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ABSTRACT

NUMERICAL MODELING OF HEMODYNAMICS IN THE
THORACIC AORTA AND ALTERATIONS BY
DACRON PATCH TREATMENT OF
AORTIC COARCTATION

Ronak J. Dholakia, B.E.

Marquette University, 2009

Coarctation of the aorta (CoA) is a major congenital heart diseasegtehiae
by a severe stenosis of the proximal descending thoracic aorta. Tradifisuedlery has
been the treatment of choice for CoA. Dacron patch aortoplasty gained increased
popularity after its introduction in the mid-twentieth century due to its advanbages
other surgical treatment methods available at the time. A major complieath Dacron
patch aortoplasty has been the formation of late aneurysm with as much as S&¥cenci
reported in follow up studies. The change in aortic morphology and formation of
aneurysms after Dacron patch surgery could lead to local adverse changes in
hemodynamic conditions which have been correlated to long term morbidity. Nastudy
date has investigated the local hemodynamics in the human thoracic aorta and the
alterations occurring in thoracic aorta of Dacron patients in detail. Catignal fluid
dynamics (CFD) can be used to elucidate local hemodynamics in the tremdaiof
Normal subjects and surgically treated CoA patients. We tested the hypthhesis
Dacron patch aortoplasty causes alterations in vessel wall geometry aodiyhamic
indices in the thoracic aorta of CoA patients.

Patient specific CFD models were constructed for six Normal, and eiarah
gender matched Dacron patients. CFD simulations were performed wiiolplyjc
boundary conditions to quantify hemodynamic indices. Localized quantification of
simulation results for time-averaged wall shear stress (TAWSS) anthimsgikhear
index (OSI) was conducted to obtain axial and circumferential plots at various spati
locations in the thoracic aorta.

Velocity streamlines and vectors quantified from simulation resultsdomil
subjects were similar to the flow patterns demonstrated previously usingaathging
techniques. Spatial representations of instantaneous and time-averaged V8 asas w
OSI were reflective of these velocity results. Alterations in patwfraslocity
streamlines, vectors, TAWSS and OSI were observed for Dacron patients yébt rtes
Normal subjects. Altered axial and circumferential patterns of TAWSS &hav€re
also demonstrated for Dacron patients by localized quantification. Theds reayl
ultimately facilitate greater understanding if sites of long-termbiddy in Dacron
patients correspond with these hemodynamic alterations during follow-up.
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Chapter 1: Introduction

1.1 Coarctation of the aorta

Congenital heart disease affects more than 32,000 infants per year in the US (i.e
about 1 in every 125-130 births) and 8-10% of these children are born with coarctation
of the aorta (CoA) (Michael Madrzak 2008). CoA is more common in males than in
females (2:1 ratio) and about 30% of the patients with the chromosomal disorder Turne

Syndrome have CoA (Park 2003).

CoA is characterized by a severe stenosis of the proximal descending herta
stenosis is typically located at the aortic isthmus opposite the ductussarseand just
distal to the origin of the left subclavian artery. Figure 1 shows pre ductéd) dod post
ductal, the three possible types of CoA (May 2005). Post ductal CoA is the most
common. CoA also commonly presents with other cardiovascular defects including
ventricular septal defect, varying degrees of aortic arch hypopdesld)ypoplastic left
heart syndrome. It is estimated that up to 85 % of the patients with CoA have bicuspid

aortic valve (Nichols DG 2006).



Figure 1. Schematic diagram of locations where CoA may occur, relative to the
ductus arteriosus (location 3): A = Ductal coarctation, B = Pre-ductal coarctatn, C
= post-ductal coarctation. Other numbers indicate vascular regions of intest
pertinent to the current investigation including 1 = ascending aorta, 2 = pulonary
artery, 4 = descending aorta, 5 = innominate artery, 6 = left common carotid artery
and 7 = left subclavian artery. Adapted from Wikimedia Commons.

The most common hypothesis as to how CoA forms involves the ductus arteriosus
and its role as a shunt connecting the pulmonary artery to the transversarabrtic
(Rubin 2008). In utero, the fetus receives oxygenated blood from its mother and, thus, the
right ventricle shunts blood through the ductus arteriosus to the descending aorta and
systemic circulation where the downstream resistance is low, ratheottien t
pulmonary circulation where the resistance is high. After birth, systesistance
increases substantially while pulmonary resistance decrease$olight that this causes
cells lining the ductus arteriosus that have a contractile phenotype setosdkygen
concentration to experience elevated oxygen saturation and thus restrict the ductus

arteriosus. Researchers have suggested an anomalous presence of somealfsies



the descending thoracic aorta may account for CoA. A secondary hypothasesfoa
the vicinity of the ductus arteriosus where flow may be reduced in utero, b &hisss
likely culprit for CoA since nearly all fetuses share this occurrendeyat CoA is only

present in several thousand births annually.

1.2 Associated effects

Associated anomalies such as ventricular septal defect, aortic anidvalitea
abnormalities, transverse arch hypoplasia and hypoplastic left heartsgnaray be
more frequent in infants with CoA and blood flow from the ascending aorta to the
descending aorta may subsequently be reduced. As a result, a blood predseme gra
may develop between the proximal and distal areas of the thoracic aortaa#eskoc
abnormalities in asymptomatic and symptomatic infants with CoA are shmoligure 2.
Development of collateral circulation between proximal and distal acctarisnon in
older patients, therefore, blood pressure gradient may not exist in these aktes pat
The Collateralization is usually not sufficient to deliver blood flow in infants, thbenw

the ductus closes they become symptomatic (Park 2003).



Figure 2. Symptomatic CoA (left) with associated anomalies incliislg ventricular
septal defect, aortic and mitral valve abnormalities and transverse arch hypoasia
shown with heavy lines, and asymptomatic CoA (right) with a stenos@pposite to
the ductus arteriosis and no associated abnormalities. AO = aorta, LA = left atrm,
LV = left ventricle, PA = pulmonary artery, RA = right atrium, RV = right
ventricle. Adapted from (Park 2003)



1.3 Surgical Repair

Corrective surgery has been the treatment of choice for CoA (Schuster asd Gros
1962). Resection and end-to-end anastomosis, left subclavian flap aortoplastychnd pa
aortoplasty have been the three major surgical methods for CoA in infants wilki¢he |
two techniques used less often in the modern era. Figure 3 shows the various methods of
CoA repair. Resection and end-to-end anastomosis involves removal of the Cahisegm
and suturing of the proximal to the distal aorta. Subclavian flap aortoplasty inuskes
of the left subclavian artery to reconstruct the narrowed aortic arcHjsagrihe left
subclavian artery. In patch aortoplasty, the coarctation segment is iranggddinally
up to the left subclavian artery. An elliptical synthetic patch is then atsbdtween the
two longitudinal sides of the CoA segment to expand the lumen diameter (May 2005;

Michael Madrzak 2008; Park 2003; Vossschulte 1957)



Figure 3. Schematic representations of corrective surgical repair miedds for CoA.
Top - resection and end-to-end anastomosis with the coarctation segm removed
and the proximal and distal aorta sutured together. Middle - left subclaan
aortoplasty where the distal portion of the left subclavian artery is ligated adh the
proximal part is sutured between the longitudinal ends of the coarctain segment.
Bottom - Dacron patch aortoplasty where an incision is made longitudadly along
the coarctation segment and the patch is sutured between the two e expand
the lumen diameter. Adapted from (May 2005)

As compared to resection with end-to-end anastomosis, Dacron patch aortoplasty
gained popularity, in the 1960s because it eliminates the need for circunafesature
lines and does not disrupt the intercostals arteries originating from trendesg

thoracic aorta (Vossschulte 1957). There are reports documenting decreasefl rate



recoarctation as a result (Omeje IC 2004). This technique is also favorakle sinc
perfusion to the left arm is not compromised as compared to subclavian flap agrtoplast
Dacron patch aortoplasty is also a relatively simpler surgical prae¢@uneje IC 2004;

Vossschulte 1957).

1.4 Late Aneurysm formation

Unfortunately, surgical repair of CoOA has been associated with cardiovascular
mortality and morbidity. Coronary artery disease, heart failure, aarabcular incidents
and ruptured aortic aneurysms have been the main causes of death in CoA pediteots t
surgically (Cohen et al. 1989; Hoimyr et al. 2006; Rees et al. 1989). Late aneurysm
formation, a more serious complication, has been observed, in particular, with those
patients previously undergoing surgical treatment by patch aortoplastyi€idest al.
1986; Parks et al. 1995; Roth et al. 2002; Wilson et al. 1997). A long-term study by Parks
et al. reported 51% incidence of late aneurysm formation in patients who underwent
Dacron patch aortoplasty for CoA (Parks et al. 1995). Rupture of these aneuasyms c
prove fatal in patients (Hehrlein et al. 1986; Roth et al. 2002; Wilson et al. 1997). Figure
4 shows presence of an aneurysm in a 25 year old male patient treated for CoA with
Dacron patch aortoplasty. Recognition of late aneurysm formation relatesl Datron
patch in CoA patients has caused Dacron patch aortoplasty to fall out favor; as surgeons

developed techniques to have a leveled suture line in end-to-end repair.

A comparative study between CoA patients treated with patch aortoplasty and

end-to-end anastomosis revealed formation of aneurysms and increaseensygein



patch aortoplasty patients (Walhout et al. 2003). An experimental study in canines
compared results of Dacron patch aortoplasty with polytetrafluoroethyditeE() patch
aortoplasty. Occurrence of aneurysms was higher in the Dacron group tharPiiRE

group (DeSanto et al. 1987). The location of aneurysm formation was always opposite
the patch. The study also revealed that formation of aneurysms was caustshbiyex
resection of the intima. Pseudo-aneurysms have also been reported (De8hrit@33t,
Hehrlein et al. 1986; Heikkinen et al. 1990; Nagano et al. 2007; Parks et al. 1995; Roth et
al. 2002; Walhout et al. 2003; Wilson et al. 1997) due to partial transmural leakage of
blood from the vessel in the absence of complete dissection. This may occur due to

suture-line failure at the proximal or distal anastomosis or breakage of chenDiders.

Formation of true aneurysms is a more serious and concerning problem, as it
involves abnormal dilation and thinning of the vessel wall. Pathologic findings studied in
patients with aortic rupture or aneurysm resection reveal fibrosis arabiseof the
media in the area around the Dacron patch (DeSanto et al. 1987; Hehrlein et al. 1986;
Heikkinen et al. 1990; Nagano et al. 2007; Parks et al. 1995). Disruption of elastic
lamellae was also observed. Endothelialization of the Dacron patch wiidpfoieedy
reaction was seen with the presence of macrophages in histological firlde®m(o et
al. 1987; Hehrlein et al. 1986; Heikkinen et al. 1990; Nagano et al. 2007; Parks et al.

1995; Shi et al. 1997) .



Figure 4. 3D reconstruction of magnetic resonance angiography sequences simgw
an aneurysm in the area of a Dacron patch repair done 22 years earlier in a 25 year
old male CoA patient.

1.5 Changes in hemodynamics and vascular biomechanics after surgery for CoA.

It is extremely important to note that although simulations conducted for the
current investigation utilize rigid walls, understanding of changes in vascular
biomechanics resulting from the Dacron patch treatment of CoA is paramount for

appreciating the local hemodynamic alterations quantified below.

Vascular impedance can be described as the pulsatile resistance to bloaaidlow
further classified into terminal, characteristic, longitudinal and trassvenpedance.
These represent the impedance from the peripheral vasculature distal t@altiéolmd
vessel, total impedance of the local vasculature without any wave refleciornife

distal vasculature, the relation between pressure drop and flow for a uniformnéedm
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blood, and the relation between transmural pressure drop and difference due to change in
diameter, respectively (Westerhof, Stergiopulos, and Noble 2005). Appleyard and
Sauvage in their study have shown that vessel impedance is altered afedr arte
replacement with a synthetic vascular prosthesis (Appleyard and Sauvagdrig@s).

same study, characteristic impedance computed from longitudinal and tssnsver
impedance was found to increase progressively in magnitude with frequesrcgradrial

replacement with Dacron prosthesis.

Murgo et al (Murgo et al. 1981) studied the effects of exercise on aortic input
impedance and pressure waveforms in normal humans. Exercise was found to cause an
increase in characteristic impedance and decrease in periphestanesi Reductions in
wave reflection are anticipated during exercise, as vessels vasagithmore of the
pressure pulse is transmitted, due to an increase in vessel caliber. Kitoet@dred
exercise hemodynamics in patients with Dacron grafts and control subjeuntst(K&l.

1995). They observed a 29% rise in characteristic impedance and a 21% decreake in tot
systemic arterial compliance in Dacron grafts during exercise. Changentrol

subjects from rest to exercise were not as pronounced, underscoring increeskd vas
stiffness in patients with Dacron grafts. In their study, Kim et al reppoetductions in

wave reflection during exercise were less pronounced in Dacron grafisvasred to

control subjects. Thus, the authors postulated that CoA patients treated by Patch

have a reduction in power transfer efficiency in the arterial system duesenpeeof less
compliant Dacron grafts (Kim et al. 1995). In a related study, simulatiorewfahr

hemodynamics after partial replacement of the aorta with syntheticrgaterial
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revealed alterations in aortic input impedance and hemodynamics, whereaptier gle

resistance remained unaltered (Bauernschmitt et al. 1999).

McGiffin et al. developed a two-dimensional (2D) non-linear mathematiodem
and a three-dimensional (3D) finite element model to measure aortic wal sfter
repair with PTFE synthetic patch material (McGiffin et al. 1992). They obsergid hi
wall stress on the synthetic patch and the wall opposite the patch location. High wa
stress was not observed in areas away from the synthetic patch. The thettedose
believe post-stenotic wall thinning and high wall stress on the aortic wall wer
responsible for disintegration of the medial layer of the aorta and subsequeatidarof
true aneurysms. Smaill et al. also studied the changes in wall geomettyaamd s
resulting from the introduction of a synthetic patch (Smaill et al. 2000). They observed
decreases in circumferential curvature and substantial increases straialadjacent to
the patch. These variations in wall strain and local vascular geometry coiméimed
with the resulting blood flow alterations, may also contribute to disruption of édéim

layer in the aortic wall.

In 1988, a study by Ala-Kulju et al. reported a 32% incidence of aneurysm
formation in CoA patients treated with Dacron patch aortoplasty and suggesteddhat |
term follow-up would find a further increase (Ala-Kulju and Heikkinen 1989). In 1995,
Parks et al. reported a 51% incidence of aneurysm formation in their longeterwmw dip
study as mentioned above (Parks et al. 1995). These studies prompted widespread
abandonment of the Dacron patch as a synthetic material used for CoA repad dre

mid-to-late 90s.
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1.6 Thoracic aorta blood flow patterns revealed by medical imaging

Multidirectional analysis has been used to study flow patterns in the human
thoracic aorta (Frydrychowicz et al. 2008; Kilner et al. 1993; Wentzel et al. 200%r K
et al found a right handed helical flow pattern in the upper aortic arch irysatdéesand
variation in this normal helical flow pattern depends on the arch geometry andicewrvat
Figure 5 shows the schematic representations of the findings by Kilner ¢hraeat

different time intervals over the cardiac cycle.

Figure 5. Schematic drawings delineating flow patterns in the aortiarch during
early systole (A, highest axial velocities along the inner curvature), mid+late
systole (B, development of secondary helical flow and highest axial veloat@ong
the outer curvature of the aorta and some separation of flow from the irgr arch),
and end systole (C, re-circulating and rotational flow). Adapted fronm(Kilner et al.
1993)
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Frydrychowicz et al performed multidirectional flow analysis of aneurysms
developed after surgical repair of CoA. They observed increased flow veddhitbeigh
the transverse arch and abnormal velocity patterns in the aneurysm. Decrdbskeara
stress (WSS) and increased oscillatory shear index (OSI) were seeanmnetingsms

compared to the ascending aorta and the transverse arch.

1.7 Statement of Hypothesis

Most aneurysms are formed opposite the synthetic patch location, but precise
factors causing aneurysm formation at the site of the aortoplastgstdim unclear (von
Kodolitsch et al. 2002). However, Dacron patch aortoplasty is no longer implemented for
treatment of CoA due to the reported high incidence of aneurysms as mentioned above.
Thus, a causal relationship between altered hemodynamics and the likelihood of
aneurysm formation or rupture may not be possible and is, perhaps, not the most
important question for this patient population, many of whom were treated decades ag
Instead, it is important to understand the ramifications and severity of altered
hemodynamics due to aneurysms and current aortic morphology as well anplaeir
on indices known to correlate with long-term morbidity. To date, detailed quambificat
of local hemodynamics and indices of wall shear stress have not been conducted in the
normal thoracic aorta or applied to Dacron patch patients to quantify thetyseweri
sites of alterations. These local alterations can now be quantified osipyi@tional
fluid dynamics (CFD) (Steinman and Taylor 2005). Further investigation into the

hemodynamic basis of morbidity and treatment outcomes for patients is abyicul
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interesting when we consider recent advancements in computational modeling tools
(Figueroa et al. 2006; Vignon-Clementel et al. 2006; Wilson et al. 2001). Patieifitspec
anatomy can now be extracted, and geometrically representative computabdets of

the vasculature can be created, using information obtained during a routing clinica
imaging session (Pekkan et al. 2005; Socci et al. 2005). This anatomic data, ih concer
with other physiological data obtained during the imaging session, such ascphésst
magnetic resonance imaging (PC-MRI) and four-extremity blood pressBjed@ be

used to create 3D, patient-specific, time-varying representations of heamidg
throughout the cardiac cycle. These tools offer the potential to quantify hemodgmamic
a 3D and temporal manner that is not possible with other modalities. This paradigm ha
been successfully applied to other congenital heart defects, specitwaléydlassified as
“single ventricles.” In these patients, computational fluid dynamie®jGimulations of
the Fontan procedure has led to widespread acceptance of several technicehtioodgifi
demonstrated to be more energy efficient to previous surgical techniqueso(BrzhDe
Leval 1998). If these techniques were applied to the thoracic aorta of normaéand t
CoA patients, similar studies would likely provide greater understanding otéomg
morbidity, offer a screening tool for identifying vascular sites for longiaid@valuation,

and potentially promote preoperative assessment of treatment options.

Therefore, the current investigation tested the hypothesis that Dacron patch
aortoplasty causes alterations in vessel wall geometry, blood flow, |dtsinsaof
velocity, and indices of wall shear stress in the thoracic aorta of pairenisusly

treated for CoA. Three specific aims were identified to test this hypsthesi
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Specific aim 1:Quantify and characterize hemodynamics including local velocity
profiles, temporal streamlines revealing flow patterns, TAWSS, and ©8idahoracic

aorta of Normal subjects.

Specific aim 2:Quantify and characterize hemodynamics including local velocity
profiles, temporal streamlines revealing flow patterns, TAWSS, and @8idahoracic
aorta in age and gender matched CoA patients previously treated by Daclon patc

aortoplasty.

Specific aim 3:Compare the local position and severity of alterations in WSS indices
within the thoracic aortas of CoA patients previously treated by Dacron patoplasty
with age and gender matched normal subjects to delineate the potential regions of
hemodynamic susceptibility after patch correction and offer a scregahfipr other

corrective repairs for CoA or diseases of the thoracic aorta.
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Chapter 2 Methods

2.1 Magnetic Resonance Imaging

Six patients (5 male and 1 female, mean age 29) previously treated for CoA by
surgical Dacron patch aortoplasty and six Normal subjects (5 male andé,feraan
age 29) were previously imaged as part of the ongoing IRB approved protocol of John
LaDisa Ph.D. and his collaborators. Primary and secondary diagnoses for the six CoA
patients are provided in Table 1. Imaging sessions were performed diildirerCs
Hospital of Wisconsin (CoA patients) and Lucile Packard Children’s Hospi&ihatord
University (Normal subjects). CoA and Normal participants underwent Gadtolini
enhanced magnetic resonance angiography (MRA) using 1.5T Siemens Symhony
GE Sign& MR scanners, respectively. MRA sequences consisted of a three-dimensional
fast gradient echo sequence to obtain a volume of coronal slices. Slice thiekmesh r
from 2.0 to 2.2 mm, with 54 to 56 slices per volume. A 384 x 192 acquisition matrix
(reconstructed to 384 x 256) was used with a field of view of 20 x 30 to 25 x*3® cm
provide a reconstructed spatial resolution of 0.610 to 0.966 mm. Other scan parameters
included repetition times (TR) of 4.3 ms, echo times (TE) of 1.3 to 1.6 ms, and a flip
angle of 25°. Participants were instructed to hold their breath during the MRA data

acquisition period (~10-20 seconds) when age and ability permitted.

MRA data was used to delineate the anatomy of the thoracic aorta and the
innominate (lA), left and right carotid (LCCA and RCCA), and left subclavi&A{(L

arteries during the construction of patient-specific CFD models.
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Table 1. Primary and secondary diagnoses of the six CoA patients treated by
Dacron patch aortoplasty.
Patient Age Gender Primary Diagnosis Secondary
no (years) Diagnosis
1 32 Male | CoA, s/p Dacron patch repair, Bicuspid Ao valve
s/p Ao valve replacement (AoV)
(carbomedics)
2 25 Male | CoA, s/p Dacron patch repair  Aneurysm of
1985 descending aorta
3 33 Male CoA, s/p Dacron patch repaiBicuspid Ao valve
with aortic
regurgitation (AR)
4 33 Female| CoA, s/p Dacron patch repair  Bicuspid Ao valve
5 26 Male CoA, s/p Dacron patch repaiBicuspid AoV with
AR
6 26 Male | CoA, s/p Dacron patch repair Bicuspid Ao valve
1988

PCMRI sequences were performed for CoA patients in the ascending aorta

slightly above the aortic root, in the descending thoracic aorta at the 1¢kel o

diaphragm, and just distal to the IA, LCCA and LSA ostia. Velocity encodin@lG)E

gradients were set by Margaret Samyn MD and Joseph Cava MD, PhD during clinica

imaging sessions to optimize the dynamic range of the phase shift withimtuevielssel

of interest. The open source software Segment v1.700 (http://segment.heiberg.se)

(Heiberg 2007) and cvSiY (Cardiovascular Simulation. Inc, Mountain View, CA)

(Wilson et al. 2001) were used to quantify flow from PCMRI data in DICOM or 5X

format for Dacron patients and Normal subjects, respectively.
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Phase contrast images obtained perpendicular to each aortic location and the 1A
LCCA and LSA were used to calculate time-resolved volumetric blood flow as
previously described (Tang et al. 2006). Briefly, the PCMRI magnitude data wa
segmented using level set (Wang, Dutton, and Taylor 1999) or manual segmentation
techniques to delineate the vessel lumen. Pixel velocity values within dggeergations
were adjusted with a second order spatially dependent baseline correaithral¢o
account for phase errors that result from gradient eddy currents andtrodglds as
seen in Figure 6 (Bernstein et al. 1998; Heiberg 2007). Instantaneous flow nat¢kame
computed by integrating the corrected velocity values over the lumensesgms (Pelc

et al. 1992).
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Figure 6. Magnitude images to the left and on their side the correspondirphase
images for timeframes 2, 4, 6, 8 and 12 taken through the ascending aorta at the
level of the pulmonary arteries just above the aortic valve in a 32 year old normal
male subject and the flow waveform with these time frames circledhewn next to it.
The vessel lumen becomes darker in the magnitude and phase imagesmyithe
peak systole at time 0.128 sec. The phase difference is highest duringederation in
early systole at 0.043 sec (frame 2).
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PCMRI sequences were only performed at the ascending aorta location for
Normal subjects and were processed as described above. The distribution of blood flow
to each of the branch vessels and descending aorta was estimated from a previousl
published relationship between the diameter and flow of the ascending aorta and the
diameter and flow of branch vessels described by M.Zamir et al. (Zamatafgj and
Wonnacott 1992) that was conducted using rigid casts of the lumen geometries. The
geometries were obtained from two specimens of the human aortic arch obtained at
autopsy from a 53 male subjects and 38 female subjects with theiaagesyrfrom 20
to 92 years. In-vivo flow measurements were made through the rigid nddtsea
diameters of the branch were directly measured with caliperswiftiirough the parent
vessel is denoted ggand its branch vessels at distal to a bifurcatiomgaeandq,, then

the flow rates for the three vessels are related by 2.1 by conservation of mass

Co=Qq1+(Q2 2.1

The flow and diameter of a vessel are proportional through the power law index

given below as:

d} =d) +d; 2.2

In 2.2,dp, d; andd, denote the respective diameters of the corresponding vessels.
Using these expressions, the authors determined that the relationship betwedh g a
obeys a power law index of 2 for the head and neck vessels, consistent with area
preservation thought to be advantageous for delivering large amounts of blood rapidly

though conduit arteries.



21

PCMRI data was unavailable for one Normal subject (24 yo male). To
circumvent this limitation, body surface area was calculated from aopstyipublished
relationship between ascending aortic cross sectional area and body areéa(®eear,
Webber, and Leblanc 1994). Cardiac output was then determined using the average
cardiac index for the other Normal subjects and the calculated body surfacé&area
inflow waveform contour for the patient was obtained by ensemble averaging PCMR
waveforms measured in healthy children (Cheng et al. 2004) and scalingehdbkns
averaged waveform to match the cardiac output determined from the product of body

surface area and cardiac index.

2.2 Blood pressure measurements and assumptions

Blood pressures (BP) in the upper and lower limbs of CoA patients measured
using Dinama@® (GE Healthcare, Milwaukee, WI) devices are provided Table 2.
Differences in BP between extremity are typically caused dyeweflection and material
properties which collectively cause an increase in pulse pressure midtest reduction
in mean BP, or any local stenoses which can decrease mean BP and pulse press
(Nichols and O'Rourke 2005). As discussed below, all CFD simulations conducted for
the current investigation utilized rigid walls and thus do not include the impact of
material properties. Therefore, while the BP values provided in Table 2 wenéfosef
elucidating BP gradients and replicating these gradients in resuftinagons, upper
extremity pressures in non-stenotic vessels were used for setting up lyatomtitions

in the current investigation. BP data was not available for Normal subjectsgd la@c
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gender of subjects were therefore used to obtain representative normal BFreafue
National Health Survey Series 11, No. 234 (Drizd, Dannenberg, and Engel 1986) which
gives mean systolic and diastolic BP values for different ages and gehuersalues for

various age groups applicable to the current investigation are provided in Table 3.
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Table 2. Blood pressure measurements for the six Coarctation patienteated with
Dacron patch aortoplasty. Measurements in both upper limbs are includeddsow.

Patient| Age | Gender| Leftarm Right | Leftarm| Right | Average| Average
No systolic arm diastolic arm arm arm
(vears) blood | systolic | blood | diastolic | systolic | diastolic
pressure| blood | pressure| blood blood blood

(mmHg) | pressure| (mmHQ) | pressure| pressure| pressure

(mmHg) (mmHg) | (mmHg) | (mmHg)

1 32 Male 120 154 65 62 137 63.5
2 25 Male 112 116 80 80 114 80
3 33 Male 106 108 64 64 107 64

4 33 Female 108 112 65 64 110 64.%

5 26 Male 103 136 69 74 117.5 71.5
6 26 Male 133 157 94 84 145 89

Table 3. Blood pressure data for several age groups of normal participantdtained
from Health Survey Series 11, No. 234. This data was used to assume systolic and
diastolic pressure values for Normal subjects used in the currenbvestigation
depending on their age and gender

Sex Age
18-24 years 25-34 years 35-44 years
Systolic blood pressure (mmHg)
Men 124 125 126
Women 111 112 119
Diastolic blood pressure (mmHg)
Men 73 76 79
Women 70 73 7




24

2.3 Computational model reconstruction

2.3.1 Construction of volumetric data from DICOM image slices

MRA data in DICOM image slice format was converted into .vti volume format
using eFilm softwa® (MERGE Healthcare, Milwaukee, WI) and cvSim. The 3D
volume was then visualized using volume rendering techniques and adjusting appearance
settings within an open-source software project VolView (Kitware, Diifton Park,
New York) to determine rendering values for scalar and gradient opadityoéor
mapping. The .vti volume file was then loaded in cvSim and visualized using theses

parameters.

2.3.2 Model reconstruction from MRA volume data

After visualizing the volume, centerline paths were manually assigned using
cvSim along each vessel lumen of interest. These paths act as the basiofkafoe
model reconstruction. The manual assignment of paths first involved selectioring sta
and ending points. Depending on the length and tortuosity of the vessel of interest, a
specific number of spline points were then introduced between the start and end points
These points were then fit to a spline curve typically containing 15 to 20 spline points for

the aorta and fewer for branch vessels. Paths were then saved with a lfistinciber.

The vessel lumen along each path was delineated by segmenting thetheea of

lumen in an intensity window orthogonal to the path. Separate group fiteveated
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for each vessel where individual segments were saved. The segmenteeatse gsing

the automated level set algorithm and manual segmentation techniques. Two cansecuti
segments were not allowed to intersect to avoid lofting issues. All 2D segfoetite
individual groups were then lofted along the paths to create a vessel solid ardleddivi
vessel solids were combined to create a solid model as depicted in Fidurections
between the parent vessel and the branches of the final solid model were blendezl to ma
them smooth and more reflective of physiology. The ascending aorta inktesurés

tagged as the inflow face and the descending aorta outlet surface was tagged as the
outflow face. Patient-specific models constructed using the above methodsdxr the

Normal subjects and Dacron patients are shown in Figures 8 and 9, respectively.

Figure 7. Creating patient specific CFD models from MRA data (A) intudes finding
the centerline path of each blood vessel (B), performing segmentatiohthe vessel
lumen (C), connecting segments to form a model (D) and meshing the datiodel
(E). Panel E also shows the inlet and outlet faces of the computational mo¢s).
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Figure 8. Volume rendered MRA representations for the six normal suects
(above) and their computational subject specific solid model represtations
(below). From left to right, patient 1 — 32 year old normal male, subject 2 — 25 year
old normal male, subject 3 — 33 year old normal male, subject 4 — 33 year old
normal male, subject 5 — 26 year old normal male and subject 6 — 26 year old
normal female.
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Figure 9. Volume rendered MRA representations for the six CoA patias treated
with Dacron patch aortoplasty (above) and their computational subject spefic solid
model representations (below). Their age, gender, primary diagnoses and sedary

diagnoses are given in Table 1.
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2.3.3 Mesh Generation

The final solid model was then converted to a finite element mesh representing
the blood vessels of interest utilizing automated meshing techniques made pasisible w
the MeshSim (Simmetrix, Inc) software capabilities incorporatekinvdvSim.
Refinement of the mesh depends on the global max edge size defined as the maximum
length for elements within the mesh. The smaller the global max edgensizgetter the
number of elements in the mesh, but at the expense of additional computational time. A
global max edge size on the order of 1 mm was selected for the initial mesiaes of
patient in order to achieve optimum mesh refinement while keeping the total number of
elements at a manageable computational level. The process of obtainingsGEPfoe a
single patient actually requires running several successive simulagghspfewhich
contains a greater number of elements in order to ensure that simulatichassult
independent of the number of elements used for the simulation. The initial mesthfor ea
patient is isotropic, thus all elements are of the same edge size armlitiests of
tetrahedral elements in all areas of the CFD model are uniform. Hgvedtezreach
successive simulation an adaptive technique was employed to deposit muetgleear
the luminal surface and in anatomical regions prone to flow disruption. As a resuilt, f

CFD meshes contained >3 million locally-refined elements.
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2.4 Boundary conditions and CFD Simulations

2.4.1 Generation of output files from mesh

The commercial PHASTA flow solver integrated within cvSim operates on
portions of the finite element mesh by organizing it into different files that inthede
location of nodes, the connectivity between nodes, the boundary nodes, and the element
faces to be used in prescribing boundary conditions. These files are savediafier
cvSim to create the mesh from the solid model as described above and include
all_exterior_faces.ebc.gz (containing element connectivity of atbttexior faces),
mesh.connectivity.gz (containing element connectivity of the volumetric mesh)
mesh.coordinates.gz (containing the coordinates of all the nodes of the mesh)nmesh.s
(the mesh files), mesh.supre (input pre-solver file for cvSim), mesh.xadpgaifting
the element adjacency), and inflow_mesh_face.vtk (Visualization toolkit (vtk)
representation of the inflow face of the model). In addition to the above output files, a
mesh-surface®lder is also saved and contains the boundary element connectivity, list of

nodes and vik files for each face.

2.4.2 Inlet and outlet boundary conditions

Ascending aortic blood flow waveforms obtained from PCMRI data were
prescribed on the inflow face as the inlet boundary condition. The ascending aorta

PCMRI waveforms were mapped to the inlet face of the computational model using a
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temporally varying parabolic flow profile. Flow waveforms obtained fromAh¢.CCA

and LSA and descending aorta were used, in conjunction with measured BP data, to
prescribe outflow boundary conditions as discussed below. The likelihood of successfully
completing a simulation (i.e. convergence) is greatly increased whenngressl|

velocity conditions within the problem are not forced to begin from values of zero. This

is known as a “cold start” and was avoided for simulations in the current investipsti
conducting steady simulations using the mean blood flow value from the ascending aorti
inflow waveform of each patient. Results from the completion of these steaaly me
simulations utilizing mean blood flow were then applied as initial conditions &br ea

pulsatile simulation of the entire cardiac cycle.

Practically speaking, resistance boundary conditions were applied for mean
simulations and the value for resistance at each model outlet was determindtiaising

mechanical analogue of Ohm’s law:

P=0QR 2.3

whereR is the terminal resistance of the vasculature distal to the outle(Jasdhe
mean physiologic flow rate through the outlet face for the branch of intereBtiarie

applicable mean BP value.

To replicate the physiologic influence of vessels distal to CFD modethea for
pulsatile simulations, a three-element Windkessel representation wagdrgieach
outlet using a coupled-multidomain method as shown in Figure 10 (Vignon-Clententel e

al. 2006). The three-element Windkessel representation provides a good estitmate of
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arterial tree beyond model outlets (Westerhof, Stergiopulos, and Noble 2005) and can be
described by three main parameters with physiologic meaning. &.d R. R is the
characteristic impedance representing the resistance, complrahoeegtance of the
proximal artery of interest, C is the arterial capacitance andsegsethe collective
compliance of all arteries beyond a model outlet, apdd3cribes the total distal

resistance beyond a given outlet. The terminal resistaRc®(Rach model outlet was
determined from mean BP and PCMRI flow measurements and distributed between R
and Ry as described below. Under resting conditions, the total arterial compliahC¢ (T

for each patient was determined using inflow and BP measurements and assugiftag a R
ratio of 6% (Laskey et al. 1990). The TAC was then distributed among outletdiagcor

to their blood flow distributions (Stergiopulos, Young, and Rogge 1992) aRdrRtios

for each outlet were adjusted to between 6-10% using the pulse pressure method
(O'Rourke and Safar 2005; Stergiopulos, Segers, and Westerhof 1999) therebyrgplicati

BP values.
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Figure 10. Boundary conditions prescribed on the inlet and outlet faces tie
computational model when conducting a CFD simulation. The patient spéic
inflow waveform was prescribed on the inlet face and 3-element Wilkessel model
(RCR) representations reflective of the downstream vasculature we prescribed at
model outlets.
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2.4.3 CFD simulations

Simulations were performed using a novel stabilized finite element method tdrs®lve
conservation of mass (continuity) and balance of fluid momentum (Nawuke$§t
equations (Figueroa et al. 2006). Conservation of mass (continuity) equationralgene

given as
{rate of mass accumulation} = {rate of mass in} — {rate of mass out} 2.4

2.11 can be expressed mathematically as

9p , Apyu)  o(pv)  O(pw) _ 25
ot oX oy 0z

wherep is the density of fluid, and, v andw are thex, y andz components of the

velocity vectoray, v andw.

The Navier-Stokes equations are the governing differential equationg for th
motion of incompressible fluids and are developed from conservation of mass and linea

momentum. They are non-linear partial differential equations given as
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where g is the acceleration due to gravity given irxtlyeandz directions.

Blood vessels were assumed to be rigid even though they are known to be
compliant. Mismatches in this mechanical property between the aorta ahdilely
account for much of the geometric disparity between Dacron patients and Normal
subjects observed in the current investigation. This decision was based on three factor
First, the precise location of the patch was not known for all patients since ssikgere
conducted at different institutions and, in some cases, decades prior to the imatyng s
utilized. Second, cvSim does not currently permit the use of variable tissue psyertie
implementation of deformable walls would utilize a single vascular thickmelss a
modulus of elasticity that could introduce additional uncertainty into simulatiatises
Finally, the modulus of elasticity for Dacron material is substantiallydrithan aortic
tissue of healthy younger children. When coupled with the fact that patients urrriéet c
investigation have a mean age of 29 years and their vessels are liketytstifif¢hose of
younger patients, implementation of rigid walls offers a more reasonabiepson than
a single modulus for the patch location and entire thoracic aorta. Simulagomsum for
4-6 cardiac cycles until the flow rate and pressure fields yielded perioditossl
Periodicity was assumed when the maximum error between equivalent points in
successive cardiac cycles for pressure and flow were <1 mmHg and/'4, mm
respectively. A constant value of 1.06 gfomas used for all patients for the density of
blood. A Newtonian fluid assumption with a common viscosity of 4 cP was also used for
all patients. A Newtonian fluid assumption is valid given the shear ratéseféhoracic
aorta and its branches, and the value is reasonable since rheological dada was

available for all patients and subjects in the current investigation.
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Wall shear stress is the tangential force per unit area exerted lhyidhenfthe

vessel walls and given as
Tw= U 2.9

where,u is the dynamic viscosity of the fluid and is wall shear rate which is

proportional to the near-wall velocity gradient. Therefore the closer to théhatathe
velocity can be determined, the more accuratean be calculated. The error associated
with this calculation is largely influenced by the technique used to obtain thevakkar-
velocity measurements within a fluid environment and, specifically, how clobe toal

a given technique can resolve the fluid velocity. Techniques including pulsed andlspectra
Doppler and MRI are generally only able to resolve velocity to approximately

0.9 mm/sec and therefore provide a very poor estimate of WSS (Katritsis et al. 2007).
Conversely, if we assume that the geometry of a vascular region carubstelgc
reproduced, CFD can provide a much better estimate of WSS since the distantieef
vascular wall is only limited by the size of the finite element mesh andthputational
resources needed to solve the applicable fluids equations for the elementsesihe

From wall shear stress, a parameter called oscillatory shear iaddyecalculated and
characterizes flow separation from the vascular wall. More spebjfidaianges between

0 and 0.5 where lower OSI values indicate WSS is oriented predominately in theyprima
direction of blood flow while a value of 0.5 is indicative of bi-directional WSS with a

time-averaged value of zero throughout the cardiac cycle. OSl is cattakat

Tmag

osI =%(1—@J 2.10
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2.4.4 Quantification and visualization of simulation results

For each outlet in the CFD model BP and flow were quantified from the
simulation results and values were scrutinized to ensure they matched slwqoigally
measured BP (within 5 mmHg) and flow (within 5%) values for each patient @csubj
Instantaneous and time-average WSS as well as OSI were calculaadH@lement on
the wall of the mesh. From these files localized measurements weremsgaeific

locations of the model.

Blood flow velocity, BP, WSS and OSI results were visualized using cvSim and
an open source software project ParaMigitware, Inc., Clifton Park, New York).
Previous studies have demonstrated that spatiotemporal alterations in WSSnmaiice
be associated with local cellular alterations (Suo et al. 2007) and it is known g&lsves
adjust their caliber whenever possible to restore indices of WSS a seeméfgtygar
level. This concept is known as biomechanical homeostasis and it has been proposed that
the homeostatic value is not the same for each vascular region. Consistentswith thi
principle, and to determine cutoff values for quantification of potentiallyeledes
distributions of TAWSS and OSlI, the average value of each quantity was determined
from the collection of Normal patients in the vicinity of the descending thoaacia. In
addition to the entire area of the thoracic aorta subjected to low WSS or elevatdteOS
area of the thoracic aorta distal to the LSA experiencing adverses vdltleese indices

was also quantified.
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2.4.5 Mesh Independence

As discussed above, the flow solver used to run simulations utilizes an adaptive
meshing technique to generate highly refined anisotropic meshes from subsegaent
and pulsatile simulations for each patient. Studies have demonstrated thafidul thf
obtain WSS results without any error for complex arterial flows withwitise of
adaptation of meshes (Prakash and Ethier 2001). Requirements for mesh resolution to
accurately computationally simulate complex 3D arterial flows in congdemetries
have been described (Prakash and Ethier 2001). The mesh was refined adaptively until
mesh independence was obtained where the criteria for mesh independence was
established as <0.09 dyn/tiretween consecutive meshes. Thus, meshes for all cases
were adaptively refined until the third or fourth generation anisotropic mesh veaseabt
or until further mesh adaptation became too computational intensive. The finasmeshe
for the CoA patients and the normal subjects contained approximately 3 milliome&deme
and a description of the increase in number of elements with successive meshesdis pr

in Table 4 below.
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Table 4. Mesh statistics for the six Normal subjects and six CoA patients

Normal subjects Coarctation patients

Subject Number of elements Patient Number of elements

number Mesh 1| Mesh2| Mesh3 Mesh4 number Mesh1lMesh2 | Mesh3 Mesh4
1 627204 | 609285| 1704619  353636) 1 838869  1087[18951585 | 3807251
2 659800 | 763934| 1913847 3548348 2 772265  11733165328B | 3263436
3 471912 | 698523| 1888644 2864460 3 630666 740950 6021 2437725
4 531871 | 596846| 1608450 3236981 4 756154 842576 80829 3093804
5 716733 | 798310| 2106098  326826f 5 804381 814928 858K 3014321
6 514907 | 622925| 1809313 3009854 6 730159 807587 72235 3093804

2.5 Data Analysis

The anisotropic nature of refined meshes made it non trivial to extract scalar

information (TAWSS or OSI data) at regular intervals along the axisamaference of

completed CFD simulations. A number of advanced quantification programs were

therefore written by Laura Ellwein, Ph.D. to extract results at predeted

circumferential and axial locations of each CFD model.

A set of locations were chosen along the centerline path of each branch based on a

user-defined axial increment for the analysis. At a given location, the @gwét plane

orthogonal to the centerline path was calculated and points closest to the pkne wer

gueried such that the collection of points were well distributed around the aremod

of the vessel (about 120). To determine the circumferential location of a giventpeint
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analysis points were mapped to a virtual set of points via a set of rotations. The path poi
mapped to the origin and the virtual points formed a thin cylindrical contour close to the
xy-plane in the shape of the vessel cross-section with negligible z-component.
Circumferential location (angle) was then calculated by the aratangée (x,y)
components of the virtual points and this angle was associated with the original set of
analysis points. Interpolation was used to find (x,y,z) and WSS for points at 0, 90, 180,
and 270 degrees where necessary. The values of the scalar quantity (TAW3Sar OS
individual interpolated points were calculated as the weighted average of e scal
guantity at the four nearest nodes, based on their distance from the point. A 2D moving
average filter weighted filter with 5 horizontal points and 3 vertical points waedpl

the extracted scalar data. The filter had more resolution in the circundédam@ction

due to the higher number of points obtained in the circumferential direction. An initial
selection of circumferential resolution was interpolated to 360 equally spacesl point
along the circumference. For axial plots, the resolution was selectetidratdee

diameter of the descending aorta of the individual subject or patient. Axialtresokas
chosen at 1/80f the descending aorta diameter. Axial data was extracted along the
anatomical right, anatomical left, outer and inner curvatures. The distal drellcddA

served as the starting position for axial plots. By convention and to account for
differences in patient size, quantification locations along the length deteending

aorta are expressed in terms of outlet diameters. The outlet diametertfqad¢iant is

equal to this dimension at the descending thoracic aorta.

TAWSS data was normalized with respect to the cardiac index (ClI) of each

normal subject and CoA patient. While this normalization can mask local fluctsati
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indices of WSS as well as potential homeostatic values for a given patiesgpptioach
was nonetheless performed to obtain patterns reflective of the collectivpalieAt and
Normal subject populations consistent with specific aims of the investigatimalugs
were calculated from a ratio of cardiac output (CO) to body surfac€B®#g where
CO values were obtained from the PCMRI data and BSA was determinegasarg
height and weight. OSI values were not normalized as this index is alreadyalized

parameter.

The total length of the thoracic aorta centerline paths of the six Nouivjatss
and the six Dacron patients were calculated to demonstrate the differemch i
geometries between the two populations. Tortuosity in the transverse adrtioraite
six Normal subjects and six Dacron patients was determined by quantifyiraglthe of
curvature (ROC) as previously described (Mirnajafi et al. 2005). Brieflygebenetry of
the aortic arch was determined by fitting every point on the path to a second order

polynomial give n as,
y = ak+bx+c 2.11

the radius of curvature, r, of the aortic arch at every point in the path wasidett by

using the relations

1\ 2\3/2
roc= L))" 2.12
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An average of the ROC values determined at eactt p@is obtained to give the mean
radius of curvature in a particular plane. SimyfaROC in the orthogonal plane was also

determined.

The numerical data for all results including TAW&®I OSl is expressed as
mean * Standard error of the mean (SEM). Mean vdreBP, blood flow, TAWSS and
OSI were compared between investigational groupguBtudent’s 2-sample t-test.
Minitab 15® software (Minitab, Inc., State College, PA) wasduie all statistical

analysis and & value < 0.05 was considered significant for athparisons.
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Chapter 3 — Results

3.1. Measured and calculated blood flow indices for Normal subjects and Dan
patients

Cardiac output quantified using PCMRI data for Ndreubjects and Dacron
patients is shown in Table 5. There were no diffees in CO between groups (Normal:
6.12+0.5 vs. Dacron: 5.5.5 L/min). Cardiac indices quantified from CO dratly
surface area were within published normal valuedNfrmal subjects (Seear, Webber,
and Leblanc 1994) and did not significantly diffiem Dacron patients (2.60.2 vs.
2.7+0.2 L/min/nt, respectively, Table 5). Distributions of card@adput to the head and
neck vessels are also provided in Table 6. Whieethvere no differences in blood flow
to the innominate artery, there was a significantease in blood flow to the LCCA in
patients treated by Dacron patch as compared tmdl@subjects (84#0.5% vs.
7.0+0.4%, respectivelyp <0.05). Conversely, blood flow distribution to th8A in
Dacron patients was nearly half that observed imib subjects (6480.7% vs.

11.6+0.8%, respectivelyp <0.05).
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Table 5. Measured and calculated blood flow indices for Normal subjesiand
Dacron patients respectively. Patient 1 = 32 yo male, 2 = 25 yo male, 3 = 33 yo male,
4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male. * Statistically different from
Normal subjects P < 0.05).

Patient | CO Cl A LCCA LSA
No. (L/min) (L/min/m?) | (% of CO) | (% of CO) | (% of CO)
1 7.24 2.86 19.3 8.3 148
2 7.91 3.28 186 74 112
3 5.46 243 188 7.2 108
g’ 4 4.85 213 141 73 12.0
“2‘ 5 5.55 2.63 22.1 6.3 12.1
6 5.70 2.32 158 55 85
Average| 6.12t0.5 | 2.6%0.2 | 18.%11 | 7.004 | 11808
+ SEM
1 5.86 253 18.0 8.6 73
2 6.68 3.44 16.4 6.5 8.1
3 5.69 2.65 149 8.7 5.7
§ 4 3.54 2.28 19.2 8.3 6.2
Sg’ 5 4.91 253 21.7 10.3 2.9
6 6.33 3.18 20.1 9.6 5.78
Average| 55Qt0.5 | 2.7#0.2 | 18.410 | 8205 | 6.0t0.7*
+ SEM
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3.2. Blood pressure indices in normal subjects and Dacron patients

Systolic, diastolic, mean and pulse blood pressahees measured immediately
following the clinical imaging session for Dacroatients are provided in Table 6 and are
not statistically different from those ascertaiiesh the literature (Drizd, Dannenberg,

and Engel 1986) for Normal subjects using theit@méc characteristics.
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Table 6. Blood pressure values for Normal subjects and Dacron patients. Ratt 1 =
32 yo male, 2 = 25 yo male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and 6 =

26 yo male.
Patient Systolic Blood | Diastolic Blood | Mean Blood Pulse
No. Pressure Pressure Pressure Pressure
(mmHgQ) (mmHg) (mmHgQ) (mmHgQ)

1 125 79 97 46
2 124 76 97 48
3 125 73 87 39
g‘ 4 112 79 95 46
EZ§ 5 125 79 97 46
6 125 79 96 46
Average 123¢2 78t1 95+2 451

+ SEM
1 137 64 95 74
2 114 80 01 34
3 107 64 81 43
é 4 110 65 85 46
35’ 5 1175 72 81 46
6 145 89 111 56
Average 122t6 72t4 915 50t6

+ SEM
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3.3. Indices of aortic morphology

Tortuosity in the transverse arch of Normal sulgjestd Dacron patients was
determined by quantifying the ROC in two orthoggplahes as previously described
(Mirnajafi et al. 2005) and discussed above. Resutprovided in Table 7. While the
radius of curvature in Normal subjects was gengkater in both the lateral and top
view planes as compared to the Dacron patientsgifference did not reach significance
when comparing the collective groups of patierits important to note that Dacron
patients 1, 4 and 5 include pronounced out-of-ptaneacic aorta curvature upon visual
inspection that was not delineated as statisticjgificant using the approach of

Mirnajafi et al.

However, the total length of the thoracic aortatedime path discussed in the
Methods section is also reflective of differencearch geometries between Normal
subjects and Dacron patients. These lengths avdein Table 8 and demonstrate that
Dacron patients collectively have a significantndier thoracic aorta than Normal

subjects (2953 8 mm vs. 263 4 mm, respectivel\p <0.05).
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Table 7. Radius of curvature measured in the coarctation patients ¢ated with
Dacron patch aortoplasty and the six corresponding age and gender matched
Normal subjects. Patient 1 = 32 yo male, 2 = 25 yo male, 3 = 33 yo male, 4 = 33 yo
female, 5 = 26 yo male and 6 = 26 yo male.

NORMAL DACRON
Patient No. ROC in ROC in top ROC in ROC in top
lateral view view lateral view view
(mm) (mm) (mm) (mm)
1 69 65 75 65
2 67 71 75 36
3 56 109 80 62
4 83 56 47 82
5 74 72 69 83
6 71 75 65 72
Averaget 70+4 757 65 6 A7
SEM
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Table 8. Total length of the thoracic aorta values measured in the six coarciai

patients treated with Dacron patch aortoplasty and the six corresponding age dn

gender matched normal subjects. Patient 1 = 32 yo male, 2 = 25 yo male, 3 =33 yo

male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male. * Statistically different
from Normal subjects (P < 0.05).

Patient No Total length of Thoracic Total length of Thoracic
aorta in Normal subjects | aorta in Dacron patients

(mm) (mm)

1 273 314

2 266 292

3 250 260

4 273 288

5 266 309

6 249 306

Averagetx SEM 2644 295t8*
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3.4. CFD simulation results

3.4.1 Temporal Blood Flow Velocity

Temporal distributions of blood flow velocity in Noal subjects and Dacron
patients are provided in Figures 11, 12 and 13raarmslines during early systole, mid-to-
late systole, and end systole consistent with poiats selected by Kilner et al. in their
description of blood flow patterns in the thoraaarta (Kilner et al. 1993). For the
Normal subjects, velocity is fully attached witlmagnitude of 40 to 80 cm/s and
streamlines are skewed towards the inner wall dugarly systole (Figure 11, row 1).
Importantly, there is continuous, seemingly lamithaw from the aorta to the head and
neck vessels for each of the six patients. Whikeral skewing of velocity towards the
inner wall of curvature is also observed for Dagpatients, they also display much less
consistent patterns of velocity including magnisige20 cm/s and swirling in patients 1,
2, 4 and 5 or elevated velocity > 100 cm/s in lmeet of residual narrowing including
the coarctation region of patient 3 and the trarsssarch of patient 6 (Figure 11, row 2).
These patterns lead to localized flow disruptionsdaveral Dacron patients as blood
flows from the arch to the arteries of the head rexk, and particularly the LSA, during
early systole. During mid-to-late systole velo@tyeamlines obtained from CFD
simulation results show skewing of velocity alohg buter curvature and the
development of right-handed helical flow in thetawarch of Normal subjects consistent
with prior reports (Kilner et al. 1993; Wentzeladt 2005). This time during the cardiac

cycle is also associated with elevated (> 100 crfgsy)ard-directed velocity in the
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absence of swirling or vortices in the descendugécic aorta of these subjects (Figure
2, row 1). While skewing of velocity toward the eutvall and the development of
helical flow also occurs in Dacron patients 1-&skh patterns are not ubiquitously
observed in simulation results of all patients at-to-late systole and streamlines during
this time are more erratic in the descending thoraorta (Figure 12, row 2). Velocity
streamlines at end systole primarily show swirkamgl rotational flow throughout the
aorta of both investigational groups along with\seetive acceleration in areas of

residual narrowing for Dacron patients (Figurerbsys 1 and 2).
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Figure 11. Variations in blood flow velocity streamlines at early-systelin the six
Normal subjects (top row) and six age and gender matched Coarctation patiesn
with Dacron patch aortoplasty repair (bottom row). Patient 1 = 32 yo male, 2 = 25

yo male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male.
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Figure 12. Variations in blood flow velocity streamlines at mid-to-lag¢ systole in the

six Normal subjects (top row) and six age and gender matched Coarctatigatients

with Dacron patch aortoplasty repair (bottom row). Patient 1 = 32 yo male, 2 = 25
yo male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male.
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Figure 13. Variations in blood flow velocity streamlines at end systoia the six
Normal subjects (top row) and six age and gender matched Coarctation patiesn
with Dacron patch aortoplasty repair (bottom row). Patient 1 = 32 yo male, 2 =25

yo male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male.
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3.4.2. Velocity profiles in the descending thoraamicta

To further understand and quantify local dispantplood flow patterns between
Normal subjects and Dacron patients, and compatedastributions of WSS presented
below, velocity profiles from simulation results eealso quantified at select locations in
the descending thoracic aorta (Figures 14-17).tdpend bottom of velocity profile
images represent lumen surfaces along the outenaedradii of curvature,
respectively, and left and right are consistenhhieir anatomic locations. Using this

convention, forward-directed flow would be coming of the page towards the reader.

Consistent with streamlines presented above, edweelocity is seen along the
inner wall in the vicinity of the transverse aralridg early systole for both
investigational groups (Figure 14). At mid-to-Iatgstole, counter-rotating vortices begin
to form within the center of the transverse arcNarmal patients. This pattern is less
consistent for CoA patients treated by Dacron patiith includes two instances of
convective flow acceleration through narrowed hyastic regions (patients 2 and 6).
These respective patterns persist for both grdugso a lesser extent, during late

systole.

Just distal to the LSA (Figure 15) lowest veloc#tyocalized to the outer wall
(i.e. top) of curvature for all Normal and Dacraatipnts during early systole with the
exception of Dacron patient 3 where residual naimgwauses elevated velocity. During
mid-to-late systole at this location, counter noigitvortices begin to form and are slightly

skewed toward the anatomic left portion of the eessNormal patients. At 1-2
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diameters from the LSA (Figures 16 and 17, respelgii the orientation of these
counter-rotating vortices observed in Normal pdtidrecomes progressively more
oriented toward the anatomic left position. Thesads at respective diameter locations
from the LSA in Normal patients continued, but werere modest during end systole.

An analogous trend was not ubiquitously observedCA patients at each time point
due to residual narrowing, out-of-plane motion #melpresence of modest or pronounced

aneurysms in various patients.
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Figure 14. Velocity profiles obtained for cross-sections orthogonal to theansverse
arch during early systole (left), mid-to-late systole (middle) anénd systole (right) in
the six Normal subjects and age and gender matched CoA patients tredteith
Dacron patch aortoplasty repair. Patient 1 = 32 yo male, 2 = 25 yo male, 3 =33 yo
male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male.
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Figure 15. Velocity profiles obtained for orthogonal cross-sections obtasal just
distal to the LSA during early systole (left), mid-to-late systole (mddle) and end
systole (right) in the six Normal subjects and age and gender matched CpAtients
treated with Dacron patch aortoplasty repair. Patient 1 = 32 yo male, 2 = 25 yo

male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male.
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Figure 16. Velocity profiles obtained for orthogonal cross-sections obtasad 1
descending aortic diameter distal to the LSA during early systole ({®, mid-to-late
systole (middle) and end systole (right) in the six Normal subjects drage and
gender matched CoA patients treated with Dacron patch aortoplasty pair. Patient
1 =32 yo male, 2 =25 yo male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and
6 = 26 yo male.
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Figure 17. Velocity profiles obtained for orthogonal cross-sections obtada 2
descending aortic diameter distal to the LSA during early systole (g, mid-to-late
systole (middle) and end systole (right) in the six Normal subjects drage and
gender matched CoA patients treated with Dacron patch aortoplasty pair. Patient
1 =32 yo male, 2 =25 yo male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and
6 = 26 yo male.
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3.4.3. Distributions of WSS in Normal subjects &atron patients

Figures 18, 19 and 20 show the variation in spdigitibutions of WSS in
Normal subjects and Dacron patients at early systoid-to-late systole, and end systole,
respectively. WSS patterns at each of the threestim the cardiac cycle depicted are
generally reflective of the local alterations ioddl flow velocity described above and
from which they are determined. Previous studiggest spatiotemporal values of WSS
may be associated with local cellular alteratidhgq et al. 2007). The putative, and more
common, way of analyzing WSS results utilizes tiaveraged WSS values and OSI
calculated as described in the Methods section.,Timages of time-averaged WSS and
OSl are presented in Figures 21 and 22, respegtivetvious studies have demonstrated
that vessels adjust their caliber whenever possibtestore indices of WSS to a
seemingly preferred level, so cutoff values formifecation of potentially deleterious
distributions of TAWSS and OSI were determinedna&saverage value of each quantity
determined from the collection of Normal patiemtshe vicinity of the descending
thoracic aorta. The values of 13 dynesfamd 0.14 for TAWSS and OSI, respectively,

were therefore used for the quantification below.

In general, elevated TAWSS (> 50 dynesfcmas observed just distal to the
ostium of the head and neck vessels and lower TAWSIS dynes/crf) was localized
to the inner luminal surface of the descendingdbioraorta in Normal patients. In
contrast, TAWSS was not uniformly observed in teumn of the head and neck vessels
of Dacron patients and TAWSS was particularly lovie LSA of 5 out of 6 patients.

Regions of elevated TAWSS were, however, obsenmvéakcations of residual coarctation
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narrowing, transverse arch hyperplasia and outaf-purvature. The total area of
vessels exposed to low TAWSS was52% for Dacron patients as compared tea 2%

for Normal subjects (Table 9). When only considgtime area distal to the LSA, the area
of the lumen surface exposed to low TAWSS was848 for Dacron patients as

compared to 384% for Normal subjects (Table 10).

Normal subjects also had less of the luminal serfagosed to potentially
deleterious OSI as compared to Dacron patients1(& vs. 416%, respectively, and
49+6% vs. 425% for the area distal to the LSA), but this difiece did not reach
significance. Areas of OSI > 0.14, and hence réfleof secondary flow, were confined
to the inner lumen surface of the descending thoerta for Normal subjects,
particularly near the region of the ductus artersoshere right-handed helical flow is
known to transition into left-handed but more aytalirected flow (Kilner et al. 1993).
Regions of OSI > 0.14 for Dacron patients werelined to areas of altered vascular
geometry presenting since surgical correction iiclg aneurismal regions (patients 2
and 6) as well as distal to residual narrowings @utebf-plane curvature. Regions of
secondary flow were also generally more concemirtbe descending thoracic aorta of
Dacron patients as compared to Normal subjectdigbp@nds in these indices of

TAWSS and OSI are reported below.
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Figure 18. Spatial WSS distributions at early systole in the six Normal subgjés
(above) as well as age and gender matched patients previously treated for
Coarctation by Dacron patch aortoplasty (below). Patient 1 = 32 yo male, 2 = 25 yo

male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male.
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Figure 19. Spatial WSS distributions during mid-to-late systole inhe six Normal
subjects (above) as well as age and gender matched patients previotisated for
Coarctation by Dacron patch aortoplasty (below). Patient 1 = 32 yo male, 2 = 25 yo

male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male.
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Figure 20. Spatial WSS distributions at end-systole in the six Normal suigts
(above) as well as age and gender matched patients previously treated for
Coarctation by Dacron patch aortoplasty (below). Patient 1 = 32 yo male, 2 = 25 yo

male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male.
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Figure 21. Time-averaged WSS distributions in the six Normal subjects (abovas
well as age and gender matched patients previously treated for Coarctatiday

Dacron patch aortoplasty (below). Patient 1 = 32 yo male, 2 = 25 yo male, 3 =33 yo
male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male.
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Figure 22. Oscillatory Shear Index for the six Normal subjects (above) as welt age
and gender matched patients previously treated for Coarctation by Dacrongich
aortoplasty (below). Patient 1 = 32 yo male, 2 = 25 yo male, 3 = 33 yo male, 4 = 33 yo
female, 5 = 26 yo male and 6 = 26 yo male.
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Table 9. Percentage of the thoracic aorta exposed to TAWSS < 13 dynes/emd
OSI > 0.14 for the six Normal subjects and age and gender matched CoA patients
treated with Dacron patch aortoplasty repair, Patient 1 = 32 yo male, 2 = 25 yo

male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and 6 = 26 yo male. *
Statistically different from Normal subjects (P < 0.05).

NORMAL DACRON
Patient Total % of area | % of area Total % of area | % of area
No area of with with OSI area of with with OSI
the aorta | TAWSS < >0.14 the aorta | TAWSS < >0.14
(mm?) 13 (mm?) 13
dyn/cm? dyn/cm?
1 24543 43 54 30675 55 68
2 24650 24 41 31839 46 41
3 22229 49 52 24586 23 45
4 21613 39 27 26851 78 44
5 21709 47 45 25047 36 39
6 20096 32 34 30223 48 52
Average+ | 22473+ 39+ 4 42+ 5 *28204+ 48+ 8 49+ 6
SEM 732 1269
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Table 10. Percentage of the descending thoracic aorta distal to the LSA expdgo
TAWSS < 13 dynes/crhand and OSI > 0.14 for the six Normal subjects and age and
gender matched CoA patients treated with Dacron patch aortoplasty pair, Patient

1 =32 yo male, 2 =25 yo male, 3 = 33 yo male, 4 = 33 yo female, 5 = 26 yo male and

6 = 26 yo male. * Statistically different from Normal subjects (P < 0.05)

NORMAL DACRON
Patient | Areaof | % of area| % of area Area of | % of area | % of area
No the aorta with with OSI > the aorta with with OSI
distal to | TAWSS < 0.14 distalto | TAWSS < >0.14
LSA 13 LSA 13
(mm?) | dyn/cm? (mm?) | dyn/cm?
1 12444 41 36 15757 78 85
2 12091 27 46 19245 59 37
3 11693 68 63 9763 22 56
4 10821 41 21 8895 85 39
5 11563 60 44 9362 42 36
6 10391 33 35 15002 49 53
Average | 11500+ 45+ 7 41+ 6 13004+ 57+12 52+ 12
+ SEM 315 1743
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3.4.4. Local quantification of TAWSS and OSI indice

Figure 23 shows a schematic representation ofailneaixes along which TAWSS
and OSI data were quantified by extracting the esliwtom simulation results. To account
for differences in patient size and correspondigli@c function, TAWSS were

normalized by dividing by each patient’s cardiatpoi
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Figure 23. Anatomic locations of the four axes along which axial TAWSS and OSI
plots were quantified.

Figures 24 and 25 depict TAWSS distal to the LSA ansemble-averaged for
Normal subjects and Dacron patients along the daes shown above. Distributions of

TAWSS along the left and right walls of the thotaaorta in Normal patients are similar
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with the exception of the region two diametersaligt the LSA where there is reduced
TAWSS along the left luminal surface. Interestinddacron patients did not display this
spatial heterogeneity in TAWSS between the secaddlard diameter from the LSA(
<0.05). In Normal patients TAWSS is higher along tluter luminal surface, as
compared to the inner luminal surface, immediatidyal to the LSA, but then drops
below that along the inner surface until approxeha.75 diameters distal to the LSA.
An area of lower normalized TAWSS was also obsetweddiameters distal to the LSA
along the inner and outer luminal surfaces of Ndrsnhjects, but not Dacron patienis (

<0.05).

Figures 26 and 27 similarly depict ensemble-avataygal OSI plots for the
thoracic aorta distal to LSA. As seen in Figure@6) increases significantly along the
outer curvature between the third and fourth di@nsednd just distal to the LSA for
Dacron patients. OSI was also higher in Dacrorepégias compared to Normal subjects
between the third and fourth diameter and the Foand fifth diameter along the

anatomic right and the left curvatures, respectivel
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Figure 24. Ensemble-averaged axial TAWSS plots comparing Dacron patients it
normal subjects along anatomic right (top) and anatomic left (below) curvatie. *
Statistically different from Normal subjects (P < 0.05). Data are expresdeas mean

+ SEM.
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Figure 28 depicts the spatial location of circurafgral quantification regions for
each patient. TAWSS in these plots was also nom@@lby dividing by each patient’s
cardiac output. Circumferential plots are dividetbil6 sectors of equal size that were
then averaged similar to previous studies (Werdzal. 2005) to compare TAWSS and
OSI between Dacron patients and Normal subjeatsir&i29 shows the division of the

circumferential plot into 16 equal sectors withpest to their anatomic positions.
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Figure 28. Schematic illustration of orthogonal locations along the aorta where
circumferential TAWSS and OSI plots were quantified for each of the 6 brmal
subjects (top row) and corresponding 6 Dacron patients (bottom row). Pogin 1 =
transverse aortic arch, position 2 = just distal to the LSA, positions 3to9=1to 7
descending aortic diameters distal to the LSA.
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Figure 29. Schematic representation of how circumferential plots of TAWS and
OSI were quantified into 16 equal sectors with respect to anatomic pasins.

Figures 30, 31 and 32 show circumferential distrdns of TAWSS for Dacron
patients and Normal subjects. Dacron subjects lggftethTAWSS as compared to
Normal subjects in nearly all circumferential sestof the transverse arch (sector
number 1 -5, 10 — 13). Just distal to the LSA, TASWdecreased significantly along the
outer curvature and increased at sector 15 forddggatients with respect to Normal
subjects. At 1 diameter and 3 diameters distahédSA, Dacron patients show reversing
of TAWSS patterns with respect to Normal subjebtscron patients show higher
TAWSS close to the anatomic right and outer cumest@at 1 diameter distal. Close to the

anatomic left curvature, a significant increas@ AWSS is seen for Dacron patients at 3
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diameters distal. Between 4, 5 and 7 diameteraldsLSA, no significant difference in
TAWSS in Dacron patients and Normal subjects altvegcircumferential plots was seen
in Figure 32. Stabilization of TAWSS is observedidal subjects as well as Dacron
patients beyond 4 diameters from the LSA, exceptdibmeters distal, where a
significant decrease in TAWSS is seen close t@ttaomic right and outer curvatures

for Dacron patients.

Comparisons of OSI are shown in Figures 33, 343ndircumferential plot for
OSI at the transverse arch show significantly lalwes of OSI along the anatomic inner
right and inner left curvatures for the Dacron @aits. Just distal to the LSA, decreased
OSIl along the inner right curvature and increas&dl & the outer and close to the
anatomic left curvatures for the Dacron patientslmaobserved. At 1 diameter distal to
the LSA, a significant increase in OSl is obserakuhg almost the entire anatomic left
curvature between sectors 1 to 7. The outer rightature between sectors 9 to 12
demonstrates an increase in OSI too at 3 diameisted to the LSA for the Dacron
patients. As seen in Figure 35 no significant cleangOSI| between the Normal subjects

and Dacron patients occurs from 4 diameters t@ihdters distal.
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Figure 30. Circumferential plots of TAWSS in each of the 16 sectors showm i
Figure 29 for Normal subjects (red squares) and Dacron patients (blueanonds)
obtained in the transverse arch (top) and just distal to LSA (bottom). a = anatom

outer right curvature, b = anatomic outer left curvature, ¢ = anatomic inner &ft
curvature, d = anatomic inner right curvature. * Statistically different (p < 0.05)
from Normal. Data are expressed as meah SEM.



80

TAWSS at 1 diameter distal to LSA

15 4

3 c * d
s 1
: i ? 11y H
E 0s { ? i @ Dacron
'; v * i L] HNormal
g
0
0 4 8 12 16
Sector Number along the circumference
TAWSS at 2 diameters distal to LSA
. 1.5 4
S c b a d
£
Z
: |
E OS%}I*???:*** g?i;oDacron
'::U v * ] B Normal
s
0
0 4 8 12 16
Sector Number along the circumference
TAWSS at 3 diameters distal to LSA
. 1.5
= c b a d
£
: * £HHH f
F;_: 0s i } } H ‘ ? ? ? # Dacron
< M Normal
g "t

o] 4 8 12 16

Sector Number along the circumference

Figure 31. Circumferential plots of TAWSS in each of the 16 sectors showm i
Figure 29 for Normal subjects (red squares) and Dacron patients (blueamnonds)
obtained 1 (top), 2 (middle) and 3 (bottom) diameters distal to LSA. a = anatomic
outer right curvature, b = anatomic outer left curvature, ¢ = anatomic inner éft
curvature, d = anatomic inner right curvature. * Statistically different (p < 0.05)

from Normal. Data are expressed as meah SEM.
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Figure 29 for Normal subjects (red squares) and Dacron patients (blueainonds)
obtained 4 -7 (top to bottom) diameters distal to LSA. a = anatomic outer right
curvature, b = anatomic outer left curvature, ¢ = anatomic inner left curvatue, d =

anatomic inner right curvature. * Statistically different (p < 0.05) from Normal.

Data are expressed as meah SEM.
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Figure 33. Circumferential plots of OSI in each of the 16 sectors shown indtire 29
for Normal subjects (red squares) and Dacron patients (blue diamonds) tbned in
the transverse arch (top) and just distal to LSA (bottom). a = anatomic outeight
curvature, b = anatomic outer left curvature, ¢ = anatomic inner left curvatue, d =
anatomic inner right curvature. * Statistically different (p < 0.05) from Normal.
Data are expressed as meah SEM.
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Figure 34. Circumferential plots of OSI in each of the 16 sectors shown indtire 29
for Normal subjects (red squares) and Dacron patients (blue diamonds) tned 1
(top), 2 (middle) and 3 (bottom) diameters distal to LSA. a = anatomic outelight
curvature, b = anatomic outer left curvature, ¢ = anatomic inner left curvatue, d =
anatomic inner right curvature. * Statistically different (p < 0.05) from Normal.
Data are expressed as meah SEM.
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Figure 35. Circumferential plots of OSI in each of the 16 sectors shown indtire 29
for Normal subjects (red squares) and Dacron patients (blue diamonds) tbned 4-
7 (top to bottom) diameters distal to LSA. a = anatomic outer right curvatureb =
anatomic outer left curvature, ¢ = anatomic inner left curvature, d = anatomicriner
right curvature. * Statistically different (p < 0.05) from Normal. Data are expressed

as meant SEM.
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Chapter 4 — Discussion

4.1. Review of hypothesis and specific aims

Parks et al reported a 51% incidence of aneurys@®A patients treated by
Dacron patch aortoplasty in their follow up studylP95 (Parks et al. 1995) and
aneurysm formation has been seen as a long temsyagcal effect after Dacron patch
repair (Hehrlein et al. 1986; Nagano et al. 2003thRet al. 2002; Walhout et al. 2003).
The current investigation is strongly motivatedthg desire to further understand the
potential impact of local hemodynamic alteratioassed by this repair type and thus
tested the hypothesis that repair of coarctatioouigh Dacron patch aortoplasty causes
alterations in vessel wall geometry, blood flowgdal velocity pattern, temporal WSS
patterns, TAWSS and OSI patterns in the thoraditaaVe aimed to quantify and
characterize hemodynamics in six CoA patients éckatith Dacron patch aortoplasty
and in six corresponding age and gender matchedal@ubjects as well as compare the

severity in local alterations of TAWSS and OSI oeli between the two populations.

4.2. Summary of findings from the current investigation

To our knowledge, the current investigation isfilst to elucidate detailed
patterns of WSS and OSI in the thoracic aorta fiyr@hort of patients, Normal or
otherwise, using patient-specific CFD modeling. émantly, the inner curvature of the

luminal surface within the transverse arch appeab® most susceptible to adverse
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TAWSS and OSI and this region of susceptibilityqaeds in a left-handed manner from
1-5 diameters distal to the LSA until TAWSS and @& relatively uniform around the
circumference of the vessel. While there were sdVecations of significant difference
between Normal and Dacron simulations, the CoAepédidid not have a significantly
greater percentage of the lumen surface expodetdAWSS. Similarly, the amount
of the luminal surface distal to the LSA subjed@thigh OSI was similar between
investigational groups, but there were a substiamtiaber of locations where Dacron
patients exhibited flow separation, particularlypsb diameters distal to the LSA. These
observed differences in WSS indices between Nosugjects and CoA patients
previously treated by Dacron aortoplasty can kibated to blood flow velocity patterns
resulting from vascular geometry and distributiohblood flow to arteries of the head

and neck that has ensued since their correction.

4.3 Applicability of current findings to previous studies

Blood flow velocity streamlines obtained from therent CFD modeling results
are consistent with velocity results obtained immal subjects as elegantly quantified by
Kilner et al. (Kilner et al. 1993) in their studging 3D MRI. Specifically, during early
systole velocity streamlines were mainly axial ature and fully attached, with
secondary right-handed helical flow developing dgrihe mid-to-late systole in all
normal subjects. At early systole velocity streadi near the inner curvature of the aorta
demonstrated higher magnitude and at mid-to-ladeoy the velocity streamlines on the

outer walls demonstrated higher magnitude. Thesotinesults demonstrated a single
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concentrated region of flow separation along tmeircurvature of the thoracic aorta at
the level of the ductus arteriosus where Kilnealetlemonstrated right-handed helical
flow transitions into left-handed but more axiabgented flow. These helical flow
patterns seen in the currently study and demosesitiat Kilner et al. have also been
observed by Wentzel et al. (Wentzel et al. 2005heir study using PCMRI in the
human thoracic aorta to derive WSS distributioosglthe walls. However, the WSS
values included in this previous report were deteech purely from velocity values
obtained during imaging and thus the closenesscation at which near-wall velocity
vectors were determined may have greatly impa&pdrted values. Previous studies by
Frydrychowicz et al (Frydrychowicz et al. 2008)atsade use of 3D MRI, but to study
blood flow patterns in the thoracic aorta of suadjicrepaired coarctation patients. They
found re-circulating flow in the aneurysm of thdipats similar to those presented here
for patients 2 and 6. Thus, results from the cunmrestigation confirm and extend those
in these previous reports by quantifying and charaasng the impact of these flow

patterns on indices of WSS thought to contribute®ng-term morbidity.

4 4. Potential Limitations

The current results should be interpreted withcirestraints of several potential
limitations. The Dacron patch aortoplasty patiesppydation investigated was very
heterogeneous with various vascular morphologidssabsequent changes in
hemodynamics and may not necessarily reflectaltars that would be observed for the

overall patient population of patients that underin@acron repair. This may be due to
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the fact that data for the current investigatiors whtained from CoA patients treated
with Dacron patch aortoplasty that had returnettéoclinics and it is perhaps reasonable
to infer that these patients may represent a sagph Dacron patch patients with a less
favorable outcome as compared to those with the samgery that did not require

clinical follow-up and thus were not included heFae bicuspid aortic valve seen in
most CoA patients, or the tricuspid valves in sahtihe patients used in the present
investigation were not incorporated into the CFDdels. Instead parabolic blood flow
velocity profiles were implemented as the inflonuhdary condition. The difference in
flow profiles through bicuspid or tricuspid aortialves as compared to a parabolic inlet
might not results in true patterns of WSS and @She ascending aorta. These regions

were therefore omitted during quantification ofukésin the current investigation.

All patient specific solid models for running CFDnsilations were created by a
single user. While the process for creating patspeicific CFD models described here
has been utilized by many investigators and maktemats to standardize parameters
selected during the model creation process, vasgatametries may have been modestly
different for a different user and these differenbave been previously quantified
(Steinman 2002). Distributions of blood flow toearés of the head and neck were not
available for Normal patients in the current inigeion and the ascending aortic inflow
waveform was estimated from previous literatureaf@ingle normal patient. It is
therefore possible, that these estimates may hi#feeed from the actual physiologic

values had they been measured at the conclusithe afinical imaging session.
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A constant and assumed viscosity was used throagheFD model for all the
patients since rheological data was not availdfie. simulations were also performed
using a rigid wall assumption. Thus, no elastic olosl was assigned to the blood vessel
walls or the Dacron patch and the difference instiiftness of the patch material and the
compliant aorta are not taken into account. Th@gilen was made largely because the

exact locations of Dacron patch repair were nattifiable.

4.5. Future directions

Surgically repaired coarctation patients in futsitedies should have
homogeneous post-surgical geometry for a betteratheomparison. Elastic modulus
should be incorporated in the model, making theelesalls deformable to take into
account the rigid nature of the patch. The sampkrmay yield better results if
increased. Additionally, inclusion of valve morpbgy should be done if possible in

order to obtain more realistic flow patterns in #seending aorta.

Localized quantification of hemodynamic indiceghe thoracic aorta in normal
subjects provides a useful screening tool for otliezases of the thoracic aorta. In the
future, other patient populations with diseasethefthoracic aorta could be compared to
normal subjects to identify areas of hemodynamloemability. CFD simulations along

with imaging techniques could be used a post-safdfitiow up tool for patients.
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