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ABSTRACT
IMAGE-BASED QUANTIFICATION WORKFLOW FOR CORONARY
MORPHOLOGY: A TOOL FOR USE IN NEXT-GENERATION
BIFURCATION STENT DESIGN

Sara M. Nomeland, B.S.

Marquette University, 2010

Coronary artery disease (CAD) occurs in ~200,000 bifurcation lesions annuallyn@méaf
CAD near bends and bifurcations is challenging and a preferred strategy faatmfutesions has yet
to be established. However, a favorable treatment option may be elucidatewts/thorough
understanding of vessel morphology as well as local hemodynamic alterationshyaoseent
stenting approaches. Computational modeling of human arteries offers an atisagtiio investigate
the relationships between geometry, hemodynamics and vascular disease. Retgniéats also
make it possible to perform analysis on realistic geometries acquired novéhyas

The objective of this work was twofold. The first aim was to build on previous wdhksin
area by quantifying hemodynamic alterations introduced by treatment of arédezdronary
bifurcation using several approaches that involve multiple stents. Each nasdeleated using
combined computer aided design techniques and computational fluid dynamics (CFD3 évally's
Resting and hyperemic blood flow conditions were also studied to determine theysevenal
hemodynamic alterations and for comparison to previous results. Indices ovenaged wall shear
stress (TAWSS) and oscillatory shear index (OSI) were quantified for faliziee computational
models. The luminal surface exposed to low TAWSS was similar in the maai (&34 for all
models. Greatest differences were noted between un-stented vendéed side branch vessels (ex.
rest: 1% vs. 35%). Sites of elevated OSI (>0.1) were minimal, except underrhigpeoaditions in
the MV (10% surface area). Flow disturbances were quantified for eachignaliechnique used,
illustrating how stents protruding in main vessels impact flow profiles. Stetmisuvkissing balloon
dilation had abnormal flow disturbances, but showed decreased percentage of area expesedfto a
low WSS.

A second aim of this work was to design a robust and unbiased method to quantify vessel
morphology and representative trends for three bifurcation sites prone to CAD. Gionputaodels
of these sites were generated using computed topography images from 22 patientswistedeted
to query geometric characteristics from each bifurcation site includinglanggsh, eccentricity, taper,
curvature and bifurcation angles. Post-processing was accomplished by a comlohsiatistical
methods and clustering analysis. Vessel length and area were significtietgntiwithin and
between bifurcation sites. The left main coronary artery (LCA) bifurcatemsignificantly different
from its two daughter bifurcations (left anterior descending and left circumflentes). Specifically
vessel area and length were significantly different both between and within tidarsitées. The
daughter bifurcation sites were similar for all characteristics. Yass& and length proved to be the
most useful properties for identifying trends within a particular bifurcatien Ehe outcome of this
work provides a workflow for characterizing coronary bifurcations and a strond&tan for
elucidating common parameters from normal, healthy coronary arteries.

Collectively these results from idealized and patient-specific cordrifamgations offer
additional insight into the impact of current treatment approaches and chaiastasisociated with
current stenting techniques. Flow disturbances and local hemodynamic chandesemagreantified
for provisional techniques currently used. These methods and results mayeljtioe useful in the
design of next-generation bifurcation stents.
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CHAPTER 1 : INTRODUCTION

1.1 Cardiovascular Disease

According to the American Heart Association (AHA 2007) more than 80 million
people in the United States are living with some form of cardiovascular d{§245.
CVD is classified into a group of diseases which involve the heart and blood vessels of
the human body. The heart functions as a pump to provide oxygen rich blood to meet the
metabolic demands of the tissues perfused by the vasculature. Often C¥bifissted
by a narrowing of blood vessels due to the excessive production of atheros pletie

(Guyton and Hall 2006).

Atherosclerosis, the primary manifestation of CVD, is a disease of greeatin
which fatty lesions or plaques develop on the inside surfaces of the artelsshmals
associated with damage of vessel endothelium (Guyton and Hall 2006). Plague formation
can cause partial, or in extreme cases, total occlusion of a blood vessel whicldl ¢an lea
myocardial ischemia or infarction. Risk factors for atherosclerasis as physical
inactivity, elevated cholesterol levels, high blood pressure, diabetetus)edind
smoking are typically manifested globally thereby having the potentialgadt the
entire vasculature. Approximately 50% of patients with CVD experiernetized
plaque in the arteries that perfuse that heart thereby leading to cordrayylasease
(CAD)(AHA 2007). According the National Institute of Health (NIH), CAD is the

leading cause of death in the United States for both men and women (NIH 2009).



1.2 Coronary Anatomy and Physiology

The coronary arteries are the primary source of myocardial perfusiomiseéd a
from the ascending aorta just above the semilunar valves. They consist of tvatesepa
branching networks; the right coronary artery which arises from theargemus of
valsalva and passes between the pulmonary artery and right auricular appendix, and the
left coronary artery which arises from the left posterior sinus of valsaldgpasses
between the pulmonary artery and left auricular appendix before bifurcating fi@tlagr
2003). The main coronary arteries lie on the surface of the heart (epiedndi@ns the
smaller arteries (endocardial) penetrate into the cardiac musgbegndium) (Figure
1.1). The resting coronary blood flow in humans is approximately 225 ml/min (about 4-5

% of total cardiac output).

—————————————————

“ireumflex branch of left |
‘corenary artery K

Right coronary
artery

Cxreatl cardiac {anterior
interventricular} vein

1 Anterior intervenlricular™
, branch {Ilr[t anterior

v descending) of left

| ‘goronary arfery A

Small cardiac vein

Right marginal branch of
right coronary artery

Figure 1.1: Anterior view of the heart and its maja vessels. The solid lines indicate the primary
coronary arteries from the aortic sinuses; the daséd lines indicate the bifurcating daughter vessels
from the primary arteries. From the Atlas of Human Anatomy by Frank Netter.



The events of the cardiac cycle produce consistent, reproducible changes in blood
pressure, velocity, flow, vessel caliber and curvature which correspepéddic
valvular events. High tissue pressure in the myocardium during contractiootsdstti
ventricular perfusion during systole. Therefore, blood flow in the coronary arierie
maximized during diastole while myocardial pressure is at its lowestpiéssure-flow
relationship is unique to the coronary arteries and has a direct impact on bitedal
flow waveform contours and vascular input impedance, important parameters used with
computational fluid dynamics modeling. Recall that the coronary arteries ptbeide
heart with its blood supply and Figure 1.2 illustrates which specificestparfuse
different areas of the heart. A clear understanding of the perfusionriegiof the heart
helps to appreciate how an occlusion or narrowing can affect the heart. Focensie
left anterior descending artery provides blood supply to most of left venthodd way
be impacted if perfusion to this region is inadequate and its metabolic demands are not

met.



Figure 1.2: Coronary perfusion territories in different portions of the heart. Adapted from
yale.med.edu.

The current investigation focused on the left coronary artery, also known as the
left main coronary artery (LMCA), which arises from the aorta abovestheusp of the
aortic valve. The LMCA primarily supplies the anterior and left lateoations of the left
ventricle, the essential pump of the heart. Coronary bifurcations are wehggis
separate into two branches. The anatomy of the bifurcation is generaliypeédxy a
parent vessel (PV) which then splits into two daughter vessels; usuathgdeti@ as main
vessel (MV) and side branch (SB). The transition zone between the PV and theedaug
vessels is called the ostium and the most distal portion of the ostium where the flow
divider is located is known as the carina. Coronary bifurcations are prone to developing
atherosclerotic plaque due, at least in part, by adverse local hemodynages indi
discussed in more detail below. These lesions amount to 15-20% of the total number of

treated CAD patients (Sharma, Mgrand Kini 2009).



1.3 Vascular Bifurcations: an area of altered fluid flow

Atherosclerotic plague tends to localize in bends throughout the vasculature
where blood flow is disturbed and particularly at bifurcations (Fung and Liu 1993). A
high incidence of plague accumulation occurs in the left coronary arteti@irgys
specifically, the left anterior descending coronary artery (LA first diagonal branch
(D1) coronary bifurcation (Lefévre et al. 2000; Wang et al. 2006). Healtisyeumted
patients have blood flow velocity profiles which become skewed toward the flow divider
away from the lumen walls opposite the bifurcation (Figure 1.3). Curvature oAfbe L
does not allow for parallel fluid motion at all points within the artery. In thisqudati
coronary bifurcation the axial velocity component of a fully developed parabmhdd]
subjected to centrifugal forces and inertial effects causing the wyepofile to be
skewed toward the outer epicardial wall. The location and geometry of the flow divider
addition to the downstream vascular resistance dictates how much fluid is din¢ated i

each branch and whether there is a potential for fluid recirculation to develop.
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Figure 1.3: Velocity profiles of the left main cormary artery proximal and distal to the LAD/LCX
bifurcation and corresponding cross-sectional disibutions of plaque formation. Image adapted from
Eric Gross, MD, PhD.

1.4  Stents for minimally-invasive treatment of coronary artery disease

Treatment options for CAD include pharmacological therapies and can include
surgical interventions, such as: percutaneous coronary interventions (B@28sb
surgery or heart surgery. Stent implantation has become a common interventional
technique to improve blood flow through stenotic vessels (Mortier et al. 2009). Stents a
defined as structured scaffold meshes, usually metal, that provide an expanohed |
surface to improve blood flow. Stents have become the preferred method of treatment as
opposed to bypass surgery because of their high success rate, minimailyeimedure
and improved long-term efficacy (Lefevre et al. 2000). Bifurcations arsidered

challenging to treat with current interventional techniques. Of the more thdioh m



PCI treatments performed, approximately 200,000 involve bifurcation lesions (AHA
2007).

The most common method to treat atherosclerosis in coronary bifurcations is
provisional side-branch (PSB) stenting. The PSB stenting technique condms of t
insertion of a stent into the MV of the bifurcation and a dilatation of the SB by gassin
second angioplasty catheter through the struts of the stent at the bifurcatson. Thi
approach can be followed by a redilation of the MV only or by kissing balloon (KB)
inflation (i.e. simultaneous inflation of an angioplasty balloon in both branches). Both
vessel redilation and KB, lead to a minor stent distortion in the MV (Gastalliz010).
Although numerous treatment techniques have been developed for various bifurcation
lesions types (Figure 1.4), the complexity associated with stent delivegyodential for
vessel damage, particularly in difficult geometries, have unfortunately less than

favorable outcomes in many cases.
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Figure 1.4: Stenting techniques for coronary bifurations with multiple stents. Numbers indicate the
implantation order. The most common plaque distribdion is shown (top left).

Bifurcation stenting outcomes with both bare-metal and drug-coated steats ha
been investigated in several clinical trials. Colombo et al. compareduste technique
(two-stent) with the provisional T-stenting strategy (one-stent)of@ob et al. 2004),
where 73% of patients who had a two-stent treatment showed no significamndiée
between the one-stented and two-stented groups. Despite the lack of routiké fina
inflation in the crush stent group there were no significant differences. Ban et
compared the strategy of MV stenting and SB dilatation (without KB) verseguential
T-stent strategy in 91 patients, which showed no statistical differentwesdnethe two
groups after patient follow-up (6 months later) (Pan et al. 2007). Ge et al. echtipar

crush and the T-stent techniques in a nonrandomized assessment of 181 patients, 66 % of



which had crush stenting. Ostial SB restenosis and MV restenosis atvieyedyoth

more common in the T-stent group. Clinically the effects of two-stentitpedshave
been examined by patient response, but there is still a lack of information aslterdt a
hemodynamics observed from performing each technique.

The current treatment of coronary bifurcation lesions involving systenaatic t
stent techniques described above results in longer procedure times, higher xsay dose
increased procedural complications, and a higher rate of in-hospital and 9-napoith m
adverse cardiac events (MACE) rate (Gastaldi et al. 2010). While it weutdnvenient
to have an optimal two-stent approach, there is no optimal procedure which can
accommodate every lesion type. Therefore, multiple two-stent stitEnénue to exist
in practice. Alternatively, a number of dedicated bifurcated stent desigadvban
developed in hopes of addressing some of the limitations with a two-stent approach.

Currently, eleven devices are available which have either completeel or a
currently undergoing human trials (Latib, Colombo, and Sangiorgi 2009). An example of
a current bifurcated stent design is the Stentys™ Coronary Bifurcation(Stentys,

Paris, France) (Figure 1.5). The Stentys™ design is a self-expamdiaidéstent used

for provisional stenting and is delivered as a single MV stent. After MV sigrainsion

the catheter is retracted and repositioned in the SB where the balloon will expand and
dislodge (i.e. fracture) a break-away section of stent into the SB wall, proindiegised

SB patency. This design has recently been through its first round of human testiag wher
it showed promising results and is nhow being considered by some as a potential
alternative to provisional techniques (Laborde et al. 2007). Current clinicalzabees

have shown this novel stent design to be a safe and potentially feasible skedmBt5B
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techniques because of its excellent procedural success rate and a lovia@Eoto

date (Verheye et al. 2009).

Figure 1.5: Schematic illustration of the implantaton of the self-expandable Stentys device
(Stentys™) in the MB (top left), followedby the insertion and inflation of an angioplasty bédoon
through the cell closest to the flow divider (top ight and bottom left). This dilation disconnects tle
struts and results in improved SB access and ostiustaffolding. The bottom right panel shows the

final stent shape. Courtesy Stentys™
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1.5 Complications associated with stent implantation

Restenosis is characterized as a re-narrowing of the lumen by dissualand is
predominantly found in the stented region. Restenosis occurs in approximately 25% of
patients who undergo an interventional stenting procedures (Dangas and Kuepper 2002).
However, rates of restenosis fluctuate with stent geometry and can sargaatifiable
metric for stent effectiveness (Kastrati et al. 2001). The incidencstehasis in single
vessels has diminished primarily from the introduction of drug-eluting stenS)(DEe
decrease in restenosis rates is accomplished by the gradual releasecpluaical
agents that prevent the re-growth of tissue in the arterial lumen.

While DES have been shown to limit restenosis, they are associated vgtiea hi
incidence of thrombus formation and stent migration (Finn et al. 2007). Some
pharmacological agents on DES interrupt the natural healing process tat ragadly
after stent implantation and is common with bare-metal stents. From a clinical
perspective, the primary concern with DES is the potential for late throsroosiation
and subsequent embolization which is related to delayed endothelialization efithe st
struts (McFadden et al. 2004). Clinical case studies have shown an increasedhoecurre
of myocardial infarction following late (> 6 months) thrombus formations coinciding
with the implantation of DES (Colombo et al. 2003).

While restenosis is the leading concern associated with interventionassucce
additional complications experienced with stenting procedures include: csllapse
migrations, artery perforations, dissections, infection and stent mal-positigeregally
associated with complex geometries (Wang et al. 2006). Collapses occurl&ckod

balloon pressure during the expansion portion of the stenting procedure or loading within
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the in vivo environment. If the pressure applied to the balloon does not exceed the yield
stress of the scaffold mesh structure, the stent may not maintain its expanded
configuration. Migrations can occur from collapsed or mal-positioned stents and
positioning difficulties usually present in bifurcations or tortuous vessels hawnglex
geometries (Kitchens et al. 2002; Lefévre et al. 2005). Among these coipbgat
restenosis is still the primary obstacle in successful stent implantatioen@y, the
dedicated bifurcation stents alluded to above are approved and under trial useyhoweve
long-term data are not yet available or have not shown conclusive favorable evatence f
many of these dedicated bifurcation platforms. Similarly, investigatidasiow

bifurcated stent designs contribute to altered blood flow and stressesaatbwngthin the

artery wall have yet to be determined.

1.6  Computational fluid dynamics as a tool for modeling blood flow trough
arteries

Computational fluid dynamics (CFD) is an advanced simulation tool used to
guantify hemodynamic indices in vessels reconstructed from medical imagn@C&d
models can provide estimates of blood flow, pressure, velocity, wall shess €§WWSS)
and oscillatory shear index (OSI). WSS can be described as the tangessahsparted
onto the walls of a blood vessel as a result of flowing fluid.

Shear stress is best described by the basic example of a Newtonian flundj flowi
between two plates where the motion caused by one infinite moving top plate over
stationary bottom plate imparts a stress from the moving fluid on the soffdee

stationary plate. Therefore, WSS can be described by a relationshipi¢BEdua) of the
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fluid’s dynamic viscosityy, and the gradient of the near-wall velocitywith respect to

the distance from the wal,

ou
T = — U — Equation 1.1

oy

Stent implantation has the potential to alter normal flow patterns which gae ca
deviations from the normal value of WSS that local endothelial cells prefer toemqee
Low WSS is associated with an increased incidence of local CAD (Dangasiapgdéd{
2002; Kastrati et al. 2001). WSS is difficult to quantifyivo since imaging modalities
such as MRI and pulsed and spectral Doppler are only able to resolve velocity to
approximately 0.9 mm. This limited resolution in the radial direction can lead ® larg
errors in WSS (Katritsis et al. 2007). Therefore, assuming that the geahttey
vasculature can be accurately modeled via imaging data, CFD can preuperir
estimate of WSS.

CFD uses a finite element mesh and numerical flow solver to calculate fl
velocity at submillimeter distances from the vessel wall. The inclusion of
multidimensional fluid flow includes more complex calculations of WSS that reéduce
Equation 1.1 in a simple shear flow. Briefly, total stress on the wall is ciddda the
sum of pressure and viscous forces. For each point on the luminal surface a nawwnal vec
is defined. The product of the normal vector and total stress imparted on the ldalbyie
traction vector. By subtracting the normal component from the traction quantity, the
surface vector is isolated. WSS is then determined as the magnitude otthatedl

surface vector and viscosity.
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Coronary stented regions are vulnerableestenosis which is caused primarily by
neointimal hyperplasia (NH) (Heldman et al. 2001). Additionally, areas oN&& are
associated with the growth and progression of NH (Kleinstreuer et al. 20013. NH i
identified by an increased proliferation/differentiation process whidleases the layers
of cells on the inner lining of the arterial vessel (Subbotin 2007). Patterns of M/SS a
most often quantified using the indices of TAWSS and OSI. Generally, high TAWSS
protects against neointimal hyperplasia, whereas low TAWSS (< 4 dyfpsfud high
OSl values are correlated with observance of neointimal hyperplasia iortmacgy
arteries (Malek, Alper, and Izumo 1999). OSl is a hemodynamic index which qusantifie
the deviation of WSS from the primary flow direction during the cardiac cycle. In
practice, WSS is averaged over the cardiac cycle which allows for OSt#idodated

using the following Equation 1.2 (Les et al. 2010; Taylor, Hughes, and Zarins 1998):

1
oSl = E[l_ Tmﬂj Equation .2

TmeaniS the addition of all WSS vectors at a given point, then averaging them over the
cardiac cycle, and finally taking the magnitude of the resulting vegigjis the average
sum of magnitudes of each WSS vector over the cardiac cycle. OSI quantifies the
deviation of WSS from the primary flow direction during the cardiac cycle. &fgjes
between 0 and 0.5 becausga,Wwill always be less than or equaligg Lower OSI
values indicate WSS is oriented predominately in the primary direction of bmed fl
while a value of 0.5 is indicative of bi-directional WSS with a time-average vlzero

throughout the cardiac cycle.
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Severity of stenosis can be assessed using a clinical index cattedrfal flow
reserve (FFR). FFR is a physiologic parameter representifgatii®mn of maximal
myocardial flow that can be maintained in the presence of an epicardinhcpstenosis
(Pijls et al. 1996; Pijls et al. 1993FFFR can be quantified as the flow through a stenosis
under maximum vasodilation @) divided by the flow through a corresponding
normal vessel under maximum vasodilation{§). Under most clinical circumstances,
this measurement is not practical because the normal flow measuremehtinwbide
made in the absence of the existing stenosis, is not available. Howeveragsomees a
linear relationship between pressure and flow, FFR can be approximated usiogepress
measurements. Therefore, clinically, FFR is approximated as the presstaf () to a
stenosis divided by the pressure proximg) (B the stenosis during maximal
vasodilatation. In practice FFR can be obtained by the ratio of distal copmeasure
and proximal aortic pressure (equation 1.3). For the current investigation, FFR is
calculated using transient pressure and flow values queried from convergéatisim

results at the inlet and one cm distal to the bifurcation in the SB.

er_ Qne _ (PY=Pd)/R _ Pd
- Qumax - (Pa—PVv)/R N Pp Equation 1.3

The pressure values used in the FFR calculation were then determined from mean

pressure calculated as

*
. (2 I:)diastole + Psystole)
mean — 3 Equation 1.4
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1.7 Relationship of this study to previous work

To date, a moderate number of studies have examined hemodynamic alterations
caused by bifurcation stenting (Deplano, Bertolotti, and Barragan 2004; Frank, Walsh,
and Moore 2002). However, these studies have used overly simplistic representations of
the vasculature and stents, while also computationally implanting these stntemvi
realistic techniques and poor simulation boundary conditions. In contrast, the current
work uses idealized CFD models based upon anatomical measurements and clinical
observations of traditional one —stent and PSB techniques. The stent geometry included
in these models represents that of a current device used frequently and outletypboundar
conditions that achieve desired blood flow distributions and physiologic pressure within
the bifurcation region similar to Vignon-Clementel et al. ( Vignon-Clenmenia. 2006).

With advancements in imaging technologies including the recent establishment of
64-row multidetector computed topography (MDCT) scanners, three-dimensdojal (
vascular images are easily acquired with submillimeter resolutiore¢\ilal. 2008). To
date, a small number of image-based studies have investigated geometricequanti
associated with the coronary arterial tree. Previously, mostly cadastergs and two-
dimensional angiography were used to attain coronary morphology metniasig&t al.

2010; Reig and Petit 2004; van der Waal et al. 2009). While previous studies claim to be
3D, the imaging modality predominantly employed uses 2D angiographydeelras
compared to what is available via the MDCT scanner. Therefore 2D angiogtagi®g s

may not as accurately reproduce geometric features such as cumatwiéple planes

or vessel overlap (Pflederer et al. 2006). Secondly, while casting studies pnsiggié

into branching patterns and anatomical data, it is more useful to have a non-invasive
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vivo method available to quantify vessel morphology. Additionally, most castinggstudi
measure geometric characteristics such as bifurcation angle fromragi2gtive such

as under a microscope, which is operator dependent. Therefore, there is a need to
implement a relatively rapid and robust workflow which can be used to ascertain
coronary morphology using 3D image data, and can be applied for use with CFD.

Williams et al. investigated the effects of PSB techniques, but only with téspec
MV stenting (Williams 2008). The current study expands on their methods to include
more complex geometries, exploring PSB techniques modeled to induce steriting wit
the SB vessel and simultaneous KB dilation. The inclusion of SB stenting applie®to CF
analysis will provide a better understanding of the local hemodynamrmgesand
expand on what was previously reported.

Improvement on previous methodologies used to quantify hemodynamic
alterations and vessel morphology associated with bifurcations and sisrdingcessary
progression. Future advancements will lead to an enhanced next-generatidesgnt
that is geometrically optimized to lessen fluid disturbances and thus theigddtent

restenosis.
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1.8 Objectives and specific aims

The objective of this thesis is to expand on previously developed idealized stented
mythologies, by including more complex PSB techniques. The addition of this
complexity allows for the inclusion of more physiologic stent implantation msthod
Knowledge of coronary arterial morphology is also required to better unat:tbia
design parameters related to stents for these vessels. Therefoh®d toaibtain and
guantify patient-specific data in a rapid and robust way is required.

The first specific aim of this thesis is a continuation of methods previously
reported (Williams 2008). The second specific aim of the thesis are deowea filesire
to more accurately model features of the coronary vasculature whildchireg in the
results produced from the first specific aim. More accurate morphonegriesentations
garnered from this portion of the thesis are required and will be applied fubdedsm
and CFD analyses.

Specific Aim 1Simulate blood flow through more complex, but still idealized,
models of LAD/D1 bifurcation configurations including: MV stenting followed by
aggressive KB inflation, a two-stented model showing MV and SB stenting without
kissing, MV and SB stenting followed by gentle KB inflation, and MV and SB two-
stented model followed by aggressive KB inflation. These four configuratiiirse
created from vascular imaging data and clinician guidance.

Specific Aim 2Design a robust and automated patient-specific image-based
workflow that rapidly quantifies geometric indices associated with vessghwology for
three coronary bifurcation sites prone to CAD. Post-process geometrigtigadram

medical imaging data of three coronary bifurcation sites prone to CAD ofshfer a
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group of patients by applying statistical methods to quantify trends and deterh@he
differences exist among the three bifurcation sites.

Ultimately, the results of this thesis will provide a foundation for many of the
tools that can be used in subsequent studies to create a bifurcated stent design that
minimizes blood flow disturbances and vessel damage in an attempt to reduce the
occurrence of restenosis. The results will also allow for large amounttesftptata to
be quickly analyzed while providing additional knowledge of trends and clustéia wit

different coronary bifurcation sites and vessel segments.
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CHAPTER 2 : SPECIFIC AIM 1

2.1 Background

Idealized model construction paired with CFD analysis provides insight into what
is occurring physiologically within the specified system at a loedllevel. Stenosis
severity is often evaluated angiography by a clinician’s visual itigpeaf the vessel
although current imaging techniques offer no information about hemodynamidyseteri
the stenosis. In contrast, FFR can be used to elucidate the severity assismaslocal
hemodynamic measurements. Previous investigations aimed to quantifpriRiaR f
idealized vessel models with varying stenotic SB vessels inletsré=2g1) in order to
verify that CFD could reproduce FFR findings reported clinically. Thesezddalessels
compared FRR results resulting from a reduction in SB diameter (50 and 75%,
respectively) along the lateral wall opposite the carina, a commorolodati

atherosclerotic plaque.

R Aa

Figure 2.1: Idealized vessels comparing multiple & branch reductions in diameter, 50% (left) and
75% (right) to establish hemodynamic severity of stosis using the FFR calculations

After performing CFD analysis on two idealized models (Figure 2.1hmea

pressure values were quantified under hyperemia conditions. Locationsleetedin
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the MV proximal to the stenotic SB as well as distal locations within thetsteSB

(Figure 2.2). A clinically significant FFR criterion has previguséen as established as a
value <0.75 (Koo et al. 2008) which is considered to occur for critical SB stenoses. The
FFR calculations were not clinically significant for the 50% reduction in eli@n{FFR =
0.83), but were clinically significant in the 75% reduction case (FFR = 0.73). These
findings affirm that CFD can be used to investigate coronary artery dseas@y or
treatment options in a rapid and physiological manner prior to applying an intervent

clinically.

pressure  (mmHg)
1725 187.5 195 210 217.5

-

Figure 2.2: Pressure quantification locations fordealized vessels under maximum vasodilation flow
conditions.

Williams et al. (Williams et al. 2010) performed CFD analysis to quankfy i
MV stented models which underwent post SB angioplasty (Figure 2.3). The location of
the carina, SB ostial area and distal MV dimensions after MV stent impteméatd SB
angioplasty were then altered based on the concept of carina shift (Vassil&il 2008)
and intravascular ultrasound (IVUS) images obtained from Bon-Kwon Koo MD, PhD,

Assistant Professor of Cardiology, College of Medicine, Seoul National Qitier
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FFR in the SB as a result of MV stenting-induced stenosis, or by partialiooclus
of the ostium by stent struts ranged from 0.95-0.99. The severity of the stent struts
present in the ostium (jailing of the SB) had a greater impact on FFR than th&post S
angioplasty induced carina shifting. Clinically the shift carina introdeoett be
considered an angiographically significant stenosis and therefghe ba treated with
additional interventional procedures. However, Williams found that FFR measured by
both pressure and flow parameters were all within normal range deggpgramphic
stenosis of 54%, suggesting that additional interventions would not provide a more

favorable outcome from a hemodynamic perspective.

Figure 2.3: Idealized main vessel stented model demstrating the concept of carina shift and
associated partial side branch stenosis as creatbyg Williams et al.

Specific aim 1 of the current work is a continuation of the methods outlined by
Williams et al. using more complex stented vessel geometries and mubipie $tour
non-diseased idealized bifurcation models were created using a typiceatdfnrangle.
Therefore, the objective is to quantify altered hemodynamics as a result ahi/1SB

stenting resulting from these additional, more complex stenting tecknique
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2.2 Methods

An overview of the process to conduct CFD analysis is visually represeritesd in
schematic drawing of Figure 2.4. The analysis begins with an idealized ggomet
representing anatomically accurate coronary vessel paraméietsig/created in a
computer aided design software program. Representative morphovaéies (vessel
diameter, length, and bifurcation angle) obtained from imaging data aréousedte a
sketch which is the template used to construct the 3D model. A clinically mekeat
design is chosen and modeled in an expanded configuration. The solid model undergoes a
series of Boolean operations to remove the stent from the vessel surface, ptbeding
fluid domain for CFD analysis. Detailed instructions are included in thestoeAndrew

Williams, M.S (Marquette University) and are discussed further in the metietals.

Idealized model and stent creation (CAD)

Y

Boolean operations to obtain stented solid model (CAD)

|

Tag inlet, outlets, walls and stent faces (CVSim)

|

> Mesh Solid Model
Adapt Mesh \1,

1‘ Impose Boundary Conditions
to inlets and outlets

v

Run Simulations until mesh
independence is reached

Figure 2.4: Schematic of the workflow outlining howto perform CFD analysis on idealized vessels
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Within the CFD software, the model faces are tagged with names (inlet, oulletrwa
stent) which are used to assign boundary conditions. Once tagging is completed,

mathematical representations of physiological events, boundary condit®agpdied to
the inlet and outlets of the model. An adaptive meshing process is used until mesh

independence is achieved. These steps will be discussed in further detail below.

2.2.1 Creation of idealized left anterior descending coronary artery (LAD)
— Diagonal (D1) branch bifurcation models

Four idealized solid models were constructed in the following configuratigns: A
MV stenting followed by aggressive KB inflation, B) a two-stented model showiig
and SB stenting without KB, C) MV and SB stenting followed by gentle KB inflathoh a

D) MV and SB two-stented model followed by aggressive KB inflation (Figure 2.5).

Figure 2.5: A, B, C and D: The same primary vessgleometry using different combinations of
provisional stenting techniques. A) lllustrates MVstenting with aggressive kissing which is shown via
the elliptical cross-section just proximal to the Burcation, B) portrays MV and SB stenting without
kissing, C) MV and SB stenting with gentle kissingthe SB stent is reduced to 40% its original
diameter within the MV and D) MV and SB stenting wth aggressive kissing causing an elliptical
over-expansion of the proximal MV, SB stent protrues directly into MV without tapering.
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After obtaining vascular dimensions from imaging data, a part document was
created using SolidWorks (SolidWorks Corp., Concord, MA) a computer aided design
software. Cross-sections were sketched along the axis of each vessetiéh and
rounding functions were used within the software to join the cross-sectithres at
intersection of the vessels. Stented vessels incorporated the Espeassiesign (Boston
Scientific Corporation, Natick, MA). Stents were generated from a hollowtithehe
appropriate strut thickness. A sketch with the stent linkage pattern and steasdins
was wrapped onto the hollow tube. The stent pattern was then cut from the tube using the
normal cutout command and the stent pattern was propagated radially andoeftcak
excess material on the ends of the stent was removed.

In Solid Edge (Siemens, Plano, TX), a Boolean intersection command was then
implemented to subtract the stent from the lumen thereby generating thegboégindin
for blood flow within the bifurcation after MV stenting. The same procedure peztbrm
on the MV was used to construct and isolate the SB stented region. A secondary step was
required to remove the stent struts from the bifurcation region. To obtain a non-
obstructed SB, the SB vessel was subtracted from the MV stent body. This addition
mimics the effects of SB angioplasty, therefore removing stent stoatstfre inlet SB
flow domain (non-jailed SB inlet). The wirefame figures next to the sabidais are
meant to illustrate how the SB stents are positioned. The SB proximal diaraster w
reduced to 40% of its original diameter for models A and C as illustrated ireFdu
This reduction in diameter was performed to simulate gentle KB dilation. Aggréd3
dilation is manifested by an elliptical cross-sectional area just pabtonthe bifurcation

region (Models A and D in Figure 2.5) Detailed illustrations of the varioust&ia



26

configurations are presented in Figure 2.6. Additional simulations were also wzhduc
for all idealized models without the presence of stents in order to isolate the indgpende

hemodynamic contributions of struts as compared to vessel geometry.

C D

Figure 2.6: Visual representations to show the pason of the SB within the MV for various idealized
vessels. A & B) micro-CT images illustrating the potrusion of the SB stent in the MV. C) The shape
of the SB stent (blue) for the model MV/SB stentingvithout kissing balloon dilation. D) The SB stent
area (blue) is removed below the red dotted line ithe gentle kissing model which reduces the inlebt
the SB to 40% the original area.

2.2.2 Computational fluid dynamic analysis

A Inflow conditions

Arteries were assumed to be rigid and subjected to blood flow velocity wangefor
obtained from a canine LAD coronary artery under normal resting and hyperemi
conditions shown in Figure 2.7 and as previously described (LaDisa et al. 20QR)g Res
and hyperemic inflow waveforms (Reynolds number ~90 and 240, respectively) were
imposed as temporally-varying Womersley velocity profites .9 and 2.6,
respectively) using the cvSim CFD software package (Cardiovascuoiata®ion, Inc.,
Mountain View, CA; www.cvsim.com).

With knowledge of radii in the LAD and D1 vesselgs@ 1.354 mm andyf =

1.118 mm, respectively), the percentage of blood flow to each daughter branch was
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calculated as 64% and 36% for the LAD and D1, respectively. This blood flow

distribution was used during rest and hyperemia for all models and was based on th

principles outlined by Murray’s Law (Murray 1926). Murray described ar idea

branching pattern which minimizes energy loss (Equation 2.1), through a relgtionshi

between the diameter of the parent vessel and the two daughter vesselrsiamete

’ . 3 _ 3 3 :
Murray's Law: Dyarent = Ddaughteri + Ddaugnter2 Equation 2.1

The distribution of blood flow between the distal LAD and D1 outlets was calcubated b

assuming WSS is the same in the distal MV and SB as was previously described by

Williams et. al (Williams 2008).

Blood Flow {mL/min)
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Figure 2.7 Blood flow waveforms applied to the inleof each model for rest and exercise (hyperemia)
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B Outlet boundary conditions

Outlet boundary conditions for the coronary arteries are more difficultgosen
than in other vascular regions since pronounced resistance is introduced by mlocardia
contraction which results in a non-linear, time-varying system fochwstandard
frequency analysis is invalid (Bovendeerd et al. 2006). However, previous work has
demonstrated that linearity and time-invariance can be assumed and the bafiteior
downstream vasculature in the absence of ventricular contraction can beegstisiag)
a 3-element Windkessel (i.e. RCR) approximation (Van Huis, Sipkema, and Nééster
1987) under certain circumstances. Van Huis et al. found the impedance modulus at zero
hertz, but their impulse response methods produced a lower value than the totaceesista
value since their methods neglect the influence of ventricular contracticaveédage, the
zero hertz resistance was 37.7% (range 21.7 to 65.0%) of the total resistaanoet&ar
used for resting and exercise (hyperemia) conditions obtained usingplhiseh are

provided in Table 2.1.

Figure 2.8: Three-element Windkessel model represesd as an electrical analog which describes the
outlet boundary conditions of the coronary vasculaire via RCR parameters. Rp is the characteristic
impedance, C represents the collective capacitanoéthe local and distal vessels and Rd represents

the resistance downstream from the vessel.



29

Flow Outlet Rt Rp C Rd
Condition Branch  (dyn-s/cn?) (dyn-sicn?)  (cm’/dyn)  (dyn-s/cnT)
Rest LAD 194,900 15,690 2.24E-06 179,300
D1 346,200 23,000 1.26E-06 323,200
Hyperemia LAD 73,660 18,410 1.60E-05 55,250
D1 130,800 27,000 9.01E-06 103,800

Table 2.1: RCR parameters for both rest and exercesconditions applied to CFD simulation outlet
boundary conditions. Rp, characteristic impedanceC, capacitance, Rd, distal resistance; Rt
represents the total vascular resistance in the absce of ventricular contraction using the impulse
response method Van Huis et al.

C Additional simulation parameters

Blood was assumed to behave as a Newtonian fluid with a density of 1.06 g/cm
and dynamic viscosity of 4 cP. Three cardiac cycles were run for eaglason to
ensure the results were periodic. Periodicity was assumed when the maxhmum e
between equivalent points in successive cardiac cycles for pressure ameeflowl
mmHg and 1 mriis, respectively. Stented bifurcation models were discretized using a
commercially available adaptive mesh generation program (MeshSim, Simr@éfton
Park, NY). Final mesh edge sizes (see Results 3.1) were adequatdvi® masroscopic
flow in the neighborhood of struts and simulations were scrutinized to ensure reselts w

independent of the number of mesh elements in each model.

D CFD analysis

CFD simulations were performed using a stabilized finite element method to
solve the equations for conservation of mass (continuity) and balance of fluid moment
(Navier-Stokes) Figueroa et al. 2006). After verifying that simulation results were mesh

independent, replicated aimed blood pressure, and flow distributions were maintained,
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TAWSS and OSI were calculated consistent with the descriptions above and a
previously described (Tang et al. 2006).

Previous studies have demonstrated that distributions of TAWSS <4 dyhes/cm
and high temporal oscillations in WSS quantified by OSI are associatedefitiaic
proliferation, intimal thickening and vascular inflammation (He and Ku 1996). An
automated computer program was written to quantify the area of simulatias resul
containing TAWSS <4 dynes/énTo do this, the surface results file for each index of
interest (.vtk extension) needed to be isolated into points, polygons and scalars. The
points file contains the coordinates of each node of the surface mesh. The polygons file
contains the connectivity of those nodes to each other. The scalars file containgghle val
for TAWSS assigned to each node. The algorithm then queried the polygon array to
obtain the point numbers of each element. The associated scalar values for these point
were then loaded and averaged. If the averaged was below the threshold of 4rdfnes/ c
then the area of the element was obtained by Heron’s formula. The areauohdime |
surfaces containing OSI >0.1 was also quantified using this procedureébddgor low

TAWSS.

2.2.3 Assessing mesh independence

For this work, simulation results were assumed to be independent of the spatial
computational mesh when TAWSS at a number of predetermined locations within the
computational domain changed less than 6% (< 0.09 dynddietween two successive
meshes. Using boxes specifying circumferential locations in the prokiiial distal

LAD and side branch, as well as several intra-strut faces in the proximalssad di
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locations of the stent (Figure 2.9), TAWSS was compare between the resultsaaf the t
most recent meshes (LaDisa et al. 2004). Mesh adaption was performed ushog an er
file created during the simulation. The adaption process assigns more elenaeeés of
high error and fewer elements in areas of low error to create anisotregihes Operator
imposed parameters such as error reduction factor, global minimum and rmegdge

size were used to control the increase in number of elements (Miiller et al. 2005).

MV /SB
stenting without
kissing

MV stenting with
aggressive
kissing

MV /SB stenting
with gentle
kissing

MV /SB stenting
with aggressive
kissing

Figure 2.9: Vessel areas (yellow) where TAWSS valuagere quantified and compared between
successive meshes to establish if mesh independewes achieved.
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2.3 Results

Williams et al. found that between 2 and 7 meshes were required to satisfy the
mesh independence criteria (Williams et al. 2010). The current study performegh&sm
for each idealized model. The first mesh was isotropic and consecutive meshes we
anisotropic; meaning the first mesh was comprised of the same tetradiedrant size,
while consecutive meshes put varying sized elements in different locatiet draerror
within the mesh from previous simulations. The number of successive meshes for each

CFD model is shown in Table 2.2.

Model M1 M2 M3 M4 M5 M6 M7

MV stenting with
aggressive 444614 | 476021 800587 1440345 1645686 2232833 2420000
kissing

MV /SB stenting

without Kissing 457409 483618 807766 129436p 1556880 2105273 2533344

MV /SB stenting

with gentle 453693 500538 951528 1299865 1542166 20435344 2639787
kissing

MV /SB stenting

with aggressive | 446391 465893 811820 1249096 1649449 2078316 2554422
kissing

Table 2.2 Number of finite elements for successiveeshes (M1 = mesh 1) for each performed CFD
simulation the final mesh (M7) was used for hypereim conditions

Mesh independence was assessed using TAWSS values for regions in the
proximal MV, distal MV, SB and two intra-strut regions within the MV (Vdiths 2008).
This procedure was conducted for resting conditions, the results are providédein Ta
2.3. All simulations reached mesh independence as they were < 6% change between
successive meshes. Hyperemia conditions were simulated at final restsmes similar

to previous work (Tang et al. 2006).



. . Prox. | Dist.
Prox. | Dist. Side Cell Cell
MV stenting with aggressive kissing
TAWSS 0.314 | 0.147| 0.728 0.380 0.90K
Mesh 5[ABS Changel/
% Change
TAWSS 0.326 | 0.160| 0.7313 0.383 0.9
Mesh 6 |ABS Change] 3.714 | 9.539| 0.365 0.899 -0.6%
% Change 3.7% | 9.5% | 0.4% 0.9% 0.7%
TAWSS 0.327 | 0.166| 0.728 0.383 0.9
Mesh 7 |ABS Change] 0.239 | 3.154( -0.402 -0.14p 1.0
% Change 0.2% | _3.2% 1 0400 ,
MV /SB stenting without kissing
TAWSS 0.335| 0.155| 0.759 0.35%5 0.8
Mesh 5|ABS Change
% Change
TAWSS 0.348 | 0.164| 0.731] 0.364 0.8
Mesh 6 |JABS Change] 3.685| 6.114| -3.579 2.426 -0.441
% Change 3.7% | 6.1% | 3.6% | 24% | 0.4%
TAWSS 0.351| 0.169| 0.728 0.371 0.8
Mesh 7 |ABS Change] 0.885| 2.638| -0.449 1.857T 0.5
% Change 09% | 2.6% [ 04%] 1.900 _0.59
MV /SB stenting with gentle kissing
TAWSS 0.332| 0.143( 0.72¢ 0.359 0.85u
Mesh 5|ABS Change
% Change
TAWSS 0.340 | 0.154( 0.731
Mesh 6 |ABS Change] 2.591| 7.413| 0.716
% Change 26% | 7.4% | 0.7%
TAWSS 0.352 | 0.161| 0.73]
Mesh 7 |ABS Change] 3.330 | 4.445| 0.054
% Change 3.3% 1 4.4% | 0.100] .
MV /SB stenting with aggressive kissing
TAWSS 0.318 | 0.161| 0.729 0.391 0.9
Mesh 5(ABS Change/
% Change
TAWSS 0.328 | 0.168| 0.730 0.389 0.9
Mesh 6 |ABS Change] 2.951 | 4.043| 0.147] -0.583 -0.2
% Change 3.0% | 4.0% (| 0.1%| 0.6% 0.29
TAWSS 0.331| 0.175( 0.733 0.391 O.
Mesh 7 JABS Chan 1.029 | 3.979| 0480 0537 -0.0
% Change I 1.0% | 4.0%] 0.5%] 0.5% 0.19

33

Table 2.3 TAWSS for selected regions in subsequenteshes of each CFD model. Simulations were

conducted under resting blood flow conditions. Gree indicates mesh independence, while red
indicates the simulation did not achieve the desitkcriteria. Prox. — proximal LAD, Dist. — distal

LAD, Side — side branch |

ocations
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2.3.1 Idealized time rendered velocity profiles

It is common for CFD studies of this type to examine velocity over the entire
cardiac cycle in the form of volume rendered images. Images of blood flowtyeloci
profiles for various stages of the cardiac cycle during resting and hyipeaestherefore
provided for each model in APPENDIX A. In an attempt to more fully understand how
different provisional stenting techniques affect the flow domain, velocitygsait user-
defined locations were selected and visualized. Figure 2.10 shows velocity profiles
during maximum blood flow velocity for resting conditions. Each of the velgcdfiles
provides information about how blood flow is altered based on the various stenting
procedures.

MV stenting with aggressive KB dilation increases the cross-sectiorabhtiee
MV. Flow into the system (vessel) is constant, using knowledge of basic fagdamics,
flow is a function of velocity and area; the velocity within the ellipticgloe just
proximal to the bifurcation is decreased due to the increased vessel atea.théidistal
MV the velocity rendered profiles is skewed toward the carina. This\aiser is
similar to that seen in normal bifurcation flow patterns (Figure 1.3). Axbdiliy, the
inlet to the SB (flow divider) is narrowed. Hence, the smaller SB aneses convective
acceleration and increases the velocity just distal to the bifurcation.

The velocity renderings from MV and SB stenting without KB dilation is skewe
toward the center of the vessel at the bifurcation, a notch is noticealile thé velocity
profile in the MV near the carina; overall shape of the profile is bluntéusabtation.

This observance is due to the SB stent protruding down in the MV. The SB stent
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protrusion causes flow to be redirected within the distal portion of the MV causing a
abnormal flow pattern within the MV of this stented model.

The velocity rendering slice profiles from MV and SB stenting withtlg KB
dilation is skewed toward the carina (flow divider) distal to the bifurcaticm ditee
narrowing of the SB stent within the MV causes the velocity rendeiiceymlofile
within the SB to be skewed toward the lateral wall. When comparing the effewi<@&
and gentle KB dilation, the MV and SB velocity rendering slice profiles changetion
from normal bifurcation velocity profiles. Due to the 40% reduction in area, tbeitye
within the SB is also increased.

The MV and SB stented model with aggressive kissing experiences the same
decrease in flow in the elliptical cross-section, due to the increased aenas the
MV stented model with aggressive KB. The SB has a velocity profile whileised
towards the carina, similar to the normal bifurcation profile, due to the straight
configuration of the protruding SB stent into the MV.

Velocity profiles results observed under resting conditions are exaackihatee
introduction of hyperemia as shown in Figure 2.11. The trends revealed under restin
conditions are amplified in hyperemia and the same conclusions about flow distarbance
are present. Visually the most pronounced flow disturbance is the notch piece from the
non-KB models distal to the bifurcation site. The extended MV stent altersihe fl

within those vessels causing an abnormal velocity rendering slice profile
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2.3.2 Idealized time-averaged wall shear stress

Figure 2.12 shows patterns of TAWSS for each of the four idealized modelssResult
reveal high WSS along the inner wall of the flow divider and low WSS on thallate
outer wall opposite the flow divider. For all models, within the MB, low TAWSS is
observed distal to the bifurcation as well as opposite the flow divider. MB stenting
followed by aggressive KB inflation shows increased areas of WSS withavéhne
expanded region. All MV and SB stented models shift area of low TAWSS disa to t
bifurcation in the presence or absence of gentle kissing. In all stented rébgitnis a
pattern of low TAWSS near and around the stent struts. Hyperemia (simulateidesxe
conditions) dramatically decreases overall area of low WSS but acesntii@ impact of

stenting techniques.
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Figure 2.12: TAWSS for each idealized model under s (top) and hyperemia (bottom) conditions

A definitive number has not been established for restenosis following stent
implantation for the coronary vasculature; however, regions of TAWSS < 4 dyfes/c
have been shown to correlate with the localization of atherosclerotic plaquek(Mal
Alper, and Izumo 1999; N, N, and MIM 2005). The percent area of the vessel wall
subjected to TAWSS < 4 dynes fcomder resting conditions is therefore shown in
Figure 2.13. Approximately 50% of the total luminal surface was subjected to |
TAWSS under resting blood flow conditions by including the stent in the MV. SB vessels
which were un-stented had much lower TAWSS (~ 1 %) compared to those with stents

(~30%).
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Percent of Idealized Model Wall with Low WSS (< 4 gines/cn?)
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MV stentwith MV/SB stenting, MV/SB stenting, MV/SB stenting,
aggressive no kissing gentle kissing aggressive
kissing kissing

Figure 2.13: Percent of surface area exposed to a® of low TAWSS under resting conditions within
the MV (blue) and SB (red)

The percent area of the vessel wall subjected to TAWSS < 4 dyrfesrider
hyperemia conditions is shown in Figure 2.14. Approximately 25% of the total luminal
surface was subjected to low TAWSS under resting blood flow conditions by including
the stent in the MV with subsequent aggressive KB techniques. Whereas, models with no
KB or gentle KB had slightly lower amount (~20%) of total luminal area exposed to
areas of low TAWSS. Un-stented SB had much lower TAWSS (~ 1 %) compared to
those with stents (~12%), however, hyperemia decreased overall lumanakaesed to

low TAWSS.

Vessels without stents were modeled to isolate the impact of vessel geometr
relative to the stented geometries. Interestingly, vessel geometiyrded for only 5-

10% of the vessel wall area subjected to low TAWSS under hyperemia and resting
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conditions, respectively. Therefore the presence of the stent contribalednh@jority of

area under low TAWSS.

Percent of Idealized Model Wall with Low WSS (< 4 gnes/cn?)

40

35

30

25

B Main Vessel -

Exercise
20

H Side Branch -
Exercise

15

Percent Surface Area

10

MV stent with  MV/SB MV/SB MV/SB
aggressive stenting,no  stenting, stenting,
kissing kissing  gentle kissing aggressive
kissing

Figure 2.14: Percent of surface area exposed to a®of low TAWSS under hyperemia conditions
within the MV (blue) and SB (red)

Idealized vessels were unwrapped to quantify and plot TAWSS for axaidios
of 0, 90, 180 and 270 degrees as well as circumferential locations along the axis of the
MV (Figure 2.15). Using Paraview, Matlab, and Excel, axial points on the reodate
TAWSS results file were queried and plotted (Figure 2.17). Queried ciecential
locations were selected at the inlet and outlet locations, as well asagfaarsamicro and

macro strut locations both proximal and distal to the bifurcation (Figure 2.18)
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Figure 2.15: Unwrapped representation for distribufons of time-averaged wall shear stress under
resting conditions. The figure shows locations ofaeh quantification site in mm down the axial length
of vessels as well as at circumferential locatioris degrees for the main vessel

Circumferential Location (deg)

Additionally, idealized vessels in the side branch were quantified and plotted
(Figure 2.16) axially at locations of 0, 90, 180 and 270 degrees (Figure 2.17) and queried
at circumferential locations (Figure 2.19). Circumferential locatiogrewelected at
analogous micro and macro strut locations as well as an outlet location, fordmbéul st
and unstented models. Using Paraview, Matlab, and Excel, points on the TAWSS surface

results file were queried and plotted for the SB under rest conditions (Rig@e
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Figure 2.16: Unwrapped vessel geometries with lodans of each quantification site (rest) for mm
down the vessel and circumferential locations in dgees in the side branch vessel.

Within the MV, the axial plots show areas of low TAWSS on the stented regions
of the luminal surface. The general trend within the MV is higher values of WSS in the
proximal vessel (~ 75 dynes/&na lowering of WSS distribution at the bifurcation
region (~ 35 dynes/cfhand then a gradual increase in WSS at the outlet (~50
dynes/cm). The axial WSS distributions within the SB are generally high at thie(inle
150 dynes/cri) where fluid bifurcates from the MV into the SB. The stented SB models
show the same trend as the stented regions within the MV, with fluctuating values of
WSS between stent struts. Overall, values of WSS are high right at thetmfuesad

then drop to about 50 dynes/cand then gradually increase to about 100 dynés/cm
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Figure 2.17: Axial WSS distributions in the MV (left panel) and SB (right) panel for all four idealized
models under resting conditions.

Figure 2.18 illustrates the distribution of WSS at circumferential locaéilmmg)

the MV. The inlet and outlet values of WSS remain constant, however, the inlet is

consistently higher (75 dynes/@ntompared to the outlet (45 dynesfgmOverall,

higher values WSS are seen at proximal locations compared to analogduedaidistms.

Interestingly, two models (MV-stented model with aggressive KB and thstemned

model with gentle KB) showed increased WSS at both proximal and distal ostial

locations due to the decreased SB entrance area.
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Figure 2.18: Circumferential graphs of WSS at seleed locations along the main vessel. Please note
the change in axis scale to better visualize thedfiibution of WSS at several locations. The key ishe

same as above for corresponding colors to vessels.

Figure 2.19 shows SB WSS distributions at varying circumferential locafitwes
stented models show fluctuations in WSS values within strutted areas going &om pe
values to zero dynes/éniThe outlet WSS values for the stented SB models were all
slightly lower than the unstented SB model. These results correspond to the same

patterns of WSS distributions within the MV.
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Figure 2.19: Circumferential graphs of WSS at seleed locations along the side branch.

2.3.1 Idealized oscillatory shear index

Figure 2.20 illustrates the distribution of OSl in each idealized vessetirfgte
introduces high values of OSI near the stent struts (~0.2) and the skewindl@ivthe
profile creates areas of high OSI (0.2 -0.4) opposite the carina. GentleKiBrdof the
SB moves the carina back into the LAD and reduces the localization of high OSI

especially under rest conditions. Areas of high OSI are dispersed more witartlye
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addition of the kissing dilation, but values are still around 0.2 at the site of bifurcation.
However, a new area of high OSI, but smaller in size, is created on the LAD #ige of

carina. Exercise accentuates areas of high OSI.
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Figure 2.20: OSI of idealized models under rest andxercise conditions

Figure 2.21lillustrates the percent of surface area of each model and their
corresponding values of high OSI (> 0.1) in each idealized vessel. Stenting introduces
high values (~3%) of OSI in the MV under rest conditions. SB stented models showed
higher OSI values (~1) compared to unstented SB models (~ 0). InterestinglyydvV a
SB stenting with gentle KB had a higher percentage of total luminatsuafa exposed
to high OSI (~3%) compared to the other two-stented models (~1%). Overall, the
percentage of luminal area exposed to high OSl is small (< 5% total sudage ar
Hyperemia conditions heighted areas of high OSI for both the main vessels) @id%

side vessel (~2%) as shown in Figure 2.22.
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Figure 2.21: Percent of luminal surface area witlareas of high OSI under resting conditions.
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Figure 2.22: Percent of model luminal surface arewith areas of high OSI under hyperemia

conditions.
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FFR was not quantified for these models because the maximum reduction in
diameter was only 40%. Values of FFR are only clinically relevant for steab80% or
greater. Therefore, quantification of FFR or severity of stenosis is notagplio these

idealized models.

2.4 Summary of Specific Aim 1

CFD analysis performed on idealized models illustrates the effects td aimd)
multiple stent implantations on velocity profiles, indices WSS and OSI. Stegens
accounted for the majority of the vessel wall area subjected to low TAWSSErestieg
and hyperemia conditions (Figure 2.12). This analysis shows that velociteprear
the bifurcation are influenced by the location of the stent struts as well pgsitiening
of the SB stent and how far it protrudes into the MV. The velocity flow profiles we
locally altered based on SB stent placement and exacerbated under ligyperaiitions.

This quantification revealed that total luminal area exposed to low TAWSS wa
essentially the same between single and two-stented models regardheskBf
technique applied. KB cause an ~3% increase in the total area of the MV exposed to low
WSS which may or may not impact local patterns of restenosis or thrombus pateatia
clinical setting. Ge et al. compared using the final KB dilation to thenalesof KB
technique. Their research showed that PSB techniques with KB is associhtad wit
lower rate of restenosis in SB, as well as lower rates of MACE and need for
revascularization (Ge et al. 2005). Currently, no long-term studies have focused the
aims at investigating a correlation between final KB dilation and resserates. Our

results indicated a potential for MV restenosis to be more pronounced after jregform
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KB technique from the TAWSS rates inflicting an overall greater #y@ain the non- or
gentle KB vessels. These findings highlight an important distinction betiheeoverall
geometry of a vessel created after stenting and the specific iofghet stent.
Ultimately, these simulations indicate that different stent designs,démeiments and
subsequent provisional techniques have the impact to alter areas of TAWSS in
bifurcation lesions. Knowledge of overall changes hemodynamic indicesd é&bat

stenting has the potential to optimize stent design for various bifurcation lesions.
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CHAPTER 3 : SPECIFIC AIM 2

3.1 Background

The challenges associated with treating bifurcation lesions suggedéets
could be specifically designed for this area of the vasculature. In order to ing@wee
design a thorough understanding of coronary bifurcation morphology is required. To date
a modest number of studies have employed the used of 3D imaging such as, 64 multi-
slice computed topography (MSCT) images (Kawasaki et al. 2009; Matsenalga
2009). CT offers an additional dimension for complete vascular reconstruction, but has
not been used to create a comprehensive description of coronary morphology to date.
Additionally, no universal standard has been proposed on how to measure certain
guantities, particularly bifurcation angles (Kawasaki et al. 2009; van der Walal e
2009). The current study formulated and applied a robust protocol to extract 3Esmetri
that can be reproduced despite having relatively heterogeneous patiéit dptx
thereby reducing quantification time and diminishing user variability inh@renany
protocols. Having a broader knowledge of coronary morphometric parameters can

ultimately be used to enhance the stent design process.
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3.2 Methods

The workflow developed to characterize bifurcation morphology is shown below.
The proposed method uses several software packages to generate computational models
and quantify local vessel properties (

Figure 3.1). Additional details are provided in the subsequent sections below.

Patient-Specific Coronary

Morphology Quantification
|
CT Image Data

v

Create Computational Model (itk-SNAP)

v

Vessel Quantification

v '

Radiusof Vessel area, eccentricity, Bifurcation
Curvature (CVSim) length and taper angles (VMTK)
(MATLAB)
[
v

Post Processing for to identify trends

Figure 3.1: Schematic of vessel morphology quanttfation workflow from image-based data.

3.2.1 Study Population and Imaging Acquisition

Specific aim 2 used data obtained from human subjects (n = 22) imaged with a 64
MSCT scanner at Froedert Hospital and the Medical College of Wisconsiimvalkee,
Wisconsin using conventional CT imaging parameters. All subjects gatvenwr

informed consent and Institutional Review Board (IRB) approval was obtaineé by th
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principal investigator and his collaborators prior to use of patient-specdgimg data
for this investigation. All patient indicators were excluded from imaging dating post
processing and therefore complied with all Health Insurance Portatility
Accountability Act (HIPAA) regulations.

Only arteries that were characterized as normal by the cardiblago performed
the imagine acquisition were used for the current investigation. Henegesithat does
not exhibit severe plaque burden with the associated cardiology report wadecl
Vessels were excluded if they were documented as being short, inflicked %6% or
greater stenosis and if big septal branches were close to the bifurcgtom &eptal
branches are those which jut into the myocardium which is not consistent foloathgor

bifurcations.

3.2.2 Computational Model Generation

Morphology was quantified for three left coronary artery (LCA) bifurcatitessi
These sites are commonly associated with experiencing CAD: the kfioant
descending (LAD) and left circumflex arteries (LCX) from the LCA, al as their
respective first branches, the LAD and first diagonal (D1) and the lt@>ohtuse

marginal branches (OM). An anatomical reference is shown in Figure 3.2.
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-

Lt Main
i =
LA

Figure 3.2: Anatomical location of the LMCA tree with relation to the heart. Adapted from the
radiologist assistant (http://www.radiologyassistatnl).

Grayscale CT image data was imported into ITK-SNAP (Yushkevich, P.A.,
University of Pennsylvania) as DICOM files. ITK-SNAP is an open soswéigvare
application which applies active contour segmentation to imaging data to g&i2rate

computational models as illustrated in Figure 3.3.
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C
Figure 3.3: Generation of a computation model fromCT data. Steps include defining a region of
interest (A), placing seeds for snake initializatio in axial, sagittal and coronal planes (B; left taight
respectively), and visually verifying the computatbnal representation created by snake initialization
(C) relative to volume rendering from a commerciaWworkstation (D).

A region of interest (ROI) was identified within the image data containing the
location of the vasculature to be segmented. The vasculature was ddlimeatng
thresholding and level set segmentation processes within the software. &ghdides
were then placed within the luminal area of each bifurcating vesseliadizeita snake
algorithm (Yushkevich et al. 2006). The segmentation process was completed by
choosing relative weights of different types of velocities to control the sailgkathm.

All bifurcations were segmented using the semi-automated method with manual
modifications as required after the segmentation process to accuratedy ploetvessel
ROI. Differences between data sets required parameter adjustmeificaipet the
image data ROI had a large gradient in intensities. The large graeti@ned different

thresholding values which changed based on the intensity ranges. Velocitytpesaare
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determined by the operator and are slightly different for each data set.hHersagiment
has evolved to containing the area of the vasculature and the desired smoothness

specified by the operator is achieved, then the computational representatiomplste.

3.2.3 3D Geometric Quantification from Computational Model

A Changing file formats to comply with software
architecture

Computational representations were imported into Paraview (Kitwarewherg
the file was saved with the extension of appended visualization toolkit poly¢orR)
data files. This file-type is required for further analysis using tBeutar modeling
toolkit (VMTK). VMTK was developed and currently maintained by Luca Antiga
(Medical Imaging Unit, Bioengineering Department, Mario Negriitate, Bergamo,
Italy) and David Steinman (Biomedical Simulation Lab, Mechanical & lndlis
Engineering, University of Toronto, Ontario, Canada). VMTK is an open source saftwar
which allows for vessel centerlines and bifurcation angles to be delineategiantified

(Antiga and Steinman 2004).
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B Centerline Calculations using VMTK

Centerlines are useful representations of the shape of vessels. 3D skafietoni
provides an illustrative description of the definition of a centerline; howéheer, t
mathematical definition of a centerline is not a unique calculation amoeaycbsrs.

Many methods have been proposed in the literature for the computation of centerlines
both from angiographic images and 3D models (Choi et al. 2009; Kawasaki et al. 2009;
Long et al. 2003). The algorithm implemented in VMTK computes centerlinésigtar

from surface model rather than by an operator.

Centerlines in VMTK are determined as weighted shortest paths trateeen
two extreme points. In order to ensure final lines are in fact central, treeqaathot just
lie anywhere in space, but are bound to run on the Voronoi diagram (Figure 3.4) of the
vessel model; this is the place where the centers of maximal inscribedsspre
defined. A sphere inscribed in an object is said to be maximal when there is no other
inscribed sphere that contains it. Every point grouped to the Voronoi diagram has a
sphere centered in that point that is a maximal inscribed sphere. Centerliaes wer
generated within the software by determining the center of maxins&ilbed spheres
that approximated the diameter along the length of each vessel. The us& idfallbivs

for fast and operator independent centerline generation, making the processimst.
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Figure 3.4: Solid model (left), Voronoi diagram (mddle) and centerline within opaque model (right)
of a patient-specific LAD/D1 bifurcation extractedusing VMTK.

C Bifurcation Angle Extraction using VMTK

The centerlines obtained from VMTK were then used to calculate vectorsinorma
and tangent to a defined bifurcation plane. The out-of-plane bifurcation vecteeasy!
classified as the angle between the bifurcation vectors and the bifurcatierirpla
radians. The difference of in-plane angles from the daughter vesselsadas abtain
bifurcation angles (Thomas et al. 2005). Centerlines were used to obtain eomet
characteristics including vessel length and area in planes perpentbdhlarcenterlines.
The bifurcation sites were characterized as the bifurcation vectorsgrjgpizocations)
output from VMTK from the bifurcation angles. This data provided fast and operator-

independent characterizations of the bifurcation angles for the vesselgymeekst
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D Vessel Quantification

Vessel quantification was accomplished by providing three inputs, a surface file
(.vtk), centerline (.csv) point information, and bifurcation vectors values,(tdat)
number of scripts written in Matlab. The desired geometric measurensenfate
points were taken from the smoothed VTP file and converted into a VTK surface mesh.
The centerline points were exported as comma-separated value (.cspotirethe
surface and centerline files were created in Paraview.

The surface mesh, centerline points and bifurcation vectors were then loaded into
Matlab in their respective formats (.vtk, .csv and .dat, respectively). Cubkjorttans
were used to separate the centerline paths into a main branch, side brarcegastia
and parent vessel segments. After the vessel was separated each segnoemrintified
individually. Circumferential slices were extracted at 1 mm measuntsmaéng each
branch, except the ostial region which was in which measurements wereeeéaety
0.5 mm (Figure 3.5). Metrics quantified were vessel length, area, ecitgnémd taper

factor.

Figure 3.5: Representative vessel for which circurefential slices were taken proximally to distally
along the centerline paths extracted from VMTK. Blak denotes the proximal vessel, magenta the
ostium, blue the distal vessel and red the side tmah quantification locations.
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Area was measured using the circumferential slices and the polyact@m, an
inherent function within the Matlab architecture, which uses x and y points to find the
area of a polygonal shape. Area measurements were then used to extract diagnete
radius for branching law calculations according to Murray and Finet, which is
represented as: fRen{(Rdaughter1t Raaughter)). Vessel length was taken as the number of
collected slices down each vessel segment.

Taper is can be described as a change in area over a change in length which give
a quantifiable measure of how much a vessel changes proximally to distailyaS
investigators have taken different approaches when quantifying tapeyr 1891;

Zubaid, Buller, and Mancini 2002). The taper calculation used for this study was based
on the work done by Fung, where taper was described as index coapet factor
which was determined using an exponential function based on vessel area and radius.
Fung’s equation is:

A = pelB¥RO) Equation 3.1
A is the area of vessel segment,ahd R are, respectively, the inlet area and radius at
the most proximal location, x is the distance from that upstream site and Bapé¢he
factor previously described (Fung 1997).

Eccentricity has previously been characterized by several resesa(biller et al.
2008; Yamagishi et al. 2002) using equation 3.2, which describe eccentricity using
maximum and minimum radial distances. An eccentricity index (E$)quantified at
each circumferential location which describes how elliptical or cir¢bkacross-

sectional area of the vessel.

El = (Rnax— Ruin)/Rmay) Equation 3.2
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Most studies used intravenous ultrasound as the method for obtaining lumen distance. In
the present study lumen distance was calculated from the vessel segrasr#ishg
each section using a standard distance equation.

Radius of curvature was quantified by incorporating the extracted ceaterli
points, turning them into paths files from scripts written in Matlab and loading titem i
CVSim. Choi et al. were able to solve for radius of curvature using centerline path
information by solving the inverse of the radius of an osculating circle hwias
approximated by a circle passing through three points on the vessel centéhlirteopa
the current investigation the bifurcated vessel centerline was partiticioeal MV and
SB centerlines. Global curvature was then calculated using a window sizk,wds
defined as the average diameter of the vessel. The output from this CVSim wmasamme
value for each vessel curvature examined (Choi et al. 2009). Mean radius of euvatur
reported for vessel curvature in this investigation.

Physiological systems such as the coronary tree exhibit a high degree of
organization. There have been numerous attempts to explain and to quantify thefdesign o
the vascular tree (Finet et al. 2008; Kaimovitz et al. 2008; Murray 1926). These
theoretical models provide relationships between PV diameters and corresponding
daughter vessels (MV and SB). Murray derived an optimal condition for vascular
bifurcations based on the principal of minimum work, known as Murray’s Law (Equation
2.1). It states that the cube of the diameter of the PV equals the sum of the cubes of the
diameters of the daughter vessels. Finet et al. proposed a linear rblptlmgtsveen the
different vessel diameters for coronary bifurcations which is easieetim ainical

practice (Finet et al. 2008). Finet found the ratio of parent radius over the sum of
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daughter radii to be 0.678 based on angiographic data for all coronary aDenmester
and radius calculations were quantified and applied to both Murray’s law and Finet’'s

ratio equations for the current study.

3.2.4 Post Processing Data

Standard assumptions were made about the vessel data quantified. All data were
assumed to be normally distributed, stationary, have equal variance and beadtatist
independent. Knowledge of any anomalies were either noted or rejected from the
analysis. Confidence in these assumptions was tested using the non-parametast
and the chi-squared (goodness-of-fit) test.

The runs test determines the randomness of a data sets distribution. More
precisely, it can be used to test the hypothesis that the elements of the segeenc
mutually independent. The data was partitioned into groups based on if values within the
data were above or below the mean value. Too few runs indicate a tendency &orchigh
low values to cluster. Too many runs indicate a tendency for high and low values to
alternate.

A chi-square test was used to prove the hypothesis that the vessel data comes
from a normal distribution with variance a known variance. The data sets wetk tes
against the alternative that the values come from a normal distribution differant
variance. Results from the chi-square test will dictate whether parametron-
parametric statistical analyses are performed.

Parametric hypothesis testing was performed on normally distributed data

verified based on the chi-square testing outcomes. Geometric variablegedvateoss
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all patients, were compared using one-way analysis of variance (AN@wApaired t-
test. Due to the inherent variability across all patients, nonparametridegmotesting
was performed on all data to confirm that true trends were revealed. The dilcox
signed-rank test is a nonparametric alternative for two paired saamul@s analogous to
the student’s paired t-test. A nonparametric test for comparing multipleendent
samples is the Kruskal-Wallis test. This procedure is analogous to the paramet
ANOVA hypothesis test. The utility of both parametric and nonparametringestsures
significant differences between and within geometric properties arevei®ed. Statistical
significance was defined as P < 0.05. All testing was performed usingbMat
Statistical analysis can be skewed by outliers and abnormalities Withdata,
which can be misrepresented and conceal true trends of the most often presenting values
for indices of vascular bifurcation morphology. A joint probability density function
(JPDF) provides a visual and intensity scalar representation of the lemgesbnality
among paired metrics and was therefore employed here. However, des@tdipgethe
data from two characteristics as seen with the JPDF, the collectiveegualithese
vessels may still differ. Thus, to further determine how all metrics areectethand
decipher where the data naturally partitions based on all input charazg€rist
geometric properties), clustering analysis was implemented. Twerthgsapproaches
were taken; hierarchical and k-means clustering. HierarcHicstecing groups multiple
input variables together based on Euclidian distances. The distances are tltken linke
according to the un-weighted averages of those distances. K-means clustesran
iterative partitioning approach which minimizes the sum over all clustetaking the

Euclidean distances of those point-to-centroid sums. Logically, when com plaei
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individual vessel data (PV, DV, SB and Ostium) ideally three bifurcationshtasdd be
grouped. Additionally when comparing geometric properties from the entireddifom
site (LCA, LAD and LCX) four individual vessel segment groups should emergeg Usi
this logic, clustering analysis was performed by setting the numigeowps for
partitioning to 3 and 4 when clustering the individual vessel segments and whole
bifurcation sites, respectively.

The final tool incorporated within this analysis is the utility of principal
component analysis. One of the difficulties inherent in multivariate statistthe
problem of visualizing data that has many variables. For data sets withl seviaiales,
groups of variables often can be grouped together since more than one vagableemi
reflective a driving principles governing the behavior of the system. In s\atgms
there are only a few such driving forces, but an abundance of measurementsoallows f
several measures of system variables. Multiple variables can befigidhipi replacing a
group of variables with a single new variable.

Principal component analysis is a method for attaining a measurable value of what
variables influence the system. This procedure generates a new sétlaegaprincipal
components. Each principal component is a linear combination of the original variables.
All the principal components are orthogonal to each other, so there is no redundant
information. Using built in functions within the Matlab architecture provides pleim
way to calculate principal components from the geometric properties dgemithe

current investigation.
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3.3 Results

A total of 63 computational models from three LMCA bifurcations were gewkerate
during this investigation and used to obtain geometric properties. A group of
representative computational models are displayed in Figure 3.6. Vesde| &pgt
taper, and eccentricity are reported in Table 3.1. Parametric sthastatgsis was

performed on all quantified geometric parameters and reported in Table 3.1.

LCA J/Dl LCX/OM

Figure 3.6: Representative computational models firm CT image data, used to quantify vessel
geometric properties.

The outcome of the runs test showed vessel length for each bifurcation site
(LAD/LCX, LAD/D1 and LCX/OM) were not considered random. Alternaliye
individual vessel segments (PV, DV, SB and OS) were considered random.atfurc
angles (both DIA and PIA) were not considered random (P =0.4 and P =0.17,
respectively). After performing a runs test on mean radius of curvatubeth the MV
and SB vessel segments both vessel segments were not random (P = 0.01 and P = 0.03,
respectively).

Data classified as random from the runs test, required a chi-sqoacn&gs-of-fit’

test to determine if the underlying distribution could be considered normal.| desse
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length, bifurcation angles and radius of curvature data were considered to haak norm
distributions after performing the chi-square test, confirming theyubfiparametric
testing for this investigation.

Results from parametric statistical testing (one-way ANOVA@aickd t-tests)
showed that within the LCA and LCX/OM bifurcation segments; vessel ared ahb
SB are less than PV and Ostium, and the DV and SB are longer than the PV and Ostium
Within LAD/D1 bifurcation segments, vessel areas of SB are less than Bvin@sd
DV vessel segments. Additionally, vessel lengths for the LAD/D1 tteDV and SB
are longer than PV and Ostium.

Between specific bifurcation segments, vessel area and length from BharidA
LCX bifurcations are less and greater, respectively, than LCA PV. Meaggh from the
LAD and LCX SB (i.e. D1 & Ostium) are greater than upstream PV. No oth@mpéers
compared were statistically significant. Therefore, according to gdnatesting vessel
area and length have the most variability when comparing within and betWiah

bifurcations.
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LAD/LCX (n =20)

PV DV SB Ostium
Area (mm?) 17.7+8.1 | 11.7£5.65 | 9.5+4.6§ | 19.4+9.3
| ength (mm) 7.6+£4.0 | 19.3+5.9% [ 184+8.68 | 2.8+0.4
Eccentricity 0.2+ 0.1 0.2+ 0.1 0.2+ 0.1 0.3+0.1
Taper Factor 0.10+0.06 | 0.06:0.05| 0.06+ 0.05| 0.12+0.08

LAD/D1 (n = 21)

PV DV SB Ostium
Area (Mm?) 11.3+ 6.7t| 8554 | 3.5+1.8%* [14.0+ 6.51%*
Length (mm) 12.2+4.41| 18.8-6.00 | 16.8+5.3 | 2.8+ 0.4
Eccentricity 0.2+ 0.1 0.2+ 0.05 0.2+ 0.1 0.4+ 0.1

Taper Factor | 0.06+ 0.05| 0.050.03| 0.08:0.03| 0.070.05
LCX/OM (n = 22)

PV DV SB Ostium
Area (mm?) 12.2+6.11| 7.2£63.718 | 4.1+ 2.1 | 13.1+5.9T
ength (mm) 142+ 741 21,7+ 7.4 | 185+ 7.68 | 3.6+ 1.1t
E ccentricity 0.2+ 0.1 0.2+ 0.1 0.2+ 0.1 0.4+ 0.1

Taper Factor 0.05+0.04| 0.05+0.02| 0.06+0.06| 0.06+0.04

Table 3.1: Average geometric vessel properties exggsed in mean * standard deviation. Parametric
testing outcomes distinguished by symbols. § = withbifurcation group significant difference
(P<0.05), T = between bifurcation group significandlifference (P<0.05) * = within bifurcation group
significant difference from DV (P<0.05).

Taper factor values were similar for all bifurcation sites (T8¢ The values
reported in Table 3.2 were used to graph the curves shown in Figure 3.7. The general
shapes of the curves are the same for all bifurcations and individual segment. No
statistical difference was observed between taper values. Despaeatality between
taper factors from the observed data, general vessel taper has beerequamdiitan be

incorporated into stent design.



LAD/LCX (n =20)

68

PV DV SB Ostium
Taper Factor| 0.10+ 0.06 | 0.06+ 0.05| 0.06+ 0.05| 0.12+ 0.08
R, (mm) 2.3 1.9 1.7 2.4
A, (Mm?) 19.4 15.7 13.2 24.2
B/R, 0.04 0.03 0.04 0.05
LAD/D1 (n = 21)
PV DV SB Ostium
Taper Factor| 0.06+ 0.05| 0.05+0.03| 0.08+0.03| 0.04 0.05
R,(mm) 1.8 1.6 1.0 2.1
A, (Mm?) 11.3 15.7 13.2 24.2
B/R, 0.03 0.03 0.08 0.03
LCX/OM (n = 22)
PV DV SB Ostium
Taper Factor| 0.05+0.04 | 0.05+0.02| 0.06+0.06| 0.06+0.04
R, (mm) 1.9 1.5 1.2 2.0
A, (Mm?) 12.2 8.9 6.3 14.9
B/R, 0.03 0.03 0.05 0.03
Table 3.2: Average taper values which were used fot taper in Figure 3.7.
Proximal Vessel Distal Vessel Side Branch
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Figure 3.7 Plotting taper as function of taper facbr ‘B’ based on Fung’s equation 2.4, from a length
of 0 mm to 15 mm, moving proximal to distal alonghe vessel.
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Figure 3.8 and Table 3.3 illustrate the bifurcation angles quantified for this
analysis. The proximal and distal intersection angles (PIA and DIA, tesggrwere
calculated using the bifurcation vectors extracted using VMTK. Thetirggublues are
shown in degrees; both groupings of bifurcation angles have high variance (13-24
degrees). The matched bifurcation angles were tested using a paire®tAdstm
LAD/D1 was compared to DIA from LCX/OM and the PIA from LAD/D1 wasnpared
to PIA from LCX/OM. Both pairings have similar results, which do not vary éetw

bifurcation sites (considered to have the same means).

Proximal Intersection Angle Distal Intersection Angle

Figure 3.8: Bifurcation angle reference vessel, ditaying the locations of proximal and distal
intersection angles.

LAD/LCX LAD/D1 LCX/OM
DIA PIA DIA PIA DIA PIA
A"%rage 75+16 | 149t24 | 62+16 | 150¢17 | 65+15 | 150+13
A

Table 3.3: Average bifurcation anglesB,), distal intersection angle (DIA) and proximal inersection
angle (PIA) values shown as mean +* standard deviati.

Mean radius of curvature values were compared and averaged (Table 3.4). There
was an increased value of curvature in the SB vessel segments, compared\fo the M
segments. However, with the larger mean radius of curvature values withiB ther8
are was also higher variance (standard deviation) so this difference didaiot rea

significance. Mean radius of curvature increased for the LAD/D1 and LCX/OM
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bifurcations compared to the LCA, however there was no significant differetveedne
bifurcations. Paired t-tests were performed on vessel curvature valuesgaredhe
differences between the analogous bifurcation segments. Three vesseliggaugie
compared: 1) MV and SB from the LCA bifurcation, 2) MV from LAD/D1 and MV from
LCX/OM, and 3) SB from LAD/D1 and SB from LCX/OM. All three groupings &abt

significantly different from each other (means were considered thg.same

Mean radius of curvature (mnt?)

MV SB
LAD/LCX 0.18+0.04 0.20+0.06
LAD/D1 0.22+0.06 0.40+0.20
LCX/OM 0.25+0.10 0.34+0.20

Table 3.4: Average mean radius of curvature calcutions shown for both the main vessel (MV) and
side branch (SB)

Geometric data from this investigation was applied to equations from branching
law theory; k-values and Finet ratios, were quantified and are shown in Tabke-3.5.
values varied from 2.5 to 3, similar to the principal of minimum work (k = 3) (Murray
1926). Calculated Finet ratios for each bifurcation site ranged from 0.7 — 0.8te%k sta
previously, Finet et al. (Finet et al. 2008) found a branching ratio based on mhscat
from the entire epicardial coronary tree of 0.678. Statistical analy®eesl no
differences between the bifurcation sites for the calculated ksrsalu€inet ratios. The
values are not the same as those reported in previous studies however; this stndy does
include the entire coronary vasculature, but rather bifurcations isolated o thr

prominent bifurcations.
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LAD/LCX LAD/D1 LCX/OM
k-value 3.1+26 3.0x51 25+25
Finet ratio 0.7+x0.1 0.7+0.1 0.8+0.1

Table 3.5: Branching law indices quantified using @erage diameters values from each vessel for each
bifurcation site.

Scatter plots from the raw data were created to illustrate how one geometric
property can be influenced by another geometric property (Figure 3.9). &uopkex
Figure 3.9 and Figure 3.10 compares average MV length to a correspondingibifurca
angle (DIA and PIA) with the use of scatter and JPDF plots, respectivelyage/ealues
were approximately 65° and 155°, similar to the average calculated valme3dble
3.1. The values from the JPDF yielded ranges of 50-80° for and 140-160°, with lengths
between 10-25 mm for both DIA and PIA bifurcation angles, respectively. The

probability that all bifurcation sites would have these values was between 8-9%.
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Figure 3.9: Scatter plots comparing bifurcation andes (DIA and PIA) for each bifurcation to mean

main vessel length
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Figure 3.10: JPDF comparing the likelihood of a paticular bifurcation angle occurring at a
particular vessel length.

Figure 3.11 compares mean radius of curvature to vessel length. For all
bifurcation sites the mean radius of curvature is approximately between 0.1 and .3 mm
with corresponding lengths from 10-25 mm, respectively. Visually, the datatliem
LCX/OM vessel segments do not cluster in the same manner as the other twatibifurc
sites. Therefore, JPDF plots were created to illustrate where theshiginge of
probabilities are located (intensity peaks in a 3D space). Results froPDQRefdr each
bifurcation site with values of 0.1-0.25 mm-1 for mean radius of curvature and lefgths

10-25 mm are the highest probability with 8-10%.
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Figure 3.11: Scatter plots comparing vessel meandaus of curvature and vessel length for each

branch and each bifurcation site.

Additional scatter and JPDF plots were created to compare 1) ecceinidity
length, 2) area and length and 3) normalized area to length to vessel Téwegtcatter
plots are shown in Figure 3.12 through Figure 3.14, respectively. Table 3.6, Table 3.7,
and Table 3.8 compare the visual clustering results from the scatteioplogsintensities
calculated from the JPDF plots. Vessel eccentricity and area areuamp Figure 3.12
and values are reported in Table 3.6. Clusters both between bifurcation groupings and
within segment groupings are similar for all vessels. Interestitgyostial segments had
the highest ranges of eccentricity values with the largest aresvahe probabilities

from the JPDF narrowed the ranges of component groupings.
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Figure 3.12: Scatter plots comparing eccentricityd vessel length for all vessel segments at all
bifurcation sites, different colors represent eaclindividual segment being compared.
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LAD/LCX (n =20)
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Scatter plot trend JPDF
Eccentricity] Area (mrf) | Eccentricity] Area (mr#)| Probability
PV 0.2 5-20 0.1-0.3 8-15 32%
DV 0.1-0.3 5-15 0.05-0.2 5-10 49%
SB 0.1-0.3 3-15 0.05-0.2 5-10 28%
Ostium 0.3-0.4 10-25 0.2-0.4 10-20 22%
LAD/D1 (n=21)
Scatter plot trend JPDF
Eccentricity] Area (mrf) | Eccentricity] Area (mr#)| Probability
PV 0.2 5-15 0.1-0.3 4-15 46%
DV 0.2-0.4 3-15 0.05-0.2 5-15 41%
SB 0.2-0.4 1-10 0.05-0.2 3-8 30%
Ostium 0.3-0.6 5-25 0.1-0.4 5-25 48%
LCX/OM (n = 22)
Scatter plot trend JPDF
Eccentricity] Area (mr) | Eccentricity] Area (mf)| Probability
PV 0.2-0.4 5-20 0.1-0.3 5-15 57%
DV 0.2-04 1-15 0.05-0.3 1-10 43%
SB 0.2-0.4 1-10 0.05-0.2 1-8 56%
Ostium 0.3-0.6 5-25 0.2-0.4 5-15 45%

Table 3.6: Clustered values of eccentricity and aeefor each bifurcation site obtained from scatter

plots and from JPDF, showing the ranges and the assiated probability with those ranges.

Vessel length and area is compared in Figure 3.13, scatter plot valuesedmp

against JPDF results are reported in Table 3.7. Length and vessel ateavdagmmilar

trends both between bifurcation groupings and within segment groupings.tintgyes

the probabilities associated with each segment were highest acroggrahsefor

ostium segment for all three bifurcation sites (12%, 9%, and 8 %, for LCA, LA

LCX/OM).
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Figure 3.13: Scatter plots comparing vessel area i@ssel length for all vessel segments at all
bifurcation sites, different colors represent eaclindividual segment being compared.
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Scatter plot trend JPDF
Length (mm) Area (m®)| Length (mm)| Area (mf)| Probability
PV 1-15 5-20 2-7 0-20 53%
DV 15-20 5-15 5-18 5-25 44%
SB 15-30 3-15 3-18 5-10 34%
Ostium 1-10 10-25 1-5 5-15 50%
LAD/D1 (n=21)
Scatter plot trend JPDF
Length (mm) Area (m@) |Length (mm) Area (m@) | Probability
PV 5-20 5-15 1-5 1-20 65%
DV 15-25 3-15 1-10 5-25 62%
SB 15-25 1-10 1-15 1-5 56%
Ostium 5-10 5-25 1-5 5-15 55%
LCX/OM (n = 22)
Scatter plot trend JPDF
Length (mm)| Area (m@) |Length (mm) Area (m@) | Probability
PV 5-25 5-20 1-15 1-15 53%
DV 20-25 1-15 1-15 1-15 50%
SB 10-25 1-10 1-10 2-7 68%
Ostium 3-10 5-25 1-3 1-10 43%

Table 3.7: Clustered values of length and area fazach bifurcation site obtained from scatter plots
and from JPDF, showing the ranges and the associat@robability with those ranges.

Scatter plots comparing vessel area against normalized area (aesawate

divided by total vessel segment length) data are shown in Figure 3.14sViam the

plots are reported in Table 3.8. Length and normalized area data have tsandarfor

each of the segments compared; LAD/D1 and LCX/OM values are sinsilarbioth the

scatter plots as well as the JPDF. The LCA bifurcation had slightbrelift values than

the two daughter bifurcations, with overall higher probabilities of cluttering tarocc

(10% probability observed in both DV and ostium of LCA).
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Figure 3.14: Scatter plots comparing normalized ara to vessel length against vessel length for all
vessel segments at all bifurcation sites, differemlors represent each individual segment being
compared.
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Scatter plot trend JPDF
Normalized Normalized
Length (mm) Area (mm) |Length (mm) Area (mm) | Probability
MV ROC 5-15 1-5& 6-10 1-8 0-5 65%
DV 5-20 1-3 5-15 0-3 55%
SB 5-25 0-3 1-10 0-2.5 64%
Ostium 0-8 3-15 0-2 0-8 56%
LAD/D1 (n=21)
Scatter plot trend JPDF
Normalized Normalized
Length (mm)] Area (mm) |Length (mm) Area(mm) | Probability
PV 5-10 0-3.5 1-6 0-2.5 65%
DV 1-15 0-2 2-10 0-3 63%
SB 1-15 0-1 2-8 0-3 55%
Ostium 1-8 1-5 1-5 0-3 75%
LCX/OM (n = 22)
Scatter plot trend JPDF
Normalized Normalized
Length (mm) Area (mm) [Length (mm) Area (mm) | Probability
PV 1-15 0-3 1-5 0-5 60%
DV 5-10 0-1 1-10 0-3.5 65%
SB 1-15 0-2 1-5 0-2 54%
Ostium 1-8 3-6 2-4 0.5-4 65%

Table 3.8: Clustered values of length and normalizkarea to length for each bifurcation site obtained
from scatter plots and from JPDF, showing the range and the associated probability with those

ranges.

Vessel length and area were the characteristics which impacteédttbecsl

analysis the most. To more fully describe these indices, individual slicevasedivided

by length total vessel length for each vessel segment, yielding noechaliea.

Normalized area and length are reported to provide insight about generabebsseor.
Quantifying how vessel area is related to length provides information about where
common lengths and areas will be observed. Information elucidated from the scatte
plots describes broader ranges than those from the JPDF results. The probahéity of t

cluster (spike) in the data was relatively low (< 15%) for all geometojoguties
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compared; however, the data usually exhibited one prominent spike from the data within
the plot, indicating data clustering. Scatter and JPDF plots provide informationhaout
two geometric properties are influenced by the other. Additional informaticequired
to classify the morphometric characteristics of the coronary aténi@rder to compare
more than two variables data clustering and principal component analysisrioased.

The scatter plots and JPDF plots show that there may be some skewing within the
data, which would not be accounted for using the parametric statistical an@tysi
ensure the data was not influenced by the requirement of an underlying distribution,
Kuskal-Wallis analysis of variance test and Wilcoxon signed-rankwests performed.
Table 3.9 and Table 3.10 report statistical significance observed from non-parame

testing.

LAD/LCX (n=20)
PV DV SB Ostium
Area (mm?2) 17.7+8.1 | 11.7+-5.68 | 9.5+ 4.68* | 19.4+9.3*

Length (mm) | 7.6+4.0 |19.3+5.9%§18.4+8.6%§| 2.8+0.4
LAD/D1 (n = 21)
PV DV SB Ostium

Area (mm?) | 11.3+6.71| 8.5:5.41 | 3.5£1.8%* [14.0+6.5%*

Length (mm) | 12.2+ 4.41| 18.8:6.0' |16.8+5.3%| 2.8+ 0.4
LCX/OM (n = 22)
PV DV SB Ostium
Area (mm?) | 12.2+6.11| 7.263.7%8 | 4.1+ 2.11% | 13.1+ 5.9t

Length (mm) |14.2+ 7.4%121.7+ 7 .4%§{18.5+ 7.6f§| 3.6+ 1.11

Table 3.9: Average geometric vessel properties exgssed in mean + standard deviation.
Nonparametric testing outcomes distinguished by sybols. § = within bifurcation group significant
difference (P<0.05), T = between bifurcation groupignificant difference (P<0.05) * = within
bifurcation group significant difference from DV (P<0.05),F within bifurcation group significant
difference from OS (P<0.05).
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LAD/LCX (n =20) LAD/D1(n = 21) LCX/OM (n=22)
DIA PIA DIA PIA DIA PIA
Average B | - 26 16 149:24 | 62+16§ 150+ 17 65+ 15 150+ 13
(degrees)
Radius of MV SB MV SB MV SB
curvature
(mm?) | 0.18+0.04 0.20:0.06 | 0.22:0.6 0.40:0.20§ |0.25+0.10§ 0.34= 0.20§

Table 3.10: Average geometric vessel properties exgssed in mean + standard deviation.
Nonparametric testing outcomes distinguished by sybols. § = between bifurcation group significant
difference (P<0.05)

Results from Kuskal-Wallis analysis of variance were similar toltefrom the
parametric ANOVA. There were some indices that were considered cagnii
different which were not included previously. Vessel area was significaffiyesht
within vessel parameters, especially the ostium, as compared to the ANOVA tivbe
ostial region only different from the PV and not individual segments. The LAD DIA
bifurcation angle was statistically different from the LCA parefurbation. Also, radius
of curvature was significantly different between the MV of the LCA and LE¥Xell as
the SB. Overall, vessel area still is the most variant geometric properothbufeatures
such as bifurcation angle and curvature should be included in design parametagnto des
stents for specific regions of the coronary vasculature. The utility of acawtric
statistical analysis was required in this analysis because theretatestical differences
which were not discovered using the normal parametric tests. This could be a rémult of
chi-square test having too much type 2 statistical (beta) error. The onkp wegke sure
that type 2 error was not introduced into the quantification is by increasimgiiger of
samples or compromising on the level of significance (decreasing sagi@iéco < 95%).
Discussed later, sample size determination will be quantified to see if enoogllesa

were collected to accurately distinguish statistical signifiealidoo few samples were

used, that could be an indication that statistical assumptions may not hold true for all
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instance within the data. Therefore, it was worthwhile to perform nonparanssiing

to elucidate if statistical error was introduced and reveal the truédisin of the data.
Despite performing several statistical tests, which describe théalstd on means and
distribution, deciphering where most of the data clusters is important when providing

results for stent design.

Data clustering was accomplished by custom Matlab scripts which geaplo
inherent clustering analysis tools from the statistical toolboxis8tai and partitioning
methods were used to group morphometric parameters by similarity. This approach
allows for a large number of input characteristics (i.e. vessel area, lecgghtrecity,
taper, radius of curvature and bifurcation angles). The function calculatpditivese
distances between parameters, where then function linkage createchicafialuster
trees. The data was clustered based on operator-specified threshold wtiieh set
maximum number of clusters. Hierarchical clustering is a way to exgtotgings
within the vessel data, concurrently over an array of scales of distanaeating a
cluster tree. The tree is not a single set of clusters, as in k-mearethleutar multi-level

hierarchy, where clusters at one level are joined as clusters at the mextléigl.

The data was also clustered based on statistical k-mean vale&-means
values which are calculated by reassigning points among clusters tosedtieaum of
point-to-centroid distances, and then re-computes cluster centroids for thkisiw ¢
assignments. K-means clustering is a partitioning method, each obsemadherdata set
is associated with a locations and distances from each other. It partitiarigdbts into
K mutually exclusive clusters, such that objects within each clustes atese to each

other as possible, and as far from objects in other clusters as possible. Baclisclus
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characterized by its centroid, or center point. The distances used in cludteriog
represent spatial distances. All vessel data was used for the quantification.

All three bifurcations were clustered as well as all vessel segiffnid1Vv, SB
and Ostium) and the primary seven geometric properties (area, length, ¢capetrieity,
radius of curvature and bifurcation angles both DIA and PIA). The clusteringaagbyas
by both, hierarchical and k-means elucidate some understanding how the dawpésigr
based on geometric properties. While both clustering techniques provide infarmati
about how the data was grouped, k-means was selected as the primary partitioning

modality for this investigation.

K-means completely partitions the data into separate groups, whereas with
hierarchical clustering there is some overlap between groupings. Ksrmkgtering for
bifurcation sites and vessel segments are reported in Table 3.11 and Table 3di2aThe
is clustered into groups and values from each group are reported as average values and

standard deviations which are included within each group.

By calculating the principal components from these analyses; the cumulative sum
of the variances (for example within the LCA bifurcation are: 50, 81, 93, 99, 99.9993,
99.9997, and 100.0000 as displayed in Figure 3.15. This cumulative sum of variances
indicates that approximately 80% of the variance is accounted for by thtevtrs
principal components (vessel area and vessel length). Overall, the clustaliysisa
shows that vessel area and length are the two most influential geometridipsopken

investigating vessel morphology.



K-means Clustering Values for Vessel Segments

Table 3.11: K-means clustering values for each ofi¢ vessel characteristics quantified. Values

PV Area Length El Taper ROC
Cluster] (mm2) (mm) Factor (mm-?)
26 | 9.5+3.3| 16.3+6 | 0.2+0.06| 0.1+ 0.06| 0.2+ 0.08
11 [23.9+7.2| 7.3+3.5| 0.2+ 0.05| 0.1+ 0.06| 0.2t 0.05
26 [13.7+6.3]1 11.0£ 3.9 0.2+ 0.07] 0.1+ 0.04| 0.2+ 0.07
DV Area Length El Taper ROC
Cluster] (mm2) (mm) Factor (mm-1)
23 | 53+1.7| 24.1+6 | 0.2+0.03] 0.1+ 0.03| 0.3+ 0.08
12 [15.0+£7.2] 16.0=5.4| 0.2+ 0.05| 0.0+ 0.04| 0.2+ 0.11
28 1 9.6+3.1 | 21.0+5.7] 0.2+0.06] 0.1+ 0.03]| 0.2+ 0.04
SB Area Length E| Taper ROC
Cluster| (mm2) (mm) Factor (mm1)
15 | 3.56+8.6 | 7.6+18.3| 0.1+0.2 |0.04+0.06 0.1+ 0.25
40 | 1.7+3.6 | 7.3+ 20.2] 0.1+ 0.21| 0.0+ 0.07| 0.2+ 0.36
8 [57+11.4]48:11.1] 0.1+0.23]| 0.1+ 0.05] 0.1+ 0.22
Ostium| Area Length E| Taper
Cluster| (mm?2) (mm) Factor
21 |12.4+4.2| 2.4+1.7 | 0.4£0.09| 0.1+ 0.05
31 [18.7+9.1| 2.0+1.7 | 0.3:0.11] 0.1+ 0.07
11 111.9+4.7] 4.0+:3.6 [ 0.4+ 0.07/0.07+ 0.06

84

expressed as average value + standard deviationh@ number of samples clustered into each group
is reported under each cluster. The data was clugted into three groupings based on the expected
number of bifurcation sites.
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LCA Area Length E| DIA PIA Taper ROC
Cluster | (mm?) (mm) (degrees)degrees) Factor (mm1)
21 123.4+8.7| 6.8£4.3 | 0.3-0.1]| 67+12 |162+ 24| 0.11+ 0.07]0.17+ 0.03
21 |11.9+5.4| 22.8£6.5 | 0.2-0.1| 65+ 11 |164+ 25| 0.06+ 0.04]0.19+ 0.04
22 9.9+4 12+7.8 | 0.2£0.1| 76+6 [143+ 14| 0.06+0.05]0.20+ 0.01
16 12.8+6 | 13.849.8 | 0.2£0.1| 93+11 | 125+ 2 | 0.11+0.07/0.20+ 0.04
LAD Area Length E| DIA PIA Taper ROC
Cluster | (mm?) (mm) (degrees)degrees) Factor (mm?)
19 [10.8+£10.2 19.6t7.8|0.2+-0.1| 46+7 |165+11]| 0.06+0.05|0.27+0.17
33 8.2+4.6| 105:-4.6 | 0.3:t0.1| 56+4 |154+13| 0.06+0.04|0.30+0.17
8 10.1+5.1| 14.9+5.2 | 0.2+0.1| 98+ 10 | 132+ 1 | 0.07+ 0.06|0.21+ 0.04
24 110.2+59] 14.3+6.1 | 0.2+0.1| 73+6 |135+14 0.07+0.04/0.25+0.1%
LCX Area Length E| DIA PIA Taper ROC
Cluster | (mm?) (mm) (degrees)degrees) Factor (mm1)
12 58+28| 28.8:56 | 0.2+0 | 69+5 [146+ 11| 0.04+ 0.04|0.23+ 0.04
16 83+49| 13.6£85|0.2+0.1| 82+4 | 138+9 | 0.08+0.05(0.30+0.17
28 9.1+5.2| 8.2:4.9 | 0.3:0.1] 65£6 | 154+ 8| 0.05+0.03/0.310.15
28 110.1+6.9) 16.8+8.4 | 0.2+0.1] 50+7 | 158+ 8 | 0.05+ 0.03/0.26+ 0.04

Table 3.12: K-means clustering values for each ofi¢ vessel characteristics quantified. Values
expressed as average values * standard deviatiorh& number of samples clustered into each group
is reported under each cluster. The data was clusted into four groupings based on the expected

number of individual vessel segments.

Eccentricity

12%

Figure 3.15: Principal component analysis outcomeof the LCA bifurcation, illustrating the
geometric properties which introduce the most variace when comparing all properties.
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3.4  Sample Size Determination

In design applications it is important to establish how many samples (n) are
required to properly elucidate the desired information. Sample size deteomicai be
accomplished by using statistical principals. For accurate sampleéeteaenination,
three inputs are required to produce a confidence interval estimate for an anknow
population mean. Those three indices are: the desired confidence level, thelstanda
deviation of the characteristic under study, @nd the margin of error (E). These

variables can be applied to the following equation 3.3:

2

Zl—(%} o
n= E Equation 3.3

The desired confidence level is 95% which is equal to 1.96. Standard deviations from
each vessel segment for both circumferential diameters and vessehskggths were

applied to equation 3.1; those values are displayed in Table 3.13.

LCA LAD LCX LCA LAD LCX
PV 1.04 0.97 0.90 PV 4.05 4.39 7.42
DV 0.86 0.86 0.74 DV 5.88 5.9¢ 7.3¢
SB 0.81 0.5(C 0.9¢ SB 8.59 5.30 7.61
0Ss 1.09 0.88 0.90 0N 041 0.44 1.14

Table 3.13: Standard deviations from vessel diametg (left) and vessel length values (right) for each
vessel segment at every bifurcation location.

Two common indices reported for stent sizing options are diameter and length
measurements. Therefore, margins of error were defined as values ndochpassed

reported sizing values. Common diameter and length size options were taken from
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clinically relevant coronary stents: the Taxus™ Exgrass the Cypher™ coronary

stent.
Taxus™ Express2 Cypher™
Lengths (mm): 8, 12, 16, 20, 24, 28, 32 Lengths (mm): 8, 13, 18, 23, 28, 33
Diameters (mm): 2.5, 2.75, 3, 3.5 Diameters (mm): 2.25, 2.5, 2.75, 3, 3.5

From the values reported by both clinically relevant stents, the common changghn len
was approximately 5 mm. Thereforgi,gn=5 mm for sample size determination.
General changes in diameter sizing options was 0.25, therefgrede= 0.25. Sample

size determination for each vessel segment was calculated. Sampégjsizenments are

presented for every bifurcation site, vessel diameter and length in Taéle 3.

LCA LAD LCX LCA LAD LCX
PV 67 58 51 PV 3 3 9
DV 47 46 36 DV 6 6 9
SB 41 16 57 SB 12 5 9
OS 74 49 51 (ON) 1 1 1

Table 3.14: Samples required (N) to obtain enoughamples to accurately conduct statistical analysis
related to vessel diameters (left) and lengths (rig) for each vessel segment at every bifurcation
locations.

The current study modeled 22 patient data sets for each bifurcation site. Afte
calculating sample sizes for both vessel diameter and vessel lengtle, Tla4)|
approximately 75 total data sets are required to accurately represent golianaaters.
Interestingly, vessel length, a source of variance (~30%) for all vegsagdings per the
principal component analysis has fulfilled the minimum number of samples kfpire
accurate statistical results. Therefore, statistical difteregquantified from length

measurements are correct. Vessel length is an important attributgimggsient design.
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3.5 Summary

A method for producing computational representations and quantifying
morphometric data has been established that is relatively fast and acéemtestric
properties (vessel area, length, taper, eccentricity, bifurcation argleadius of
curvature) were defined using 3D imaging data. Statistical methods providgd ors
trends observed across three LCMA bifurcation sites, vessel area atdvwengt
significantly different after performing parametric procedures. Bgaving may have
been introduced due to patient variability.

Nonparametric statistical analysis was performed to ensure data digtreodit
not affect the outcome of the analysis. Vessel area and length within and between
bifurcation sites were the most significantly different. Notably, nonparantesting
exposed both bifurcation angles and mean radius of curvature values as significant
different. Further post-processing was accomplished using scatter ploEsplaeE)
clustering analysis and principal component analysis. The additional post-prgcess
techniques were used to more fully understand where trends exist within coronary
bifurcation morphology.

Sample sizes for diameter and length measurements were calculateesUltse
revealed that involving more patients is necessary to obtain a samplrgeenough to
accurately report diameter (area) measurements. Additional patientaldthprovide

more data and meet the minimum sample size requirement without doing exdess wor
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CHAPTER 4: DISCUSSION

4.1 Review of thesis objectives

The goal of this thesis was to develop a method whereby the adverse
hemodynamic changes induced by PSB intervention strategies can be quantified.
Specifically, CFD simulations were performed investigating the ae\ressrodynamic
effects of multiple-stent intervention strategies with additional provisteshniques in
the LAD/D1 coronary bifurcations and the local affects on TAWSS and OSlsvalue
Initially, the simplest problem reflective of geometric changes obsémvedlVUS and
micro-CT data was implemented using idealized vascular representatiens. T
continuation of tools developed was employed to include more complex stenting
strategies. Added complexity within the computational models paired with G&lisés,
reveals how hemodynamic indices affgcvivo stent performance.

The second portion of this thesis was aimed at developing a workflow which can
rapidly construct and quantify image-based CT data. This workflow was creatko\t
for more insight into coronary morphology and design better stents. Further
guantification was accomplished using several strategies to more agcosgteire
normal geometric clustering via post-processing techniques usingcahasid signal

processing methods.
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4.2  Novel aspects of the current work

This work confirms what was known about blood flow through stents using CFD
models and expands on previous work (Williams et al. 2010) by applying CFD
techniques to the coronary artery bifurcation with several important impes. The
current simulations employ a 3-element Windkessel (i.e. RCR) outflow boundary
conditions strategy to include the impact of the distal vasculature not included in the
physical CFD model. This method is not ideal since it does not include the timegvaryin
resistance induced by myocardial contraction and will be improved upon in subsequent
simulations beyond the scope of this thesis. Nonetheless, these boundary conditions
provide reasonable results and are more reflective of the true physiologic gmenom
than employing a zero pressure outlet boundary conditions as is frequentliyngelfor
The outlet boundary conditions used allow for quantification of FFR. Idealized stenotic
vessel simulations demonstrate that CFD employed with the current boundaryocsnditi
offers a non-invasive method for quantifying severity of stenosis via FFR. Tdizédk
vessel with 50% reduction in diameter was confirmed not clinically signifig< 0.75)
while the 70% reduction in diameter was clinically significant. Thégg fesults from
CFD simulations correlate with clinical findings.

The realistic nature of the CFD models created for the current work istecdra
improvement over the models that had been employed previously (Deplano, Bertolotti,
and Barragan 2004). Although the models in the first portion of the thesis are idealized,
the vascular dimensions and bifurcation angle were implemented based anadtatist
characteristics from a sampling of clinical patients (Finet et al. 20@8ovitClemental

et al. 2006).
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Additionally, the geometric changes induced by bifurcation stenting are rooted i
clinical observations made from IVUS clinical data of the carina shifirbedtenting,
after stenting and following gentle to aggressive balloon angioplasindidilation and
second stenting procedure. Previous studies in this area frequently useriaessn and
far simpler stent designs, whereas the Taxus Exjsésst is currently used frequently
within cardiac catheterization laboratories around the world making trentuesults
more interesting and applicable to clinicians. A unique contribution of this work is the
workflow developed to quickly extract image data models, obtain geonhekaiza and
construct computational models. This workflow can be used by future reseaechers t
allow for quicker simulation time. The post-processing uses a variety of techmiljioés
can allow for multidimensional insight on differences and similarities wbddyy this
area of the vasculature. Finally, the morphologic characteristics akelthom this
workflow were processes using common parametric and lesser implementedtparam
techniques to determine which properties may be most important in the stgnt desi
process. Of note, these results also take into consideration the full 3D nature of the

vasculature relative to prior angiographic or casting studies in this area

4.3 Hemodynamic results

Stenting alters hemodynamics near the coronary bifurcation by altetengla
geometry. This geometric alteration is due to stent design as well as lratige vessel
caused by the implantation procedure. For all idealized vessels, WSS wessddcr

distal to the bifurcation and localized within strut sections. This further uaddmsg
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highlights potential means by which next-generation bifurcation stentsecamproved

to limit the potential for restenosis. For example, potentially favorabteakphanges in
flow patterns could be introduced by optimizing the design (i.e. pattern) of steneknkag
or the bifurcation branching morphology. However overexpansion of the distal main
branch will almost always lead to low WSS and higher OSI, regardless ofrihe ste
design. Although the PSB techniques investigated are all different and mqvkcedea
than those previously reported, the differences in total low TAWSS are withiifitd%o
small difference may or may not have an impact on the outcome of the PSB stenting
technique performed.

The hemodynamic changes caused by stents can be clearly seen in the axial and
circumferential plots shown in Figure 2.17, Figure 2.18 and Figure 2.19. MV stenting
with aggressive KV showed increased WSS distal to the bifurcation as compidwr#aew
proximal region. All the stented models show decreased WSS distal to the sésnosis
compared to their respective proximal regions. The WSS pattern shown in the
circumferential plots shows a combination of the skewing pattern found also inthe pre
stent models and lower WSS as compared to the pre-stent model. In addition there is a
stent pattern of alternating high and moderately high peaks. Stenting induces &eas of
WSS according to the pattern of the stent that is implanted with intermittestlzemg
exposed to higher shear stress near the center of each intra-strut regipreseéne
results show the same behavior for the more complex Taxus Exgterss Many
assumptions were used for idealized model CFD simulations, but these resualte wil
helpful in understanding how fluid is imparted on different geometries with RBBr&j

techniques.
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4.4  Relationship to previous work

LaDisa et al. simulated blood flow through straight and curved stented vessels and
compared different stent design parameters including the number, width, thickness,
orientation and deployment ratio of an implanted stent (LaDisa et al. 2005). Deplano et
al. conducted similar simulations in an idealized bifurcation and also compared stent
design parameters of a Palmaz slotted tube stent (Deplano et al. 2004). Dealano e
used a bifurcation model with a bifurcation angle of 90 degrees which is within the
physiologic range but not common. Further their branching diameters do not comform t
physiologic branching patterns described recently by Finet etiaét (€ al. 2008).
Additional, the boundary conditions implemented for this previous stented bifurcation
model used methods which may not produce physiologic pressures and are therefore
incapable of calculating FFR.

This work represents the next step in CFD modeling of the coronary artery
bifurcation. The models employed here are more physiologic in that they rootafor
branching patterns described by Finet et al. and a physiologic bifurcatiendasgribed
by Pflederer et al.(Finet et al. 2008; Pflederer et al. 2006). Expanding on tiwmand
findings by Williams et al. the addition of complexity in stent configuration in
conjunction with CFD analysis was accomplished. Williams et al. found someeuni
characteristics applicable to further stent design research. Thengendemonstrate that
CFD can be used to quantify altered hemodynamics due to MV stenting and subsequent
SB angioplasty in a coronary bifurcation and shows representative chanhges
vascular geometry. The current study used the same local quantification nmethods

Williams et al. who quantified the amount of flow alterations due to overall vessel
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geometry versus the intricacies of stents struts, as well as ciremtiéand axial
alterations in WSS indices and revealed that there may not be a benefinterSrition
from a fluid dynamics perspective.

The development of an image-based quantification technique will better equip
both researchers and clinician in rapidly understanding and identifying morplwometr
alterations as shown by the tortuousness and wide-variety of geometric rareggsabs
throughout the coronary vasculature. This work goes beyond casting studies which
employ two-dimensional quantification of geometric indices as wehasised
vasculature. Also, this goes beyond basic angiography quantification tool whicleimpos
third dimension based upon mathematical calculations, which do not account for vessel
overlap and changes over the cardiac cycle. By utilizing all three diomsrastcurately,

higher quality computational representations are available for future (DERS

4.5 Limitations

Limitations to this analysis include the assumptions of rigid walls, a Neavtoni
fluid, and a Womersley profile at the inlet. The assumption of RCR Windkesst outl
boundary conditions is not completely representative of physiology. The 3-element
Windkessel model assumes that frequency analysis can be performed on pressure and
flow waveforms to calculate outlet impedance and then the values for ressstart
capacitance. A more complex model of the outlets might include a time-gaegistor
or ventricular coupling. Another limitation was the use of a flow waveform that w

measured in a canine model. A canine waveform was originally used due to lack of
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availability of a human waveform (LaDisa et al. 2002) and proper instrumentation
Previous studies used the physiological waveforms from this investigatioh allows
comparable results against reported findings (Williams et al. 2010).

Physiologically the vessel models have certain anatomical aspectsdiroth
the design process. All vessel models were idealized with straighdiegll cross-
sections, all of which exhibit no change in curvature from proximal to distaldosati
The models did not include deformable walls; due to the pulsatile nature of the heart the
coronary arteries also undergo a cyclic longitudinal strain (changegth)jesver the
cardiac cycle. The constant change in vessel length during contraction ceuatdedf
both stent placement as well as MV/SB stent interactions. Further intiestsgga
involving deformable walls and the introduction of vessel strain would be beneficial to
understanding the factors of fatigue which affect product design.

The primary workflow created to quantify coronary morphology does not present
any limitations, however some limitations are associated with the cutuelgt $he
image data provided in this study was not cardiac gated, providing only one point during
the cardiac cycle. As stated above, the coronary arteries move due to thatpudt&#ii
heart, this movement has the ability to change vessel characteristicul&dy, radius
of curvature and eccentricity are attributes which have high probabilitié=mon§ing
during this event. While the results presented in this study on coronary vessel
morphology are correct they only describe one point in the cardiac cycletrRed the
guantification methods described in this thesis on cardiac-gated image data could

improve understanding of prominent coronary bifurcations.
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One further limitation is that patient demographic data including age, gender
body surface area and coronary artery dominance were not included. Unfdyttmate
information was unavailable for inclusion for this investigation. If availahle data
would allow for additional statistical analysis of subgroups, as well as pravalgate

sample size for statistical analysis on diameter measurements.
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CHAPTER 5: CONCLUSION

The bifurcation lesion is one of the most challenging lesion subsets in the field of
percutaneous coronary intervention (Colombo et al. 2004; Ikeno et al. 2006; Lefalre et
2005). As alterations in indices of WSS are reported to be associated with thegoogre
of atherosclerosis (Louvard, Lefévre, and Morice 2004), it is important to uswolerst
local, potentially adverse, changes in these hemodynamic indices a# afres
interventions in order to develop better strategies and devices. This theislitoa
elucidate some of the unanswered questions surrounding the benefit of usiptemulti
stenting techniques or a dedicated bifurcated stent. Concurrently, a rapid and robus
methodology was developed to quantify 3D vessel characteristics to reveshbout
patient-specific geometries. Additionally, the use of 64 MDCT data provided a
noninvasive means to model coronary morphology. From the four idealized stented
models; the low, oscillatory, flow observed during rest, which is associated wit
increased rates of restenosis (Hoffmann et al. 1996), was mostly édichthaing
exercise conditions. The multiple PSB stenting techniques showed the protrusion of the
SB into the MV disrupts fluid flow and creates unnatural velocity profiles around the
struts. Areas of WSS were changed with the introduction of vessel dilation (kissing
Further application of these observances and quantification will provide insig)meixit-

generation stent design.
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APPENDIX B

Within the document WSS distributions for both the MV and SB

125

are reported for

resting conditions. Hyperemia conditions can also be examined in the same.rmaener

figures below show distributions of WSS in axial and circumferential locatidressdame

trends observed during resting blood flow conditions are amplified during hyperemia

conditions.
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Axial WSS distributions the MV (left panel) and SB (ight) panel for all four idealized models under
hyperemia conditions.
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APPENDIX C

Hierarchical Clustering Values for VVessel Segments

Values from hierarchical clustering for individual vessel segments.

PV Area Length E| Taper ROC
Cluster| (mm2) (mm) Factor (mm-1)
26 | 95+3.3| 16.3+6 | 0.2+0.1 | 0.1+ 0.06| 0.2+ 0.08
31 |14.7+6.9| 10.7+3.8] 0.2+£0.1 | 0.1+ 0.05| 0.2+ 0.07
6 26.8+5.4] 55+2.7 | 0.2+0.0 | 0.1+ 0.05| 0.2+ 0.04
DV Area Length E| Taper ROC
Cluster| (mm2) (mm) Factor (mm-1)
28 | 9.6+3.1|21.0+5.7] 0.2£0.1 | 0.1+ 0.03| 0.2+ 0.04
23 | 5.3£1.7| 24.1+6 0.2+0 | 0.2:0.03| 0.3:0.08
12 115.0+7.2] 16.0:5.4] 0.2+ 0.1 10.04+ 0.04 0.2+ 0.11
SB Area Length E| Taper ROC
Cluster| (mm?2) (mm) Factor (mm-1)
6 8.24+3.1]10.8:4.7| 0.2+0.1 |0.04:0.03 0.2+ 0.1
5 16.4+5.3| 11.7£5 0.3+0 |0.1+0.07| 0.2+ 0.07
54 | 49+3.2]19.9+7.3] 0.2+0.1 | 0.1+ 0.05| 0.3+ 0.17
Ostium| Area Length E| Taper
Cluster| (mm?2) (mm) Factor
11 [12.1+45| 7.1+25| 0.50.1 | 0.1+ 0.07
50 |16.3+£8.2| 42+1.7| 0.4+£0.1 | 0.1+ 0.06
4 12.6+: 5.4 12.0£5.7] 0.3+0.1 [0.04+ 0.0]
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Hierarchical Clustering Values (Bifurcation Sites)

129

LCA Area (mm2) Length El DIA PIA Taper |ROC (mm-
Cluster (mm) (degrees) (degrees)| Factor )

7 40.2+4.3| 6.7£3.9 | 0.2-0.1| 58+6 152+ 0 |0.09+0.06 0.14+0.04
40 16.0+£6.8 | 15.1+9.9 | 0.2+ 0.1 | 67+12| 164+ 25 |0.09+ 0.071 0.18:0.04
33 10.1+3.9 | 12.0+47.4 | 0.2+0.1| 80+7 | 137+14 |0.08+0.06 0.21+0.04

7 18.0+£7.7 | 20.9+14.2| 0.2¢0 | 112+0 | 123+0 10.12+0.04 0.13+0.01]

LAD Length DIA PIA Taper |ROC (mm-
Cluster Area(mm2) (mr?1) El (degrees) (degrees) Fatr:)tor 1)(

8 10.1+45.1 | 14.9-5.2 | 0.2+0.1| 98+10| 132+1 |0.07+0.06 0.21+ 0.08
24 10.2+59 | 14.3+6.1 | 0.2+0.1| 73+6 | 135+14 |0.07+0.04 0.25+0.11

7 32.0£39 | 14757 | 0.2+0 35+ 0 148+ 0 |0.06+0.03 0.11+0
49 7.8+44 | 13.8-7.5 ] 02+0.1| 54+6 | 159+ 14 0.06+0.04 0.30+0.12

LCX Length DIA PIA Taper |ROC (mm-
Cluster Area(mm2) (mr?q) El (degrees) (degrees) Fa([:)tor 1)(

7 11.5+5.1 | 3.8:1.7 | 0.3:0.2| 80+6 139+9 [0.09+0.04 0.29:0.15
21 6.1+3.3 | 24.0:6.4 | 0.2+0.1| 76+7 | 141+10 |0.05+0.059 0.28-0.14
7 5.8+3 12.4+6.8 | 0.2£0.1| 36+0 168+ 0 [0.04+0.0Z2 0.33:0.03
53 98+6.1 | 12.9+8.8 | 0.3+0.1| 59+8 15548 10.05+0.04 0.2740.13]

Values from hierarchical clustering values from eab bifurcation site.
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