endoleaks, but they stiffen the aorta. Aortic compliance serves a criti-
cal function to reduce the impedance and workload of cardiac ejection.’ The healthy
aorta stiffens with age, this process is accelerated by smoking, high cholesterol, hy-
pertension and genetic predisposition. Aortic stiffening is known to play a significant
role in cardiovascular disease development and progression.*” Several pre-clinical
studies have reported on acute stiffening of the aorta following TEVAR, resulting
in acute elevated pulse pressure, hypertension, reduced coronary perfusion, and
eventually heart failure.'”"" These findings have been confirmed by computational
studies using simplified blood flow models.'” More recently, a clinical study revealed
left ventricular (LV) remodelling in a mixed population of thoracic and abdominal
aneurysm patients treated with endovascular repair using ultrasonography data to
assess changes in aortic pulse wave velocity and myocardial mass."”

The present study aimed to elucidate the impact of TEVAR-induced acute aortic
stiffening on LV stroke work (SW) and mass using patient-specific fluid structure
interaction (FSI) analyses and image-based measurements of cardiac remodelling
from echocardiography and computed tomography angiography (CTA) data.

Materials and Methods

The University of Michigan Adult Cardiac Surgery database was retrospectively
quarried for patients treated with TEVAR for descending aortic aneurysms between
2013 and 2016. The following inclusion criteria were used: available pre-TEVAR and
post-TEVAR echocardiography and CTA data. Exclusion criteria were: aortic dis-
section, prior surgical or endovascular aortic repair, prior open-heart surgery, atrial
fibrillation and echocardiographic ejection fraction of <50%. Approval was obtained
from the Institutional Review Board (HUMO00112350), the need for informed consent
was waived. Information on demographics, medical and surgical history, and clini-
cal outcomes was retrieved.
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Patient-Specific Computational Modelling of Hemodynamics

FSI techniques were used to simulate aortic hemodynamics, including interac-
tions between blood, aorta, and endograft using validated computational tools."
Patient-specific simulations were performed pre-TEVAR and post-TEVAR. Each
simulation required the following: (1) a three-dimensional model of the aorta and
its side-branches; (2) stiffness properties of the vessel walls and endografts; and (3)
boundary conditions describing inflow and outflow waveforms.

Computational models of thoracic aorta, coronary arteries, and the supra-aortic
arteries were created from CTA data using the cardiovascular modelling software
CRIMSON."” The workflow for this procedure is illustrated in Figure 1. Figure 2
presents the pre-TEVAR and post-TEVAR geometrical models.

Wall thickness and stiffness were assigned to the different vessels using literature
data, values and references are reported in the Table 1. Figure 3 shows stiffness maps
of the pre-TEVAR and post-TEVAR aorta for Patient 4. Aortic wall thickness and
stiffness were specified along the center lumen line in all models. Pre-TEVAR, the
thickness and stiffness at the level of the descending aortic aneurysm were set to 4.0
mm and 2.56 MPa, respectively, rendering a structural stiffness (i.e., the product of
thickness and stiffness) of 10.2 MPa-mm. Post-TEVAR, thickness and stiffness at the
level of the endograft were set to 2.8 mm and 55.2 MPa, respectively, rendering a
structural stiffness of 154.6 MPa-mm. This is more than fifteen times stiffer than the
region of the aneurysm in the pre-TEVAR models.

Figure 1. Patient-specific models of the thoracic
aorta and its side-branches were constructed
from CTA data. First, center lumen lines were
selected in each artery. Then, two-dimensional
segmentations were made along the center lu-
men line, delineating the vessel walls. The in-
dividually segmented arteries were combined
through an automated lofting and blending
process, completing the three-dimensional ge-
ometry. This geometry was then discretized into
a highly-refined finite element mesh.
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Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6 Patient 7 Patient 8
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Figure 2. Pre- and post-TEVAR geometric models for all patients. Finite element mesh sizes are reported in

millions of elements.

Boundary Condition Specification and Parameterization

Since invasive pressure measurements of the LV were not available, we developed a
workflow to estimate the LV end-diastolic pressure-volume (PV) relationship using
image-based computational modelling. A two-step approach was adopted to assign
inflow and outflow boundary conditions. First, a preliminary FSI simulation was
performed using aortic inflow duplex-Doppler echocardiography data to calculate
the pressure-volume (PV) relationship in the aortic root. Then, these simulation
results were used to calibrate a lumped-parameter heart model'® that enabled quan-
tification of LV SW. In the following, the methods of performing the preliminary
simulation and constructing the heart model will be reviewed.

The pre-TEVAR and post-TEVAR cardiac outputs and inflow waveforms were
derived from transthoracic duplex-Doppler echocardiography measurements at the
LV outflow tract and imposed at the aortic root of the corresponding computational
model. We did not have direct measurements of the flow and pressure waveforms at
the side branches of the aorta. Therefore, we used three-element Windkessel models
to represent the resistance and compliance of the distal vascular bed for each branch."”
The parameters of the Windkessel models were iteratively tuned to match reported
literature data on flow splits'® and patient-specific brachial cuff blood pressure mea-
surements that were taken at rest during the preoperative and follow-up office visit.
Of note, the blood pressure measurements were taken routinely by the same staff,
ensuring similar conditions between the consecutive measurements. The following
flow splits were assigned as percentages of cardiac output: brachiocephalic trunk
18%; left common carotid artery 8%; left subclavian artery (LSA) 8%; left coronary
artery (LCA) 4%; right coronary artery (RCA) 2% and descending aorta 60%. If the
LSA was over-stented during TEVAR, the left common carotid artery would be as-

signed 16% of the cardiac output.
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Table 1. Numerical values of vessel wall parameters for FSI analysis

Young’s Modulus [MPa] Thickness [mm]
Aortic root 1.68 2.6
Ascending aorta 1.68 2.6
Right coronary artery 3.20 0.9
Left coronary artery 3.20 0.9
Brachiocephalic trunk 2.00 1.2
Left common carotid artery 2.00 1.2
Left subclavian artery 2.00 12
Distal aorta 1.84 2.8
Ascending aortic aneurysm 2.00 2.6
Descending aortic aneurysm 2.56 4.0
Endograft 55.2 2.8
Pre-TEVAR Post-TEVAR Windkessel model

Coronary model

Rk
Heart mog

Stiffness [MPa]

55.2 i

1.68

Figure 3. Left: Distribution of aortic and endograft stiffness. Right: Reduced order models were attached to the
in- and outflow sections of the 3D computational model. The parameters of the Windkessel, heart and coro-
nary models were tuned to match patient-specific flow and pressure data. The patient-specific left-ventricular
elastance function (E(t)) describes the pressure generation in the heart model. In the coronary circulation,
extravascular myocardial compression is modelled by broadcasting left ventricular pressure to each coronary'®
(orange arrow).

Heart Model

A lumped-parameter heart model including diodes and inductors to represent the
mitral and aortic valves, a pressure source representing left atrial pressure and a
volume-tracking pressure chamber representing the left ventricle was then calibrated
and coupled to the inflow face of all aortic models (Figure 3). The compliance and
contractility of the pressure chamber are defined by a time-varying elastance func-
tion (E(t))."® Patient-specific pre-TEVAR and post-TEVAR elastance functions were
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computed from the PV relationship at the aortic root in the preliminary simulations.
While the aortic valve is open, the aortic root pressure provides an approximation
of the LV pressure. The diastolic part of the elastance function was completed by
assuming an exponential decay following aortic valve closure to 5% of the peak
elastance,” followed by an exponential systolic rise until aortic valve opening.'**
Pre-TEVAR LV end-diastolic volume (EDV) was estimated for each patient using
age, gender and body surface area (BSA) data.”' Since there is no significant change
in BSA Post-TEVAR, LV EDV was estimated from the echocardiography data using

the modified Simpson’s rule® as follows:

Post - TEVAR EDV = estimated Pre - TEVAR EDV | gsa
[ Post - TEVAR EDV ]
Pre - TEVAR EDV

Modified Simpson’s rule

Estimated LV EDVs were compared with electrocardiographic (ECG) gated CTA
data whenever available. If the discrepancy between estimated and ECG-gated CTA
ratios of post-and pre-TEVAR EDV was larger than 5%, the ECG-gated CTA data
were used.

Coronary Models

We used lumped-parameter models to represent the vascular beds of LCA and
RCA (Figure 3). The heart model enabled tracking of LV pressure throughout the
cardiac cycle. The LV pressure was broadcasted to a lumped parameter model of
the LCA, to reproduce diastolically-dominant coronary flow waveforms.' Since the
right ventricle operates at a lower pressure than the left ventricle, the LV pressure
broadcasted to the RCA coronary model was scaled down to 33%. These lumped-
parameter models enable to capture essential features of coronary flow waveforms
and therefore their impact on ascending thoracic aortic hemodynamics.

Computations

Blood was modelled as an incompressible Newtonian fluid with a density of 1060
kg/m3 and a dynamic viscosity of 4.0 mPa. Computations were performed using the
CRIMSON flow solver on 80 cores at the University of Michigan High Performance
Computing Cluster ConFlux. Typical computational time was 80 hours per cardiac
cycle. After the FSI simulations reached cycle-to-cycle periodicity, and successfully
reproduced patient-specific pressure and flow data within 5% margins, pre-TEVAR
and post-TEVAR LV PV-loops were generated from the heart models and SW was
calculated.
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Cardiac Remodelling

Changes in LV mass were measured from pre-TEVAR and post-TEVAR echocardiog-
raphy and ECG-gated CTA image data. Echocardiography examinations were per-
formed by an independent operator. LV mass [g] was calculated from end-diastolic
LV dimensions as follows™:

LV mass = 0.8 - {1.04 [LVID + PWT + SWTJ’ - LVID®} + 0.6

where LVID = LV internal diameter [mm], PWT = posterior wall thickness [mm] and
SWT = septal wall thickness [mm].

In patients who had undergone ECG-gated CTA examinations, volumetric mea-
surements of the LV myocardium were taken in the diastolic phase of the cardiac
cycle, at 75% of the R-R interval using the automatic image processing tools in Vitrea
(Vital Images Inc., Minnetonka, MN) (Figure 4). LV mass was calculated from the
product of the LV myocardial volume and the density of myocardial tissue (1.04 g/

m?).?

Figure 4. Left ventricular mass measurements
from ECG-gated CTA data pre-TEVAR (left)
and post-TEVAR (right) in Patient 4.

Statistical Analysis

Analysis of the data was performed using SPSS Statistics version 24 (IBM, Armonk,
NY). Continuous data are presented as mean (median, interquartile range). Com-
parisons between pre-TEVAR and post-TEVAR data were made using the Wilcoxon
signed rank test. Correlations were made using Spearman’s rank correlation coef-
ficient. No correction for multiple testing was performed. All the statistical tests were

two-sided and P-values of 0.05 or less were considered statistically significant.

Results

Study Sample

In total 195 patients were treated with TEVAR at the University of Michigan between
2013 and 2016. Eight patients met the inclusion and exclusion criteria, six were fe-
male. Mean age was 68 (73,25) years old. The average time between the pre-TEVAR
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and follow-up CTA scan was 458 (374,562) days. A comparison of pre-TEVAR and
post-TEVAR patient data is reported in Table 2.

Table 2. Patient data pre-TEVAR and post-TEVAR

Pre-TEVAR Post-TEVAR P-value
Physical Examination (n=8)
Heart rate [beats/min] 71 (70,12) 67 (68,16)
Systolic blood pressure [mmHg] 123 (123,23) 146 (149,29)
Diastolic blood pressure [mmHg] 69 (71,19) 79 (77,15)
Mean blood pressure [mmHg] 86 (85,15) 100 (99,22) .036
Pulse pressure [mmHg] 54 (52,25) 67 (57,36)
BMI [kg/m’] 28.2 (28.6,12.1) 28.1(26.1,11.2)
BSA [m?] 1.93 (1.91,0.44) 1.89 (1.90,0.36)
Echocardiography (n=8)
Cardiac output [L/min] 4.8 (4.51.6) 49(5.1,2.2)
Stroke volume [mL] 69 (62,31) 73 (67,25)
LV end diastolic volume [mL] 90 (91,21) 100 (102,14)
LV fractional shortening [%] 43 (43,17) 34 (34,16)
LV internal diameter systole [cm] 2.44 (2.37,1.30) 2.90 (3.27,1.10)
LV internal diameter diastole [cm] 4.22 (4.23,0.88) 443 (4.34,1.37)
Interventricular septum thickness [cm] 0.99 (0.93,0.20) 1.18 (1.18,0.47)
LV mass index
Echocardiography [g/m’] (n=8) 72 (73,17) 91 (87,26) 017
ECG-gated CTA [g/m’] (n=5) 52 (46,29) 60 (57,22) .043
Antihypertensive drugs (n=8)
B-blocker [n (%)] 4 (50.0) 7 (87.5)
ACE-inhibitor [n (%)] 0(0) 2(25.0)
Ca-channel blocker [n (%)] 3(37.5) 2 (25.0)
Angiotensin II receptor blocker [n (%)] 2 (25.0) 2(25.0)

Continuous data are presented as mean (median, interquartile range). ACE = angiotensin converting enzyme;
BMI = body mass index; BSA = body surface area; ECG = electrocardiography; LV = left ventricular.

Computational Outcomes

Pre-TEVAR and post-TEVAR simulation results successfully reproduced patient-
specific data on pressure, stroke volume, and end-diastolic volume within 5%
margins for all patients. Figure 5 demonstrates an example of pre-TEVAR and post-
TEVAR waveforms in all aortic branches for Patient 4. LV SW increased in all patients
post-TEVAR, the mean SW increment was 26% (0.94 (0.89,0.34) J to 1.18 (1.11,0.65)
J, P=.012). Figure 6 presents a comparison of pre-TEVAR and post-TEVAR PV-loops
for all patients. There was no correlation between SW increment and endograft size.
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Figure 5. Flow and pressure waveforms for Patient 4. AoR = aortic root, BCT = brachiocephalic trunk, DAo
= descending aorta, LCA = left coronary artery, LCCA = left common carotid artery, LSA = left subclavian
artery, LVOT = left ventricular outflow tract.
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Figure 6. Comparison of pre- and post-TEVAR LV PV-loops. Stroke work increased in all cases.

Cardiac Remodelling

Morphologic measurements from echocardiography revealed a 26% increase in LV
mass index (72 (73,17) g/m’ to 91 (87,26) g/m?* P=.017) following TEVAR. There was a
positive correlation between the ratio of post- to pre-TEVAR LV mass index and the
ratios of post- to pre-TEVAR LV SW and mean blood pressure (p=.690, P=.058 and
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p=.786, P=.021, respectively), Figure 7. Volumetric measurements from ECG-gated
CTA also revealed an increase in LV mass index following TEVAR, albeit smaller
than that obtained with echocardiography (+15%, 52 (46,29) g/m” to 60 (57,22) g/m’,
P=.043). There was no correlation between post- to pre-TEVAR LV mass index ratio
and total endograft surface area for either the echocardiography or the CTA data.
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Figure 7. Positive correlation between post- to pre-TEVAR LV mass index ratio measured from echocardiogra-
phy and both stroke work (SW) and mean blood pressure (BP) ratio.

Discussion

The goal of the present study was to elucidate the effects of TEVAR-induced acute
aortic stiffening on LV SW and remodelling. We present a workflow for non-invasive
quantification of LV SW through patient-specific FSI analyses. Using this workflow,
we unveiled a significant increase in LV SW post-TEVAR. The post- to pre-TEVAR
ratios of LV SW and LV mass index showed a positive correlation. Additionally,
despite anti-hypertensive therapy, mean blood pressure increased post-TEVAR. The
post- to pre-TEVAR ratios of mean blood pressure and LV mass index also showed
a positive correlation.

Myocardial and aortic stiffening are well-known determinants of all-cause mortal-
ity and cardiovascular events.**** Multiple clinical studies have reported increased
pulse wave velocity and pulse pressure following endograft deployment.”***” In pre-
clinical studies, similar effects were observed with additional findings of increased
LV myocardial oxygen consumption and LV mass.”**

In this study, we confirmed the deleterious late consequences of increased in-vivo
impedance and stiffness mismatch after TEVAR on LV remodelling, using a compu-
tational modelling workflow that enabled us to quantify LV SW from non-invasive
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imaging and pressure data. Our findings suggest that medical device manufacturers
should develop more compliant endografts for TEVAR to reduce the stiffness mis-
match between aorta and device. Additionally, intensive antihypertensive therapy is
needed to control blood pressure post-TEVAR.

In some of our patients, we found that TEVAR resulted in a less tortuous configu-
ration of the aortic lumen. We hypothesize that this could contribute to an overall
reduction in LV SW despite the increase in aortic stiffness. This interplay between
aortic tortuosity and stiffness will be a topic of future research, as it may have impli-
cations for patients presenting with pathologies compromising the lumen, such as

aortic dissection.

Limitations

As we did not have invasive measurements of aortic and LV pressure available, we
had to estimate the parameters for the heart model from echocardiography and CTA
image data. This lack of data is most apparent in the end diastolic pressure-volume
relationships depicted in Figure 6, which were generated by similar assumptions
regarding the exponential decay of the systolic part of the elastance function. There-
fore, even though there is evidence of ventricular remodelling, the diastolic pressure-
volume relationships do not reflect a stiffer behaviour. However, we submit that
even with this imperfect definition of the diastolic part of the PV loops, our results
reflect a clear trend in SW increase following TEVAR. Future studies are needed to
calibrate this workflow using invasive pressure measurements in pre-clinical models
or Doppler-derived atrio-ventricular pressure gradients.

The number of patients included in this study is relatively small, as the majority
of patients that were treated at our institution were excluded. We acknowledge that
this potentially induced selection bias. Furthermore, we performed a retrospective
non-invasive analysis, it was not possible to obtain patient-specific tissue properties
for our computational models. Therefore, we had to rely on literature data. Fur-
thermore, we assigned the same flow splits to the outflow branches of all patients
pre-TEVAR and post-TEVAR. By doing so, we assumed that TEVAR does not affect
regional blood flow distributions. To overcome the above mentioned limitations, our
group is currently recruiting patients for a prospective study where additional flow,
myocardial perfusion and myocardial strain measurements are acquired using MRI
techniques.™

Lastly, running FSI analyses is computationally expensive. Typically, two weeks
of simulation time in a super-computer were needed for each patient-specific FSI
analysis. This limits their clinical applicability for now, but optimizations of com-
putational methods or access to larger computer hardware will make it possible to
perform these simulations in clinically feasible time-frames in the future.
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Conclusion

TEVAR increased LV SW and induced LV growth during follow-up. Medical device
manufacturers should consider the impact of the stiffness mismatch between graft

material and native aorta when developing new endografts for TEVAR, particularly

considering the emerging role of endovascular repair in more proximal aortic seg-

ments and younger patient populations. Additionally, intensive antihypertensive

therapy should prevent mean blood pressure to increase post-TEVAR.
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Chapter 4
Abstract

Objectives

In this work, we study the pathophysiology of ascending aortic rupture following
branched zone 2 thoracic endovascular aortic repair (TEVAR) using a multi-para-
metric image-based computational analysis consisting of fluid structure interaction
(FSI) simulations and vascular deformation mapping (VDM) techniques.

Methods

A 74-year-old female with a stable ascending aortic aneurysm and a growing
proximal descending aneurysm was treated with branched TEVAR in Zone 2. The
procedure was complicated by infolding and bird-beak of a proximal extender.
Three months following TEVAR, the patient suddenly expired from ascending aortic
rupture. Patient-specific models of pre-TEVAR, post-TEVAR and virtual uncompli-
cated endograft deployment (VUED) anatomy were constructed from computed
tomography angiography (CTA) data. FSI simulations were used to calculate the
TEVAR-induced alterations in ascending aortic pressure. Additionally, VDM was
used to assess aortic strain changes following TEVAR.

Results

FSI simulations calculated a 35% increase in ascending aortic pulse pressure post-
TEVAR. VUED increased ascending aortic pulse pressure by 31%. VDM revealed
increased strain in the unstented aortic segments. Aortic wall distensibility increased
by 173% in the rupture region.

Conclusions

TEVAR increased pulse pressure in the ascending aorta by 35% due to the markedly
elevated stiffness of the endograft relative to the native aorta. This under-recognized
phenomenon should be considered when planning TEVAR, especially in cases with
a concomitant ascending aneurysm, as the resulting increases in proximal aortic wall
stresses can lead to complications. To overcome this issue, more compliant endo-
grafts should be developed.
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Introduction

Branched endografts extend the application of thoracic endovascular aortic repair
(TEVAR) in the proximal aorta, obviating the need for extra-anatomical bypass
surgery when performing TEVAR in zone 2 and providing a minimally invasive
alternative for treatment of proximal descending aortic pathologies in patients who
are deemed unfit for open arch repair. Early results are promising,' yet significant
complications have been reported that warrant further investigation. One such se-
vere complication is aortic rupture.

Current endografts for TEVAR are made of materials much stiffer than the native
aorta.” As a result, aortic compliance is reduced, and mean and pulse pressure is el-
evated, leading to increased stress in the unstented aortic segments. This is evidenced
by the increased pulsatile strains measured proximal and distal to the endograft.’
Increased wall stresses are particularly problematic in the diseased ascending aorta,
where elastic fragmentation has occurred* and increased distensibility has shown to
be related to aortic complications.’

In this study, we examine the pathophysiology of a specific case of aortic rupture
in a patient enrolled in the feasibility trial of the Gore Thoracic Branch Endopros-
thesis (TBE) at our institution, three months following zone 2 TEVAR.[2] To analyze
how hemodynamic loads changed post-TEVAR, three different patient-specific fluid
structure interaction (FSI) simulations were performed. Additionally, image-based
Vascular Deformation Mapping (VDM) was used to analyze changes in the pressure-
strain relationships before and after TEVAR.

Methods

This retrospective study was approved by the University of Michigan Institutional
Review Board (HUMO00112350), with waiver of informed consent.

Patient history

A 74-year-old female presented with an asymptomatic mid-ascending (49 mm) and
proximal descending aortic aneurysm (63 mm). Medical history included hypertension,
hypercholesteremia, hypothyroidism and 25 pack-years of cigarette smoking. She had a
maternal family history of aortic aneurysms. Annual imaging follow-up with computed
tomography angiography (CTA) examinations showed rapid enlargement of the de-
scending aortic diameter to 73 mm and modest increase in the ascending aorta to 53 mm
in 2 years (Figure 1). We elected to treat the larger aneurysm first with zone 2 branched
TEVAR, anticipating a second stage repair of the ascending aorta two months thereafter.
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2 years pre-TEVAR 30 days post-TEVAR

Figure 1. Aortic geometry 2 years prior to TEVAR (left), 12 days before TEVAR (middle) and 30 days after
TEVAR (right). The outer diameters of the aortic wall at the level of the ascending aneurysm and proximal de-
scending aneurysm are reported in yellow and blue, respectively. CTA = computed tomography angiography;
TEVAR = thoracic endovascular aortic repair.

Procedure

The diameters of the proximal and distal landing zone for the descending aneurysm
were 34 mm and 42 mm, respectively. The diameters and lengths of the proximal
Gore TBE and distal Conformable Gore TAG endoprostheses were 37x100-mm and
45x150-mm, respectively, resulting in 9% proximal and 7% distal endograft oversiz-
ing. Controlled hypotension (with a systolic pressure of 80 mmHg) was used to re-
duce the risk of malpositioning. Deployment of the branched proximal component,
using the Gore TBE delivery system, was technically challenging. The procedure was
complicated by 5 mm distal dislocation resulting in type Ia endoleak. To overcome
these issues, two extension devices were deployed proximal to the endograft. After
balloon dilation of these extension devices, infolding in the greater curvature and
bird-beaking in the lesser curvature of the arch was observed (Figure 2). As angiog-
raphy showed brisk filling of the LSA and no pressure gradient was detected in the
aortic arch, no additional procedures were performed. The patient recovered well
and was discharged 10 days after the procedure.

Blood Pressure during Follow-up

Blood pressure measurements and antihypertensive medication during follow-up
are reported in Table 1. At discharge, the patient had a similar blood pressure com-
pared to preoperative, with a 19% higher pulse pressure, while using a four-times
higher dosage of Metoprolol (100 mg daily) and two additional antihypertensive
drugs.
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BCT LCCA

Figure 2. Left: post-TEVAR infolding (blue arrow) and bird-beak (yellow arrow). Right: Image of the luminal
side of the ascending aorta that was taken during autopsy, after opening the aortic wall along the greater
curvature. A 4.0 cm longitudinal tear was identified in the lesser curvature of the aortic wall, 2.5 cm distal to
the aortic valve. There was no associated dissection and the tear did not extend to the proximal landing zone
of the endograft.

Table 1. Antihypertensive Therapy and Blood Pressure

Post-TEVAR
Post-TEVAR day 10 Post-TEVAR  Post-TEVAR
Preoperative day 7 (discharge) day 30 day 31
Antihypertensive Metoprolol ~ Metoprolol 50 Metoprolol 100  Metoprolol Metoprolol
Medication [mg/day] 25 Furosemide  Furosemide 20 100 Lisinopril 50 Lisinopril
20 Lisinopril 5 5 5

Systolic BP [mmHg] 100 146 106 81 126
Diastolic BP [mmHg] 53 66 50 55 58
Pulse pressure
[mmHg] 47 80 56 26 68
Heart rate [bpm] 53 74 64 58 65

Antihypertensive therapy and blood pressures are reported during follow-up. Furosemide was prescribed for
five days following discharge. At 30-day follow-up, blood pressure was low and the patient reported unstable
gait and falling. Consequently, Metoprolol dosage was halved. The next day, blood pressure had increased
markedly.
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At the 30-day post-TEVAR visit, computed tomography angiography (CTA) dem-
onstrated stable position of the endograft without evidence of endoleak. Ascending
aortic aneurysm diameter had increased by 1 mm (Figure 1). The patient exhibited
low blood pressure and reported several falls since discharge due to unsteady gait.
Consequently, beta-blocker dosage was halved. During a subsequent visit in the next
day, a marked blood pressure increase was noted. At this time (31 days post-TEVAR),
pulse pressure was 32% higher than preoperative, despite the use of additional anti-
hypertensive medication.

Three months post- TEVAR, the patient died suddenly in her sleep. Autopsy de-
termined the cause of death to be hemopericardium due to a full thickness 4.0 cm
longitudinal tear in the lesser curvature of the ascending aorta, 2.5 cm distal to the

aortic valve, with no associated dissection (Figure 2).

Clinical data used for Computational Analysis

Pre-TEVAR and 30-day post-TEVAR ECG-gated CTA imaging data were acquired
with a 64-slice scanner after intravenous injection of 120 mL iopamidol intravenous
contrast (Isoview 370, Bracco Diagnostics, Milan, Italy). CTA data was retrospec-
tively reconstructed at 10 phases throughout the cardiac cycle (0-90% R-R interval).
Preoperative duplex Doppler ultrasonography examinations of the heart and carotid
arteries were available, including measurements of surface area and flow velocity,
enabling calculation cardiac output and flow volumes in the carotid arteries.

Patient-Specific Computational Analysis

FSI techniques were used to study aortic hemodynamics, including interactions
between blood, aorta, and endograft using validated computational methods.’
Specifically, computational models were built from CTA image data and clinically
measured flow and pressure data, with the overall objective of examining altera-
tions in hemodynamics directly attributable to the presence of the device.”” First, a
pre-TEVAR patient-specific model was created and validated by matching patient-
specific clinical measurements of cardiac output, blood pressure and cervical blood
flow. Subsequently, two additional models were constructed to represent post-
TEVAR conditions. Each computational model required definition of: (1) a three-
dimensional geometry of aorta and supra-aortic branches; (2) stiffness and thickness
of vessels and endografts; and (3) a set of inflow and outflow boundary conditions
that describe patient-specific flow and pressure conditions.
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Geometric Models

All computational models were created using the validated cardiovascular modeling
and simulation software CRIMSON'" and included the thoracic aorta, coronary and
supra-aortic arteries.

The pre-TEVAR geometric model was made from preoperative CTA image data.
A post-TEVAR geometric model was made from the 30-day post-TEVAR CTA im-
age data and included the proximal infolding and bird-beak. A second post-TEVAR
model was generated representing virtual uncomplicated endograft deployment
(VUED) of the branched endograft (i.e. without infolding and bird-beak). The bird-
beak and infolding resulted in an area reduction in the aortic arch of 38% relative to
the VUED model.

Locally varying wall thickness and stiffness were assigned along the vessel walls
using literature data." Figure 3 presents the regional stiffness distribution of aortic
wall and endografts in the pre-TEVAR, post-TEVAR and VUED models.

Pre-TEVAR Post-TEVAR VUED

> W WE ;,“ Aortic Wall Tissue Properties
3 2N 1 = 2\, A E[MPa]  h[mm]
. {——’ L 1 AscendingA 2.0 27
% /, L 9 % 1% 7 | 2 Aortic arch 1.6 2.6
<t ) h// 3 Descending A 2.6 4.0
f | | 4 Descending 1.8 2.8
~J ~. 5 Endograft 55.2 2.8

4 F & 4

Figure 3. Distribution of aortic wall stiffness (E) and thickness (h) for the pre-TEVAR (left), post-TEVAR
(middle), and VUED (right) model. The stiffness and thickness of the endograft were set to 2.8 mm and 55.2
MPa, rendering a fifteen-times larger structural stiffness than the descending aneurysm in the pre-TEVAR
model: 154.6 MPa~mm vs 10.4 MPa~mm for the endograft and the aorta, respectively. A = aneurysm; TE-
VAR = thoracic endovascular aortic repair; VUED = virtual uncomplicated endograft deployment.

Boundary Conditions

Patient-specific cardiac output was measured from echocardiography and imposed
at the aortic root of the computational models. Three-element Windkessel models
were used to represent the resistance and compliance of the distal vascular beds
of the outflow branches."” The parameters of the Windkessel models were tuned to
match patient-specific pre-TEVAR flow measurements in the carotid arteries and bra-
chial blood pressure. Flow measurements were not available for the subclavian and
coronary arteries, therefore, previously reported flow distributions were assigned
to these branches."”"* After parameterization of the boundary conditions, lumped-
parameter heart and coronary models were assigned to the aortic inlet and coronary
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outlets to enable ventricular- and coronary-vascular interactions.” The post-TEVAR
and VUED models were run using the same inflow and outflow boundary condi-
tions as the computationally validated pre-TEVAR model.

Computations

Blood was modeled as an incompressible Newtonian fluid with a density of 1060
kg/m3 and a dynamic viscosity of 4.0 mPa. Computations were performed using the
CRIMSON flow solver on 80 cores at the University of Michigan High Performance
Computing Cluster ConFlux. Typical computational time was 80 hours per cardiac

cycle.

Vascular Deformation Mapping

Vascular deformation mapping (VDM) is a medical image processing technique that
enables quantification of vascular deformation occurring between two image datas-
ets.'” These datasets can be either systolic and diastolic configurations obtained from
a gated scan, or follow-up scans over time. In this work, VDM was used to examine
strain in the aortic wall over the cardiac cycle using the pre-TEVAR and 30-day post-
TEVAR ECG-gated CTA data. For each CTA dataset, VDM measured strain through
the following steps: (1) segmentation of the aorta in peak systole and end-diastole;
(2) non-rigid registration of the two aortic segmentations; and (3) quantification of
wall strain between the two phases, defining a scalar metric of strain for every point
of the aorta known as Jacobian (J). Values of ] larger than 1 represent expansion,
while values smaller than 1 represent compression. To consider the large differences
in blood pressure between the pre-TEVAR and 30-day post-TEVAR CTA examina-
tions (Table 1), we defined a normalized index of distensibility (NID)" for each time
point as follows:
Normalized Index of Distensibility (NID) = (J - 1) / (Pulse Pressure)

Therefore, positive values of NID imply expansion, while negative values imply

contraction.

Results

Computational Fluid Dynamics

Pre-TEVAR simulation results successfully matched the preoperative clinical data on
flow and pressure within 5% (Figure 4), producing a validated preoperative solution.
Subsequently, computations of the post-TEVAR and VUED models were performed
assuming the same parameters for the heart, coronary, and three-element Windkes-
sel models. Differences in cardiac output and flow distributions between the three
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Figure 4. Top: pressure (blue) and flow (red) waveforms at the inlet (1) and all outlets of the preoperative
model. The measurement locations are numbered. Bottom: comparison between clinically measured and com-
puted blood flows and pressures in the preoperative model. All flows and pressures were matched within 5%.

simulations were minimal (Table 2). Nonetheless, pulse pressure increased from 49
mmHg pre-TEVAR to 66 mmHg post-TEVAR (+35%). Figure 5 compares ascending

aortic pressure waveforms for all simulations. Removal of proximal infolding and

bird-beak in VUED decreased ascending aortic pulse pressure by only 2 mmHg. This

finding is consistent with the intraoperative pressure measurements, which did not

reveal a pressure gradient in the aortic arch due to the infolding and bird-beaking.
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Table 2. Simulated Mean Flow Values (mL/min)

Pre-TEVAR Post-TEVAR VUED
Aortic Root 4,670 4,575 4,609
Right Coronary Artery 59 57 56
Left Coronary Artery 156 149 151
Right Common Carotid Artery 390 381 383
Right Subclavian Artery 380 370 372
Left Common Carotid Artery 374 366 367
Left Subclavian Artery 380 371 374
Descending Aorta 2,943 2,887 2,907

TEVAR = thoracic endovascular aortic repair; VUED = virtual uncomplicated endograft deployment.

Pre-TEVAR Post-TEVAR VUED Ascending Aortic Pressure
s _ — Pre-TEVAR
AL T
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£ 3| TN\
£ |/
£
= E 66|64
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2 2 |f]49
3 8
a a
R
0 Time [s] 1.13

Figure 5. Left: Color-coded pressure mapping in peak systole (t=0.42 s). Peak systolic pressure in the ascend-
ing aorta is reported. Right: Ascending aortic pressure waveforms for all models. Pulse pressure increased
with 35% post-TEVAR and 31% in VUED compared to pre-TEVAR. Notably, removal of proximal infolding
and bird-beak in VUED resulted in minimal changes in ascending aortic pressure compared to post-TEVAR.

Vascular Deformation Mapping

Figure 6 depicts NID maps for the pre-TEVAR and 30 days post-TEVAR image data.
Notably, NID increased in the unstented segments of the aorta post-TEVAR, reveal-
ing a 173% increase in NID in the rupture region in the lesser curvature (from 3.3
pre-TEVAR to 9.0 post-TEVAR). These findings confirm that the unstented segments

of the aortic wall experience increased strain post-TEVAR.

Comment

The pathophysiology of ascending aortic rupture following branched zone 2 TEVAR
was studied using a multiparametric image-based computational analysis. The goal
of this analysis was to understand how the introduction of a stiff endograft in the

descending aorta changed the biomechanical environment in the ascending aorta.
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Figure 6. Pre-TEVAR (top) and 30
days post-TEVAR (bottom) NID
maps are presented. Notably, NID
increased in the unstented segments
of the aorta and supra-aortic arteries
post-TEVAR. In the rupture region,
NID increased with 173%. CTA =
computed tomography angiography;
NID = Normalized Index of Disten-
sibility; TEVAR = thoracic endovas-
cular aortic repair.
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Aortic compliance plays a key role in reducing the impedance of cardiac ejection.'®
The proximal thoracic aorta is more compliant than the distal thoracic and abdomi-
nal aorta'' and accounts for half of the total arterial compliance.” Consequently, the
impact of the stiffness mismatch between endograft and native aorta is larger when
performing endovascular repair in the proximal descending thoracic aorta compared
to the distal descending and abdominal aorta.” Even in older subjects with relatively
stiff aortas, such as the one in this study, the endograft is 15 times stiffer than the
native aorta, see Figure 3.

Diminished aortic compliance post-TEVAR leads to higher systolic and pulse pres-
sures, which increase stresses in the aortic wall and may ultimately trigger fatigue-
induced wall rupture.*” In this case, clinical blood pressure measurements indeed
revealed increases in both systolic and pulse pressure post-TEVAR, despite the use
of additional antihypertensive therapy.

FSI simulations allow us to exclude the role of medications and only examine the
impact of the endograft. Under the assumption of fixed cardiac performance param-
eters in our heart model (e.g., contractility and heart rate), computations revealed a
35% increase in ascending aortic pulse pressure post-TEVAR. It is interesting to note
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that TEVAR did not affect cardiac output, as previous studies showed that aortic
stiffening may lead to reduced cardiac output in porcine models in the absence of
increased contractility."* This can be explained by the baseline stiffness of the aortic
wall. The aortic wall of a 74-year-old patient is much stiffer than that of a mini-pig.”
Therefore, the additional stiffness due to TEVAR has a smaller impact in ventricular
function in older, stiffer aortas.

At the 30-day post-TEVAR CTA examination, maximum ascending aortic aneu-
rysm diameter had increased 1 mm compared to pre-TEVAR. This increase could
be deemed negligible, yet, the patient had low blood pressure that day (81/55
mmHg). The ascending aortic diameter would likely have been larger had the
patient undergone CTA examination the next day, as her blood pressure increased
markedly (to 126/58 mmHg) when beta-blocker dosage was halved. Table 1 shows
a large variability in blood pressure in this patient post-operatively, as direct result
of antihypertensive therapy changes. This underlines the critical need for adequate
antihypertensive management following TEVAR.

VDM was used to compute NID, a normalized metric of distensibility in the as-
cending aorta before and after TEVAR. Increased NID was found in the unstented
segments of the aorta post-TEVAR. Interestingly, the greater curvature of the ascend-
ing aorta experienced the largest NID increase, while rupture occurred in the lesser
curvature. Martin et al.”? studied ascending aortic aneurysm inflation and rupture
using mechanical tissue testing and finite element models. They found that stress
distributions are highly dependent on local tissue properties and geometry, and
that peak wall stresses were typically located in the lesser curvature at the level of
maximum diameter. These findings agree with typical ascending aortic rupture sites
in type A aortic dissection.

VDM is a novel technique not routinely used in clinical practice. Currently, two-di-
mensional diameter measurements along the aortic centerline are the gold standard
for measuring aortic morphology over time. Thus, cyclic aortic deformation result-
ing from blood pressure loading are generally neglected. Our findings highlight the
importance of including blood pressure in the assessment of vascular deformation
via a distensibility metric, rather than just assessing diameters in isolation.

Besides the stiffness mismatch resulting in increased blood pulse pressure, TEVAR
in this patient was complicated by distal migration and type I endoleak. The proximal
extenders implanted to treat the type I endoleak caused proximal infolding and bird-
beaking (Figure 2). This complicated deployment was attributed to a type III aortic
arch anatomy, which is more tortuous™ and experiences higher cranial displacement
forces compared to type I or type Il arches.” Therefore, special attention should be
given to landing zone length and location when performing proximal TEVAR in type
III arches. Notably, virtual removal of infolding and bird-beak reduced ascending
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aortic pulse pressure by only 2 mmHg. This finding confirms that the increased pulse
pressure in this patient was not due to suboptimal endograft deployment, but due to
the stiffness of the device itself. Another potential etiology (albeit not confirmed dur-
ing autopsy or imaging studies) that could have contributed to aortic rupture in this
patient is guidewire or device induced ascending aortic injury during deployment.

Limitations

Data on the arterial wall stiffness was not available for this patient. Therefore, we had
to rely on literature data for regional stiffness properties. All postoperative scenarios
were run with the same boundary conditions as the preoperative model, meaning
that left ventricular contractility and compliance and resistance of the distal vascular
beds were kept constant. In doing so, the calculated changes in aortic pulse pressure
post-TEVAR assumed that there are no changes in anti-hypertensive therapy and no
cardiovascular remodelling takes place. The validity of these assumptions has yet
to be determined. Our group is currently enrolling patients in a prospective clini-
cal trial investigating TEVAR-induced cardiovascular remodelling.” Results of this
trial may further support the need for new endograft designs that reduce adverse
cardiovascular remodelling following TEVAR.

Conclusion

TEVAR reduces arterial compliance and increases pulse pressure in the ascending
aorta following TEVAR. This under-recognized phenomenon should be considered
in preoperative planning, especially in patients with a concomitant ascending aortic
aneurysm, as the resulting increased wall stresses can lead to complications in the
unstented segments of the aorta. To overcome this issue, more compliant endografts
should be developed that reduce the stiffness mismatch with the native aorta. For
now, patients presenting with a proximal descending and concomitant ascending
aortic aneurysm should be counselled to undergo ascending aortic repair with a
frozen elephant trunk procedure and early completion TEVAR.
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Chapter 5
Abstract

Multiple medical device manufacturers are developing branched endografts for
thoracic endovascular aortic repair (TEVAR), to provide a minimally invasive alter-
native for the treatment of aortic arch pathologies in patients who are deemed unfit
for open or hybrid arch repair. Different branched endografts have been introduced,
with varying number, size and orientation of the branches that redirect flow to the
supra-aortic arteries. We present an overview of the currently investigated devices
and review their outcomes. The results of branched TEVAR are promising, yet stroke
remains the predominant periprocedural concern. For now, these procedures should
be limited to select expert centers where the design and deployment procedure of

branched endografts can be further developed to reduce stroke risks.
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Introduction

Open surgical repair is the gold standard for the treatment of aortic arch patholo-
gies." Due to the invasive nature of the procedure, which involves sternotomy or
thoracotomy, hypothermic circulatory arrest and cardiopulmonary bypass, many
patients are deemed unfit for surgery.” Hybrid aortic arch repairs, such as the
“frozen elephant trunk” technique, reduce cardiac ischemia times, but are still in-
vasive procedures associated with postoperative stroke rates up to 13% and 30-day
mortality rates up to 12%.> Thoracic endovascular aortic repair (TEVAR) could be a
minimally invasive alternative for patients who are deemed unfit for open or hybrid
surgical repair. Yet, the origin of the supra-aortic arteries and aortic arch angula-
tion pose anatomical challenges for the deployment of endografts.”” As a result, the
outcomes of TEVAR in combination with extensive supra-aortic interventions or
chimney techniques show substantial rates of postoperative stroke, Type I endoleak
and retrograde Type A dissection.® Multiple medical device manufacturers are now
developing branched endografts for aortic arch deployment, extending the applica-
tion of TEVAR to the proximal aorta. In the following, we review the literature on
the technical characteristics and outcomes of branched TEVAR in the aortic arch and

discuss the challenges and future perspectives of endovascular arch repair.

Current techniques of branched TEVAR

The PubMed database was searched for studies on branched endovascular repair of
aortic arch pathologies (zone 0 — 2). Original reports were included if the operative
techniques and postoperative outcomes were reported. If multiple reports described
(partly) the same patient cohort, the most recent report was selected. A total of
14 studies were included, describing endovascular treatment of 302 patients with
branched endografts.”*’ Overall proportions were calculated with a meta-analysis of

proportions in R version 3.4.3, using the R package ‘meta’.”'

Branched endograft designs

Technical characteristics of the endografts that were described in the included stud-
ies are reported in Table 1. Figure 1 presents the single branch endografts, Figure
2 presents the double branched endografts. W.L. Gore (Flagstaff, AZ, USA) and
Medtronic Vascular (Santa Rosa, CA, USA) have developed single branch endografts
that are connected to the target vessel using a bridging stent.”” The main difference
between the designs of these devices is that the W.L. Gore device has an internal
branch with a retrograde orientation and the Medtronic device has volcano-shaped
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opening without an internal branch. Endospan (Herzlia, Israel) and MicroPort Medi-
cal Co, Ltd (Shanghai, China) developed single branched endografts with a unibody
design that can be combined with one or more fenestrations to accommodate perfu-
sion of additional supra-aortic arteries."”"> Bolton Medical, (Sunrise, FL, USA) and
Cook Medical (Bloomington, IN, USA) developed double branched endografts for
zone 0 deployment that feature anterior facing internal branches that are connected
to the brachiochephalic trunk (BCT) and left common carotid artery (LCCA) with
bridging stents.*'>'"® Both endograft systems are individually made to fit the patient’s
anatomy, the main differences between the endograft designs are the position and
size of the two internal branches. In the Bolton design, the internal branches are po-
sitioned side-by-side, while in the Cook endograft the internal branch to the LCCA
is smaller and positioned diagonally behind the internal branch to the BCT. Another
important difference is that the Bolton system includes the bridging stents, while
the Cook system is not delivered with bridging stents. This means that with the
Cook system additional bridging stents need to be used, oustide their instructions
for use. The Inoue Stent Graft has a unibody design without internal branches. This
endograft has been developed at the PTMC institute (Kyoto, Japan) and is individu-
ally constructed from a woven Dacron polyester fabric. The branches are sewn upon
the main body at the location of the target vessels.'

A

|
e
/
!
PEos

Thoracic Branch Stent graft is an investigational
device, limited by law to investigational use only.
Not approved for sale in the US or OUS;
exclusively for clinical investigation.

©2018 Meditronic. All Rights Reserved.

Figure 1. Single-branched endografts. (A) Nexus™ Stent Graft System for zone 0 from Endospan (Herzlia,
Israel), this endograft is customizable with an additional fenestration for the left common carotid artery. Image
provided courtesy of Endospan; (B) Castor™ branched endograft from MicroPort Medical Co., Ltd. (Shang-
hai, China), customizable with two additional fenestrations. Image provided courtesy of MicroPort Medical;
(C) thoracic branch stent graft from Medtronic Vascular (Santa Rosa, CA, USA). Image provided courtesy of
Medtronic Vascular; (D) GORE® TAG® thoracic endoprosthesis with retrograde internal branch from W.L.
Gore (Flagstaff, AZ, USA). Image provided courtesy of W.L. Gore & Associates, Inc.
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Figure 2. Multi-branched endografts. (A) Zone 0 endograft from Bolton Medical, permission for use was
granted by Bolton Medical, Sunrise, Florida; (B) zone 0 endograft from Cook Medical, permission for use
granted by Cook Medical, Bloomington, Indiana; (C) three versions of the Inoue Stent Graft from the PTMC
institute (Kyoto, Japan), image from Tazaki et al.'’; (D) three component solution for zone 0 deployment from
S&G Biotech, Inc. (Seongnam, Korea), image from Lim et allt

Deployment procedures

The deployment procedure for branched endografts is similar to the procedure
for regular TEVAR, yet additional guidewires are inserted for deployment of the
branch components. Through-and-through access is optional, depending on the
patient’s anatomy and physician’s preference.” Inoue et al. reported the first total
endovascular aortic arch repair in 1999,” the triple branched Inoue Stent Graft was
inserted transfemorally with one large caliber sheath (24 F). The branch sections of
the endograft were pulled into the target vessels by traction wires that were inserted
via the bilateral brachial arteries and LCCA using small caliber sheaths (5 — 7 F).
The deployment procedure of modular branched endografts is similar, however,
additional components need to be introduced via the supra-aortic arteries to con-
nect the branches in the main body to the target vessels. The brachial, axillary and
carotid arteries can be used as access vessels to advance guidewires and bridging
components into the aorta, depending on local vascular anatomy and preference of
the physician.

Outcomes of branched TEVAR

Table 2 presents the outcomes of the included studies. The overall technical success
rate was high and the endografts provided good patency during follow-up (94% and
96%, respectively). The overall rate of retrograde Type A dissection was 3.3% and
overall mortality was 6.1%, which is low considering the fact that the vast majority of
patients had multiple comorbidities and were deemed unfit for open surgical repair.
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The results from Haulon et al.® highlighted a steep learning curve even for the highly
skilled endovascular specialist, with an early mortality rate of 30% in the first 10
cases. An improvement followed in the next 28 cases, with a mortality rate of 7.1%.
Postoperative stroke is the Achilles’ heel of endovascular arch repair, with an overall
combined incidence of 14%. Multi-branched endograft deployments were associated
with high stroke rates. Tazaki et al. reported stroke rates of 33% with the double
branched and 40% for the triple branched Inoue Stent Graft.' Spear et al. reported a
14.8% stroke rate with the double branched endograft from Cook'® and Czerny et al.
reported a combined stroke rate of 20% with the Bolton double branched endograft.”
Guidewire manipulation in the arch and supra-aortic arteries, which are frequently
burdened by atherosclerosis,”® is most likely the cause of embolic stroke in these

cases.'>!®

Challenges of branched TEVAR

A recent CT-based anatomical feasibility study estimated that about 70% of patients
with arch aneurysms after surgical replacement of the ascending aorta are feasible
for endovascular treatment with one of the currently investigated double branched
devices.” This is particularly interesting as redo sternotomies add significant risks
for postoperative complications.” Still, the majority of multi-branched endografts
for aortic arch deployment are individually made, which takes several weeks and
limits the application of total endovascular arch repair to elective cases. The case
report from D’Onofrio et al. presented a successful off-the-shelf solution for total
endovascular arch repair, using the single branched modular Nexus system from
Endospan (Herzlia, Israel).” Before deployment of this single branched endograft,
the patient underwent an extra-anatomic reconstruction of the supra-aortic arteries
with a right common carotid to LSA bypass and reimplantation of the LCCA on
the graft. A recent computational study from our group analyzed the postoperative
hemodynamic outcomes of different endograft designs for zone 0 repair.** We found
that a single branched design resulted in reduced perfusion of the supra-aortic arter-
ies with elevated blood shear rates compared to double branched alternatives. The
case report from Lim et al. presented a double branched off-the-shelf solution for
zone 0 endovascular arch repair, using bifurcated endografts in the BCT and LCCA
that were connected with a bridging component in the aortic arch."’ An important
limitation of this technique is the need to introduce large caliber devices via the
carotid arteries

These devices may damage the arterial wall of the carotid arteries, increasing
postoperative stroke risks. Additionally, the hemodynamic displacement forces in
the arch need to be taken into account,’ as they pose a challenge for proximal sealing
and integrity of modular endografts during follow-up.”
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Our perspective

Branched TEVAR is a promising extension of the armamentarium of endovascular
specialists. However, this technically challenging procedure requires optimal equip-
ment and endovascular experience and is associated with a steep learning curve. Pre-
operative planning is vital for a successful branched TEVAR procedure and should
include imaging with echocardiographic-gated computed tomography angiography
(CTA) to reduce artefacts generated by prior surgery material and cardiac motion.*
The images are then processed using software-assisted centerline reconstructions
to acquire accurate measurements of the luminal diameter, arch angulation and
proximal and distal landing zones lengths. These measurements should be discussed
within the endovascular team, including the endograft manufacturer, to determine
the feasibility of branched TEVAR and select the optimal endograft. Complex en-
dovascular procedures, such as branched TEVAR, should be performed in hybrid
operating rooms that combine an optimal open surgical environment with advanced
imaging capabilities to facilitate endovascular navigation and increase accuracy of
endograft deployment. Moreover, the use of CTA image fusion with live fluoros-
copy has shown to reduce radiation exposure and contrast injection during complex
repairs.” Further development of endograft design and deployment procedure is
needed to reduce stroke rates following branched TEVAR. Routine use of transcranial
Doppler ultrasonography can help to identify the procedural aspects most associated
with cerebral embolization.” Perera et al. recently reported that robotic catheter place-
ment resulted in significantly less cerebral embolization during TEVAR compared
with manual techniques.” Additional carbon dioxide flushing of the endograft prior
to insertion could reduce the risk of air embolism during deployment.* The use of
cerebral protection devices, which have proven to be effective at reducing emboliza-
tion in transcatheter aortic valve replacement,3l could also be effective for branched
arch TEVAR. Additionally, patient-specific computational fluid dynamics analysis
can help to predict the hemodynamic outcomes of different treatment scenarios and

aid endograft selection.”*

Conclusion

Multiple medical device manufacturers are developing branched endografts for
aortic arch deployment, providing a minimally invasive solution for patients who
are deemed unfit for open or hybrid arch repair. The results of branched TEVAR are
promising, yet stroke remains the predominant periprocedural concern of total en-
dovascular arch repair. For now, these procedures should be limited to select expert
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centers where the design and deployment procedure of branched endografts can be

further developed to reduce stroke risks.
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Abstract

Objectives

Aortic arch repair remains a major surgical challenge. Multiple manufacturers are
developing branched endografts for Zone 0 endovascular repair, extending the
armamentarium for minimally invasive treatment of aortic arch pathologies. We
hypothesize that the design of the Zone 0 endograft has a significant impact on the
postoperative hemodynamic performance, particularly in the cervical arteries. The
goal of our study was to compare the postoperative hemodynamic performance of
different Zone 0 endograft designs.

Methods

Patient-specific, clinically validated, Computational Fluid Dynamics (CFD) simula-
tions were performed of a 71-year old female with a 6.5-cm saccular aortic arch an-
eurysm. Additionally, four endovascular repair scenarios using different endograft
designs were created. Hemodynamic performance was evaluated by calculation of
postoperative changes in blood flow and platelet activation potential (PLAP) in the
cervical arteries.

Results

Preoperative cervical blood flow and mean PLAP were 1,080 mL/min and 151.75,
respectively. Cervical blood flow decreased and PLAP increased following en-
dovascular repair in all scenarios. Endografts with two antegrade inner branches
performed better compared to single branch endografts. Scenario 3 performed worst
with a decrease in total cervical blood flow of 4.8%, a decrease in left hemisphere
flow of 6.7%, and an increase in PLAP of 74.3%.

Conclusions

Endograft design has a significant impact on hemodynamic performance following
Zone 0 endovascular repair, potentially affecting cerebral blood flow during follow-
up. Our results demonstrate the use of computational modelling for virtual testing of
therapeutic interventions and underline the need to monitor the long-term outcomes
in this cohort of patients.
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Introduction

Open surgical repair of aortic arch pathologies remains a major challenge in aortic
surgery that requires sternotomy or thoracotomy and cardiopulmonary bypass.'
Many patients are not considered fit for this invasive procedure due to preexisting
comorbidities.”

To address this issue, multiple device manufacturers are developing Zone 0 endo-
grafts for total endovascular repair of the aortic arch, eliminating the need for open
surgical repair.’ This approach involves deployment of an endograft in the ascending
aorta with either one or two branches that redirect flow to the brachiocephalic trunk
(BCT) alone or to the BCT and left common carotid artery (LCCA), in combination
with one or two extra-anatomical bypasses.* Different Zone 0 endograft designs have
been introduced, with varying number, size and orientation of the branches that
redirect flow to the supra-aortic arteries.’

Early results of Zone 0 endovascular aortic arch repair are promising and encour-
age the use of these devices, especially in patients with aortic pathologies that would
be considered unrepairable otherwise.*” Stroke remains a significant complication
following endovascular repair of the aortic arch,**” with reported incidences up to
11%.* Guidewire manipulation and covering of the supra-aortic arteries are proce-
dural factors known to increase stroke risk.”” Yet, little is known about the impact
of branched endograft design on the risk for cerebrovascular complications. We
hypothesize that the design of the Zone 0 endograft has a significant impact on the
postoperative hemodynamic performance, particularly in the cervical arteries.

The goal of the present study was to assess and compare the postoperative
hemodynamic performance of different Zone 0 endograft designs. Advanced com-
putational fluid dynamics (CFD) tools have been used to support clinical decision
making through calculation of the hemodynamic outcomes of different therapeutic
interventions using a ‘virtual testing’ paradigm.*’ The virtual testing paradigm,
that has been used in various engineering fields to replace the ‘build-and-test’
paradigm, uses computational simulations to optimize a proposed design before any
physical model is built. We applied these methods in a patient with a saccular aortic
arch aneurysm to calculate cervical blood flow and blood shear rates in four virtual

postoperative scenarios featuring different Zone 0 endograft designs.
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Methods

Approval for this study was obtained from the institutional review board (Univer-
sity of Michigan protocol number HUM00112350), the need for patient consent was

waived.

Patient History

A 71-year-old female presented with a 6.5-cm isolated saccular aortic arch aneu-
rysm. Her medical history included hypertension, obstructive sleep apnea, dilated
non-ischemic cardiomyopathy and paroxysmal atrial fibrillation for which a dual-
chamber implantable cardioverter defibrillator had been implanted.

Clinical Data

Computed tomography angiography (CTA) was performed using a 64-slice scanner
after intravenous injection of 150 mL Iopamidol 76% contrast agent. Ultrasonography
examinations of the heart and the cervical arteries were acquired, including mea-
surements of surface area and flow velocity with duplex Doppler ultrasonography,
enabling calculation of flow volumes in the cervical arteries. A cardiac catheteriza-
tion procedure was performed using 80 mL Iopamidol 76% contrast agent, providing
information on aortic pressure and cardiac output via the Fick principle."

Patient-Specific Computational Modeling

Computational modeling techniques were used to calculate patient-specific hemo-
dynamics based on the physical laws of fluid flows. CFD is a well-established tech-
nique that enables calculation of the motion of an incompressible fluid by solving
the Navier-Stokes equations. CFD methods have been used profusely in applications
such as aerospace and automotive engineering. Over the past decades, CFD methods
have also been applied to study hemodynamics in cardiovascular health and dis-
ease.”” Here, a computational model of hemodynamics requires the definition of: (1)
a three-dimensional geometric model of the vessels of interest, and (2) a set of inflow
and outflow boundary conditions that represent the flow and pressure conditions of
the subject.

For this study, we first produced a validated baseline (preoperative) solution,
matching patient-specific clinical measurements on cardiac output, aortic pressure
and cervical blood flow . Then, the geometry of the preoperative model was modi-
fied to construct four postoperative scenarios featuring different Zone 0 endograft
designs, representing the currently available branched endograft options for total
endovascular repair of the aortic arch °. All scenarios were run with the same inflow
and outflow boundary conditions. Using this two-step approach, we can quantify
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hemodynamic alterations induced by the different endograft designs based on the
physical laws of fluid dynamics.

The preoperative patient-specific geometric model was built from the CTA image
data using the validated custom software package CRIMSON." The preoperative
model and the four endovascular repair scenarios are presented in Figure 1. A sum-
mary of the specifications of the endograft designs is listed in Table 1. All Zone 0
endovascular repair models included an extra-anatomical bypass from the left com-
mon carotid artery LCCA to the left subclavian artery (LSA) (8-mm diameter).

Scenario 1 Scenario 2

Preoperative

Scenario 4

Figure 1. Geometric models of the preoperative situation and four endovascular repair scenarios.

Table 1. Specifications of Endograft Designs

Scenario Number of Branch Dimensions Inner Branch  Dimensions Inner Branch
Branches Orientation to BCT (mm) to LCCA (mm)

1 Antegrade 12x44 12x40

2 Antegrade 12x21 8x21

3 1 Retrograde 12x25 N/A

4 1 Cranial N/A N/A

Dimensions of the inner branches are given in diameter x length. BCT = brachiocephalic trunk; LCCA = left
common carotid artery.
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Scenario 1 used an endograft with two antegrade inner branches of equal diam-
eter positioned side-by-side, carrying blood flow to the BCT and LCCA. Scenario 2
also featured an endograft with two antegrade inner branches, however the inner
branch to the LCCA had a smaller diameter and was positioned oblique behind
the inner branch to the BCT. Scenario 3 used an endograft with a single retrograde
inner branch carrying flow to the BCT, combined with an extra-anatomical bypass
from the right common carotid artery (RCCA) to the LCCA (8-mm diameter). Lastly,
scenario 4 used an endograft with a single volcano-shaped branch redirecting flow
to the BCT, combined with an extra-anatomical bypass from the RCCA to the LCCA
(8-mm diameter).

To solve the blood flow equations, a computational mesh is required. The mesh
breaks down the anatomical model into many small elements. The resolution of the
mesh must be such that it captures the complex velocity patterns near and around the
branches of the device and the vessel walls. Therefore, automatic mesh refinement
procedures™ were used to capture such hemodynamics. Figure 2 presents a cut-
through view of the mesh with the total number of elements noted for each model.
The models with inner branches (scenarios 1, 2 and 3) required significantly more
elements to produce similar accuracy as the preoperative and scenario 4 models.

Blood was modeled as a Newtonian fluid with a density of 1,060 kg/m’ and a
dynamic viscosity of 0.004 Pa-s. The vessel walls were modeled as rigid. A volu-
metric flow waveform was imposed at the inflow face of the ascending aorta using
echocardiography data, adjusted to match the cardiac output measured during
cardiac catheterization via the Fick principle."" As outflow boundary conditions,
three-element Windkessel models were specified representing the behavior of the
distal vascular bed at each outlet.”” A three-element Windkessel model consists of
three parameters: a proximal resistor, capacitor, and distal resistor. The numerical
values of these parameters were tuned to match the clinical measurements from du-
plex Doppler ultrasonography and cardiac catheterization. The choice for this type
of boundary condition was motivated by the fact that in virtual surgical planning
no direct measurements of postoperative flow and pressure are typically available.
Furthermore, due to the lack of patient-specific flow measurements at the left and
right subclavian arteries, we assigned previously reported flow rates measuring 6%
of the cardiac output to each subclavian artery."

Computations were performed using the CRIMSON incompressible Navier-Stokes
flow solver on 80 cores at the University of Michigan High Performance Computing
(HPC) cluster ConFlux. Typical computational time was 24 hours per cardiac cycle,
varying depending on the number of elements in the mesh.
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Scenario 1 Scenario 2

Preoperative

7,148,579 Elements

7,181,073 Elements

Scenario 3 Scenario 4

992,337 Elements

1,659,187 Elements

4,954,351 Elements

Figure 2. Computational mesh refinement near the supra-aortic arteries in the preoperative anatomy (left) and
in the four endovascular repair scenarios (right). Mesh refinement is needed to capture complex hemodynamics
around the inner branches. Therefore, the postoperative cases have computational meshes with more elements,
leading to higher computational costs.

Particle Tracking and Platelet Activation Potential

In addition to quantifying flow and pressure waveforms in the cervical arteries for
the different scenarios, we were interested in assessing the risk of thrombus forma-
tion relative to the preoperative configuration. It is well known that high blood shear
rates lead to platelet activation and can trigger thrombus formation."”'* Therefore,
we used a CFD tool called ‘particle tracking’ which enables tracing the path of
thousands of blood particles as they move through the aorta and endograft. We can
then calculate a metric known as “platelet activation potential” (PLAP),"** which
has been recently linked to thrombus formation in thoracic and abdominal aortic
flows.*” The PLAP metric is a dimensionless scalar quantifying accumulated blood
shear rate. Using PLAP, the impact of endograft-induced shear distortion can be
compared between the different virtual endovascular repair scenarios. In this work,
110,000 particles were injected at the ascending aorta and collected in virtual spheres
at the outflows of the supra-aortic arteries (Figure 3).
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Figure 3. Representation of the virtual spheres used

to capture particles leaving the domain through each

vessel, enabling calculation of average PLAP values

for each of the supra-aortic arteries. LECA = left ex-
LSA  ternal carotid artery; LICA = left internal carotid
3 artery; LSA = left subclavian artery; LVA = left ver-
RSA : tebral artery; PLAP = platelet activation potential;
RECA = right external carotid artery; RICA = right
internal carotid artery; RSA = right subclavian ar-
tery; RVA = right vertebral artery.

Results

Flow and Pressure Waveforms in the Preoperative Model

The preoperative simulation successfully reproduced the clinical data of the patient.
Figure 4 presents the computed preoperative flow and pressure waveforms and a
comparison between clinical data and computation results at selected locations. All
computed flow and pressure values lie within 5% of the clinical data.

Impact of Endograft Design on Cervical Blood Flow

Table 2 presents the computed mean flow for the preoperative and four endovascular
repair scenarios. Blood flow to the right hemisphere (RHS) was calculated as the sum
of the flows through the right internal carotid artery, right external carotid artery
and right vertebral artery. Similarly, blood flow to the left hemisphere (LHS) was
calculated as the sum of the flows through left internal carotid artery, left external ca-
rotid artery and left vertebral artery. Total cervical blood flow (CBF) was calculated
as the sum of LHS and RHS flows.

Total CBF was reduced in all endovascular repair scenarios, double branch sce-
narios performed better compared to single branch alternatives (CBF changes of
-1.4% and -2.0% for scenarios 1 and 2 versus -4.8% and -3.6% in scenarios 3 and 4,
respectively). Blood flow to the LHS decreased more compared to RHS flow in all
repair scenarios. Again, scenarios with a double branch endograft performed better
compared to the single branch alternatives (LHS flow changes of -2.3% and -3.4% in
scenarios 1 and 2 versus -6.7% and -5.6% in scenarios 3 and 4, respectively).
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Figure 4. Top: Pressure (blue lines) and flow (red lines) waveforms at the inlet (ascending aorta) and all outlets
of the preoperative model. The location of each measurement is denoted by a number. Bottom: Comparison be-
tween measured and computed blood flows and pressures in the preoperative model, with percentage differences
between the two shown.

Impact of Endograft Design on Blood Shear Rate

PLAP metrics were computed following injection and tracking of particles during
ten cardiac cycles. Average PLAP was calculated at the outflows of the cervical
arteries. Significant differences in PLAP were revealed between the different endo-
vascular repair scenarios. Table 3 summarizes the calculated mean PLAP values for
all scenarios. Figure 5 presents a qualitative comparison of PLAP maps, showing
color-coded advected particles 2.4 seconds after virtual injection.
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Table 2. Simulated Mean Flow Values (mL/min)

Preoperative  Scenario 1 Scenario 2 Scenario 3 Scenario 4
Ascending Aorta 4,665 4,665 4,665 4,665 4,665
Right Subclavian Artery 283 280 280 282 286
Right External Carotid Artery 90 90 90 87 88
Right Internal Carotid Artery 296 294 295 287 290
Right Vertebral Artery 104 103 104 104 105
Left Vertebral Artery 126 120 119 117 118
Left Internal Carotid Artery 272 269 266 255 258
Left External Carotid Artery 192 188 186 179 181
Left Subclavian Artery 284 273 270 264 267
Descending Aorta 3,019 3,053 3,059 3,093 3,072
Mean Flow to RHS 490 488 (-0.4%) 488 (-0.3%) 477 (-2.5%) 483 (-1.3%)
Mean Flow to LHS 591 577 (2.3%) 570 (-3.4%) 551 (-6.7%) 558 (-5.6%)
Total Mean CBF 1,080 1,065 (-1.4%) 1,059 (-2.0%) 1,029 (-4.8%) 1,041 (-3.6%)

CBF = cervical blood flow; LHS = left hemisphere; RHS = right hemisphere

Mean PLAP was increased in all endovascular repair scenarios compared to the

preoperative situation. Scenario 1 performed best with a mean PLAP increase of

14.7% in the cervical arteries. Scenario 3 performed worst with a mean PLAP increase

of 74.3%. The endograft used in Scenario 3 has a single retrograde inner branch

which necessitates all blood that flows to the supra-aortic arteries to make a U-turn

in the aortic arch and pass through the single outlet, increasing blood shear rates.

Table 3. Calculated Mean PLAP Values at the Outflow Branches

Preoperative ~ Scenariol  Scenario2  Scenario3  Scenario 4
Right Subclavian Artery 106.42 109.67 120.08 164.08 125.43
Right External Carotid Artery 129.66 132.22 129.05 200.53 181.34
Right Internal Carotid Artery 119.53 105.49 110.57 188.82 162.98
Right Vertebral Artery 173.87 182.98 192.51 238.05 201.29
Left Vertebral Artery 218.15 340.34 388.18 427.16 361.87
Left Internal Carotid Artery 127.89 135.04 170.37 261.69 214.74
Left External Carotid Artery 141.37 147.89 183.29 270.89 230.30
Left Subclavian Artery 108.31 153.45 202.50 263.17 219.48
Descending Aorta 78.80 60.13 70.06 67.86 61.15
Mean PLAP cervical arteries 151.75 173.99 195.66 264.52 225.42
(+14.7%) (+28.9%) (+74.3%) (+48.6%)

PLAP = platelet activation potential
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Scenario 1 Scenario 2

Preoperative

PLAP
350

Scenario 3 Scenario 4

Figure 5. The image visualizes the position and platelet activation potential (PLAP) values, representing the
amount of accumulated blood shear rate, of particles 2.4 seconds after virtual injection at the ascending aorta
for all scenarios. All postoperative scenarios show elevated values of shear rate in the supra-aortic arteries com-
pared to the preoperative situation. Furthermore, Scenarios 3 and 4 present higher values of blood shear rate in
the cervical arteries compared to Scenarios 1 and 2.

Discussion

Multiple manufacturers are developing branched endografts for Zone 0 deploy-
ment, enabling total endovascular repair of the aortic arch. These devices extend
the armamentarium for treatment of aortic arch pathologies, providing a solution
for patients unfit for open surgical repair. The present study aimed to compare the
postoperative hemodynamic performance of different endograft designs for Zone
0 endovascular aortic repair using advanced computational modeling analyses.
This approach enables studying detailed hemodynamic indices without the need
of performing invasive interventions in diseased patients. Furthermore, it facilitates
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virtual testing of different treatment scenarios in the same patient in a controlled set-
ting. Hemodynamic performance was quantified for the different endograft designs
by calculating changes in total cervical blood flow and average blood shear rate in
the cervical arteries.

The use of double branch endografts, with two antegrade inner branches, resulted
in smaller reductions in cervical blood flow compared to single branched alterna-
tives (-1.4% and -2.0% versus -4.8% and -3.6%, respectively). When differential
changes in blood flow to the RHS and LHS were calculated, blood flow to the LHS
experienced the largest reduction in all endovascular repair scenarios (up to -6.7%
in Scenario 3). This finding underlines the need for assessment of the Circle of Willis
before performing total endovascular aortic arch repair, as normal anatomy with a
complete circle is present in only 28% of the population.”’ Most frequent anatomical
variations include hypoplasia of the posterior communicators (22%) and absence
or hypoplasia of either the Al segment of the anterior cerebral artery (25%) or the
posterior communicator (15%).”** This is valuable information when planning Zone
0 endovascular repair, as patients with incomplete circles cannot compensate a
reduction in blood flow to the LHS through redistribution.” Reductions in cerebral
blood flow could hypothetically be compensated through cerebral autoregulation,
nonetheless this would be the same for all endograft designs. Besides, the target
population for these endografts is diseased patients, where reserve capacity for
cerebral autoregulation will likely be impaired.***

The alterations in blood shear rate were calculated using the so-called PLAP index,
which has been related to thrombus formation in aortic flows previously.*” Both
single branch endografts resulted in larger increments in blood shear rates in the
cervical arteries compared to the double branch devices (74.3% and 48.6% increase
versus 14.7% and 28.9% increase, respectively). The increases in blood shear rate are
inherent and mostly unavoidable consequences of the altered morphology of the
aorta and supra-aortic arteries following Zone 0 repair.

Reduced perfusion, in combination with increased blood shear rates may have
negative long-term consequences, particularly in the cerebral microcirculation.
Evidence from epidemiological, clinical and experimental studies indicates that
cerebral hypoperfusion and microcirculatory dysfunction plays a critical role in the
pathogenesis of many types of vascular cognitive impairment and dementia, includ-
ing Alzheimer’s disease.”

We hypothesized that Zone 0 endograft design has a significant impact on the
postoperative hemodynamic performance, particularly in the cervical arteries. Our
results confirm this hypothesis. In the present study, double branch endografts of-
fered better postoperative hemodynamic performance compared to single branch
alternatives. We believe that the closer an endograft design is to preserving preop-
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erative aortic morphology, the smaller the postoperative hemodynamic disturbances
will be.

The advantages of a double branch design highlighted above focus on postop-
erative hemodynamic performance and may be offset during device deployment.
Single branch devices could be easier to deploy, requiring less catheter manipulation
in the aortic arch, which is considered to be the main risk factor for perioperative
embolic stroke.® On the other hand, single branch devices require an additional

extra-anatomical bypass, potentially increasing perioperative risks.*

Limitations

The patient that is presented in this study was not treated with any of the studied
endografts, making it impossible to relate our computational predictions to in vivo
follow-up data. Furthermore, performing the same ‘virtual testing’ analysis in pa-
tients with different anatomical features could potentially lead to different postop-
erative results. However, as the differences in aortic arch anatomy between patients
are relatively small compared to the differences between the endograft designs and
resulting postoperative morphology, we can say from our experience that the likeli-
hood of obtaining drastically different results among patients is small.

When considering the value of “population-based” analyses, it is important to
realize the fundamental differences between these and “patient-specific” analyses.
In “population-based” studies, few aspects of the system are known or controlled,
and therefore many subjects are needed to extract conclusions. In computational
modeling, a “patient-specific” paradigm produces highly detailed results for one
specific patient that can be used to identify optimal devices or interventions for that
specific patient."” The value of this paper is to offer a controlled, “apples-to-apples”
comparison between different device designs for the same patient, and as such we
are confident that our results are sound, given the extensive validation work done
in our code.

All postoperative scenarios were run with equal boundary conditions relative to
the preoperative model, meaning that the cardiac output and outflow boundary con-
ditions (i.e.,, Windkessel parameters) did not change after endovascular intervention
and between the different scenarios. These assumptions enable fair comparison of
hemodynamics between the endovascular repair scenarios, but their validity has not
been determined yet. The endograft alters the postoperative left ventricular afterload
due to the much higher stiffness relative to the native aorta, potentially affecting car-
diac performance.” Additionally, the reduced number of postoperative supra-aortic
outflow tracts may also contribute to an increase in left ventricular afterload relative
to the preoperative conditions. Furthermore, it has been reported previously that
devices or catheters inserted in the aorta lead to increases in left ventricular afterload
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and ultimately to changes in cardiac performance.” Besides, following endovascular
repair, patients are often prescribed antihypertensive medications, which affect the
vascular resistance and may alter cardiac output chronically.

The computations in this work have been carried out assuming a rigid behavior
for the arterial wall. Simulating the interactions between blood flow and vessel wall
motion is possible,” but it would increase computational cost significantly without
altering the observed differences in hemodynamics between the different endograft
designs. Of note, all computed flow and pressure values lied within 5% of the clinical
data in the preoperative simulation.

Conclusions

Double branch Zone 0 endograft designs offer superior postoperative hemodynamic
performance compared to single branch alternatives for total endovascular aortic
arch repair, minimizing reductions in cervical blood flow and alterations in blood
shear rate that could potentially lead to cerebral ischemic events. Reductions in
cervical blood flow might be particularly problematic in patients with an incomplete
Circle of Willis, where reductions in blood flow to the LHS cannot be compensated
through redistribution.

CFD provides a powerful tool to enhance our understanding of hemodynamics
in complex aortic anatomies and optimize the design and planning of advanced
endovascular procedures.
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Abstract

Objectives

To assess and compare the postoperative haemodynamic performance of branched,
fenestrated and parallel stent-grafting solutions for endovascular aortic repair
(EVAR) of juxtarenal abdominal aortic aneurysms (AAAs) with renal vasculariza-
tion.

Methods

We used computational fluid dynamics techniques to calculate detailed haemody-
namic indices in three patients that were treated with EVAR for juxtarenal AAAs.
For each patient, three models were constructed: (1) preoperative; (2) postoperative;
and (3) a virtual EVAR solution. These models included one branched or fenestrated
EVAR solution and one parallel stent-grafting solution. Haemodynamic performance
was quantified by calculating total blood flow, wall shear stress (WSS) and platelet
activation potential (PLAP) in the renal arteries.

Results

Renal blood flow remained constant following all EVAR solutions. The average WSS
in the renal arteries was within the homeostatic range for all models. Renal PLAP
increased in all patients post-EVAR. Parallel stent-grafting resulted in larger PLAP
increments in the renal arteries than branched and fenestrated solutions. This was
attributed to the larger extend of intraluminal protrusion of the renal artery stent-
grafts into the aorta.

Conclusions

Complex EVAR resulted in aortorenal flow disturbances that potentially contribute to
renal stent-graft complications during follow-up. Parallel stent-grafting of the renal
arteries resulted in highest PLAP increments, potentially explaining the increased
rate of postoperative renal dysfunction associated with parallel stent-grafting com-
pared to branched or fenestrated alternatives.
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Introduction

Juxtarenal abdominal aortic aneurysms (AAAs) are deemed unsuitable for conven-
tional endovascular aortic repair (EVAR), because the ostia of the renal arteries are
located in the landing zone of the endograft. In the past decades, multiple techniques
have been developed that target vascularization of branching vessels, expanding the
application of EVAR. Currently, the following complex EVAR solutions are available
to vascularize the renal arteries: fenestrated endografts (F-EVAR); branched endo-
grafts (B-EVAR); parallel chimney stent-grafts (Ch-EVAR); and parallel periscope
stent-grafts (P-EVAR). In F-EVAR, the main endograft has custom fenestrations
located at the ostia of the target arteries. Through these fenestrations, stent-grafts
are deployed that connect the main endograft to the target arteries. In B-EVAR, the
endograft has custom branches that cannulate the target arteries during deployment.
Subsequently, stent-grafts are deployed through these branches securing the connec-
tion of the main endograft to the target arteries. Ch-EVAR and P-EVAR are off-the-
shelf solutions where stent-grafts are deployed parallel to a ‘standard” endograft. In
Ch-EVAR, these stent-grafts extend from the proximal end of the main endograft.
In P-EVAR, these stent-grafts extend from the distal end of the main endograft.
P-EVAR is predominantly performed for endovascular repair of thoracoabdominal
aneurysms.'

Although F-EVAR, B-EVAR and parallel stent-graft procedures are all effective
modalities to repair AAAs, there are concerns about postoperative kidney function.
Indeed, up to 25% of patients has postoperative renal failure,”” and up to 5% requires
permanent dialysis.”” Renal artery stenosis and occlusion are the main reasons for
postoperative renal failure. Interestingly, these adverse events seem to occur more
frequently in patients treated with Ch-EVAR compared to F-EVAR.” We hypothesize
that the configuration of the aortorenal connection affects the haemodynamic perfor-
mance of the different EVAR solutions.

Aortic and renal artery anatomy is unique in every patient. Therefore, it is im-
possible to make an apples-to-apples comparison of the impact of different EVAR
solutions on aortorenal hemodynamics in vivo. Virtual testing, using computational
fluid dynamics (CFD) analyses, can fill this void. This technique has been used in
various engineering fields, such as aerospace and automotive, to test different de-
signs without the need to manufacture prototypes. Recently, CFD techniques have
been used to support clinical decision making through calculation of the haemo-
dynamic performance of different therapeutic interventions using patient-specific
image-based modelling.”® In the present study, we use CFD techniques to assess
and compare the postoperative haemodynamic performance of three different EVAR
solutions for renal vascularization in three different patients.
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Methods

Approval for this non-interventional retrospective study was obtained from the
institutional review board of the University Hospitals of Clermont-Ferrand and
Saint-Etienne. As data were treated anonymously, the need for patient consent was
waived. The study complied with the principles of the Declaration of Helsinki.

Patient Population

Three patients who were treated for aortic aneurysms using EVAR with renal artery
vascularization were selected. Patient 1 is an 84-year-old male with a juxtarenal
aneurysm who was treated with F-EVAR. Patient 2 was a 65-year-old male with a
juxtarenal aneurysm who was treated with Ch-EVAR. Patient 3 was a 70-year-old
man treated with a thoraco-abdominal aneurysm that was treated with B-EVAR.

Patient-Specific Computational Modelling

Computational models were constructed from patient-specific computed tomogra-
phy angiography (CTA) image data and clinical flow and pressure measurements
using the validated cardiovascular modelling and simulation software CRIMSON.’
First, geometric models were created by segmenting the fluid domain of interest
from the CTA image data. Three models were created for each patient: (1) preop-
erative; (2) postoperative; and (3) a virtual EVAR solution (VES). The VES model
was constructed from the postoperative CTA image data by introducing an EVAR
solution different from the one that was used during the actual operation. In total,
each patient had one preoperative model, one B-EVAR or F-EVAR model, and one
P-EVAR or Ch-EVAR model. All models are presented in Figure 1.

After segmentation, each geometric model was discretized into a computational
mesh consisting of millions of tetrahedral elements. The resolution of the mesh was
iteratively adapted to capture the complex velocity patterns near and around the
stent-grafts and the vessel walls." A mesh independence analysis was performed
for each model. Numerical results were deemed mesh-independent when the differ-
ence in regional pressures was < 1% between two successive meshes. The mesh size
ranged between 6x10° and 8x10° elements in all models.

Boundary Conditions

Patient-specific volumetric flow waveforms were extracted from duplex Doppler
ultrasonography and assigned to the aortic inlet of each model with a Womersley ve-
locity profile."""” The flow fraction that feeds the supra-aortic and mesenteric arteries
was subtracted from the cardiac output. At the outlets, 3-element Windkessel models
were assigned that mimic the resistance and capacitance of the distal vasculature of
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Preoperative Postoperative VES

F-EVAR Ch-EVAR

Patient 1

Ch-EVAR

Patient 2

Patient 3

Figure 1. For each patient, three geometric models were constructed: preoperative (left); postoperative (middle);
and VES (right). All models are presented with a close-up of the renal artery insertion and intra-aortic view
of the renal artery ostia. The luminal area of the arterial walls is shown in red, the surface of the endograft and
renal stent-grafts in grey. The green line and eye depict the plane and point of view for the intra-aortic view
(delineated in green). B-EVAR = branched endovascular aortic repair; Ch-EVAR = chimney endovascular aor-
tic repair; F-EVAR = fenestrated endovascular aortic repair; P-EVAR = periscope endovascular aortic repair;
VES = virtual EVAR solution.

the iliac and renal arteries. To match physiologic resting conditions,"* 20% of the
cardiac output was assigned to the renal arteries. The same boundary conditions
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were applied in the three simulations (preoperative, postoperative and VES) for each
patient. Simulations were run until cycle-to-cycle periodic solutions were reached,
the results from the last cycle are reported.

Computations were performed using the CRIMSON incompressible Navier-
Stokes flow solver. The vessel walls were modelled as rigid. Blood was treated as a
Newtonian fluid with a dynamic viscosity of 4 mPa.s and a density of 1060 kg/m”.

Data Collection

For each model, systolic pressure (SP), diastolic pressure (DP), pulse pressure (PP),
mean pressure (MP) and mean flow (Qm) were measured at inlet, renal and iliac
outlets. Peak velocity was measured at 4 locations in the renal arteries (at the begin-
ning of the stent graft, in the middle of the stent graft, at the end of the stent graft and
at lcm after the stent graft in the native renal artery). Additionally, time-averaged
wall shear stress (TAWSS) in the renal arteries was calculated for all models.

Particle Tracking and Platelet Activation Potential

One of our goals was to assess flow disturbances that could lead to thrombus
formation in the renal arteries. It is well known that high blood shear rates lead
to platelet activation and can trigger thrombus formation.'>'® Therefore, we used a
CFD tool called “particle tracking” which allows evaluation of the blood shear rate
that a particle experiences along its path within a fluid.”” From this information, we
can calculate a metric known as “platelet activation potential” (PLAP),"”"® that has
been linked to thrombus formation in thoracic and abdominal aortic flows.*"” For the
particle tracking analysis, a bolus with 1 million particles was injected into the aortic
inlet. The advected particles were collected after at the outlets of the renal and iliac
arteries10 cardiac cycles, where the average PLAP was calculated from the history
of blood shear rates experienced by the collected particles. Using PLAP, the impact
of endograft-induced shear distortion was compared between the different EVAR

solutions for renal artery vascularization.

Results

Flows and Pressures

The mean flows at the inlet and outlets of all models are reported in Table 1. Minimal
differences were calculated in the mean flow rates of the preoperative, postoperative
and VES models. Local pressures were recorded at the inlet and outlets in all models,
the pressure waveforms are presented in Figure 2.
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Patient 1 Patient 2 Patient 3
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Figure 2. Pressure waveforms (mmHg) from the inlet and outlets of all models. B-EVAR = branched endovas-
cular aortic repair; Ch-EVAR = chimney endovascular aortic repair; F-EVAR = fenestrated endovascular aortic
repair; LIA = left iliac artery; LRA = left renal artery; P-EVAR = periscope endovascular aortic repair; preop =
preoperative; RIA = right iliac artery; RRA = right renal artery.
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Figure 3. Color-coded TAWSS maps of the renal arteries in all models. For each model, the anterior view is
presented on the left (A) and the posterior view is presented on the right (B). TAWSS = time averaged wall
shear stress

Table 1. Flows and pressures

Patient 1 Patient 2 Patient 3
Preop F-EVAR Ch-EVAR Preop Ch-EVAR F-EVAR Preop B-EVAR P-EVAR
Inlet 2.00 2.00 2.00 291 291 291 223 223 2.23
Right Renal Artery 0.36 0.36 0.35 056 0.57 0.57 0.51 0.51 0.51
Left Renal Artery 037  0.36 0.35 059 057 0.57 042 043 0.42
Right Iliac Artery 0.63 0.64 0.65 0.80 0.80 0.80 0.69 0.69 0.69
Left Iliac Artery 0.64 0.65 0.65 096 0.97 0.97 0.61 0.6 0.61

Mean flow (L/min) at the inlet and outlets for all models. B-EVAR = branched endovascular aortic repair;
Ch-EVAR = chimney endovascular aortic repair; F-EVAR = fenestrated endovascular aortic repair; P-EVAR =
periscope endovascular aortic repair; Preop = preoperative

Impact of endograft design on TAWSS

The homeostatic range for TAWSS in arteries is approximately 1.0 — 7.0 Pa."” Regions
exposed to low TAWSS are known to favour cell adhesion and thrombus forma-
tion."”” The mean TAWSS values in the renal arteries are reported in Table 2. In sum-
mary, all TAWSS values were within the homeostatic range. Higher TAWSS values
were found in the parallel grafting anatomies (Ch-EVAR and P-EVAR) compared to
the branched and fenestrated anatomies. Figure 3 presents the TAWSS maps in all
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models. Interestingly, focal regions with disturbed TAWSS (1.0>TAWSS>7.0 Pa) were
found in all models.

Table 2. Renal TAWSS in all models

Patient 1 Patient 2 Patient 3
Preop F-EVAR Ch-EVAR Preop Ch-EVAR F-EVAR Preop B-EVAR P-EVAR
Entire RRA 22 2.5 2.9 3.7 4.5 4.1 45 2.5 4.6
Entire LRA 2.7 29 3.7 5.0 5.8 5.3 4.1 2.1 5.7
Stented RRA NA 23 29 NA 29 3.0 NA 22 2.9
Stented LRA NA 28 49 NA 46 3.9 NA 22 4.6
Unstented RRA NA 2.8 2.9 NA 61 4.6 NA 3.0 6.1
Unstented LRA NA 3.2 3.1 NA 7.1 6.6 NA 1.9 7.1

TAWSS wvalues (Pa) in the left and right renal arteries are reported for all models. Separate values were cal-
culated for the stented segments and non-stented segments. All TAWSS values were within the homeostatic
range of 1.0 — 7.0 Pa. In all patients, the renal TAWSS were lowest preoperative and highest in the parallel
stent-grafting simulations (Ch-EVAR and P-EVAR). B-EVAR = branched endovascular aortic repair; Ch-
EVAR = chimney endovascular aortic repair; F-EVAR = fenestrated endovascular aortic repair; LRA = left
renal artery; NA = not applicable; P-EVAR = periscope endovascular aortic repair; Preop = preoperative; RRA
= right renal artery; TAWSS = Time-averaged wall shear stress.

Impact of endograft design on blood shear rate

Average PLAP values were calculated at the outflows of the renal and iliac arteries.
Table 3 presents the mean PLAP values in all models. After EVAR, PLAP increased
in the renal arteries in all patients. Ch-EVAR and P-EVAR resulted in higher renal

Table 3. Average blood shear rates at the outlets of in all models

Patient 1 Patient 2 Patient 3
Preop F-EVAR Ch-EVAR Preop Ch-EVAR F-EVAR Preop B-EVAR P-EVAR
wa 0 oy e T ey o T m oo
e B Ghy e P g ey S e s
ma P oy e sy e P Gy (e
N A e

Mean PLAP values at the outlets of all models are reported. In the post-EVAR models, the change in PLAP
relative to the preoperative value is given within brackets. PLAP increased in all patients post-EVAR. Parallel
stent-grafting (Ch-EVAR and P-EVAR) resulted in larger PLAP increments in the renal arteries compared
to B-EVAR and F-EVAR. B-EVAR = branched endovascular aortic repair; Ch-EVAR = chimney endovascular
aortic repair; F-EVAR = fenestrated endovascular aortic repair; LIA = left iliac artery; LRA = left renal artery;
P-EVAR = periscope endovascular aortic repair; PLAP = platelet activation potential; RIA = right iliac artery;
RRA = right renal artery
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PLAP values than B-EVAR and F-EVAR. The P-EVAR simulation in patient 3 resulted
in the highest renal PLAP increment compared to preoperative (+257%). Following

Patient 1

Patient 2

Patient 3

Preoperative

Postoperative

VES

F-EVAR

Ch-EVAR

Ch-EVAR

B-EVAR

P-EVAR

50

PLAP

M|||||||||||||||||||||m
150 200

100

250

Figure 4. PLAP maps with a close-up near the renal arteries are presented for each model, 4.6 s after virtual
injection. The particles in the image are color-coded for their PLAP values, representing the amount of ac-
cumulated blood shear rate. Parallel stent-grafting (Ch-EVAR and P-EVAR) resulted in higher PLAP values

compared to the F-EVAR and B-EVAR. PLAP = platelet activation potential.
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P-EVAR, blood makes a U-turn in the abdominal aorta to enter the parallel renal
stent-grafts, resulting in disturbed flows with high blood shear rates. B-EVAR in
patient 3 resulted in a markedly smaller postoperative PLAP increment (+63%). A
qualitative comparison of the PLAP maps in all models is presented in Figure 4.

Discussion

Complex EVAR is increasingly being used to treat AA As unsuitable for conventional
EVAR. For juxtarenal AAAs, physicians have the option to vascularize the renal
arteries endovascularly using F-EVAR, B-EVAR or parallel stent-grafting solutions.
Currently, endografts for F-EVAR and B-EVAR are custom made and require six to
eight weeks to be manufactured, limiting their applicability to elective cases. Parallel
stent-grafting techniques (Ch-EVAR and P-EVAR) enable renal artery vasculariza-
tion using readily available devices, enabling endovascular repair of emergent cases.

Complex EVAR procedures offer a minimally invasive alternative for open surgi-
cal repair of juxtarenal AAAs, however, postoperative renal dysfunction often oc-
curs. Deterioration of renal function after complex EVAR has been attributed to the
endovascular procedure itself, which is associated with increased use of nephrotoxic
contrast agents, guidewire manipulation in the renal arteries, and risk of renal artery
stent-graft kinking.” During follow-up, renal dysfunction can be caused by different
processes that compromise patency of the renal arteries, such as arterial inflamma-
tion, neointimal hyperplasia and thrombus formation. It is well known that disturbed
blood flow and abnormal wall shear stresses contribute to the occurrence of intimal
hyperplasia® and thrombus formation.'>'® These postoperative renal complications
seem to occur more frequently following Ch-EVAR than F-EVAR.” It is unclear if this
discrepancy could be attributed to differences in postoperative aortorenal configura-
tion following Ch-EVAR and F-EVAR.

The objective of the present study was to assess and compare the postoperative
haemodynamic performance of different EVAR solutions for juxtarenal AAAs with
renal vascularization. We used advanced computational modelling techniques to
calculate detailed haemodynamic indices without the need of performing invasive
interventions in three patients. Furthermore, this approach facilitated virtual testing
of multiple EVAR solutions in each patient in a highly controlled setting.

Haemodynamic performance was quantified for the different EVAR solutions by
calculating total blood flow, TAWSS and average blood shear rate in the renal arter-
ies. Renal blood flow remained constant following all EVAR solutions. The average
TAWSS in the renal arteries was within the homeostatic range for all models, how-
ever, focal areas of elevated and reduced TAWSS were found in each model. Renal
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PLAP increased in all patients post-EVAR. This was attributed to aortorenal flow
disturbances that are caused by stent-graft protrusion into the aortic lumen. Parallel
stent-grafting of the renal arteries (Ch-EVAR and P-EVAR) resulted in larger PLAP
increments in the renal arteries than B-EVAR and F-EVAR. This is most likely caused
by the larger extend of the intra-aortic segment of the parallel stent-graft.

Our results reveal that there are significant differences between the postoperative
hemodynamic performance of different EVAR solutions for renal vascularization.
We hypothesize that locally disturbed TAWSS in combination with increased blood
shear rates could cause intimal hyperplasia and thrombosis. This would explain the
increased occurrence of renal dysfunction following parallel stent-grafting compared
to F-EVAR.

Patient-specific CFD modelling enables detailed, highly controllable, non-invasive
testing of different complex EVAR solutions that can aid surgical planning and
device development. Further research is needed to correlate the results from CFD
analyses with postoperative clinical outcomes in a larger patient population.

Limitations

The analysis was performed with a total of nine models from three patients. As the
differences in abdominal aortic anatomy between patients were relatively small
compared to the geometric differences between the different EVAR solutions for re-
nal vascularization, the outcomes in terms of hemodynamic performance were very
similar between patients. Performing the same analysis in a larger patient cohort
would increase generalizability of our results.

The VES models were built based on the post-EVAR anatomy and surgical experi-
ence of the authors. The configuration of the VES models would potentially have
been different if they were constructed by different surgeons.

The computational analyses in this study were conducted with the assumption
that the walls of the geometric models were rigid. Simulating hemodynamics with
a deformable wall is possible, however, this dramatically increases computational
costs.” As the endograft material is relatively stiff, and does not change between the
different EVAR solutions, we do not expect that this assumption alters our findings.

The patients presented in this study did not have renal dysfunction following the
EVAR procedure. Therefore, it was not possible to relate our computational results
to renal complications. Future prospective cohort studies should be conducted to
analyse the correlation between calculated hemodynamic performance and postop-
erative renal function.
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Conclusion

Complex EVAR resulted in aortorenal flow changes that could potentially contribute

to renal dysfunction during follow-up. Parallel stent-grafting of the renal arteries

resulted in highest blood shear rates, potentially explaining the increased rate of

postoperative renal dysfunction compared to branched and fenestrated alternatives.

The present study underlines the value of patient-specific computational modelling

to aid surgical planning and device development for complex EVAR. Prospective

studies with more patients are needed to verify our computational results with clini-

cal outcomes.
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Abstract

Objective

To assess whether the Modified Arch Landing Areas Nomenclature (MALAN),
which merges Ishimaru’s map with the Aortic Arch Classification, predicts displace-
ment forces magnitude and orientation in proximal landing zones for TEVAR.

Methods

Computational fluid dynamic (CFD) modelling was employed to prove our hy-
pothesis. Healthy aortas CT angiography scans were selected based on aortic arch
geometry to reflect Type of arch I to IIl equally (each n=5). CFDs were used to
compute pulsatile displacement forces along the Ishimaru’s landing zones in each
aorta including their three dimensional orientation along upward component and
sideways component. Values were normalized to the corresponding aortic wall area
to calculate equivalent surface traction (EST).

Results

In Type I and Type II arches, EST did not change across proximal landing zones
(P=.297 and P=.054 respectively), whereas within Type III, EST increased towards
more distal landing zones (P=.019). Comparison of EST between adjacent zones,
however, showed that EST was greater in 3/II than in 2/II (P=.016), and in 3/III than
in 2/III (P=.016). Notably, these differences were related the upward component, that
was four times greater in 3/II compared to 2/II (P<.001), and five times greater in 3/
III compared to 2/III (P<.001).

Conclusion

CFD modeling suggests that MALAN improves discrimination of expected displace-
ment forces in proximal landing zones for TEVAR, which might influence clinical
outcomes. The clinical relevance of our finding, however, remains to be validated in
a dedicated postoperative outcome analysis of patients treated with TEVAR of the
arch.
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Introduction

Thoracic endovascular aortic repair (TEVAR) is currently the first line treatment for
aortic disease affecting the descending thoracic aorta, because in selected patients' it
provides low procedural morbidity and mortality, and satisfactory midterm results.
Endovascular procedures involving the aortic arch, however, are associated with
higher rates of postoperative clinical failure,” and remain complex and challenging
due the angulation and tortuosity of the arch and its peculiar biomechanical environ-
ment.”

Preoperative planning for TEVAR of the arch is based on Ishimaru’s classification®
that, however, disregards landing zones angulation and tortuosity, that represent
critical anatomical features associated with higher rates of endograft failure.””

In addition, Ishimaru’s aortic map does not take into account the pulsatile forces
acting on the aortic wall, that are transmitted as displacement forces on the terminal
fixation sites of the endograft after its deployment, potentially leading to an insuf-
ficient proximal seal and/or an endograft migration.*® These forces can be calculated
by computational fluid dynamics (CFD), a well-established engineering tool exten-
sively employed in cardiovascular medicine, which by solving differential equations
can simulate blood flow, and allows computing aortic hemodynamic parameters.’

In a previous article,” we proposed a Modified Arch Landing Areas Nomenclature
(MALAN) (Figure 1) that merges Ishimaru’s map with the Aortic Arch Classification,
originally described for predicting difficult carotid stenting," in which each landing
area is identified indicating both proximal landing zone and Type of arch (e.g. 0/I).
Our study showed that arch Types are associated with a consistent geometric pat-
tern of Ishimaru’s zones that allows identifying specific proximal landing areas with
suboptimal angulation and tortuosity for stent-graft deployment.’

In the present study, we aimed to analyze displacement forces magnitude and
orientation in the aortic arch according to the MALAN classification by means of
CFD modeling, in order to potentially identify also a consistent fluid dynamic pat-

tern, and identify specific areas with a hostile hemodynamic environment.

Methods

Patient population

This study reviewed anonymized thoracic CT angiography (CTA) scans from pa-
tients undergoing diagnostic evaluation for various indications at our institution in
2015 and was approved by the local Ethic Committee. The need for patient informed
consent was waived because of the retrospective nature of the analysis and the use of
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anonymized data. For the purpose of the present analysis, we specifically reviewed
15 thoracic CTA scans, 5 per Type of Arch, randomly chosen among the 60 selected
for the previous study from our group that defined the MALAN classification.” Only
thin-cut (1.0 mm or 1.5 mm) CTs of patients with a healthy aortic arch with vis-
ible origins of the supra-aortic branches were considered. Inclusion and exclusion
criteria were previously described in detail.” Of note, as we conceived the study as a
proof of concept of the original description of the aortic arch classification," which is
based on healthy (i.e. non-aneurysmatic aortas), we chose a diameter of the thoracic
aorta >40 mm as an exclusion criterion.” Proximal landing zones were defined as

previously described in detail.’

Type | Type 11
Zone 0 A
>2 diameter posse -
mroc,wc L
MALAN o/ 0/111
Zone 1 A
1-2 diameter _ i
> TAMETET poros
ofcca 3. .=y f-_
MALAN
Zone 2
MALAN 2/1 2/11
Zone 3 /\
1-2 diameter
ofcCcA T_ >2 diameter gasce o
of CCA
MALAN 3/1 3/ 3/111

Figure 1. Modified Arch Landing Areas Nomenclature (MALAN), that comprises proximal landing zones
according to the Ishimaru’ Aortic Arch Map and Types of Arch according to the Aortic Arch Classification.
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Computational modeling

Patients aortic arch hemodynamics were calculated by means of CFD, a computa-
tional modeling method that has been developed to study the behavior of fluid flows
by solving the Navier-Stokes equations, characterizing the motion of an incompress-
ible fluid (i.e. blood), in a specified domain (i.e. aorta). Each CFD analysis requires
definition of a three-dimensional (3D) model of the vascular anatomy of interest,
and of the boundary conditions describing the flow conditions near the boundaries
of the model.

Geometric Model Construction

In our study, the vascular anatomy of interest was extracted from the CTA scans
using the software Mimics v18.0 (Materialise NV, Leuven, Belgium). The aortic tract
between the aortic valve annulus and the diaphragm was considered, including the
proximal tract of brachiocephalic trunk, left common carotid artery, and left sub-
clavian artery. The final 3D model was exported in stereolithographic format (.stl),
and artificially extended by inserting cylindrical regions, called flow extensions, at
the boundary sections' using the open source library Vascular Modeling ToolKit
(VMTK) v1.3."” This approach aimed to reduce the impact of modeling choices and
uncertainties in the boundary conditions on the numerical results.” Such fictitious
domain extensions were then removed during the post-processing analysis.

The 3D aortic model was then discretized by VMTK v1.3 to generate a computa-
tional mesh suitable for CFD analysis. An average cut-off of 1.8 million of tetrahedral
elements was considered for the simulations. This cut-off was based on a mesh
convergence analysis that showed that further mesh refining would have produced
a difference of less than 1% in the computed displacement forces.

Boundary Conditions

Given the retrospective nature of the study, no patient-specific hemodynamic data
were available for the considered cohort of patients, and therefore the same inflow
and outflow boundary conditions were applied in all cases. On the inflow section of
the ascending aorta, a flow waveform representing a cardiac output of 4.88 L/min
was used as input. This flow waveform was derived from phase-contrast magnetic
resonance imaging data of a previous cohort of patients from our hospital and repre-
sents a typical ascending aortic flow waveform and cardiac output for adult patients.
On the outflow sections, 3-element Windkessel circuits were attached to mimic the
compliance and resistance of distal vasculature in a reliable way.”"* A schematic
representation of the inflow and outflow boundary conditions is presented in Figure
2. The use of such values led to physiologic pressure values in the simulation; the
average of systolic/diastolic pressure among the 15 cases investigated in the present
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Figure 2. Schematic representation of a 3D aortic arch model with the inflow waveform and 0D Windkessel
circuits representing the compliance and resistance and of the distal vascular beds.

study was 117/71 mmHg. A null velocity was prescribed to the luminal surface of the
model, meaning that the arterial walls were assumed to be rigid.

Computational Analysis

Numerical simulations were carried out by solving the incompressible unsteady
Navier-Stokes equations in the region of interest, under the hypothesis of Newton
rheology (i.e. assuming a constant viscosity), as commonly performed in the case of
large and medium-sized vessels."

All the CFD analyses were performed by the open-source parallel finite element
solver based on C++library LifeV (www lifev.org), tailored to blood flow applications.'
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The simulated cardiac cycle lasted 1 second and was solved with a constant time
step size of 0.001 s. The computational analysis was run for six heartbeats, to ensure
the convergence of velocity and pressure fields."

Post processing

The CFD simulation consisted of blood velocity, pressure, and wall shear stress
(WSS), calculated on each element of the computational mesh over the cardiac cycle
(Figure 3)."” The results of the simulations were post-processed using Python script
and Paraview software v4.4 (Kitware Inc., France) to isolate the aortic wall in each
landing area for all models. The displacement forces were then calculated by inte-
grating the wall pressure and the WSS at systolic peak along the aortic wall in each
MALAN area (Equation 1). As previously reported, the contribution of the pressure
to the total displacement forces was several orders of magnitude larger than the WSS
contribution,’ and therefore the impact of blood viscosity resulted to be negligible."®

Equation 1.
DF = [ pnda + [TdA

Where DF is the displacement force in Newtons (N), [ pidA is the force exerted by the blood
pressure along a given segment of the aortic wall in N and [ TdA is the WSS along the same
segment in N.

The magnitude and the direction of the displacement forces for each landing zone
(0-3) were calculated in all patients. As the surface areas of the proximal landing
zones are different across the arch, a normalized displacement forces value, equiva-
lent surface traction (EST), was proposed to account for the impact of the geometrical
differences only. The EST was calculated dividing the displacement forces magni-
tude by the surface area of the corresponding proximal landing zone (Equation 2).

Equation 2.

EST = |DF I/A

Where EST is equivalent surface traction in N/m’, DF is displacement force in N and A is
the surface area in n’.

Furthermore, the individual components of each displacement force vector were
compared among the landing areas to evaluate the change in orientation (upward vs.
sideways) in the different Types of arch.

Of note, both engineers and clinicians were involved in the CFD analysis.

Statistical analysis

Data were analyzed using SPSS Statistics version 24 (SPSS Inc., Chicago, Illinois).
Normality of the distribution of the data was tested using the Shapiro-Wilk test, after
which comparisons between landing zones and Types of arch were made using the
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one-way analysis of variance for normally distributed data. Post hoc comparisons

were made with the Least Significant Difference test. Continuous data are reported

as the mean value with 95% confidence interval within parenthesis. Statistical signifi-

cance was assumed at P<.05.

Results

The 15 selected patients (73% male) were 7719 years old. The three groups defined

by the Type of arch were comparable in age (P=.595) and gender. The surface areas

of the proximal landing zones were not different between the Types of Arch (P=.672),

thus enabling a comparison of the displacement forces magnitude between the Types

of Arch.
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Figure 3. Illustrative representation of the simulation results at peak systole. The case of a Type 3 arch is
presented. A) Velocity streamlines; B) Pressure; C) Displacement force vectors in each proximal landing zone.
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Displacement forces magnitude and orientation

Comparison between Types of arch (Table 1), showed that displacement forces
magnitude was significantly different in Zone 3 (P=.007), with 3/II and 3/III having
significantly greater values than 3/I (P=.004 and P=.008 respectively). Comparison
within Types of arch (Table 1), showed that displacement forces magnitude was
significantly different across landing zones in all the Types of arch, with Zone 0
having the highest magnitude regardless the Type of arch (P<.001). Furthermore,
displacement forces magnitude in 3/III was almost two-fold greater than in 2/III
(P=.033), as also in 3/II compared to 2/II (P=.032).

Analysis of the displacement forces orientation (Figure 4, Tables 2 and 3), showed
that the greater changes in displacement forces magnitude in 3/II and 3/III were
related to the upward component, that was four times greater in 3/II compared to 2/
II (P=.001), and five times greater in 3/IIl compared to 2/III (P<.001). On the contrary,
in Type I arch the upward component did not differ through proximal landing zones
1-3. Finally, the sideways component did not change between proximal landing

zones 1-3 in any Type of arch.

Table 1. Displacement force in MALAN areas with comparisons across landing zone and Type of Arch.

Typel Type Il Type III P
Zone 0 13.2 (8.70 /-I 17.7)N 14.1 (9.2/?18.2) N 95 (6.%1;2.6) N 090
Zone 1 17 (1.01 /—12.3) N 24 (1.;/?3.1) N 23 (1.13/1—113.2) N 211
Zone2 34 (1.42 /—15.3) N 33 (2;/}14.3) N 3.1 (1.21/1—115.0) N 937
Zone3 26 (1.63 /—13.7) N 6.1 (4.;/?8.0) N 5.8 (3.32/1—118.3) N 007
P <001 <001 <001

Results are reported as mean with 95% Confidence Interval between parentheses. 3/ vs. 3/I1 P=.010; 3/1 vs.
3/IIT P=.019.

Equivalent surface traction

Consistently with displacement forces values, comparison between Types of arch
(Table 4), showed that equivalent surface traction was significantly different in Zone
3 (P=.009), with that in 3/II and in 3/III being two-fold greater than in 3/I (P=.008 and
P=.006). Comparisons within Types of arch (Table 4) showed no change in equivalent
surface traction across proximal landing zones within Type I arch (P=.297), and Type
II arch (P=.054), whereas equivalent surface traction increased towards more distal
proximal landing zones within Type III (P=.019). Between adjacent landing areas,
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Figure 4. Schematic representation of Displacement Forces orientation.

equivalent surface traction was greater in 3/III than in 2/III (P=.016), and in 3/II than
in 2/11 (P=.016).

Discussion

The present work, which was conceived as a proof of concept study, showed that the
MALAN classification is associated with consistent hemodynamic features that, in
addition to the geometric pattern previously reported,” further improve its predictive
value to identify hostile proximal landing zones for TEVAR of the arch. We found that
normalized DF (i.e. EST) do not vary along Ishimaru’s zones in Type I arch, whereas
they change in Type II and III, and specifically in the distal part of the arch. Our
data remain to be validated by CFD analysis in pathological aortas, and the clinical
relevance of our finding needs to be proven in a dedicated postoperative outcome
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Table 2. Upwards (U) and sideways (S) direction in MALAN areas with comparisons across landing zone
and Type of Arch.

Type I Type I Type III P
0/1 0/11 0/11T
Zone 0 U:0.57 (047 - 0.67) U: 0.61 (0.43 - 0.80) U:0.53 (0.34-0.71) U: .607
S:0.82 (0.74 - 0.89) S:0.77 (0.61 - 0.93) S:0.83 (0.71 - 0.96) S:.609
11 1/11 1/111 U: 744
Zone 1 U: 0.15 (-0.27 - 0.56) U:0.17 (-0.09 - 0.43) U: 0.27 (-0.03 - 0.57) S:. .'759
S:0.94 (0.83 - 1.04) 5:0.97 (0.92 - 1.02) S:0.94 (0.84 - 1.03)
2/1 2/11 2/11
Zone 2 U:-0.12 (-0.33 - 0.01) U:-0.29 (-0.70 - 0.13) U: 0.35 (0.03 - 0.67) U:.007
S:0.98 (0.94 - 1.02) S:0.90 (0.78 - 1.03) S:0.90 (0.76 — 1.05) S:.344
3/1 3/11 3/
Zone 3 U:0.52 (0.02-1.01) U:0.63 (0.12-1.13) U: 0.87 (0.75 - 0.99) U: .267
S:0.71 (0.28 - 1.14) S:0.64 (0.27 - 1.00) S:0.44 (0.17-0.72) S:.349
P U:.004 U: <001 U:<.001
S:.123 S:.034 S: <.001

Results are reported as mean with 95% Confidence Interval between parentheses. U: 3/111 vs. 2/111 P=.004;
3/I1 vs. 2/11 P=.001

Table 3. Upward force in MALAN areas with comparisons across landing zone and type of arch.

Type I Type Il Type III P
Zone 0 7.5 (5.10 /—19.9) N 8.3 (6.4Oil I10.1) N 49 (2.(2)3/1—116.9) N 020
Zone 1 0.3 (-0.;/E 12)N 0.4 (-0.12/1—11.0) N 0.5 (0.1)/1—111.0) N 826
Zone2 04 (-1.21/1— 03)N 11 (-2.26/If 0.5) N 1.0 (0.21/1—112.0) N 010
Zone3 13 (0.03 /—12.7) N 43 (0.739/1—I 7.8) N 5.0 (3.21/1—116.8) N 027
P <001 <001 <001

3/111 vs. 2/111 P<.001; 3/11 vs. 2/1I P=.001

Table 4. Equivalent surface traction in MALAN areas with comparisons across landing zone and Type of

Arch.
Typel Type Il Type III P

Zone 0 0/1 0/11 0/11 054
2265 (179 - 2739) N/m* 2393 (2096 — 2691) N/m? 1807 (1286 — 2328) N/m”

Zone 1 1 /I 1/ 460
2389 (1514 — 3264) N/m? 3134 (1792 — 4475) N/m? 2765 (1624 — 3906) N/m>

Zone 2 2/1 2/11 2/11 851
2195 (1632 — 2757) N/m? 1953 (1141 — 2766) N/m? 2138 (1006 — 3271) N/m>

Zone 3 3/1 3/1L 3/11 009
1725 (929 - 2521) N/m* 3357 (2092 — 4622) N/m’ 3442 (2557 - 4327) N/m?

P 297 .054 .019

Results are reported as mean with 95% Confidence Interval between parentheses.
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analysis of patients treated with TEVAR of the arch. Both these studies are currently
in progress and, based on the findings reported herein, are focused on Zone 2 and 3 of
Type Il and III arch. The results of these works are expected to provide relevant infor-
mation to simplify the MALAN classification by reducing the landing areas of interest,
and potentially improve the applicability and acceptance of this new nomenclature.

TEVAR planning is currently based only on the analysis of aortic morphology and
size by means of static imaging protocols.””” The aorta, conversely, is an elastic and
dynamic conduit that expands significantly at relevant levels per heartbeat”** and
exerts displacement forces that have a relevant impact on endograft performance.’
Hence, the introduction of dynamic measurements into clinical practice by CFD
modeling is expected to improve TEVAR planning and stent-graft design.”

The magnitude of the aortic arch displacement forces, which is expressed by defi-
nition in Newtons, depends on the blood pressure and the WSS. The pivotal study
of Figueroa et al.’ belied the commonly held view that the main component of the
displacement forces is the shearing force of the flow and that, as a consequence, their
main orientation is in the downstream direction of the flow. In fact, the primary
contributor to the displacement forces magnitude is the blood pressure, and their ori-
entation depends on the geometry of the arch and is mainly in the upward direction.’

In the present study, we described for the first time how the displacement forces of
the arch are distributed in the different proximal landing areas for TEVAR, defined
according to the MALAN classification.” Our data showed that Zone 0, regardless
the Type of arch (i.e. O/I-IIl), presents the higher displacement forces magnitude
compared to the other arch zones, and that the displacement forces vector in Zone
0 is oriented orthogonally to the aortic blood flood and to the vessel longitudinal
axis in that area. Despite these unfavorable hemodynamic conditions, however,
TEVAR in Zone 0 is less likely to be complicated by endoleak,* or stent-graft migra-
tion, because it provides a longer neck length compared to the other zones,* and a
moderate angulation and a negligible tortuosity, regardless the Type of arch.” Also,
computation of equivalent surface traction in each landing area showed that the
higher displacement forces magnitude in Zone 0 is due to its consistently greater
surface area, a factor that positively correlates with displacement forces magnitude.

Displacement forces with a greater magnitude and a vector orthogonal to the aortic
flow and longitudinal axis were also found in 3/I and in 3/III, compared to the proximal
adjacent areas (i.e., 2/I and 2/III respectively). These findings were even more evident
when a comparison was made based on equivalent surface traction. Interestingly also,
we found that the greater equivalent surface traction was related to changes in the up-
ward component of the vector, while the sideways component remained unchanged.

In contrast to 0/I-III landing areas, 3/II and 3/III are associated with suboptimal
angulation and tortuosity,” which require a longer proximal neck length® often
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unavailable due to the anatomical restraint of the origin of left subclavian. As a
consequence, the resulting biomechanical environment of 3/II and 3/III appears un-
favorable for endograft deployment, and therefore a more proximal aortic landing
zone should be probably chosen. In this respect, the use of scalloped devices appears
as a viable option to overcome the issue of short and/or angulated proximal necks in
Zone 3 by means of a stand-alone TEVAR, i.e. without additional extra-anatomical
surgical bypass or left subclavian endovascular branching.”

In addition to the relevance for TEVAR planning, our findings regarding displace-
ment forces magnitude and orientation in Zone 0, and in Zone 3 of Type II and
Type IIl arch, may have implications also in the development of proximal entry tears
in spontaneous Type A and Type B aortic dissections. Further studies currently in
progress will disclose whether an anatomical risk factor may be identified based on
the hemodynamic mapping reported herein, consistently with previous reports.”**
Our data may also provide useful insights for the technical development of specific
stent-grafts for endovascular repair of the ascending aorta.”

Indeed, we recognize some limitations of our study. First, healthy aortas (i.e. non-
aneurysmatic) were employed, consistently with the original definition of Types of
Arch."” Second, due to the lack of information on patient-specific hemodynamic envi-
ronment, the same flow boundary conditions were employed in all cases. However,
these limitations did not hinder the comparison between the hemodynamic patterns
of the different landing zones, being related to their consistent geometric features.
Finally, the limitations inherent to the computational methods, namely the assump-
tions of a Newtonian fluid and of a rigid arterial wall, should be also considered.’
Nevertheless, given the small impact of WSS, the relevance of blood viscosity is
considered negligible," and the use of CFD with a rigid wall is a reasonable approach
in a clinical context with limited resources,” because the DF mainly depends on pres-
sure distributions that can be accurately calculated with a rigid wall assumption.*®

In conclusion, we believe that our findings support further studies to introduce
fluid dynamics parameters among the criteria employed for TEVAR planning.
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Chapter 9

Abstract

Objective

The benefits of thoracic endovascular aortic repair (TEVAR) have encouraged endo-
graft deployment more proximally in the aortic arch. The present study quantifies
the hemodynamic impact of TEVAR in proximal landing zone 2 on the thoracic aorta
and the proximal supra-aortic branches.

Methods

Patients treated with TEVAR in proximal landing zone 2 having available preopera-
tive and 30-day postoperative computer tomography angiography (CTA) and phase-
contrast magnetic resonance imaging (PC-MRI) data were retrospectively selected.
Blood flow was studied using patient-specific computational fluid dynamics (CFD)
simulations.

Results

Four patients were included. Following TEVAR in proximal landing zone 2, the mean
flow in the left common carotid artery (LCCA) increased almost threefold, from 0.21
(0.12-0.41) L/min to 0.61 (0.24 — 1.08) L/min (+294%). The surface area of the LCCA
had not yet increased commensurately and therefore maximum flow velocity in the
LCCA increased from 44.9 (27.0 — 89.3) cm/s to 72.6 (40.8 — 135.0) cm/s (+62%). One of
the patients presented with Type Ib endoleak at 1-year follow-up. The displacement
force acting on the surface of the endograft in this patient measured 32.1 N and was
directed dorsocranial, perpendicular to the distal sealing zone.

Conclusion

TEVAR in proximal landing zone 2 alters blood flow in the supra-aortic branches,
resulting in increased flow with high flow velocities in the LCCA. High displace-
ment forces were calculated and related to endograft migration and Type I endoleak

during 1-year follow-up.
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Blood flow after zone 2 TEVAR
Introduction

Thoracic endovascular aortic repair (TEVAR) has decreased perioperative mortal-
ity and morbidity in treatment of diseases of the descending thoracic aorta."” The
benefits of endovascular treatment compared to open aortic repair have encouraged
most vascular surgeons to deploy endografts also more proximally, in the aortic
arch. Despite the less invasive character of TEVAR compared to open repair, stroke
remains an important complication with significant morbidity and mortality.’

Early on in the adoption of TEVAR as first line treatment, a classification for
preoperative planning of TEVAR in the aortic arch was proposed, identifying four
proximal landing zones in the ascending aorta and aortic arch: zone 0 to zone 3.*
Endograft deployment in zone 0, zone 1 and zone 2 determines the coverage of one
or more proximal supra-aortic branches, which is generally managed by creating an
extra-anatomical bypass, redirecting blood flow.

TEVAR in zone 2 is frequently accompanied by a left carotid-to-subclavian bypass
and is performed in a third or more of patients undergoing TEVAR.” The benefits of
embolization or revascularization of the LSA are still subject of debate.®”

The hemodynamic effects of TEVAR in zone 2 are not well understood. Zone 2 de-
ployment is generally considered safe,” however, there is an increased risk of stroke®
and Type I endoleak’ compared to deployment in the descending thoracic aorta
distal to the left subclavian artery (LSA). Calculation of the hemodynamic effects
of endograft deployment in zone 2 may provide additional information to help un-
derstand the pathophysiology of these complications. In this setting, computational
fluid dynamics (CFD) simulations can be performed to calculate hemodynamic in-
dices in patient-specific models of the aorta. The aim of the present study was to use
this powerful tool to quantify the impact of TEVAR in zone 2 on blood flow in the
aorta and the supra-aortic branches.

Methods

Patient selection

The database of IRCCS Policlinico San Donato was retrospectively quarried for pa-
tients who underwent zone 2 TEVAR for thoracic aortic diseases between 2013 and
2016. Patients who had available preoperative and 30-day postoperative computer
tomography angiography (CTA) and phase contrast magnetic resonance imaging
(PC-MRI) data were included. Clinical data at 30-day and one-year follow-up were
noted. This study was approved by the local Ethical Committee, which waived the
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need for patients” informed consent due to the retrospective nature of the analysis
and the use of anonymized data.

Medical imaging

The standard CTA protocol for aortic imaging at our institution includes a 64-mul-
tislice computed tomography (CT) scan (SOMATOM Definition AS, Siemens, Ger-
many) after administration of a contrast agent (Iomeron 370, Bracco, Italy). Image
reconstructions were done with 1 mm slice thickness. CTA imaging data were used
for measurement of the surface areas of the proximal supra-aortic branches and
constructing the models for CFD simulations.

The protocol for PC-MRI imaging in patients with aortic pathologies at our institu-
tion uses a 1.5 Tesla magnetic resonance imaging (MRI) scanner MAGNETOM Aera,
Siemens, Germany). Flow measurements were taken at the level of the ascending
aorta, BCT, LCCA, LSA and descending aorta and used to set the inflow and outflow
boundary conditions for the CFD simulations.

CFD simulations

Three-dimensional models of the thoracic aorta were constructed from CTA imaging
data using the Vascular Modeling Toolkit levelest segmentation (VMTK software
suite version 1.3). The models included the ascending aorta, aortic arch, the proximal
part of the supra-aortic branches, and the descending thoracic aorta. Once the mod-
els were segmented, a computational mesh was created to follow the fluid domain.
The surface was smoothed with a Taubin algorithm in order to avoid shrinking.
CFD simulations were performed to retrieve blood flow velocity, pressure, and
wall shear stress fields using previously described techniques.'’ Boundary conditions
were imposed in a patient-specific manner. In particular, flow profiles as extracted
from each patient’s preoperative and postoperative PC-MRI were imposed at the as-
cending aorta. On the outflow sections, classical 3-element Windkessel circuits were
applied to mimic the compliance and resistance of the distal vascular bed."""> The
parameter values of the Windkessel circuits were calibrated to match patient-specific
blood pressures (from brachial cuff pressure measurements) and flow measure-
ments from PC-MRI. Convergence of velocity and pressure data is a requirement
to obtain meaningful CFD simulation results.”? Therefore, CFD simulations of six
cardiac cycles were performed and results from the last cardiac cycle were used.
Post-processing was done using open source software Paraview version 4.1.0.

Outcome measures

CFD simulations were performed using preoperative and 30-day postoperative im-
aging data. Mean flow was calculated in the ascending aorta, brachiocephalic trunk
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(BCT), left common carotid artery (LCCA), LSA and descending aorta. Blood flow
through the ascending aorta, proximal supra-aortic branches and descending aorta,
was calculated before and after intervention.

Flow velocity measurements were taken just distal to the origin of the proximal
supra-aortic branches on the center lumen line.

Hemodynamic displacement forces acting on the surface of the endograft were
calculated from postoperative CFD simulation results (Equation 1)."*"*
Equation 1.

DF =[pdA+[1dA

Where displacement force (DF) in Newton is calculated by the sum of the pressure (p) and
wall shear stress (t) on the surface area of the endograft (A) in systolic peak.

Statistical analysis

Data were analyzed using SPSS Statistics version 24 (IBM, Armonk, NY). Continuous
data are reported as mean values with the range given between brackets. Differences
between the preoperative and postoperative results are reported in percentages.

Results

Patient characteristics

Four patients were selected (Table 1). All patients were treated with TEVAR in Zone

2 using Medtronic Valiant endografts (Medtronic Vascular, Santa Rosa, California)

and were submitted to a left carotid-to-subclavian bypass within the same procedure.
At the 30-day postoperative visit clinical follow-up was uneventful for all patients.

At one-year follow-up, Patient 4 presented with a Type Ib endoleak. Patients 1, 2, and

3 were free of complications.

Table 1. Patient characteristics

Patient ~Age Gender Disease Endograft dimensions

1 48 M TAA 28-24-150

2 65 M PAU 42-42-100

3 74 M TAA Combined 44-44-200/46-46-200/46-46-150
4 81 M TAA Combined 42-42-200/46-46-200/46-46-150

Endograft dimensions are given in mm: proximal diameter - distal diameter - length
TAA = Thoracic aortic aneurysm; PAU = penetrating aortic ulcer
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Mean flows

Figure 1 presents the mean flows before TEVAR and after 30-days follow-up; data
are given in Table 2. Before TEVAR, the mean flow in the ascending aorta was 5.18
(3.69 - 6.31) L/min. Mean flow in the BCT was 0.62 (0.54 — 0.75) L/min, in the LCCA
0.21 (0.12 - 0.41) L/min, in the LSA 0.25 (0.17 - 0.33) L/min, and in the descending
aorta 4.10 (2.25 — 5.26) L/min.

Following TEVAR, the mean flow in the LCCA increased almost threefold (+294%),
while blood flow in the ascending aorta and descending aorta decreased (-11% and
-20%, respectively).

LCCA LSA LCCA
0.21 L/min  0.25 L/min 0.61 L/min
(+294%)

BCT BCT
0.62 L/min 0.70 L/min
(+12%)

AAo AAo

5.18 L/min 4.60 L/min
DAo (-11%) DAo
4.10 L/min 3.29 L/min
(-20%)

Figure 1. Mean flows in the ascending aorta, proximal supra-aortic branches and descending aorta before
preoperative (left) and at 30-days follow-up (right). The difference given within brackets. AAo = ascending
aorta; BCT = brachiocephalic trunk; DAo = descending aorta; LCCA = left common carotid artery; LSA = left
subclavian artery.

Surface areas of proximal supra-aortic branches

The surface areas of the proximal supra-aortic branches were measured on preopera-
tive and 30-days postoperative CT-images. Data are given in Table 3. Before TEVAR,
the surface area of the BCT was 3.16 (0.95 — 6.09) cm?, the surface area of the LCCA
was 0.94 (0.39 — 1.44) cm” and the surface area of the LSA was 1.61 (0.75 - 2.9) cm® At
30-days follow-up, the surface area of the BCT had not changed (+1%). The surface
area of the LCCA had increased by 9%.
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Table 2. Blood flow before and after zone 2 TEVAR

Blood flow after zone 2 TEVAR

Before TEVAR After TEVAR
Patient AAo BCT LCCA LSA DAo AAo BCT LCCA DAo
1 6.31 0.54 0.19 0.33 5.26 6.64 1.21 1.08 4.35
2 5.98 0.67 0.12 0.17 5.01 4.61 0.57 0.24 3.81
3 474 0.54 0.12 0.24 3.85 4.53 0.72 0.76 3.05
4 3.69 0.75 0.41 0.28 2.26 2.62 0.30 0.37 1.95
Mean 5.18 0.62 0.21 0.25 4.10 4.60 0.70 0.61 3.29

Blood flow measurements are presented in L/min. AAO = ascending aorta; BCT = brachiocephalic trunk; DAo

= descending aorta LCCA = left common carotid artery; LSA = left subclavian artery

Table 3. Surface area of the proximal supra-aortic branches before and after zone 2 TEVAR

Before TEVAR After TEVAR
Patient BCT LCCA LSA BCT LCCA
1 0.95 0.39 0.75 1.05 0.57
2 222 0.67 0.82 2.10 0.76
3 3.40 1.27 1.95 3.53 1.30
4 6.09 1.44 2.90 6.06 1.46
Mean 3.16 0.94 1.61 3.19 1.02

Surface areas were measured just distal to the origin from the aortic arch and are given in cm’. BCT = brachio-
cephalic trunk; LCCA = left common carotid artery; LSA = left subclavian artery

Flow velocities

Data of maximum flow velocity in the proximal supra-aortic branches are given in
Table 4. Before TEVAR, maximum flow velocity in the BCT was 47.9 (14.1 — 104.4)
cm/s, in the LCCA 44.9 (27.0 - 89.3) cm/s, and in the LSA 47.6 (13.3 — 105.3) cm/s.
Following TEVAR, maximum flow velocity in the LCCA increased by +62%. Figure
2 presents a mapping of the peak systolic flow profiles in the proximal supra-aortic
branches of Patient 3 before and after TEVAR.

Table 4. Maximum flow velocity in the proximal supra-aortic branches

Before TEVAR After TEVAR
Patient BCT LCCA LSA BCT LCCA
1 104.4 89.3 105.3 106.7 1349
2 36.6 27.0 25.8 33.7 40.8
3 35.9 33.8 459 28.3 714
4 14.1 29.3 133 8.9 43.2
Mean 47.8 449 47.6 44.5 72.6

Maximum flow velocity before TEVAR in Zone 2 and after 30-days follow-up was measured just distal to
the origin from the aortic arch and given in cm/s. BCT = brachiocephalic trunk; LCCA = left common carotid
artery; LSA = left subclavian artery
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Table 5. Blood pressures measurements (mmHg)

Before TEVAR After TEVAR
Patient Systolic Diastolic Mean Systolic Diastolic Mean
1 131 58 82 127 66 87
2 110 49 80 108 56 80
3 117 61 89 114 65 88
4 94 62 77 106 55 77
Mean 113 58 82 114 61 83

Blood pressures measurements were taken from CFD simulation results at the ascending aorta.

Velocity cm/s

e |
IE &0 ! {
= |
- ' ' LSA
i &
LCCA
=20 LeCa BCT
E BCT
0- )
AAo AAo

Figure 2. Peak systolic velocity is mapped just distal to the origin of the proximal supra-aortic branches preop-
erative (left) and at 30-days follow-up (right). AAo = ascending aorta; BCT = brachiocephalic trunk; LCCA =
left common carotid artery; LSA = left subclavian artery.

Displacement forces

The magnitude of the displacement force acting on the endografts ranged from 12.2
to 32.1 N. The displacement force vector was directed dorsocranial in all patients
(Figure 3).

Patient 4 presented with Type Ib endoleak at 1-year follow-up. The center of the
distal end of the endograft had migrated 17.1 mm dorsocranial in the direction of
the displacement force (Figure 4). Although the total surface area of the endograft
in Patient 3 was not as large as in Patient 4, the magnitude of the displacement force
was similar. This is caused by the higher blood pressure in Patient 3 compared to
Patient 4 (Table 5).
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122N

Patient 1 4 . Patient 2

J Figure 3. The displacement force vectors
[ that are acting on the surface of the endo-
graft in peak systole are presented in each
patient. The contours of the endografts
32.1N are outlined in dark grey, the magnitude
of the displacement force is given in New-
ton.

Patient 3 Patient 4

Figure 4. Sagittal views of the postoperative endograft and displacement force. Left: 30-day postoperative CTA
examination. Middle: postoperative CFD model with displacement force vector. Right: 1-year follow-up CTA
is shown, where proximal migration of the endograft and resulting Type Ib endoleak was found (black with
circle).
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Discussion

In this study we used patient-specific CFD simulations to quantify some of the hemo-
dynamic effects of TEVAR in zone 2 on blood flow in the aorta and the supra-aortic
branches. Our results show that blood flow predominantly changed in the proximal
LCCA, where flow increased almost threefold. The vessel size of the LCCA had not
changed commensurately at 30-days follow-up and consequently flow velocity had
increased.

Little is known about the effects of TEVAR in zone 2 on blood flow in the carotid
arteries. Our results show that blocking the LSA and redirecting blood flow to the
left arm via the LCCA and left carotid-to-subclavian bypass increases flow velocities
in the proximal LCCA. This is likely to induce arterial remodeling in the proximal
LCCA during follow-up.” The correlation between flow alterations and intimal
thickening and stenosis has been investigated extensively.'® Moreover, increased
flow velocities induce elevated endothelial shear stresses, which are not only a
triggering factor for arterial remodeling, but also atherosclerotic plaque formation
and inflammatory processes."”'® Besides inducing arterial remodeling, the outflow
tract of the left carotid-to-subclavian bypass can be a relatively low resistance path
compared to the distal LCCA, especially if a stenosis is present distal to the bypass,
resulting in subclavian steal from the LCCA. Further research is warranted to study
these scenarios and the impact of different treatment options, such as the use of a
branched endograft versus left carotid-to-subclavian bypass, on blood flow in the
carotid and vertebral arteries following zone 2 TEVAR.

Previous studies showed the relationship between displacement forces and
endograft migration in the abdominal aorta."” Compared to the abdominal aorta,
the displacement force is significantly larger and directed cranial in the thoracic
aorta.'*” Endograft size is a key determinant of the magnitude of the displacement
force.”" Our results confirm these findings. The patient in whom we had calculated
the highest displacement force, measuring 31.1 N, presented with Type Ib endoleak
after 1-year follow-up. The displacement force calculated in this patient lies within

the range of pull-out forces described by Rahmani et al.”?

Interestingly, we calculated
a similar displacement force in Patient 3, measuring 30.4 N, however no migration or
endoleak was found in this case. We hypothesize that the direction of the displace-
ment force being perpendicular to the distal sealing zone might have attributed to
the endograft being pulled out of its original position.

Further investigation of the hemodynamic displacement force and the complex of
compensatory radial and frictional forces, securing stability of the endograft in the

sealing zones, is needed. In the future these mechanisms could potentially be taken
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into account in preoperative planning for TEVAR, thus reducing the risk of Type I
endoleak.

Limitations

A limitation of the CFD simulations performed for this study is the rigid wall as-
sumption. More accurate simulations would include fluid structure interaction, for
which computational costs are significantly higher.”

We simulated only flow through arteries for which we had patient-specific flow
measurements; therefore, we did not include the coronary and distal carotid arteries
in our models.

Our CFD simulation results showed increased flow velocities in the LCCA. Future
prospective studies that focus on the impact of TEVAR in zone 2 on cerebral blood
flow should also include flow measurements more distal in the internal and external
carotid arteries and in the vertebral arteries.

The small number of patients included in the present study limits the impact of
the results. Although clear trends were found, studies consisting of a larger study
population are needed to confirm our findings.

Conclusion

TEVAR in proximal landing zone 2 alters blood flow in the supra-aortic branches,
resulting in increased flow with high flow velocities in the LCCA. Our results war-
rant further investigation of cerebral blood flow following TEVAR in the aortic arch.
The use of large endografts in the thoracic aorta results in high displacement forces,
increasing the risk of endograft migration and Type I endoleak during follow-up.
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Abstract

Objectives

Suprarenal abdominal aortic coarctation (SAAC) alters flow and pressure patterns
to the kidneys and is often associated with severe angiotensin-mediated hyperten-
sion, refractory to drug therapy. SAAC is most often treated by a thoracoabdominal
bypass (TAB) or patch aortoplasty (PA). It is currently unclear what effect these inter-
ventions have on renal flow and pressure waveforms. This study, using retrospective
data from a SAAC patient subject to a TAB, undertook computational modeling to
analyze aortorenal blood flow preoperatively as well as postoperatively following a
variety of TAB and PA interventions.

Methods

Patient-specific anatomical models were constructed from preoperative computed
tomographic angiograms of a 9-year old child with an isolated SAAC. Fluid-structure
interaction (FSI) simulations of hemodynamics were performed to analyze preopera-
tive renal flow and pressure waveforms. A parametric study was then performed to
examine the hemodynamic impact of different bypass diameters and patch oversiz-

ing.

Results

Preoperative FSI results documented diastolic-dominated renal perfusion with con-
siderable high frequency disturbances in blood flow and pressure. The postoperative
TAB right and left kidney volumes increased by 58% and 79%, respectively, reflecting
the increased renal artery blood flows calculated by the FSI analysis. Postoperative
increases in systolic flow accompanied decreases in high frequency disturbances,
aortic pressure and collateral flow following all surgical interventions. In general,
lesser degrees of high frequency disturbances followed PA interventions. High fre-
quency disturbances were eliminated with the 0% PA, in contrast to the 30% and 50%

PA oversizing and TAB interventions in which these flow disturbances remained.

Conclusions

Both TAB and PA dramatically improved renal artery flow and pressure waveforms,
although disturbed renal waveforms remained in many of the surgical scenarios.
Importantly, only the 0% PA oversizing scenario eliminated all high frequency dis-
turbances, resulting in near normal aortorenal blood flow. The study also establishes
the relevance of patient-specific computational modeling when planning interven-
tions for the midaortic syndrome.
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Introduction

Suprarenal abdominal aortic coarctations (SAAC) are often associated with renal
arterial stenoses and severe renin-mediated arterial hypertension.! In these cir-
cumstances, the increased blood pressure and development of collateral vessels
circumventing the aortic and renal artery narrowings tend to increase mean renal
blood flow toward normal. However, this response is inadequate and the abnormal
release of renin persists. Whether the principal cause of the abnormal renin release
is due to decreased renal artery pressure or abnormal renal artery flow waveforms
is an unsettled issue.

The abnormal renin release and angiotensin generation coupled with secondary
increases in aldosterone production make this form of hypertension refractory to
most drug therapies. Lowering the systemic arterial pressure with drugs without
treating the aortic and renal artery narrowings only results in further diminutions of
intrarenal blood flow and continued excesses in renin production. Because of these
medical failures, restoration of normal renal blood flow by open operative or endo-
vascular interventions have evolved as the favored means of managing this disease.

The University of Michigan's history of treating occlusive lesions of the renal arter-
ies and abdominal aorta in pediatric patients has extended for more than 4 decades.'
Postoperative blood pressure control in this experience has been optimal when treat-
ing patients with isolated renal artery stenoses, in contrast to less salutary outcomes
when the renal artery procedures have been accompanied by a thoracoabdominal
bypass (TAB) or patch aortoplasty (PA) for a coexisting abdominal aortic coarctation.
Even after successful anatomic aortic and renal artery reconstructions, postoperative
hypertension has been noted to persist."”*

Itis hypothesized that the aortic reconstructive procedures may not normalize renal
artery blood flow. A TAB from above a SAAC to below the renal arteries may cause
turbulent and abnormal renal artery perfusion as retrograde aortic flow encounters
antegrade flow in the region of the renal vasculature. In addition, performance of a
PA, given the commonplace practice of oversizing the patch in younger patients to
accommodate for later growth, may also result in abnormal renal blood flow and
contribute to the persistence of the hypertensive state.

Methods

Aortorenal blood flow was retrospectively studied using patient-specific fluid-
structure interaction (FSI) simulations in a child that was treated for a SAAC. Subse-
quently, the impact of the most commonly undertaken surgical repairs (TAB and PA)
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on aortorenal blood flow was analyzed. The study was approved by the University
of Michigan Board of Review (HUMO00112350 and HUMO00006223).

Patient history

A 9-year-old girl was referred to the authors’ institution with a diagnosis of middle
aortic syndrome and renin mediated hypertension. Her initial elevated blood pres-
sures in the 130-150/90-95 mmHg range were only modestly improved to the 140/80
mmHg range following treatment with a beta-blocker and calcium channel blocker.
In addition, she initially complained of lower extremity weakness and fatigue that
was progressive with activity. Duplex Doppler ultrasonography estimated a pres-
sure gradient of 58 mmHg across the SAAC. She was considered an appropriate

candidate for surgical repair of the abdominal aortic coarctation.

Imaging data

Preoperative anatomy and hemodynamic data were obtained using duplex Doppler
ultrasonography, computed tomography angiography (CTA) and phase contrast
magnetic resonance imaging (PC-MRI). CTA imaging revealed a SAAC of 15 mm in
length, with a 2.5 mm anterior-posterior diameter, and no renal artery involvement
(Figure 1). The celiac artery (CA) and superior mesenteric artery (SMA) arose from
the coarctation itself, and both exhibited ostial narrowings. Extensive collaterals cir-
cumvented the coarcted aorta, with an intact inferior mesenteric artery (IMA) being
the dominant source of blood flow to the intestines. The internal mammary arteries
were enlarged and communicated with the epigastric arteries that had multiple
collaterals to the lower extremities and abdominal visceral organs. MRI examina-
tions performed at 10-day and 1-year after the TAB provided postoperative data for
analysis.

Thoracoabdominal bypass

The basis for choosing a TAB over a PA was that the 2.5 mm diameter of the coarc-
tation and the involvement of the CA and SMA would have made an aortoplasty
inordinately challenging and risky. In this case a midline abdominal incision was
made from the xiphoid to the pubis, followed by medial visceral rotation of the left
colon, to provide exposure of the entire abdominal aorta.

The supra celiac aorta was occluded with a Satinsky clamp, following which a 14
mm polytetrafluoroethylene (PTFE) bypass graft was anastomosed to a lateral aor-
totomy. The proximal aorta was occluded for 17 minutes during which time blood
flow to the lower extremities and abdominal viscera, although reduced, was main-
tained through the preexisting large retroperitoneal and abdominal wall collaterals.
The graft was then clamped just beyond its aortic origin and antegrade aortic blood
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flow was restored following removal of the supraceliac aortic clamp. The graft was
passed behind the left kidney and then anastomosed in an end-to-side manner to a
lateral aortotomy just above the IMA (Figure 1). During the distal anastomosis, the

infrarenal aorta was occluded for a time similar to that of the proximal anastomosis.

Preoperative Postoperative

Image Data Model Image Data Model

Figure 1. Preoperative (left) and postoperative (right) image data and corresponding computational models.

Kidney Size

Analyzing the preoperative and 10-day follow-up imaging data, an increase in kidney
length was observed. Following this finding, preoperative and 10-day postoperative
kidney volumes were measured using semi-automatic segmentation tools in Mimics

version 21.0 (Materialise NV, Leuven, Belgium).

Computational modeling

Patient-specific FSI simulations were performed to assess preoperative blood flow
and compare the hemodynamic performance of TAB versus PA using a “virtual test-
ing” paradigm (Figure 2).” First, a preoperative model was created and calibrated to
match the anatomical and hemodynamic clinical data (Figure 3). Then, the calibrated
preoperative model was adapted to reflect six surgical interventions (Figure 4),
including three different TABs with 12 mm, 14 mm and 16 mm diameters, respec-
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Step 1. Reproduce
preoperative hemodynamics

Step 2. Modify geometry to
to represent surgical interventions

TAB-12mm
l Anatomical DataJ A
Validated TAB-16mm
[ Flow Data ] — Preoperative
Model PA-0%

= S

PA-30%
[ Pressure Data ]

PA-50%

GELRMALAEH

Figure 2. The patient-specific computational modeling paradigm is composed of two steps. First, a validated
preoperative model is generated that matches clinical data on anatomy, flow and pressure. Then, the geometry
of the validated preoperative model is modified to reflect the different surgical options. This approach enables a
rigorous comparison between aortorenal hemodynamics following each virtual surgical option.

tively (TAB-12mm, TAB-14mm and TAB-16mm); and three different PAs producing
increases in aortic diameters of 0%, 30% and 50% (PA-0%, PA-30% and PA-50%) rela-
tive to the native aorta. Additionally, a control case was constructed by adjusting the
preoperative model to produce a healthy anatomy without coarctation and collateral
vessels.

The preoperative and six surgical repair models were constructed from the CTA
image data using the cardiovascular modeling and simulation software CRIMSON."
Besides the vascular anatomy, each FSI model requires specification of arterial wall
material properties (thickness and stiffness) as well as outflow boundary conditions
at each branch. These boundary conditions represent the compliance and resistance
of the distal vasculature not included in the anatomical model. The wall properties
and outflow boundary conditions were calibrated to match the simulation results
with the clinically acquired flow and pressure data and achieve reasonable regional
flow distributions' (Figure 3). In the control case, the boundary conditions were
tuned to match the preoperative flow splits and a blood pressure appropriate for
this patient’s size and age (96/65 mmHg)."” In the postoperative models, cardiac
output and outflow boundary conditions were kept the same as preoperative; with
the exception of the supra-aortic arteries, where the outflow boundary conditions
were adjusted to reproduce physiologic cerebral flow rates."
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Flow and Pressure: Patient Data vs. Simulation Results
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Figure 3. Left: Preoperative anatomy containing the PC-MRI planes (1 and 2) at which the flow measurements
were acquired. Right: Comparison between the clinically measured flow and pressure data, and the simulation
results in the validated preoperative model. The clinically measured flow data (red dotted line) and simulated
flow results (blue line) correspond to the indicated PC-MRI planes (1 and 2). The bar graphs in the bottom
right corner compare mean values of clinical data (dark grey) and simulation results (light grey). All mean
preoperative clinical flow data is matched within a 5% error margin; and the pressure clinical data within a
10% error margin.

Computations

Blood was modeled as an incompressible Newtonian fluid with a density of 1,060
kg/m® and a dynamic viscosity of 4.0 Pa-s. Computations were performed using the
CRIMSON Navier-Stokes flow solver on 160 cores at the University of Michigan
high-performance computing cluster ConFlux. Simulations were run until cycle-to-
cycle periodicity was achieved in the pressure fields, this typically took three to five
cycles. Computation time per cardiac cycle was approximately 48 hours.

Results

Postoperative course

Complete resolution of the patient’s lower extremity discomfort was evident in the
early postoperative period. Her serum creatinine which ranged from 0.48 to 0.57
mg/dL preoperatively, decreased to 0.28 to 0.3 mg/dL postoperatively. However,
she remained mildly hypertensive during her postoperative hospitalization, and at
1-year follow-up she remained on a low dose calcium channel blocker with resting
blood pressures in the 110-115/65-70 mmHg range.
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TAB-12mm

TAB-14mm PA-30%

TAB-16mm PA-50%

Figure 4. Close-up posterior views of the abdominal coarctation region and the renal arteries of all TAB (left)
and PA (right) options. Graft material of the bypass and patch is presented in grey. TAB = thoracoabdominal
bypass; PA = patch aortoplasty.

Preoperative Simulation

The baseline preoperative model successtully reproduced the patient’s hemodynamic
data, as documented in a comparison between clinical data and simulation results at
different locations in the circulation (Figure 3). The computed flows were all within
5% of the clinically measured data, and computed pressures were within 10%.

The FSI simulation results revealed a pressure gradient of 55 mmHg across the
coarctation at peak-systole (Figure 5), which matched the pressure gradient derived
from duplex Doppler ultrasonography (58 mmHg). Additionally, disturbed flow
patterns were present distal to the coarctation which propagated into the renal arter-
ies. Assessment of the renal artery flow and pressure waveforms revealed diastolic
dominated renal flows with high frequency oscillations (Figure 5 and Video 1). Renal
artery pressure was markedly lower than ascending aortic pressure.

In the control case, systolic dominated renal flows without high-frequency
disturbances were found. The results for the control anatomy are presented in the
Appendix and Video 1. A direct comparison of the pressure and flow waveforms
between preoperative and control cases is reported in Figure 6.
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Ascending Aorta
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Figure 5. Left: 3D maps of preoperative hemodynamics in peak systole. Note the high velocities and large pres-
sure gradient through the coarctation. Right: flow (blue) and pressure (red) waveforms in the ascending aorta,

left renal artery, and right renal artery. The renal artery waveforms reveal diastolic dominated flows with high
frequency disturbances and low pressures compared to aortic pressure.

Postoperative Simulations

The computed mean flows at the outlets of the preoperative model and all six
surgical repair models (Table 1) were revealing. All six interventions successfully
reduced pressures at the ascending aorta (Figure 7) and increased renal artery flow
rates (Table 1). Furthermore, all surgical repairs resulted in systolic dominated flow
waveforms (Figure 8), with a reduction of the high frequency flow and pressure
disturbances in the renal arteries (Figures 8 and 9). Although most postoperative
simulations retained some degree of the high frequency oscillations, the PA-0%
eliminated the high frequency oscillations completely.

The flow waveforms from the TAB-14mm simulation were compared with the
PC-MRI data at 1-year follow-up (Figure 10). The patient’s cardiac output decreased
during follow-up (-13%, from 3.9 to 3.2 L/min). The shape of the waveform changed
as a result of a reduction in ventricular afterload following surgery. The computed
(TAB-14mm) and 1-year follow-up PC-MRI data on flow through the bypass docu-
mented an excellent match: the percentages of cardiac output through the bypass
were 38% and 39% for the computations and the PC-MRI data, respectively.
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Figure 6. Comparison of the renal artery waveforms between the preoperative and control case shows that
removal of the pathologic anatomy results in higher renal pressures, elimination of the high-frequency distur-

bances and systolic dominated waveforms.
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Figure 7. Ascending aortic pressure waveforms in all models. All postoperative models exhibited an important
pressure reduction compared to the preoperative state. PA procedures resulted in a greater decrease of aortic
pressure compared to TAB procedures. PA = patch aortoplasty; TAB = thoracoabdominal bypass.
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Figure 8. Renal flow waveforms in all models. Both TAB and PA resulted in restoration of systolic-dominated
renal flows, reduction of high frequency disturbances and increased flow. Some degree of high-frequency dis-
turbances persisted in all postoperative scenarios, with the exception of PA-0%, which revealed near normal

renal flow waveforms.
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Figure 9. Renal pressure waveforms in all models. Most surgical repairs resulted in a reduction in renal artery
pressures, associated with the large reductions in aortic pressures in all postoperative models (Figure 7).
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Table 1. Simulated mean flow rates (mL/min)

Vessel Preoperative TAB-12mm TAB-14mm TAB-16mm PA-0% PA-30% PA-50%
LCCA 275 351 319 308 321 344 356
LSA 269 330 305 295 305 328 336
RCCA 276 351 320 309 321 344 357
RSA 274 325 306 296 305 328 331
SMA 573 566 528 534 551 557 580
LGA 292 207 265 273 262 233 212
SA 300 175 249 257 267 227 219
HA1 98 50 94 101 94 80 60
HA2 159 84 128 124 127 108 101
LRA 291 394 370 374 353 360 360
RRA 313 337 345 350 331 331 317
IMA 91 84 78 79 75 74 76
LIA 278 255 230 233 226 227 230
RIA 282 262 236 239 232 231 235
Renal Flow 605 732 (+21%) 715 (+18%) 724 (+20%) 684 (+13%) 691 (+14%) 677 (+12%)
Mesenteric Flow 1421 1082 (-24%) 1263 (-11%) 1289 (-9%) 1301 (-8%) 1206 (-15%) 1173 (-17%)
Cerebral Flow 551 702 (+27%) 639 (+16%) 617 (+12%) 642 (+17%) 688 (+25%) 713 (+29%)

Mean flow to the kidneys is calculated by the sum of the left and right renal arteries. Mean flow to mesenteric
region includes all flow through the left gastric artery, splenic artery, hepatic artery 1, and hepatic artery 2.
Mean cerebral flow includes flow in the left and right common carotid arteries. Percentages are reported rela-
tive to the preoperative model.

HAT1 = Hepatic Artery 1; HA2 = Hepatic Artery 2; IMA = Inferior Mesenteric Artery; LCCA = Left Common
Carotid Artery; LGA = Left Gastric Artery; LIA = Left Iliac Artery; LRA = Left Renal Artery; LSA = Left
Subclavian Artery; PA = patch aortoplasty; RCCA = Right Common Carotid Artery; RIA = Right Iliac Artery;
RRA = Right Renal Artery; RSA = Right Subclavian Artery; SA = Splenic Artery; SMA = Superior Mesen-
teric Artery; TAB = thoracoabdominal bypass.

Kidney Size

Considerable changes in the kidney length were noted at 10-day follow-up. To accu-
rately quantify the change in kidney size, volumetric measurements of both kidneys
were obtained (Figure 11). Right and left kidney volumes increased from 50.3 to 79.6
cm’ (+58%) and 51.5 to 92.0 cm® (+79%), respectively. The observed increments in
kidney volume reflected the calculated increases in right and left renal flow from the
TAB-14mm FSI analysis (+9% and +26%, respectively).
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Postoperative Blood Flow: Clinical Data vs. Simulation Results
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Figure 10. Comparison of the flow waveforms from the TAB-14mm simulation results and PC-MRI imaging
data at 1-year follow-up. Cardiac output decreased during follow-up (from 3.9 to 3.2 L/min). The shape of the
waveform changed as a result of a reduction in ventricular afterload following surgery. The computed (TAB-
14mm) and 1-year follow-up PC-MRI data on flow through the bypass documented an excellent match: the
percentages of cardiac output through the bypass were 38% and 39% for the computations and the PC-MRI
data, respectively.
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Figure 11. Preoperative (red) and postoperative (TAB-14mm, blue) clinically-measured kidney volumes and
mean simulated renal artery flow rates. Percentages indicate the change from the preoperative to the postopera-

tive conditions.

149



Chapter 10

Veloci

2000

Figure 12. Velocity streamlines for the PA-50% model at mid-deceleration (t=0.30 s). Disturbed flow patterns
are clearly evident in the region of the patch, propagating into the renal arteries.

Discussion

Abdominal aortic coarctation is a rare vascular disease recognized most frequently
in pediatric-age patients. The aortic narrowings are commonly associated with ostial
stenoses of the celiac, superior mesenteric, and renal arteries."” This is clinically re-
ferred to as the middle aortic syndrome, which manifests in most patients with drug
therapy resistant arterial hypertension."

Classic canine experiments noted that the location of the abdominal coarctation
plays a key role in the presence of hypertension.”” Hypertension is commonly
observed in cases where the coarctation is suprarenal or involves the renal arter-
ies. Conversely, hypertension is mostly absent when the coarctation is distal to the

renal arteries. An investigation by Scott et al."®

of canine hypertension due surgically
induced coarctation of the aorta that resulted in hypertension at 5 to 7 weeks, noted
that transposition of a kidney to a level above the coarctation and contralateral
nephrectomy resulted in disappearance of hypertension. These earlier experiments
suggest that disturbed aortorenal blood flow contributes to hypertension in abdomi-

nal coarctation.
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When treating middle aortic syndrome, conventional surgical reconstructive
procedures and catheter-based interventions are favored over long-term drug thera-
py."""7** Operative planning is usually derived solely from preoperative imaging.”
Surgical decisions are often based on technical issues at hand, rather than aiming to
restore normal aortorenal blood flow. Unfortunately, endovascular balloon dilation
with or without stenting of abdominal aortic narrowings has had limited use with
mixed early results and few long-term successes. Open operations, such as TAB and
PA, have been the most common form of treating abdominal aortic coarctations.
These operations often lead to improved hypertension control, yet most cases still
depend on antihypertensive therapy to maintain normal blood pressures for gender
and age.

Many factors go into decision making for performing a PA versus a TAB. A PA is
favored in most instances of a limited aortic coarctation distant from the CA, SMA
and renal arteries. When assessing the long-term benefits of PA in younger patients,
the patch is intentionally oversized to account for the child’s expected growth.
Nevertheless, the appropriate degree of patch oversizing has not been established.
Likewise, the effects on renal artery blood flow accompanying a disproportionately
enlarged aorta following a PA are unknown.

A TAB is the procedure of choice when treating more severe coarctations with
abdominal aortic diameters of only a few millimeters. In this case, a PA would have
near-overlapping sutures from the lateral walls of the patch. In the past, the authors
have recommended a wide range of TAB diameters related to age, with the intent
that the bypass diameter would at least be 60% to 70% of the predicted adult aorta.'
These recommendations may be logical, but as noted with PA oversizing, the science
behind such is meager.

Clinical Experience

Recently, the authors reviewed their experience with 155 children having renal
artery stenotic disease and renovascular hypertension.® Hypertension outcomes
were better in children treated with renal artery reconstructions alone compared to
those requiring additional aortic procedures. The hypertension cure, improved, and
failure rates in patients without aortic pathology (n=98) were 50%, 34% and 16%,
respectively. These outcome rates were 33%, 59% and 8% in patients additionally
treated with PA (n=28); and 35%, 50% and 15% in patients additionally treated with
TAB (n=29). Given the poorer outcomes in patients undergoing concomitant aortic
procedures, one must question whether abnormal aortorenal flow remains after
surgery, and if differences exist between surgical repair with TAB and PA.
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Computational Modeling

Computational modeling is a widely used method in engineering fields that can be
applied to study complex flow dynamics. Image-based computational tools have
been developed for cardiovascular disease research,” medical device evaluation®
and, more recently, virtual planning of surgical interventions.” While in other en-
gineering fields the ‘virtual testing’ paradigm has largely replaced the traditional
‘build-and-test’ (e.g. trial and error) paradigm, this is not yet the case in the medical
field. As evident in the current investigation, the value of computational modeling is
apparent in preoperative determination of the therapeutic impact of different sizes
of TAB and PA in patients with the midaortic syndrome.

Computational modeling in this investigation provided data of much higher
spatial (up to 0.05 mm) and temporal (0.025 ms) resolution than available in any
contemporary imaging test. This high-resolution data revealed an unexpected and
potentially relevant finding of high frequency disturbances in the renal arteries
preoperatively that could explain an increased renin release in the kidneys, resulting
in secondary hypertension. Persistent high frequency disturbances were also found
in the postoperative models and might explain the continuing hypertension follow-
ing both TAB and PA interventions in patients undergoing concomitant renal artery
reconstructions.

Besides characterization of preoperative aortorenal blood flow, this study also
analyzed the impact of different TAB diameters and degree of PA oversizing. In total,
six different surgical treatment options were studied: three TAB diameters and three
levels of PA oversizing. All surgical interventions resulted in reduced aortic pres-
sures, and increased renal flows with restoration of systolic-dominated waveforms.

An unexpected finding of this investigation was that most surgical repairs resulted
in a reduction in renal artery pressures (Figure 8). This acute response of the system,
which does not account for any auto-regulatory processes following the surgery,
is reflective of the large reductions in aortic pressures in all postoperative models
(Figure 6).

Importantly, various degrees of high frequency disturbances persisted postopera-
tively, the exception being the treatment with a 0% PA which eliminated the high
frequency disturbances completely. These results suggest that excessive PA oversiz-
ing and TAB lead to high frequency disturbances that may contribute to continued
renin-mediated hypertension.

In the TAB operations, the high frequency disturbances could be explained by the
turbulent mixing of antegrade flow through the remaining aortic stenosis and retro-
grade flow through the TAB. Changing the TAB graft diameter did not significantly
impact the persistence of high frequency disturbances. Such flow abnormalities could
explain why the patient in the present case report, who had undergone a TAB repair,
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was still dependent on anti-hypertensive medication at 1-year follow-up. In an over-
sized PA, the dilated segment of the reconstruction induces flow disturbances. Flow
clearly shows complex recirculation and vortices in the region of the patch (Figure
12), similar to what is observed in aneurysmal disease. The absence of dilation in the
PA-0% case explains the lack of disturbances in this model. Furthermore, it may also
explain the reduced hypertension cure rates of renal artery revascularizations in the
authors’ larger series of patients requiring concomitant aortic procedures.
Historically, renin-mediated hypertension has been linked to low perfusion pres-
sure and low renal blood flow.” The high frequency flow oscillations observed in
the present work have not been described in the earlier literature. The most likely
explanation for this is that contemporary clinical measurement devices lack the tem-
poral resolution necessary to detect such high frequency flow oscillations. It has been
recognized that Doppler ultrasonography, CTA and MRI can all be helpful in the
evaluation of renovascular disease, but none have, at present, high enough sensitiv-
ity to rule out renovascular disease in a child with a suggestion of that diagnosis.*

Limitations

The stiffness properties of the aortic wall could not be calculated with the available
data in this study. Therefore, in the present investigation, the assigned stiffness pa-
rameters were derived from a previous study from our laboratory which character-
ized aortic stiffness in a cohort of pediatric patients with aortic coarctation.” In that
study, the aortic stiffness was calculated using strain measurements from MRI and
invasive pressure measurements from catheterization.

This investigation analyzed aortorenal blood flow in a single patient with a supra-
renal abdominal aortic coarctation. While the results for this patient were clinically-
validated, performing the same analysis in patients with different anatomical fea-
tures might result in different outcomes, including the presence of high-frequency
disturbances in the renal arteries. Additionally, the causality between the high
frequency disturbances and excessive renin release should be further investigated.
Furthermore, we tested six different surgical interventions with arbitrary TAB and
PA sizes. Performing a parametric study of other patch and bypass sizes and con-
figurations could result in different outcomes.

Furthermore, it is important to note that even though a specific intervention might
theoretically render a better hemodynamic outcome, performance of the procedure
itself may be inordinately challenging and risky, resulting in a technical failure and
less successful outcome. Thus, acceptance of benefits defined by virtual testing must
be tempered by clinical judgement and expertise.

Lastly, the results presented here do not take into account any of the vascular auto-
regulations that undoubtedly occur after a vascular reconstruction. The magnitude
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of the waveforms, specifically the pressure, might change as a result of systemic
vasoreactivity, although the high frequency disturbances are likely to persist.

Conclusions

This study has revealed the presence of high frequency disturbances in renal blood
flow and pressure following operative interventions for SAAC. These previously
unrecognized disturbances may be a fundamental contributor to continued abnor-
mal release of renin, and thus the basis of the often-seen persistent post-operative
hypertension in this patient population.

Considerable value resides in computational modeling of vascular surgery pro-
cedures. Patient-specific modeling provides high-resolution hemodynamic infor-
mation for differing interventions, and allows preoperative planning for complex
procedures, such as those accompanying aortic reconstructions in young patients
with SAAC. Collaborative efforts between biomedical engineers and clinicians will
be essential to providing accurate modeling and simulation of feasible surgical

procedures in this setting.
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Chapter 11

Feasibility of thoracic endovascular aortic repair (TEVAR) for type B aortic dissection
(TBAD) continues to be a subject of debate. Current guidelines recommend optimal
medical therapy (OMT) for acute TBAD with continued imaging surveillance,'
TEVAR is reserved for patients who present with complications.' However, 50% of
patients who are initially treated with OMT alone develop aneurysmal degeneration
of the weakened aortic wall during follow-up.”

The study of Menichini et al.’ presents two patients with aneurysmal dilation of
the thoracic false lumen following TBAD. Both patients were treated with TEVAR,
Patient 1 in the chronic phase, Patient 2 in the sub-acute phase. Early follow-up
results were satisfactory, but at 14-month follow-up a stent-graft-induced new
entry tear (SINE) with aneurysmal dilation was observed at the distal end of the
stent-graft in Patient 1. The dissected aorta in Patient 2 remained stable. With the
caveat of the simplistic modeling approach of this paper, which considered the aorta
as a linear elastic material and disregarded the pre-stress, computational analysis
showed higher stress, torsional strain, and wall displacement in Patient 1 compared
to Patient 2. The region of high stress and displacement corresponded well with the
location of SINE. The authors conclude that tortuosity, curvature and thoracic aortic
length have a strong influence on local stress distributions and risk of SINE. We
agree that patient-specific anatomical features can impose challenges for successful
endovascular repair of TBAD and would like to comment on planning TEVAR in
such cases.

In TBAD, timing has important implications for the biomechanical properties of
the intimal flap.* In the acute phase (within 2 weeks from onset of dissection), the
intimal flap is still thin and highly mobile. Covering the proximal entry tear with a
stent-graft in this phase induces positive aortic remodeling by reducing perfusion
of the false lumen, approximating the intima to its original position and opening
the true lumen. This way, TEVAR in the acute phase has shown to improve sur-
vival compared to OMT alone.”® Following the acute phase, the intimal flap becomes
thicker and less mobile (Figure 1).* After 8-12 weeks, TBAD is classified as chronic.
TEVAR in the chronic phase is more challenging as the thickened intimal flap does
not approximate to the aortic wall as it would in the acute phase.” Furthermore,
complete thrombosis of the false lumen is less likely to occur due to formation of
persistent distal intimal tears that accommodate perfusion of the false lumen after
TEVAR.” Consequently, aortic remodeling is limited.®

Another challenging factor when performing TEVAR for TBAD is the tortuosity of
the dissected aorta. Tortuosity increases wall stresses due to the spring-back forces in
the stent-graft,’ reduces stability in the landing zones,” and increases hemodynamic
displacement forces that can cause stent-graft migration."”"" To secure stability, the
stent-graft needs to be sized correctly. The proximal and distal landing zone length
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Changing Pathology of Aortic Dissection

Serial Imaging Morphology

Day 14 After 6 Weeks  After 6 Months  After 1 Year After 4 Years

Acute Chronic

Peterss, S. et al. J Am Coll Cardiol. 2016;68(10):1054-65.

Figure 1. Changing morphology of a type B dissection over time by computed tomography in a single illustra-
tive patient with multiple good quality images at the same aortic level.

Please note: 1) marked early increase in aortic diameter (orange arrow); 2) intimal thickening over time (orange
star); 3) decreased flap motion over time (orange triangles); 4) flap straightening over time (green star); and
5) increased false lumen thrombosis over time (yellow star). Reprinted with permission from Peterss, et al.*
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during insertion
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Figure 2. A: Contact stresses in the proximal landing zone for different percentages of oversizing (0%). B:
Excessive oversizing (0%=25%) with stent-graft collapse and increased dilation (U) in the landing zones.
Reprinted with permission from Altnji, et al.’

should be at least 2 cm to accommodate safe deployment. If the landing zones are
angulated, longer lengths should be considered to provide a larger area of healthy
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aortic wall for secure fixation.”"? Oversizing of the stent-graft diameter aids fixation
in the landing zones, yet excessive oversizing (>20%) needs to be avoided as this is
known to induce disadvantageous stress distributions (Figure 2),’ and is associated
with SINE."” When planning for TEVAR, stent graft diameter is often selected based
on the total aortic diameter (true lumen + false lumen). This approach is correct if
the true lumen opens completely after stent-graft deployment. In the chronic phase,
however, the thick intimal flap and false lumen thrombosis (Figure 3) can restrict
expansion of the true lumen. The radial force that resides in the partially unfolded
stent-graft increases the risk of SINE. Therefore, it is suggested to avoid important
oversizing when planning TEVAR for chronic TBAD."””

Preferably, one would treat all patients that will develop post-dissection aneurys-
mal dilation in the acute phase. However, it would be harmful to put patients who
may never develop aneurysmal dilation at risk of TEVAR-related complications such
as retrograde dissection, stroke and spinal cord ischemia. The challenge therefore
remains selecting those patients that will develop aneurysmal dilation from those
who will not. At this point, no guidelines are available to aid early patient selection.
Future research may fill this void, using 4D flow magnetic resonance imaging and
patient-specific computational modeling to identify hemodynamic characteristics
that can predict the risk of aneurysmal dilation following uncomplicated TBAD.

Figure 3. Thickened dissection flap with false lumen
thrombosis in a patient with a chronic type B dissec-
tion. Reprinted with permission from Kasirajan, et
al”
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Chapter 12

Mesenteric malperfusion is a devastating complication of acute Type B aortic dis-
section (TBAD) that occurs in 7% of patients and is associated with an in-hospital
mortality rate of 31%." The three most common pathways via which aortic dissection
results in branch vessel occlusion are: (1) static compression, (2) dynamic compres-
sion, and (3) a combination of static and dynamic compression of the branching
arteries (Figure 1).” In static compression, the intimal flap extends into the ostium of
the branching artery, resulting in occlusion of the lumen. In dynamic malperfusion,
the pressure gradient between the false lumen (high pressure) and the true lumen
(low pressure) results in true lumen collapse with obstruction of the ostium of the
branching vessel. This latter form of malperfusion is dynamic, because lowering
blood pressure can diminish the pressure gradient, resolving true lumen compres-

sion. In many cases, a combination of static and dynamic compression is present.

DYNAMIC

STATIC + DYNAMIC

Figure 1. Diagram illustrating the different types of branch vessel obstruction: static, dynamic, and combina-
tion of static and dynamic. Reprinted with permission from Kamman, et al.”

To restore mesenteric perfusion, current guidelines recommend a combination
of antihypertensive therapy and thoracic endovascular aortic repair (TEVAR).” The
purpose of TEVAR is to cover the proximal entry tear, reducing blood flow and pres-
sure in the false lumen and increasing visceral perfusion via the true lumen. The
radial force of the endograft in combination with reduced flow in the false lumen
should expand the true lumen and ideally induce complete false lumen thrombosis.
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Dynamic mesenteric malperfusion

The goal of antihypertensive therapy is to prevent dissection progression and reduce
the pressure gradient between the false and true lumen.

The study by Guo, et al.* presents the case of a 54-year-old male with chronic
mesenteric malperfusion following TBAD. In the acute setting, the patient presented
with intestinal ischemia due to TBAD with malperfusion of the superior mesenteric
artery (SMA). He was treated with TEVAR, covering the proximal entry tear, yet the
multichannel abdominal aortic dissection persisted. After four years, he presented
with acute on chronic abdominal pain and hypertension. A large secondary entry
tear, located at the end of the endograft, perfused two false lumens that compressed
the true lumen, which caused mesenteric malperfusion. The symptoms of abdominal
pain were relieved after fasting and blood pressure control. TEVAR was performed
to cover the secondary entry tear. During the procedure, movement of the dissect-
ing flaps was noted. The patient’s abdominal pain resolved and he was discharged
normotensive. At 12-month follow-up, the patient had gained weight and imaging
showed improved perfusion of the SMA.

In this case, multichannel aortic dissection persisted despite covering the proximal
entry tear with TEVAR and resulted in chronic mesenteric malperfusion. It is pos-
sible that the secondary tear was caused by deployment of the first endograft’ and
accommodated perfusion of the false lumen after TEVAR, reducing the potential for
false lumen thrombosis.’ Persistent false lumen patency alone, however, does not
lead to mesenteric ischemia. We argue that this patient was probably suffering from
chronic dynamic occlusion of the SMA. This is confirmed by the fact that the patient
presented with hypertension and acute abdominal pain, which improved with blood
pressure control. Moreover, clear movement of the intimal flap was seen among the
two false lumens and the true lumen during the TEVAR procedure. The question
remains whether the chronic mesenteric malperfusion syndrome could have been
prevented. It could be that the patient presented in the study from Guo et al. was not
compliant to antihypertensive therapy, the cornerstone therapy for aortic dissection,
putting him at risk of complications such as chronic dynamic mesenteric obstruction.
In some centers, patients presenting with acute TBAD and mesenteric malperfusion
are not treated with TEVAR but with endovascular fenestration of the intimal flap.?
During the fenestration procedure, the intimal flap is punctured and subsequently
dilated to eliminate the pressure gradient between the false and true lumen, resolving
dynamic obstruction of the branching vessels. If needed, self-expandable bare metal
stents can be placed in the true lumen near the celiac artery and/or SMA to secure true
lumen patency. Additional stents may be deployed in the branch vessels to relieve
static obstructions. Patients who are successfully treated with a fenestration proce-
dure have essentially been converted from complicated to uncomplicated TBAD.
Now, the discussion starts whether patients with uncomplicated TBAD should be
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treated with TEVAR.” Further research with 4D flow magnetic resonance imaging’

and patient-specific computational modeling® might help to identify hemodynamic

characteristics that can predict chronic malperfusion syndromes and the risk of

aneurysmal dilation following complicated and uncomplicated TBAD.
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Chapter 13

The mechanical coupling of blood flow and vascular tissue is an essential part of the
cardiovascular system. Various mechanisms have been identified that enable cardio-
vascular remodeling in response to hemodynamic stressors acting on global and local
levels.' Furthermore, hemodynamic disturbances have been recognized as triggering
factors in the pathogenesis of cardiovascular diseases.” To study these stressors and
disturbances, highly detailed hemodynamic analyses are needed. Computational
fluid dynamics (CFD) modeling techniques offer the unique potential to provide
these highly detailed analyses, as they can be used to compute hemodynamics with
a higher spatial and temporal resolution than any clinical imaging test. In this thesis,
patient-specific CFD modeling techniques were used to study the pathogenesis of
cardiovascular diseases and guide surgical planning and device optimization.

Patient-specific modeling of hemodynamics for surgical
planning

The current paradigm in cardiovascular surgical planning relies on anatomical
assessments, results from clinical studies and the experience of the surgeon perform-
ing the intervention. Patient-specific CFD modeling could enhance this paradigm, as
computational models can be used to inform the surgeon on specific hemodynamic
differences between surgical alternatives and identify an optimal solution. In Chapter
2, CFD modeling techniques were used to guide surgical planning in an 18-year-old
female patient with a Fontan circulation suffering from pulmonary arteriovenous
malformations (PAVMs) in her right lung. Patient-specific CFD simulations were
performed to gain detailed information on local distribution of hepatic factors in the
pulmonary circulation. It was found that her right lung was completely deprived
from hepatic factors, causing PAVMs to form. Surgical revision was proposed to
achieve a more balanced distribution of hepatic venous flow between both lungs.
Two feasible surgical options were compared and the revision with most balanced
distribution of hepatic factors was selected. The postoperative outcomes were consis-
tent with the simulation results. This case is a good example of how CFD modeling
can aid diagnosis and surgical planning of complex hemodynamic diseases.

Mechanical coupling of endograft and aorta

The second and third part of this thesis target optimization of devices for endovas-
cular treatment of aortic aneurysms. Thoracic endovascular aortic repair (TEVAR)
is the treatment of choice for descending thoracic aortic aneurysms.’ Due to its
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superior early and mid-term outcomes over open surgery, the use of TEVAR is
increasing rapidly.* However, current endografts are made of materials much stiffer
than the native thoracic aorta.”® The clinical consequences of this stiffness mismatch
are largely unknown.

In Chapter 3, we assessed the impact of this stiffness mismatch on the heart in a
cohort of patients with descending aortic aneurysms that were treated with TEVAR.
In all patients, left ventricular stroke work was calculated using patient-specific
CFD models before and after TEVAR. Cardiac remodeling was simultaneously as-
sessed using morphologic measurements of the left ventricle. Our results showed
that TEVAR increased left ventricular stroke work and induced left ventricular
growth during follow-up. In Chapter 4, the impact of the stiffness mismatch on the
unstented segments of the aorta was assessed in a patient with a stable ascending
and rapidly growing proximal descending aneurysm who expired suddenly from
ascending aortic rupture three months following branched zone 2 TEVAR. The
results of our multi-parametric image-based computational analysis revealed that
following TEVAR, wall stresses in the unstented segments of the aorta increased
significantly and contributed to rupture of the ascending aortic aneurysm. Adverse
left ventricular remodeling and increased aortic wall stresses are under-recognized
consequences of TEVAR that should be considered in surgical planning, as they can
lead to significant complications. Considering the emerging role of TEVAR, with
endografts being deployed more proximally and in younger patients,”” medical
device manufacturers should develop new endografts using materials that mimic
the biomechanical properties of the native aorta more closely to overcome these
disadvantageous effects of TEVAR.

Endovascular branch vessel preservation techniques

One of the anatomical contraindications for endovascular aortic repair is the pres-
ence of critical branch vessels in the area that will be covered by the endograft. In
order to provide a minimally invasive alternative in patients unfit for open or hybrid
repair, multiple options for endovascular vascularization of critical branch vessels
have been proposed. Chapter 5 presents an overview of the literature on currently
investigated branched endografts for aortic arch deployment. Overall, the results
of branched TEVAR are promising, yet high stroke rates were observed, especially
when multibranched endografts were used.

In Chapter 6, CFD modeling techniques were used to test the postoperative hemo-
dynamic performance of different single and double branched endograft designs for
zone 0 TEVAR in a patient with an aortic arch aneurysm. Our computational results
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showed that endograft design has significant impact on postoperative hemodynamic
performance. Compared to preoperative, all endograft designs reduced blood flow
and increased platelet activation potential (PLAP) in the cervical arteries. Endo-
grafts with two antegrade oriented inner branches showed better hemodynamic
performance compared to single branched alternatives. The endograft design with
a single retrograde oriented inner branch performed worst. In this design, all blood
that flows to the supra-aortic arteries needs to make a U-turn in the aortic arch and
pass through the single outlet, increasing blood shear rates and decreasing blood
flow. One of the limitations of our simulation methods is that we do not simulate
the deployment procedure itself. As reported in Chapter 5, most strokes following
branched TEVAR occurred in the perioperative period and were attributed to guide-
wire manipulation of atherosclerotic plaques in the aortic arch. Furthermore, it is
reported that deployment of double branched endografts was associated with higher
stroke rates compared to single branched alternatives. Following these results, I sug-
gest that besides the endograft design, the deployment procedure should be further
ameliorated to reduce stroke risks. Robotic catheter placement' and carbon dioxide
flushing of the endograft prior to insertion' could reduce the risk of air embolism
during deployment. Additionally, the use of cerebral protection devices, which have
proven to be effective at reducing embolization in transcatheter aortic valve replace-
ment,"” should also be investigated.

In the abdominal aorta, branched endografts are being used to vascularize the
renal arteries in endovascular aortic repair (EVAR) of juxtarenal aortic aneurysms.
One of the major complications of renal vascularization with EVAR is postoperative
renal dysfunction due to stent-graft thrombosis and occlusion. Indeed, up to 25% of

patients has postoperative renal failure,"°

and up to 5% requires permanent dialy-
sis.” ' Interestingly, renal dysfunction seems to occur more frequently in patients
whose renal arteries were vascularized using parallel stent-grafting procedures
compared to branched alternatives.” In Chapter 7, we tested the hemodynamic per-
formance of different EVAR solutions with renal vascularization using similar CFD
methods as in Chapter 6. The following EVAR solutions were tested: fenestrated
endografts (F-EVAR); branched endografts (B-EVAR); parallel chimney stent-grafts
(Ch-EVAR); and parallel periscope stent-grafts (P-EVAR). Our CFD simulation re-
sults revealed that Ch-EVAR and P-EVAR resulted in more renal flow disturbances
than B-EVAR and F-EVAR. These results could explain why renal dysfunction occurs
more frequently following parallel stent-grafting procedures compared to branched
alternatives for renal vascularization.
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Morphological studies for aortic repair

The complex hemodynamics that are observed in the human aorta partially originate
in the unique aortic geometry, which includes non-planar curvatures and branches
at the apex of the arch.”” Successful aortic repair necessitates consideration of this
unique morphology and its hemodynamic consequences. TEVAR is the first line
treatment for aortic disease affecting the descending thoracic aorta, because it pro-
vides low procedural morbidity and mortality, and satisfactory midterm results in
selected patients."” Endograft deployment in the aortic arch, however, is associated
with higher rates of postoperative failure due to migration and endoleak.” This is
thought to be caused by angulation and tortuosity of the proximal landing zones,
resulting in a hostile environment for endograft deployment.® Currently, the in-
structions for use of endografts do not specify different requirements for proximal
landing zone length in more angulated aortic geometries. Chapter 8 is a study that
analyzed how increased angulation of the aortic arch changes the hemodynamic
displacement forces in the proximal landing zones for TEVAR. The Modified Arch
Landing Areas Nomenclature (MALAN) classification,” which merges Ishimaru’s
map”' with the Aortic Arch Classification,” differentiates the proximal landing zones
for TEVAR by type of arch. In this study, CFD models of healthy aortic arches (5 per
type of arch) were constructed and pulsatile displacement forces were calculated in
all landing zones. The results revealed significantly different displacement forces
in the proximal landing zones between and within the types of arch. Specifically,
the displacement forces in Type II and Type III arches were higher compared to the
same zone in Type I arches. Furthermore, the displacement forces in zone 3 of Type
II and Type III arches were higher compared to zone 2 in the same arch. Following
these results, a longer proximal landing zone length that accommodates the higher
angulation, tortuosity and displacement forces should be advised when planning
TEVAR in zone 3 of a Type II or Type III arch. This could mean that, due to the
anatomical restraint of the origin of left subclavian artery, a more proximal landing
zone should be considered.

Increased hemodynamic displacement forces do not only act on the proximal
landing zone, but on the entire surface of the endograft. Increased displacement
forces have been associated with endograft migration and endoleak.” In Chapter
9, the displacement forces that act on endografts following deployment in Zone 2
were calculated in a cohort of four patients from the iCardioCloud database using
patient-specific CFD simulations. The patient with the largest displacement force
presented with Type Ib endoleak at 1-year follow-up. In this case, the displacement
force vector was directed dorsocranial, perpendicular to the distal sealing zone, and

its magnitude lied within the range of pull-out forces described by Rahmani et al.**
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Further investigation of the hemodynamic displacement force and the complex of
compensatory radial and frictional forces, securing stability of the endograft in the
sealing zones, is needed to reduce the risk of Type I endoleak. These mechanisms
should be taken into account in preoperative planning and device development for
TEVAR.

Studying the unique hemodynamic environment in the aorta can also help under-
stand the pathophysiology of therapy resistant cardiovascular diseases. Chapter 10
is a study of aortorenal hemodynamics in a pediatric patient with therapy resistant
hypertension secondary to a suprarenal abdominal aortic coarctation (SAAC).
SAAC is often associated with severe renin-mediated arterial hypertension.”> Even
after successful elimination of the pressure gradient across the coarctation with
surgical repair, postoperative hypertension has been noted to persist.”** The patho-
physiology of this persistent hypertension remains largely unknown. The patient
in Chapter 10 was surgically treated with a thoracoabdominal bypass (TAB), yet
still depended on antihypertensive medication at 1-year follow-up. Patient-specific
preoperative and postoperative models were created to investigate aortorenal hemo-
dynamics in this case and test the outcomes of different TAB and patch aortoplasty
(PA) surgeries. Our results revealed the unexpected finding of diastolic dominated
renal flow waveforms with high frequency disturbances. These disturbances could
explain increased renin release in the kidneys, resulting in secondary hypertension.
Interestingly, all surgical repairs resulted in increased systolic dominated renal flow
waveforms and decreased aortic pressure, yet various degrees of high frequency
disturbances persisted. Only treatment with 0% PA oversizing eliminated the high
frequency disturbances completely. This is unfortunate, as 0% oversizing is not fea-
sible in pediatric patients because the surgical patch does not accommodate growth
and will become a relative stenosis during follow-up. Collaborative efforts between
biomedical engineers and clinicians will be essential to develop surgical devices and
procedures that eliminate aortorenal disturbances and accommodate aortic growth
during follow-up. Following the results of Chapters 8-10, we can conclude that the
morphology of the aorta induces unique hemodynamic characteristics, which can
make treatment challenging. Patient-specific CFD modeling offers the unique poten-
tial to study complex hemodynamics and aid surgical planning.

Endovascular repair of aortic dissection

Chapter 11 comments on endovascular treatment of type B aortic dissection (TBAD)
from a biomechanical perspective. Standard treatment for acute TBAD is antihyper-
tensive medical therapy, TEVAR is only performed additionally if compilations are
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present.”” However, 50% of patients who are initially treated with OMT alone will
develop aneurysmal degeneration of the weakened aortic wall during follow-up.”
Some of these patients will require TEVAR, yet TEVAR is less successful in the chronic
phase due to thickening and stiffening of the intimal flap. In this phase, the risk of
endograft malposition and stent-graft induced new entry tears is increased.” From a
biomechanical standpoint, one would treat all patients that that are at risk for post-
dissection aneurysmal dilation following uncomplicated TBAD in the acute phase.
However, it would be harmful to put patients who may never develop aneurysmal
dilation at risk of TEVAR-related complications such as retrograde dissection, stroke
and spinal cord ischemia. The challenge remains to select those patients that will
develop aneurysmal dilation from those who will not. At this point, no guidelines
are available to aid early patient selection. Therefore, further research with 4D flow
magnetic resonance imaging” and patient-specific computational modeling’ should
be undertaken to identify hemodynamic characteristics that can predict the risk of
aneurysmal dilation following complicated and uncomplicated TBAD.

Chapter 12 comments on a case of persistent mesenteric malperfusion following
complicated TBAD treated with TEVAR.* In this case, multichannel aortic dissection
persisted despite covering the proximal entry tear, resulting in dynamic mesenteric
malperfusion. We argue that endovascular fenestration of the intimal flap in the
acute phase could have eliminated the pressure gradient and potentially prevented
chronic mesenteric malperfusion. Again, further research with novel imaging-based
techniques is needed to identify those patients that would benefit from endovascular
fenestration of the intimal flap in the acute phase to prevent compilations during
follow-up.

Perspective

This thesis has shown that patient-specific CFD modelling is capable of providing
non-invasive high-resolution hemodynamic analyses that help understanding of
hemodynamics in complex anatomies. Furthermore, it enables highly controllable
testing of different geometries, which can be used for surgical planning and device
development. Nonetheless, there are multiple obstacles in the way of routine clinical
application. Computations are time-consuming. In order to get meaningful results,
it is critically important that the simulation workflow is set up in such a way that
the computations reflect the actual anatomic and physiologic state of the patient.
Constructing accurate geometric models is time-intensive and somewhat operator-
dependent. Subsequently, the models need to be iteratively calibrated. The computa-
tions for each iteration typically require multiple days to run. At this point, despite
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advances in high performance computing, real-time CFD analyses are not feasible

yet. This limits the applicability for clinical decision making to elective cases. Auto-

mated workflows relying on data-driven simulations, machine and deep learning

tools will help mitigate some of these issues in the future.

Multidisciplinary collaboration between clinicians and biomedical engineers is

essential to utilize the capabilities of computational modelling for surgical planning

and device development. The challenge for the future is to perform prospective stud-

ies in larger patient populations to verify the computational results with postopera-

tive clinical outcomes.
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De mechanische koppeling van de bloedstroom en bloedvaten is een essentieel
onderdeel van het cardiovasculaire systeem. Verscheidene mechanismen zijn ge-
identificeerd die het mogelijk maken om het cardiovasculaire systeem te vervormen
in respons op lokale en globale hemodynamische stressoren.' Daarbij is het bekend
dat hemodynamische verstoringen cardiovasculaire ziekten kunnen uitlokken.” Zeer
gedetailleerde analyses zijn nodig om deze stressoren en verstoringen te bestuderen.
Computational fluid dynamics (CFD) modelleer technieken bieden de unieke mo-
gelijkheid om zulke zeer gedetailleerde analyses te verschaffen, gezien zij gebruikt
kunnen worden om hemodynamica te berekenen met een hogere resolutie dan elke
beeldvormende klinische test. In dit proefschrift worden patiént specifieke CFD
modelleer technieken gebruikt om de pathogenese van cardiovasculaire ziekten te
bestuderen en chirurgische planning en hulpmiddel ontwikkeling te ondersteunen.

Patiént specifiek modelleren van hemodynamica voor
chirurgische planning

De huidige methode voor het plannen van chirurgie voor cardiovasculaire aandoe-
ningen bestaat uit anatomische beoordelingen, resultaten van klinische studies en de
ervaring van de chirurg die de operatie uitvoert. Patiént specifieke CFD-simulaties
kunnen een bijdrage leveren aan deze methode door de operateur te informeren
over hemodynamische verschillen tussen alternatieve interventies. In Hoofdstuk 2
worden CFD modelleer technieken gebruikt bij het selecteren van een chirurgische
interventie in een 18-jarige vrouwelijke patiént met een Fontan circulatie die lijdt
aan pulmonaire arterioveneuze vasculaire malformaties (PAVMs) in haar rechter-
long. Patiént specifieke CFD-simulaties werden gebruikt om gedetailleerd inzicht te
krijgen in de lokale verdeling van metabolieten uit de lever in de longcirculatie. Er
werd geconstateerd de rechterlong volledig verstoken was veneus bloed uit de lever.
Het gebrek aan metabolieten uit de lever veroorzaakte het ontstaan en de progressie
van PAVMs in de rechterlong. Chirurgische revisie van de Fontan circulatie werd
voorgesteld om een meer gebalanceerde verdeling van veneus bloed uit de lever
over de longen te bereiken. Twee chirurgische opties werden vergeleken en de optie
die resulteerde in de meest gebalanceerde verdeling van metabolieten uit de lever
over beide longen bewerkstelligde werd geselecteerd. De postoperatieve uitkomsten
waren consistent met de resultaten van de simulaties. Deze casus is een goed voor-
beeld van hoe CFD-simulaties kunnen bijdragen aan het plannen van chirurgische
interventies voor complexe hemodynamica-gerelateerde ziekten.
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Mechanische interactie tussen endograft en aorta

Het tweede en derde deel van dit proefschrift gaat over optimalisatie van hulp-
middelen (endografts) voor endovasculaire behandeling van aneurysmata van
de thoracale aorta. Voor de meeste aandoeningen van de thoracale aorta is het
endovasculair plaatsen van een endograft (TEVAR) tegenwoordig de eerste keus
behandeling.’ Dankzij de superieure uitkomsten op vroege en middellange termijn
neemt het aantal behandelingen met TEVAR gestaag toe.* De huidige endografts
worden echter gemaakt van een materiaal dat stukken stijver is dan de aortawand.>*
De consequenties van dit verschil in stijftheid zijn grotendeels onbekend.

In Hoofdstuk 3 hebben we onderzocht hoe de mismatch in stijtheid tussen en-
dograft en aortawand de belasting op het hart beinvloedt in een cohort van acht
patiénten dat werd behandeld met TEVAR voor aneurysmata van de aorta descen-
dens. Door middel van CFD-modellen werd de hoeveelheid energie die het linker-
ventrikel nodig heeft per hartslag berekend voor en na TEVAR. Daarnaast werd
de groei van de linkerventrikel gemeten voor en na TEVAR. De resultaten van dit
onderzoek toonden aan dat TEVAR de belasting op de linkerventrikel vergroot en
dat de grootte van het linkerventrikel als gevolg daarvan toeneemt. Dit is ongewenst.
In Hoofdstuk 4 werden de gevolgen van de mismatch in stijfheid tussen endograft
en aortawand op de onbehandelde segmenten van de aorta geanalyseerd. Deze
studie bestudeert de casus van een patiént met een stabiel aneurysma van de aorta
ascendens en een snelgroeiend aneurysma van de aorta descendens. De patiént was
drie maanden na TEVAR-behandeling van de aorta descendens plotseling overleden
aan een ruptuur van het aneurysma in de aorta ascendens. De resultaten van onze
simulaties en beeldanalyses toonden dat de wandspanning in de onbehandelde
segmenten van de aorta toeneemt na TEVAR. Deze verhoogde wandspanning heeft
waarschijnlijk bijgedragen aan het ontstaan van de ruptuur in de aorta ascendens die
reeds verzwakt was door aneurysmatische verwijding. Vergroting van de linkerven-
trikel en verhoogde wandspanning in de aorta zijn nadelige gevolgen van TEVAR.
Deze nadelige gevolgen zouden meegenomen moeten worden bij het plannen van
een TEVAR-behandeling omdat zij kunnen leiden tot significante complicaties. Aan-
gezien het aantal TEVAR-behandelingen toeneemt, met plaatsing van endografts in
de meer proximale aorta en jongere patiént populaties,”” worden meer patiénten
blootgesteld aan deze negatieve gevolgen. Om dit te voorkomen dient de medische
industrie nieuwe materialen te ontwikkelen die de biomechanische eigenschappen
van de aortawand beter nabootsen.
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Technieken voor het behoud van zijtakken tijdens
endovasculaire behandeling van de aorta

Een van de anatomische contra-indicaties voor endovasculaire behandeling van de
aorta is de aanwezigheid van essentiéle zijtakken in het segment van de aorta dat be-
dekt zal worden door de endograft. Om toch een minimaal invasieve behandeloptie
te bieden aan patiénten die niet fit genoeg zijn voor open of hybride behandeling van
de aorta worden meerdere oplossingen onderzocht die endovasculaire vascularisatie
van deze essentiéle zijtakken mogelijk maken. Hoofdstuk 5 geeft een overzicht van
de huidige literatuur over het gebruik van zogenoemde branched endografts. De
resultaten uit de literatuur zijn veelbelovend, echter blijft postoperatief herseninfarct
een belangrijke en zorgwekkende complicatie van volledig endovasculaire behande-
ling van de aortaboog.

In Hoofdstuk 6 worden CFD-simulaties gebruikt om de postoperatieve hemody-
namische prestaties van endografts voor totaal endovasculaire behandeling van de
aortaboog getest. De verschillende endografts hebben één of twee interne aftakkin-
gen om de essentiéle bloedvaten in de aortaboog van bloedstroom te voorzien. De
resultaten van de computersimulaties toonden aan dat het design van de aftakkingen
in de endografts de postoperatieve hemodynamica in de halsslagaders significant
beinvloedt. In de halsslagaders verlaagde de totale hoeveelheid bloedstroom en ver-
grootte de hoeveelheid hemodynamische verstoringen in vergelijking met preopera-
tief. Endografts met twee interne aftakkingen zorgden voor minder verstoringen in
de bloedstroom dan endografts met één enkele interne aftakking. De endograft met
één enkele retrograad georiénteerde aftakking zorgde voor de meeste verstoringen.
In dit design moet alle bloedstroom naar het hoofd en de armen van de patiént een
U-bocht maken in de aortaboog en door één aftakking heen. Dit verlaagt de totale
hoeveelheid bloed en verhoogt de hoeveelheid hemodynamische verstoringen. Een
limitatie van onze simulatiemethoden is dat we alleen kijken naar de postoperatieve
hemodynamica en er geen rekening wordt gehouden met het plaatsen van de endo-
graft zelf. In Hoofdstuk 5 wordt beschreven dat de meeste herseninfarcten na een
TEVAR-behandeling voorkomen in de perioperatieve periode. Deze infarcten wor-
den met name toegeschreven aan het manipuleren van atherosclerotische plaques
in de aortaboog tijdens de TEVAR-procedure. Daarbij wordt een hogere incidentie
van herseninfarcten gerapporteerd na TEVAR-behandeling met endografts die twee
of meer interne aftakkingen hebben. Deze resultaten in acht nemend, moeten we
concluderen dat niet alleen het endograft design, maar ook de TEVAR-procedure
zelf verbeterd moet worden om het risico op herseninfarcten te verkleinen. Hiervoor
dienen nieuwe methodes voor de TEVAR-procedure onderzocht te worden, zoals
gerobotiseerde katheter plaatsing'® en het spoelen van de endograft met koolstofdi-
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oxide,'" om het risico op luchtembolieén te verkleinen. Daarbij zou ook het gebruik
van hulpmiddelen voor cerebrale bescherming,'? bewezen effectief in het verlagen
van het risico op herseninfarcten bij transkatheter aortaklep vervanging, getest kun-
nen worden.

Endografts met interne aftakkingen worden tevens gebruikt om de nierslagader
van bloed te voorzien bij endovasculaire behandeling van abdominale aneurysmata
(EVAR). Een van de vaakst voorkomende complicaties hierbij zijn postoperatieve
nierfunctiestoornissen, veroorzaakt door trombose of occlusie van de stent-grafts die
de nierslagaders van bloed voorzien. Tot wel 25% van de patiénten die behandeld
worden met EVAR en stent-grafts in de nierslagaders krijgt te maken met nierfa-

,"*'® waarvan tot 5% permanent gedialyseerd dient te worden."'® Wat ons daarbij

len
opviel was dat nierfunctiestoornissen vaker voorkomen bij patiénten waarvan de
nierslagaders van bloed voorzien worden door parallel geplaatste stent-grafts ver-
geleken met patiénten waarvan de nierslagaders vanuit de endograft zelf doorbloed
worden.” In Hoofdstuk 7 hebben we de hemodynamische prestaties van verschil-
lende endovasculaire oplossingen voor het doorbloeden van de nierslagaders door
middel van CFD-simulaties vergeleken. De volgende opties werden vergeleken:
endografts met vensters waardoor stent-grafts in de nierslagaders geplaatst konden
worden (F-EVAR); endografts met ingebouwde aftakkingen waardoor stent-grafts in
de nierslagaders geplaatst konden worden (B-EVER); parallel geplaatste stent-grafts
die als schoorsteen boven de endograft uitsteken (Ch-EVAR); parallel geplaatste
stent-grafts die als periscoop van de onderkant van de endograft in de nierslag-
aders steken (P-EVAR). De simulaties toonden aan dat Ch-EVAR en P-EVAR meer
verstoorde bloedstroom veroorzaakten dan B-EVAR en F-EVAR. Deze resultaten
kunnen verklaren waarom nierfunctiestoornissen vaker voorkomen bij patiénten
waarvan de nierslagaders door parallel-geplaatste stent-grafts worden doorbloed,
dan bij patiénten die behandeld worden met endografts die ingebouwde zijtakken
naar de nierslagaders hebben.

Morfologische studies voor behandeling van de aorta

De complexe hemodynamica die in de aorta gezien worden vinden hun origine deels
in de unieke morfologie van de aorta, die onder andere bestaat uit de aortaboog met
aftakkingen in de top van de boog."” Voor succesvolle behandeling van de aorta is
het noodzakelijk om rekening te houden met de unieke vorm van de aorta en de
bijbehorende complexe hemodynamica. TEVAR is de eerste keus voor behandeling
van ziekten van de aorta descendens, omdat de morbiditeit en mortaliteit van de TE-
VAR-procedure laag is, en de resultaten op de middellange termijn in geselecteerde
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patiénten goed zijn."® Endovasculaire behandeling in de aortaboog is echter minder
succesvol, gezien migratie en endoleak vaker voorkomen."” De reden hiervoor is dat
de angulatie en tortuositeit van de proximale landingszones groter is in de aorta-
boog, wat ongunstig is voor stabiele plaatsing van een endograft.*’ Op dit moment
zijn er geen gespecificeerde instructies voor het plaatsen van een endograft in een
aortaboog met verhoogde angulatie. Hoofdstuk 8 is een studie waarin geanalyseerd
wordt hoe toegenomen angulatie van de aortaboog de hemodynamische krachten
in de proximale landingszones voor TEVAR beinvloedt. De Modified Arch Landing
Areas Nomenclature (MALAN) classificatie” voegt Ishimaru’s map® en de Aortic
Arch Classification” samen en differentieert hiermee de proximale landingszones
voor TEVAR per type aortaboog. In deze studie werden CFD-modellen gemaakt van
gezonde aortabogen (5 per type aortaboog). Vervolgens werden de hemodynami-
sche verplaatsingskrachten in alle proximale landingszones berekend. De simula-
tieresultaten lieten zien dat de verplaatsingskrachten in de verschillende proximale
landingszones significant anders zijn, zowel binnen dezelfde aortaboog als tussen
verschillende typen aortabogen. De verplaatsingskrachten in de landingszones in
Type II en Type III aortabogen waren hoger vergeleken met de krachten in Type
I bogen. Daarnaast waren de verplaatsingskrachten in zone 3 van Type II en Type
III aortabogen groter vergeleken met dezelfde landingszone in Type I bogen. Aan
de hand van deze resultaten kun je beargumenteren dat een langere landingszone
noodzakelijk is wanneer je TEVAR plant te doen in zone 3 van Type II of Type III
aortabogen. Dit kan betekenen dat het noodzakelijk is om naar een meer proximale
landingszone op te schuiven.

Hemodynamische verplaatsingskrachten werken op de totale lengte van de
endograft. Verhoogde verplaatsingskrachten zijn geassocieerd met migratie van de
endograft en endoleak.” In Hoofdstuk 9 zijn de verplaatsingskrachten die werken
op de oppervlakte van een endograft berekend na een TEVAR-behandeling in lan-
dingszone 2. Voor deze studie werden vier patiénten uit de iCardioCloud database
geselecteerd, waarvan patiént-specifieke CFD-simulaties werden gemaakt. De pati-
ent waarin de grootste verplaatsingskracht werd berekend presenteerde met Type
Ib endoleak bij de 1-jaar postoperatieve controle. De verplaatsingskrachtsvector in
deze patiént stond loodrecht op de distale landingszone, en de grootte van de kracht
lag binnen de range van pull-out krachten eerder beschreven door Rahmani et al.**
Nader onderzoek naar de hemodynamische verplaatsingskracht en het complex van
compensatoire krachten dat de endograft op zijn plek houdt is noodzakelijk om het
risico op Type Ib endoleak te verkleinen. Deze mechanismen dienen in acht geno-
men te worden bij het plannen van een TEVAR-behandeling en het ontwikkelen van
nieuwe endografts.
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Onderzoek naar de unieke hemodynamica in de aorta kan tevens helpen bij het
begrijpen van de pathofysiologie van therapieresistente cardiovasculaire ziekten.
Hoofdstuk 10 is een studie waarin de aortorenale hemodynamica onderzocht
worden in een kind met therapieresistente hypertensie als gevolg van een supra-
renale coarctatie van de abdominale aorta (SAAC). Een SAAC gaat vaak gepaard
met ernstige renine-gemedieerde hypertensie.”> Zelfs na succesvolle chirurgische
behandeling wordt persisterende hypertensie vaak gezien.”* De pathofysiologie
van de therapieresistente hypertensie is grotendeels onbekend. De patiént in Hoofd-
stuk 10 werd chirurgisch behandeld met een thoracoabdominale bypass (TAB),
maar was na een jaar na de operatie nog steeds afhankelijk van antihypertensiva.
Patiént-specifieke preoperatieve en postoperatieve modellen werden gemaakt om
de aortorenale hemodynamica in deze patiént nader te onderzoeken en de uitkom-
sten van verschillende chirurgische TAB en patch aortoplasty (PA) behandelingen
te testen. De simulatieresultaten toonden dat de nierslagaders preoperatief met
name in de diastole werden doorbloed en dat de renale bloedstroom hoogfrequente
verstoringen bevatte. Deze hoogfrequente verstoringen kunnen een verhoogde
productie van renine in de nieren veroorzaken, wat bijdraagt aan het ontstaan van
hypertensie. Alle chirurgische behandelingen waren succesvol in het verhogen van
de renale bloedstroom en het verlagen van de druk in de aorta. Echter, de hoog-
frequente verstoringen in de renale bloedstroom verdwenen alleen bij behandeling
met PA waarbij de patch niet groter dan de aorta werd gemaakt. Dit is helaas niet
wenselijk gezien de aorta in deze kinderen nog moet groeien en het plaatsen van
een precies passende patch uiteindelijk zal resulteren in een stenose van de aorta.
Nieuwe hulpmiddelen en procedures dienen ontwikkeld te worden die de hoogfre-
quente verstoringen wegnemen en tevens groei van de aorta niet in de weg staan. Uit
Hoofdstukken 8-10 kunnen we concluderen dat de morfologie van de aorta unieke
hemodynamica veroorzaakt die behandeling soms lastig maakt. Patiént-specifieke
CFD-simulaties bieden de unieke mogelijkheid om complexe hemodynamica te

bestuderen en verschillende behandelingen uit te testen.

Endovasculaire behandeling van aortadissecties

Hoofdstuk 11 bespreekt endovasculaire behandeling van type B aorta dissectie
(TBAD) vanuit een biomechanisch perspectief. De huidige standaardbehandeling
voor TBAD is antihypertensiva.” TEVAR is in de acute fase alleen geindiceerd indien
complicaties aanwezig zijn. Desalniettemin treedt bij 50% van de patiénten met een
TBAD die initieel alleen met antihypertensiva behandeld zijn degeneratieve verwij-
ding van de verzwakte aortawand op.”® Een deel van deze patiénten zal behandeld
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moeten worden met TEVAR om complicaties te voorkomen. TEVAR in chronische
TBAD is echter minder succesvol dan in de acute fase. Dit komt doordat de intimaflap
verdikt en verstijft naar verloop van tijd, waardoor het risico op gecompliceerde
plaatsing en het ontstaan van nieuwe scheuren in de intimaflap bij TEVAR in de
chronische fase groter is.”” Vanuit een mechanisch oogpunt zou je alle patiénten
die risico lopen op aneurysmatische verwijding van de aorta na ongecompliceerde
TBAD graag willen behandelen in de acute fase. Het zou echter schadelijk zijn om
patiénten die nooit een aneurysma zullen ontwikkelen bloot te stellen aan de risico’s
van TEVAR, zoals retrograde dissectie, herseninfarct en ischemie van het ruggen-
merg. Het is dus een uitdaging om vroeg patiénten te selecteren die uiteindelijk een
aneurysma zullen ontwikkelen. Op dit moment zijn er geen richtlijnen die helpen
bij het selecteren van deze patiénten. Onderzoek met 4D flow magnetic resonance
imaging” en patiént-specifieke CFD-simulaties’ zou kunnen helpen om hemodyna-
mische parameters te identificeren die het risico op aneurysmatische verwijding van
de aorta na acute TBAD voorspellen.

Hoofdstuk 12 bespreekt de casus van een patiént met persisterende ischemie van
het mesenteriale vaatbed na een gecompliceerde TBAD.” De patiént in kwestie had,
ondanks behandeling met TEVAR, een persisterende aortadissectie die resulteerde
in dynamische malperfusie van het mesenteriale vaatbed. We bespreken dat endo-
vasculaire fenestratie, waarbij een scheur gemaakt wordt in de intimaflap om het
drukverschil tussen het valse en ware lumen op te heffen, chronische ischemie van
het mesenteriale vaatbed had kunnen voorkomen. Ook in dit geval is nader onder-
zoek met nieuwe beeldvormende technieken noodzakelijk om patiénten te selecteren
die baat hebben bij endovasculaire fenestratie van de intimaflap in de acute fase om
complicaties op de lange termijn te voorkomen.

Perspectief

Dit proefschrift heeft aangetoond dat patiént-specifiek computerondersteund
modelleren van hemodynamica waardevol is voor non-invasieve hemodynamische
analyses die kunnen helpen bij het begrijpen van complexe hemodynamica. Daar-
naast is het mogelijk om doormiddel van computermodellen verschillende interven-
ties te testen. Dit kan helpen bij het plannen van chirurgische interventies en het
ontwikkelen van hulpmiddelen. Er zijn echter meerdere obstakels die het gebruik
van computersimulaties in de alledaagse kliniek in de weg staan. De simulaties zijn
tijdrovend. Om relevante resultaten te krijgen is het noodzakelijk dat de modellen
de anatomie en fysiologie van de patiént accuraat nabootsen. Het construeren van
de modellen en het kloppend maken van de simulaties is arbeidsintensief en vereist
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enige ervaring. Op dit moment is het, ondanks de snelle ontwikkeling van computer-
software en hardware, nog niet mogelijk om real-time CFD-analyses te produceren.
Dit limiteert de toepasbaarheid voor klinische doeleinden tot electieve ingrepen. De
ontwikkeling van geautomatiseerde systemen, gebaseerd op machine learning en
deep learning-technieken, zullen deze limitaties in de toekomst wegnemen.
Multidisciplinaire samenwerking tussen biomedische ingenieurs en clinici is es-
sentieel om computermodelleren voor het plannen van chirurgie en ontwikkelen
van nieuwe hulpmiddelen verder te ontwikkelen. De volgende uitdaging is om
prospectieve studies uit te voeren, met grotere patiéntenpopulaties, die gebruikt

kunnen worden om de simulatieresultaten te verifiéren met klinische uitkomsten.
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