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Abstract—Late morbidity of surgically repaired coarctation
of the aorta includes early cardiovascular and cerebrovascu-
lar disease, shortened life expectancy, abnormal vasomodu-
lator response, hypertension and exercise-induced hypertension
in the absence of recurrent coarctation. Observational studies
have linked patterns of arch remodeling (Gothic, Crenel, and
Romanesque) to late morbidity, with Gothic arches having
the highest incidence. We evaluated flow in native and
surgically repaired aortic arches to correlate respective
hemodynamic indices with incidence of late morbidity. Three
dimensional reconstructions of each remodeled arch were
created from an anatomic stack of magnetic resonance (MR)
images. A structured mesh core with a boundary layer was
generated. Computational fluid dynamic (CFD) analysis was
performed assuming peak flow conditions with a uniform
velocity profile and unsteady turbulent flow. Wall shear stress
(WSS), pressure and velocity data were extracted. The region
of maximum WSS was located in the mid-transverse arch for
the Crenel, Romanesque and Native arches. Peak WSS was
located in the isthmus of the Gothic model. Variations in
descending aorta flow patterns were also observed among the
models. The location of peak WSS is a primary difference
among the models tested, and may have clinical relevance.
Specifically, the Gothic arch had a unique location of peak
WSS with flow disorganization in the descending aorta. Our
results suggest that varied patterns and locations of WSS
resulting from abnormal arch remodeling may exhibit a
primary effect on clinical vascular dysfunction.
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INTRODUCTION

Coarctation of the aorta is a common congenital
cardiac defect, occurring in 6-8% of all congenital heart
disease.' There is a wide spectrum of clinical severity to
this disease. Typically, surgical management of coarc-
tation of the aorta is necessary for patients that present
during the newborn period with signs and symptoms of
inadequate systemic perfusion from obstruction at the
aorticisthmus. There are a variety of surgical approaches
to correct coarctation of the aorta, the goal of each
being to effectively restore systemic blood flow and
eliminate the pressure drop across the aortic arch.

As these patients age, their repaired aortic arches
grow and remodel. Late morbidity following successful
coarctation repair is well-documented and includes
early cardiovascular and cerebrovascular disease, cor-
onary artery disease and shortened life expectancy.'
Additionally, patients can commonly develop hyper-
tension, exercise-induced hypertension and general
vascular dysfunction.*® There is a subset of patients
that develop this late morbidity but do not have evi-
dence of recurrent coarctation of the aorta, i.e. who do
not have a significant arm-leg blood pressure difference
(defined as the difference in systolic cuff pressures
taken in the arm and leg, ideally simultaneously), and
do not have a visible reduction in the aortic diameter
by imaging or angiography.”  One study indicates that
this may encompass as many as 12% of patients who
underwent coarctation repair and as many as 28% of
patients who underwent repair beyond the age of
1 year.'” They are a challenging group to manage as
there is no lesion to intervene on based on standard
imaging and diagnostic testing and clinical outcomes
are difficult to predict. They are the focus of this study.
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Using cardiac magnetic resonance imaging (MRI),
Ou et al.'' observed abnormal vascular responses in
these patients with successfully repaired coarctation of
the aorta correlated with abnormal aortic arch
remodeling patterns in late follow-up of surgical
repair. They created a classification scheme based on
geometric criteria obtained from MR images compar-
ing the width, W (defined as the transverse distance
between the midpoints—or vessel centers—of the
ascending to descending aorta), to the height, H
(defined as the vertical distance from W to the highest
vessel center of the aortic arch). It was postulated that
these patients fit into one of three groups of arch
morphology, which they termed Gothic, Crenel and
Romanesque based on the ratio of H to W. This ter-
minology was based on similarities between abnormal
aortic arch remodeling patterns and these architectural
styles (Figs. la, 1b, 1c). Using this classification
scheme, they noted that patients with Gothic arches
had a significantly higher incidence of vascular dys-
function when compared to the Romanesque group
and to normal controls.'? These patients do not exhibit
any diagnosable re-coarctation; rather, they appear to
have abnormal vasculature in the setting of success-
fully repaired coarctation. Why Romanesque arches
have superior clinical outcomes as compared to the
Gothic and Crenel groups remains unexplained. Given
the drastic differences in underlying geometries, one
possible explanation is the variation of the hemody-
namics through these arches.

Previous studies have shown that, if carefully used
and well-resolved, Computational Fluid Dynamics
(CFD) can be an accurate method of predicting in vitro
and in vivo hemodynamics.'* ' Combined CFD and
MRI studies of the staged surgical palliation (Fontan)
for patients with single ventricle heart diseases have
illustrated the importance of local hemodynamics on

clinical outcome, and led to several technical sugges-
tions and improvements.'” ' Of particular relevance to
our work, CFD has been applied to resolve the flow
dynamics of patient specific aortas,'*'” as well as to
characterize the flow patterns and wall shear stresses
(WSS) in coronary artery bypass grafts (CABG) and
aneurysm development.'® More recently, vendor-spe-
cific MRI tools to measure “four dimensional flow”
have also been utilized to evaluate blood flow and cal-
culate indices such as WSS in a real-time manner,?%?!
although with lower accuracy than CFD models.
Accordingly, our aim in this study is to use CFD,
based on MRI-derived anatomical data, to simulate
flow patterns in these remodeled arches. We hypothe-
size that differences among groups, which result in
global performance differences, can be traced to dif-
ferences at the level of the local hemodynamics, such as
the WSS imposed on the aortic vessel walls. In order to
narrow the number of variables and ease the identifi-
cation of the relevant hemodynamic patterns and
metrics, we focus our analysis on peak systole.
Through this pilot study we hope to provide possible
explanations for the variable incidence of vascular
dysfunction seen among these patients and offer a
method for detecting these abnormal hemodynamics.

METHODS

Subject Identification

After obtaining IRB approval, a retrospective ICD-
9 directed search for “Coarctation of the Aorta” was
performed in an outpatient hospital database and
cardiac catheterization laboratory database (Chil-
dren’s National Medical Center, Washington, D. C.).
This identified all patients with this congenital cardiac
lesion followed at our institution since 2002 (n = 511).

Crenel

Gothic

Romanesque

FIGURE 1. Arch types—three types of arches following surgical repair of coarctation of the aorta. Lines shown indicate the
relationship of the height-to-width ratio of the thoracic aorta. H height, W width.
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This cohort of patients was cross-matched with the
cardiac MRI database to identify patients with coarc-
tation of the aorta who had undergone a cardiac MRI
at our institution (n = 66). Patients were included if
they had a cardiac MRI performed following surgical
repair of coarctation of the aorta (n = 62). Exclusion
criteria included the presence of any other cardiac
defect that would affect the development of the aorta
(single ventricle, large ventricular septal defect, etc.),
other left-sided cardiac abnormality, (aortic stenosis or
mitral stenosis), presence of recurrent coarctation of
the aorta and incomplete clinical records (27 patients).
Of note, patients with bicuspid aortic valves without
stenosis were not excluded. This search identified 35
appropriate subjects.

After a thorough examination of the cardiac MR
images available for the 35 subjects retained, three pa-
tient datasets were selected for CFD analysis, which
were considered to have the aortic geometries most
representative of each one of the three remodeling cat-
egories (Crenel, Gothic, and Romanesque) according to
previously published methods.'' One additional dataset
without pathology was retained as a normal compari-
son, which will be referred to as the Native arch.

MRI Data

All 35 patients retained for the clinical analysis
underwent an MRI examination on a 1.5T scanner
(GE, Milwaukee, WI) using a protocol that included
cine steady state free precession (SSFP) imaging
sequences with respiratory compensation and ECG
gating. Due to the retrospective nature of data collec-
tion, various TE (1.48-1.63 ms) and TR (3.31-3.69 ms)
were used in each imaging study to optimize the image
in each case. A slice thickness of 10 mm and a field of
view of 45 mm were used in all cases. Although pre-
ferred for validation of inlet modeling conditions,
phase contrast data were not available from these
retrospective datasets.

Three-Dimensional Aorta Reconstruction

Patient-specific aortic models of the four patients
retained for the CFD investigation were reconstructed
from the 2D stack of SSFP images. First, adaptive
control grid interpolation was used between each slice to
obtain approximately isotropic voxel sizes.”” The region
of interest was then segmented from each slice, using an
in-house scaffolded shape-element algorithm,” such
that the entire aorta from diaphragm through the first
5 mm of the head and neck vessels was reconstructed.
A 3D level set-based surface evolution was run on
the stack of segmented images to extract a set of
smooth, coherent surface points. Finally, Geomagic
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Studio (Geomagic, Research Triangle Park, NC) was
used to fit the point cloud with a smooth 3D surface.

Grid Construction

Each of the arch reconstructions was meshed
according to a tetrahedral, hexcore meshing scheme
using the Gambit software package (Fluent, Inc,
Lebanon, NH). Two centimeter vessel extensions were
added to the ascending aorta and to each head vessel to
allow partial flow development in the inlet and to
avoid backflow at the outlets. An appropriately sized
boundary layer (0.1 mm height, growth factor of 1.2
and four layers) was added to each model to capture
flow perturbations at the aortic wall. A hexcore mesh
was used for the core of the blood volume, whose
minimum cell dimensions created internal continuity
with the prescribed boundary layer, with a maximum
size limit of 1 mm. The final models had 296577,
525868, 126197 and 431649 elements in the Gothic,
Crenel, Romanesque and Native arch models, respec-
tively. Measures of mesh quality, including skewness
and size, were within acceptable limits ensuring a high
quality mesh. Furthermore, a recent analysis of grid
sensitivity for modeling flow in the pediatric aorta
using CFD demonstrated little variation in hemody-
namic results despite varying the number of grid ele-
ments from 100,00 to 1,600,000.%* Since the meshes
generated for the present study all fall within this
range, they are assumed to be sufficiently dense.

Flow Modeling

Flow through the aorta was simulated by mathe-
matically discretizing the Navier—Stokes equations
in each of the polygonal elements using FLUENT
(Fluent, Inc, Lebanon, NH). Turbulent flow was
approximated using the standard kappa-omega turbu-
lence model.”® The vessel walls were considered as rigid,
no-slip surfaces for the purposes of this model. Blood
was considered to be an incompressible, Newtonian
fluid with a kinematic viscosity of 3.7 ¢St and a density
of 1060 kg/m>. An unsteady pressure-based solver with
second-order implicit time advancement scheme was
selected using PISO (pressure-implicit with splitting of
operators) for the pressure—velocity coupling algo-
rithm, and PRESTO (pressure staggering option) for
the pressure interpolation. Simulations were considered
to be converged when the residuals of the continuity
and momentum equations were reduced to 10~%. In
addition, pressure monitors were placed in the
descending aorta to assess the solution convergence.

The constant, steady flow boundary conditions were
set to represent peak systole because it has the highest
flow rate and therefore the highest potential values of
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WSS. A peak systolic velocity of 0.75 m/s and the
percentages of flow exiting through each head and
neck artery and the descending aorta (see Fig. 2) were
taken from previously published and validated data.”®
The simulations were initialized by first performing
laminar simulations with a flat inlet velocity profile,
and progressively increasing the inflow rate until the
mean inlet velocity reached 0.75 m/s. The converged
laminar solution was then used as the initial condition
for the turbulent simulations conducted using the same
constant inlet velocity profile. Once the flow solution
converged for each model, results were analyzed using
Tecplot 360 (Tecplot, Bellevue, WA).

In evaluating blood flow through vessels, the WSS
has been shown both in vitro and in vivo to affect vessel
reactivity and protein expression on the endothelial cell
surface.”’ Here, we examined each remodeled arch type
as well as a native arch, paying particular interest to
the WSS (tyan) levels. In general terms, WSS of flow
through a cylindrical tube is determined by

. oV
WSS = tyan = ,12111? o

where R is the vessel radius, or is the differential radial
position, V' is the streamwise velocity, and u is the

Normalized
Velocity

dynamic viscosity. In this study, the WSS values were
calculated with a FLUENT built-in function, using the
streamwise and circumferential velocity gradients de-
fined with respect to the inward normal vector to each
surface element.

RESULTS

The values of WSS, peak velocity and the Reynolds
numbers obtained for each of the four models can be
found in Table 1. Figure 2 depicts the flow structures
and velocity magnitudes observed in each of the four
models using 3D streamtraces color-coded by the
velocity magnitude normalized to the peak velocity to
allow for an easier comparison across the four arches.
Figure 3 is a closer depiction of the 3D streamtraces in
the Native arch illustrating the Dean vortices that were
observed in that particular model. Finally, values of
WSS were calculated for each of the three remodeled
arches and the native arch. Results are shown in Fig. 4
from the anterior-posterior view and in Fig. 5 from the
cranial-caudal view.

To effectively compare the hemodynamics of the
remodeled arches, a detailed description of the normal
arch will first be presented. Subsequently, the remodeled

TABLE 1. Results of WSS, velocity and Reynolds number
for each arch type.

Peak Inlet

Peak WSS  velocity = Reynolds  diameter
Arch type (dyn/cm?) (m/s) number (mm)
Native 55 1.4 6385 20.6
Romanesque 144 3.0 4175 31.5
Crenel 166 2.7 4094 20.2
Gothic 120 25 4013 19.8

Gothic

Crenel

FIGURE 2. Three dimensional flow structures in each arch
type—each arch is shown with flow structures encoded with
velocity magnitude indexed in each case to peak velocity.
Head vessel flow splits assumptions are also indicated. Peak
velocities are seen in red.

The Reynolds number is defined as UD/v, where U = 0.75 m/s is
the mean velocity at the aortic inlet, D = (area/n)'? is the equiv-
alent diameter of the aortic inlet, and v = 3.7 cSt is the viscosity of
blood.

Superior

Inferior
FIGURE 3. Three dimensional flow structures in the native

arch demonstrating the counter-rotating Dean vortices in the
ascending and descending native aorta.
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(b)

Wall Shear Stress
(dyn/em2)

\

Native Romanesque = 70

(d) 20

?

Crenel Gothic

FIGURE 4. WSS magnitude of each arch type shown in the
anterior—posterior view. Arrows indicate the area of peak WSS
as indicated in red.

(@) (b)

Wall Shear Stress
(dynfem2)

Native Romanesque = 80

(c) (d) %

%

FIGURE 5. WSS magnitude of each arch type shown in the
cranial-caudal view. Arrows indicate the area of peak WSS as
indicated in red.

Crenel Gothic

arches will be discussed, focusing on the altered char-
acteristics.

Hemodynamics of the Native Aorta

The anatomy of the normal aortic arch (Fig. 2a) is
characterized by a complex bending in three directions
through the upper thorax: anterior-to-posterior, right-
to-left, and of course superior-to-inferior. As a result
of this bending, flow through the aorta has a significant
amount of secondary flow structures that develop
along its course; however, the smoothly curved profile
of the aorta ensures that this hemodynamic complexity
occurs with minimal inefficiency. This is realized by the
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formation of the well-documented Dean vortices
(Fig. 3), or two counter-rotating secondary flow
structures, which counteract the outward angular
momentum of blood flow through the aortic curvature
by smoothly recirculating to the inner bend.”® As a
result, as seen in the Native arch (Fig. 2a), the bulk
flow remains organized even at peak flow conditions,
and there is only a slight flow separation observed after
the isthmus. All streamlines appear in shades of green
testifying for the fact that peak velocities remain close
to the mean flow values. Convective flow acceleration
(light orange streamlines in Fig. 2a) occurred through
the mid-transverse arch as the aorta narrowed with
peak velocities observed in the distal arch just beyond
the takeoff of the left subclavian artery. Peak WSS
values were also observed in the mid-transverse arch
(Figs. 4a, 5a), as a result of the combined effects of
vessel narrowing (leading to higher average velocities)
and vessel curvature (skewing the peak velocities
toward the outer bend of the arch).

Modeling the Post-Surgical Aortas

All three of the post-surgical aortas modeled in this
study displayed characteristics closer to ‘corners’,
rather than a smoothly-varying arch, particularly at
the inner curvature. As a result, the characteristic
behavior of the Dean vortices is not as apparent from
the velocity streamtraces (Figs. 2b, 2d). The geometric
irregularities lead to flow separation at the ‘corners’,
which is associated with flow acceleration and high
WSS along the outer vessel wall immediately down-
stream of the ‘corner’, and slow recirculating flow and
varying WSS along the opposite inner wall. These
characteristics are more pronounced as we progress
from the Romanesque to the Crenel and Gothic
arches.

It is interesting to note that, while the magnitudes of
the peak WSS and velocities do not significantly differ
across the three different types of arch remodeling
(Table 1), their location, on the other hand, clearly
varies. In the Romanesque and Crenel arches, flow
acceleration and highest WSS occur within the trans-
verse arch. In Gothic arches on the other hand, the
height to width ratio is such that the transverse arch is
almost non-existent. As a result, the flow acceleration
and peak WSS occur along the outer wall, just down-
stream of the aortic isthmus (Figs. 2d, 4d). The sudden
curvature is also associated with a large recirculation
area along the inner wall downstream of the isthmus,
and the flow is seen to destabilize deep into the
descending aorta. It is worth noting that this trend is
similar to what is present in unrepaired coarctation of
the aorta, with peak, turbulent flow through the ste-
notic aortic isthmus.
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DISCUSSION

Following surgical repair of coarctation of the
aorta, a subset of patients, without clinical evidence of
a recurrent coarctation, will develop late significant
morbidity including early cardiovascular and cerebro-
vascular disease, shortened life expectancy, hyperten-
sion, and abnormal vascular reactivity. This patient
population presents significant management challenges
and is the focus of this study.

Physicians experienced in caring for these patients
have noted that there are distinct arch shapes that are
observed following surgery for coarctation of the
aorta; named Crenel, Gothic and Romanesque. Whe-
ther these geometries are pre-existing and unique to the
patient or whether they develop from remodeling
changes from surgery is difficult to prove.” Our clini-
cal results indicate that the shape of the aortic arch
following surgical repair of coarctation of the aorta is
not influenced by the type of surgical repair in our
small series. This echoes what has been previously
published in this regard.'”> Nevertheless, the shape of
the remodeled arch has been noted to correlate with
clinical status. Patients with Gothic-type remodeled
arches have a higher incidence of late morbidity,’
leading one to postulate that the shape of the arch
could influence the hemodynamics in such a way to
create pathologic flow, even in the absence of a
recurrent coarctation. This was studied extensively by
Ou er al*® who found an increased systolic wave
reflection in the ascending aorta in Gothic arches, and
correlated this finding with hypertension.

Numerous studies exist noting the effects of high
WSS on endothelium, altering protein expression of
the endothelial cell wall, which affects vessel distensi-
bility and compliance.’’ Abnormal vessel compliance
can result in pathologic states, the most common of
which is the association between hypertension and
atherosclerosis. Likewise, regions of low and oscilla-
tory WSS have been implicated in disease progres-
sion.>? Thus, both of these adverse environments must
be considered when seeking a link between local
hemodynamics and disease.

Our results clearly demonstrate differences in the
local hemodynamic environment of post-surgical aor-
tic arches compared to normal as a function of their
geometry. All three remodeled arches yielded signifi-
cantly higher peak WSS (ranging between 120 and
170 dyn/cm?) than is seen in the native arch (55 dyn/
cm?). The location of the peak WSS in the three
remodeled arches are systematically located directly
downstream of the geometrical irregularities, or “cor-
ners”’, as these present obstacles that create a flow
separation, with convective flow acceleration and high
WSS along the outer bend of the aorta and slow flow

recirculation along the inner wall. It is noteworthy
that, despite apparently altered geometries, these flow
disruptions and peak WSS occur in the transverse
aortic arch in both Romanesque and Crenel arches, in
a location similar to that of peak WSS in Native
arches. In Gothic arches, on the other hand, peak WSS
are recorded downstream of the aortic isthmus, rather
than in the almost non-existent transverse aortic seg-
ment. Although there is no measurable constriction of
the aorta, the sharp angulation between the ascending
and descending aorta appears to have an effect similar
to what is seen in unrepaired coarctation of the aorta,
with peak, turbulent flow through the stenotic aortic
isthmus. As such, the notable difference between the
three remodeling types may not so much be due to the
magnitude of the WSS (which were of the same order)
than from their location.

At this point, it is important to recall that this pilot
study solely focuses on the hemodynamics at peak
systole. However, because of the sharpness and
dimensions of these ““corners’, their impact on the local
hemodynamics might be expected to hold throughout
systole. Accordingly, we hypothesize that the regions of
peak WSS reported herein might experience high WSS
throughout systole. Additionally, the observed regions
of flow separation may well be the site of oscillating
WSS patterns once the time-varying flow profile is
taken into consideration. The results reported herein
would suggest an adjacent localization of high WSS
and low, oscillatory WSS regions within the remodeled
aortic arches, which can add even greater complexity to
the response of the local endothelium. Previously
published clinical findings have shown that patients
with Gothic arches have a higher incidence of late
morbidity following surgical repair despite normal
global hemodynamic measures. From a clinical stand-
point, this implies that global hemodynamic measures
(such as arm-leg pressure difference or presence of
brachial-femoral delay) may not be the appropriate
means to fully assess the risk factors for morbidity in
this patient population. Rather, the local hemody-
namics, in particular the patterns of WSS along the
length of the arch, should be assessed carefully.

There are limitations to the work presented in this
paper. First, this is a pilot project where four arches
were examined for their hemodynamics. Further
investigation of the observed relationship between
WSS magnitude/location and clinical morbidity would
require modeling more arches of each morphology to
confirm the existence of a causal relationship. Second,
each of the models was built using retrospectively
gathered two-dimensional imaging data with a slice
thickness of 10 mm, which can cause significant arti-
fact when attempting to build a 3D reconstruction and
creating a mesh with elements in the 1-2 mm size
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range. Unfortunately, phase contrast data was not
available to validate the flow conditions used in the
modeling, which would have been optimal. Third, each
of the models used an assumed uniform velocity profile
at the inlet and assumed a normal outflow distribution
through the head vessels and descending aorta at peak
systole, which only represents one time-point in the
cardiac cycle. Additionally, there are several assump-
tions inherent in modeling, such as rigid walls, mod-
eling of turbulent flow and modeling viscous fluids,
which each have their own sources of inherent error.
Finally, the time at which the distinct arch types
develop is not clear; therefore, additional pre-proce-
dure analysis and short-term post-procedure analysis
are needed to determine if these findings are innate to
the patients themselves or to a post-surgical remodel-
ing process. Despite these limitations, the overall trend
observed in this pilot study is that there are important
differences in all hemodynamic properties of the
Gothic arch when compared to each of the other
arches. The impact of variation of flow rates, grid
sensitivity and the use of prospectively acquired image
and velocity data may alter the values of WSS and
velocity gradients among the arches, but would not be
expected to alter the relationship of these data between
the arches as they are all subject to identical limita-
tions. Further, and most importantly, the location of
maximum WSS, flow disruption and flow acceleration
would not be affected.

Future studies will seek to incorporate patient-
specific flow conditions to more accurately assess
in vivo stress states, particularly because some of the
late morbidity includes vascular dysfunction that is
apparent in high-output states, such as exercise. Real-
time four-dimensional flow using MRI acquired data
would be one possible method to accomplish this.

CONCLUSIONS

This study presents the hemodynamics of various
shaped aortic arches following surgical repair, in an
effort to better understand why certain aortic arch
shapes (namely Gothic arches) are associated with
higher morbidity than others. All post-surgical arches
were observed to yield higher flow disturbances and
elevated peak WSS compared to the Native configu-
ration. More importantly, the Gothic arch had a
unique location of peak WSS, in the descending aorta
immediately downstream of the aortic isthmus),
whereas these were found in the transverse aorta in all
other arch types. These results suggest that the location
of peak WSS may be an important contributor to
clinical vascular dysfunction.
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