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RESUME

Pour diagnostiquer I’acrosyndrome vasculaire, la justesse d’un index clinique, le ratio
de vélocité (VR = PSV,/PSV)), et les gradients des pression (AP = P;-P;) & une sténose
d’intérét (SOI), ont été étudiés dans les cas d’une sténose simple et pour plusieurs
configurations de sténoses doubles. PSV; et PSV, sont les vitesses systoliques
maximales proximales ou distales a la SOI, et a la SOI, respectivement, et P; et P, sont
les pressions proximales et distales a la SOI. Plusieurs points de mesure de PSV; (2D
proximal, et 2D et 10D distal a la SOI) et de P, (a la SOI, et 2D, 5D, et 10D distal a la
SOI) ont été étudiés par simulation en éléments finis et par des expériences in vitro, en
débit continu. Les VRs pour la sténose simple étaient inférieurs a la prédiction de la
théorie, par contre, les mesures proximales du PSV; fournissaient les meilleurs VRs.
Les sténoses étagées pouvaient davantage réduire les VRs dépendant du point de
mesure du PSV,. En présence d’une sténose proximale (SP), les mesures du PSV; a
10D distal a la SOI ont donné les meilleurs approximations de la sévérité du SOL
D’autre part, pour une grande distance intersténotique (10D), une mesure de PSV; a 2D
proximal donnait des résultats similaires. En présence d’une sténose distale, PSV,
mesuré a 2D proximal était le plus pres de la théorie. Pour toutes les configurations, les
positions de mesure du PSV; choisit aveuglement résultaient en des courbes VR au
moins aussi bien que celles des positions fixes. Les gradients de pression a la SOI
étaient consistants selon la position de mesure de P,, mais les valeurs in vitro étaient
inférieures aux simulations. Ces gradients n’étaient pas affectés par la présence d’une
sténose adjacente dans les simulations. /n vitro, une sténose a 3D ou 6D proximal
affectait légérement les gradients, et ils augmentaient de fagon significative a 10D. Une

sténose distale réduisait les gradients a la SOI peu importe la distance intersténotique.

Mots clés: Ultrasonographie duplex Doppler, acrosyndrome vasculaire, ratio de
vélocité, vitesse systolique maximale, gradient de pression, sténose, sténoses étagées,

simulations, in vitro.
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ABSTRACT

The diagnosis of Peripheral Vascular Disease was studied using a clinical index based
on a ratio of Peak Systolic Velocities (PSV), the Velocity Ratio (VR =PSV,/PSV}), and
using the pressure gradients (AP = P,-P;) at a stenosis of interest (SOI). PSV; is
proximal or distal to SOI, PSV; is at SOI, and P, and P, are proximal and distal to SOI,
respectively. Various measurement positions for PSV; (2D proximal, and 2D and 10D
distal to the SOI) and P, (at the SOI, and 2D, 5D, and 10D distal to the SOI) were
studied for several stenosis configurations in Finite Element simulations and in vitro
experiments in steady flow. The VRs at a single stenosis were lower than in theory, and
the proximal PSV; measurements resulted in the best VRs. Multilevel disease could
further reduce the VRs depending on the PSV; measurement position. Globally, with a
proximal stenosis, PSV; measured 10D distal to SOI allowed the most accurate severity
estimations, however, when SP was at 10D, a 2D proximal position was acceptable. For
a distal stenosis, PSV; measured 2D proximal to SOI was best. In all cases, blinded
velocity measurements resulted in VR curves comparable to or more accurate than the
best fixed positions. The pressure gradients at SOI appeared consistent with the P,
measurement position, though they were generally lower in vitro than in the simulations
and were not affected by an adjacent stenosis in the simulations. For a stenosis at 3D or
6D proximal, the in vitro gradients varied slightly, and increased visibly at 10D. For a

distal stenosis, the gradients decreased at all interstenotic distances.

Keywords: Duplex Doppler ultrasound, Peripheral Vascular Disease, Velocity Ratio,
Peak Systolic Velocity, pressure gradient, stenosis, multilevel disease, simulations, in

vitro.



v

TABLE OF CONTENTS

Page
JUTY 1o 1
RESUIMIE ...ttt ettt ettt d et bbb m et i
AADSTEACT 1ttt ettt ettt ettt il
TaADIE OF COMEEIIES ...vevveveevieee ettt a et s re ettt v
LISt OF TaADBIES ...vveiee ettt ettt ettt viii
LISt OF FIGUIES .veviviviiteitie ettt X
List Of ADDIEVIAIONS.....oviiriiiiiii e xil
Acknowledgements .........ccocecvieiiiinniinieniieen ettt B Xiv
1. Cardiovascular Disease and Clinical ASSESSMENT......c..covveiiiiieiierineeiiiie, 1
1.1 Atherosclerosis: Epidemiology and Risk Factors...........ccoceeoiinne. 1
1.1.1 Target Population................. | TIPS 1
1.1.2 Peripheral Vascular DiSease..........ccocovverenniiienincnenn 2
1.1.3 Clinical ImpliCationS .......cccovviiviimimeiieieieiee, 4
1.2 Human PRYSIOIOZY .. c.vvveeeririeriiiiiieiiciie it 4
1.2.1 Blood Properties and the Macrocirculation..............c....... 4
1.2.2 Blood Flow Properties in the Macrocirculation................. 5

1.3 Hemodynamic and Homeostatic Consequences of Atherosclerotic
DiSEaSE PrO@reSSION ..ouvivieeiiiiciiiiii it 7
1.3.1 Endothellum .....ooovieeieiiieniiecciin e 7
1.4 Diagnosis of Peripheral Vascular ObStructions ........c.c.covvvrinicninenn 9
141 IMAGING.oeoiieieerriereeeeeeeerieieeee e 10
1.4.2 Doppler Ultrasound Techniques.........c.ocoonveeeiicnnnnee 11
143 Duplex in the Peripheral Arteries of the Lower Limbs...13
144 Catheter Pressure Measurement ...........ocoeveveinneiss 15
1.4.5 Doppler Pressure Measurement ............ocoveeveinnnenn. 17
1.5 CHNICAl ODBJECLIVES....veviuieiiieiiiiiirieiie et 18

2. FIUId DYNAITICS ettt s 19



Page
2.1 Mathematical MOAELS ........cooviiviiiiiiiiiii e, 19
2.1.1 The Continuity EQUation .........cccccoeiiriininiiiiiinnciinns 20
2.1.2 The Bernoulli EQUAtion ..........cocoeviiniiiiiiiiiiie 20
2.1.3 Poiseuille FIOW ....ccvoiieiiiiieciieiieecircnccie e 24
2.14 Pressure Loss and Recovery.........coovviiiiiniiinnincne 25
2.1.5 Navier-Stokes EqQuation...........ccooovvviiiiiiinnie 26
2.1.6 Arterial non-Newtonian Flow in the Presence of

Multiple StEN0SES .....c.oocuiviiiiiiiiiiieieieie e 28
2.1.7 Young’s Model.......ccoiviiiiiiiiiiiiiii 29
2.1.8 Effect of Stenosis GEOMELry ......ccooevvvieviiiiieiainniiie 30
2.2 Finite Element SIMulations.........cocoeovveeverieeciiinniiinireieieis 31
221 Discretization of the Problem...........coccoovivinnninnnn. 33
222 Element and Mesh Definitions.........ccccocvvveniniiiicnnene. 34
223  Boundary Conditions and Parameter Calculations.......... 34
2.2.4 Solution Method........cccovveiiiinieniiicii, 35
23 Ultrasound in MediCine .......c.coeevievieriiiiiiniinieieeeie e 36
23.1 Physical Principles of Ultrasound ...........ccoeeeiinnicnnes 36
232 Doppler Effect ..o 37
233 Ultrasound Modalities .........cooverreeeiiiiiirniiiiniciienieennn 39

234 Image Processing and Parameter Selection on the
Ultrasound Instrument.........ccooeeveviioiiniiniiiniencneneee. 41
235 Clinical Applications for the Lower Limb Arteries ........ 44
2.3.6 Estimation of the Pressure Gradients with Ultrasound ...45
Materials and Methods ........ooveiieierieiiieee e 49
3.1 Purpose, Problem, and SCOPEe ..o 49
32 Velocity Ratio INAEX .....coieueiiiiiiiiiiiiiiiiieic e 50
33 Geometrical Representation of PVD ... 54
34 Finite Element SIMUlations.........ccccerieeniiiniiiiiiiiieeieenie s 55
35 In Vitro EXPEriments .......o.oovveriiiiiiiiiniieeeee e 57



Vi

Page
3.5.1 Experimental SEtup .......ccoovviviiiiimiiiiine 57
352 Arterial Stenosis Model........occoovieniiiiiniiiiiiinis 57
353 Blo0od MIIMC ...ouviiveeeieiieiceiceeeeecce e 61
354 Protocol for Physiological and Ultrasound
MEASUTEIMIENTS. ..veeuvveeeieeeenireeeireeesrneeieee e s e e s esieeaiies 61
355 Vélocity and Pressure Measurements ...........cccoeeeeeennnn. 63
3.5.6 VR and AP Calculations........ccocoeevieiiiiiiiiinienieiecnn 66
4. Results and DISCUSSION .....c.vvivieerieirierieeieenteesreeeeisesttsereeeae s enneaes 67
4.1 VEIOCItY RAHOS c.viieviieiieciciccciccie et 68
4.1.1 SINgle StENOSIS ....evvevieiiiiiiiirieriet e 68
4.1.2 SP at 3D Proximal to the SOL.........cccooiiiiiiin, 70
413 SP at 6D Proximal to the SOL.......c..cccooiniiniiiiiiins 72
4.14 SP at 10D Proximal to the SOL............ccoco.. TR 73
4.1.5 Summary for SP Proximal to the SOI...............ivceie 74
4.1.6 SD at 3D Distal to the SOL......co.cooniiiii, 74
4.1.7 SD at 6D Distal to the SOL........cocviviiiiiiiiiii, 76
4.1.8 Summary for SD Distal to the SOL........cccoooiiiinen 76
4.2 Pressure Gradients ........ooeevereeienieenieeie i 77
4.2.1 SINGIe StENOSIS ... 78
422 SP at 3D Proximal to the SOL........cccocoevivinniiiiin. 80
423 SP at 6D Proximal to the SOL.......ccccoiiiii 81
4.2.4 SP at 10D Proximal to the SOL.........cccccoviiniinnnnnn 82
4.2.5 Summary for SP Proximal to the SOIL..........c.coceoeieinn. 83
42.6 SD at 3D Distal to the SOI .............................................. 83
4.2.7 SD at 6D Distal to the SOIL.........cccoiviiiiini 84
4.2.8 Summary for SD Distal to the SOL........c.ccooeiiiinii 85
4.3 Results Summary .............. 85
43.1 ProxXimal StENOSIS......cevvveeruiieririeiieiiic et 86
432 Distal STENOSIS . eovvieveeeeieeiie e 88



vii

Page
5 COMCIUSION vttt eete ettt e ettt st e e e b e e s s e st e 90
BiDHOGIAPIY ...ttt 1
Appendix I: Pressure Calibration CUIVES........cooviriiiiiiniiiinii xi

Appendix II: VR and AP ReSults.......coccovviiiiiiiiiiiiii Xiii



viil

LIST OF TABLES
Page
Table I: Mean and maximum pressure gradients across a single
stenosis in the common or external iliac arteries of patients,
as measured by color duplex and by catheter. The flow
rates across the stenoses are physiological...........ccooooviiiiiiiiiiiiins 46

Table I1: Summary of the geometrical descriptions of PVD used in
the simulations and in the in vitro experiments, where SOI,
SP, and SD are the stenosis of interest, proximal stenosis,
and distal stenosis, respectively. LP and LD represent the

interstenotic distances between the SOI and the SP or SD,

TESPECTIVELY .ottt 55



Figure 1:

Figure 2:
Figure 3:
Figure 4:
Figure 5:

Figure 6:

Figure 7:

Figure 8:
Figure 9:

Figure 10:

X

LIST OF FIGURES
Page
a) Cross-section of a muscular artery (e.g. femoral artery)
showing the three layers of the wall: the intima, the media,
and the adventitia. b) An artery with an eccentric Stenosis........coveeveenes 2
Arteries of the lower limb. Note the superficial femoral
artery just distal to the hip JOINt........oooviiiiiiiiein 6

The pulsatility of a cardiac cycle indicating the Peak Systolic

VELOCIEY (PSV) vttt 7
An angiogram of a tight stenosis in the superficial femoral

artery, a) before and b) after balloon angioplasty. .........cccoooeviiiinnn. 10
Typical flow velocity waveforms in a peripheral artery

with disease progression to total occlusion (H). .......cooovnvniiiniinn. 14
a) Schematic of an ideal wall tap, with flow streamlines

perpendicular to the axis of the tap, to measure static pressure

within a tube. b) The presence of burrs causes perturbations in

the flow streamlines and, hence, the pressure measured is not

the static pressure. P; is the measured value and P is the actual

value of static pressure in the fluid..........ccoooiiii 16
Viscous and inertial energy losses in a stenosis with laminar

flow. The amount of inertial loss depends on the geometry of

the NATTOWIINZ . ....cveeeiete ettt 22
Progression of a boundary layer in the entrance region of a

tube into fully-developed flow .......ccocviiiiiiiii 24
A schematic representation of the defined geometrical

variables used to describe a stenosis for Young’s model............c.ccconen. 30
The 7, z, € coordinate system, where 7 is in the direction of the

radius of the artery, z is in the direction of the flow, and #is

the counterclockwise direction in the cross-section of the artery ........... 32



Figure 11:

Figure 12:

Figure 13:

Figure 14:

Figure 15:

Figure 16:

Figure 17:

Figure 18:

Page

Element definition for the FE simulations in Fidap 8.0. The

order of the interpolation functions corresponds to the ordering

of the nodes, and the interpolation functions are expressed in

terms of the normalized or natural coordinates for the element,

r and s, which vary from —1 to + 1. 34
The Doppler shift on an incident ultrasound wave pointed

towards flowing blood.........coceeiiiiiiiiiieie 38
a) A duplex cross-sectional image as seen on screen with the

B-mode image in the background. The PW Doppler sample

volume is placed within the vessel at the position of maximum

velocity, for this eXample ... 40
A color duplex image of the carotid artery along the longitudinal

AXIS OF the VESSEL ...vviuviieiirietieeeee et 41
Representation of the geometrical arrangement of the stenoses.

Either SP and SOI, or SOI and SD, are present in a given

experiment. LP and LD are the interstenotic distances. The

formula describing the shape of the stenoses is given in

EQUAtIoN 23 ..o 54
A graphic representatibn of the parabolic velocity profile at the

inlet for the simulations with a flow rate of 250 mL/min. The

shape of the velocity profile at the inlet was the same in all

simulations. V,y, is the mean spatial velocity, and Vmax is the

maximum CeNterling VEIOCILY ....vveovveeiiirriiciiie it .56
In vitro experimental setup for steady flow through the

vessel model a) schematic representation, and b) visual

FEPTESENEALION ...ttt 58
a) To mould the arterial model, the cerrolow, the aluminum

mould and the syringe were placed in an oven at approximately

65°. b) The final arterial model obtained after scraping the



Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

X1

Page

MINOT IMPEITECHIONS ...ttt 60
Longitudinal cut of the arterial stenosis model (double stenoses
at an interstenotic distance of 10D) formed out of an agar tissue

61

Setup and coupling (distilled water) of the ultrasound transducer (B)
with the phantom model (A). The Doppler angle (0) was fixed by
adjusting the angle of arm (C), and the transducer was positioned

along the vessel by sliding arm (C) along the base (D) .....cocoovvieininnn. 62
Vessel model dimensions and pressure tap (needle) positions

relative to the maximum area reduction of the stenosis of interest.

The needles are Becton Dickinson 21G11/2 PrecisionGlide®,

and the tips of the needles were cut square and placed flush

with the fluid/vessel INterface ........ccoevvveieiiiiiiniii e 64
A flow chart representing the recording of the static pressure

values in the artery and the flow rate ..o 65
Pressures along a single SOI of 80% AR, showing the pressure

drop at the SOI (position 0) and the recovery taking place distal to

the SOI. Note how the pressure drop is greatest for the largest

FLOW TALE. 1ot ceee et ettt et et et e et e nbee st et e e s eas e nae e s e 78



CVD
Cw
EC
FE

LD
LP
MRI
PRF
PSV
PVD
PW
SOI
SD
SP
US
VR

LIST OF ABBREVIATIONS

Cardiovascular disease

Continuous-Wave

Endothelial cells

Finite Element

Kinetic energy

Interstenotic distance between SOI and SD
Interstenotic distance between SP and SOI
Magnetic Resonance Imaging

Pulse Repetition Frequency

Peak Systolic Velocity

Peripheral Vascular Disease

Pulsed-Wave

Stenosis of Interest

Stenoéis distal to the SOI

Stenosis proximal to the SOI

Ultrasound

Velocity Ratio

Xii



X111

A mon mari Mathieu et notre petit Félix



X1V

ACKNOWLEDGEMENTS

Je tiens a remercier Guy Cloutier et Louis-Gilles Durand pour leurs conseils judicieux et
leur soutien, ainsi que Richard Cimon et Zhao Qin pour leur aide dans la mise en ceuvre

des expériences in vitro.

Je garderai aussi un trés bon souvenir de tous les membres de 1’équipe du laboratoire

qui, par leur & propos et leur sympathie, ont contribué a faire de ma maitrise une

expérience réussie.



CHAPTER 1.

Cardiovascular Disease and Clinical Assessment

1.1  Atherosclerosis : Epidemiology and Risk Factors

Cardiovascular diseases (CVD) are a growing problem throughout the world. Such
diseases include myocardial infarction, ischemic heart disease, valvular cardiopathy,
arrhythmia, hypertension, stroke, and peripheral vascular disease (PVD). Risk factors
for CVD include cigarette smoking, hypertension, hypercholesterolemia, diabetes
mellitus, obesity and a sedentary lifestyle, alcohol consumption, stress, aging, and
socio-economic status. The increasing incidence of CVD in developing countries may
be attributed to longer life expectancies, higher risk factor levels, and special
susceptibilities of certain populations (e.g., due to specific genes), compared to Western

populations *.

1.1.1 Target Population

In Canada, CVD are the principal causes for hospitalization in both men and women. In
1997, they caused 79 457 deaths and were the third cause of premature death for those
younger than 75 years of age. Myocardial infarction and ischemic heart disease become
serious problems toward the age of 45 years in men and towards 55 years in women. In
1993, CVD for Canadians cost $19,7 billion, the highest total costs of all pathologies
(Health Canada website). In 1996 in the United States, 5% of men and 2.5% of women
60 years of age or older had symptoms of intermittent claudication®®'®®. However, the
prevalence of arterial insufficiency reported in asymptomatic and symptomatic

individuals depends on the diagnostic test used which may be more or less sensitive®’.

*http\\cardiology.medscape.com/Medscape/cardiology/2000/v04.n02/mc0428.ounp/mc0428.ounp html,

The Global Burden of Cardiovascular Disease, Stephanie Ounpuu, Sonia Anand, Salim Yusuf, Medscape

Cardiology, 2000.



1.1.2  Peripheral Vascular Disease
Peripheral vascular disease (PVD), a specific cardiovascular disease, is the pathological
narrowing of the arteries supplying oxygenated blood to the limbs. The most common

3% the forming of yellowish plaques (atheromas or

form of PVD is atherosclerosis
stenoses) containing lipid material, cholesterol, and lipophages, for which smoking is
the most important related risk factor’®. It is a generalized disease, and most patients
with PVD have widespread occlusive arterial disease elsewhere in the body possibly
leading to other clinical events”%*'®*!3> Population studies show an increased incidence
of cerebrovascular disease in patients with PVD, with a stroke incidence three times that
of controls**. More specifically, at least 10% of PVD patients have cerebrovascular
disease and 28% have coronary heart disease'®’. Of patients with lower extremity
arterial disease, 75% will die of a coronary or _cerebrovascular event®®. In fact, the
relative risk of death in patients with PVD is increased by a factor of 2 after 5 years and
2.5 after 10 years. About half the mortality is due to coronary artery disease’®, which
emphasizes its close relationship to PVD.

Atherosclerosis is mainly a disease of large- and medium-sized arteries (e.g. the

femoral artery) and most frequently involves the forming of stenoses (see Figure 1, page

2) at branch points and bifurcations'*®.

b)

Figure 1. a) Cross-section of a muscular artery (e.g. femoral artery) showing the three

layers of the wall: the intima, the media, and the adventitia (http://www.meddean.luc.
edu/lumen/meded/Histo/HistoImages/ hl4-12.jpg). b) A schematic of an artery with an

eccentric stenosis (from http://www.nobel.se/announcement-98/medanim/images.html).

An atheroma can increase in size and harden over time, reducing blood flow to
the distal vascular bed, and can potentially result in a thrombosis or bleeding and

subsequently clotting off of the artery, possibly leading to myocardial infarction or



cerebrovascular ischemia. Therefore, the importance of identifying patients with PVD
extends beyond its impact on the lower extremity vascular sys’tem13 5

PVD may occur as part of the process in several recognized diseases. Its various
forms may manifest themselves as (1) asymptomatic arterial insufficiency, (2)
symptomatic disease presenting as intermittent claudication with positive noninvasive
tests, and (3) critical leg ischemia, that is, symptomatic lower extremity arterial disease
in which the ischemic process endangers part or all of the lower extremity'®®. Symptoms
may only arise once the disease process is well advanced and they progress rather
slowly over time>"%,

The superficial fernéral and popliteal arteries are the vessels most commonly
affected by the atherosclerotic process in peripheral vessels, therefore, the pain of
intermittent claudication is most often localized to the calf. The distal aorta, the aorto-
iliac bifurcation and the iliac arteries are the next most frequent sites of involvement,
producing pain in the buttocks or thighs as well as the 1egs13 8,

Clinical symptoms of PVD are aching pains in the arms, legs, and feet due to
ischemia of the tissues. In general, such symptoms are intensified with the onset of
physical activity and are alleviated when ended, which is also known as intermittent
claudication. Critical ischemia leads to more severe symptoms including continuous
pain in the foot at rest, foot sores that heal slowly (ischemic ulceration), especially in
patients with diabetes, and possibly gangrene, threatening limb loss. In fact, people
living with diabetes are vulnerable to foot problems associated with peripheral vascular
disease and neuropathy, producing a decreased sensation to pain and touch ® and have
15 times greater risk of requiring lower extremity amputation than those without
diabetes ©. This is the end result of PVD and usually requires multiple sites of
obstruction that severely reduce blood flow to the tissues> . However, the particular
symptoms experienced depend on the overall physiological condition of the person,

such as the degree of collateral flow and the severity of occlusion of the arteries ", both

of which affect distal blood supply.

® http://www.hc-sc.gc.ca/hpb/lede/publicat/cedr/97vol23/vol23s8/fcb_e.html
© http://www.hc-sc.gc.ca/hpb/lcde/publicat/diabet99/d12_e.html#10



The disease process in the femoral artery is a progression, though symptoms
often occur stepwise'>. Thrombotic occlusion occurs at sites with a critical stenosis
(75% cross sectional area reduction of the arterial lumen), with acute worsening in
symptoms, followed by gradual improvement due to collateral compensation’. The
collateral circulation develops from the widening of existing arteries and provides a
parallel pathway for blood flow'. The site and the severity of the arterial constriction in
relation to the collateral flow determines the degree of limb ischemia™, and hence, the
~ severity of the symptoms'*®, In the thigh, there is extensive collateral potential via the
numerous branches from the deep femoral artery when the superficial femoral artery is
occluded. This is the main reason why patients who develop chronic occlusion of the
superficial femoral artery without affecting the deep femoral artery have either no
symptoms or mild symptoms of intermittent claudication. However, as soon as the
origin of the deep femoral artery is also stenosed, the symptoms worsen. Thus, critical
limb ischemia is rarely a consequence of isolated occlusion of the superficial femoral
artery but occurs in the presence of multilevel disease, when the deep femoral artery is

also affected or when there are stenoses and occlusions in the iliac and infrapopliteal

arteries .

1.1.3  Clinical Implications

In light of the significance of such diseases, the awareness in the population of the
association between PVD and its risk factors should be emphasized and the diagnosis of
PVD should be available at a primary care level in order to limit the physical and

economic burden of CVD on the population”’5 .

1.2 Human Physiology

1.2.1 Blood Properties and Macrocirculation

Blood behaves as a non-Newtonian liquid, which implies that its viscosity varies based
on the flow conditions. However, it may be considered Newtonian in non-constricted
arteries with a diameter superior to 1 mm (where the shear is high)'*. 1t has a viscosity

of 3x10 to 4.5x10° N-s/m?> '*, varying with the rate of flow, the size of the vessel,



and the blood hematocrit®®, and it is incompressible with a density of approximately
1050 kg/m’ 140,

The movement of blood throughout the arterial system occurs due to variations
in driving pressures in the order of 100 mmHg. However, the greatest pressure drop
occurs at the arterioles, also known as the resistance vessels that have diameters ranging
from 500 to 50 pm. The macrocirculation is the group of vessels with a diameter
superior to 300 ung. Due to high pressures, arteries are generally circular in cross-
section, a fairly good assumption for modeling purposes, whereas veins are more or less
flattened?®. In the lower limbs, the following peripheral macrovessels are found. The
common femoral artery (see Figure 2, page 6), the continuation of the external iliac
artery, is situated at the hip level in the arterial tree and divides into the superficial and
profunda femoral arteries. The superficial femoral artery is mainly a transport vessel to
the below-knee muscles, has very few branches, is positioned towards the surface of the
skin, and is a relatively straight artery, characteristics that favor its use in the diagnosis
of PVD. The profunda femoris artery is the largest branch of the femoral artery and 1is
the chief artery to the thigh®.

1.2.2 Blood Flow Properties in the Macrocirculation

Blood flows through the arterial system in a periodic fashion with an average frequency
of 70-75 beats/min. Accordingly, the pressure and the velocity of blood are periodic, but
become almost constant in the capillaries. The flow may be assumed laminar and is
highly pulsatile for arteries of diameter superior to 1 mm'*’. Normally, among the
hemodynamic parameters that vary are the average flow rate, the vascular resistance,
and the frequency of heartbeats. Though the heart flow rate may increase by a factor of
five during physical activity, the average arterial pressure remains relatively constant®.
The maximum velocity attained during a cardiac cycle is termed the Peak Systolic
Velocity (PSV) (see Figure 3, page 7). The normal range is 119 £22 cm/s in the

common external iliac artery, 114 + 25 cm/s in the common femoral artery, and 91 to 94

+ 14 cm/s in the superficial femoral artery' .
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Figure 2. Arteries of the lower limb. Note the superficial femoral artery just distal to the hip joint™
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Figure 3. The pulsatility of a cardiac cycle indicating the Peak Systolic Velocity (PSV).

1.3 Hemodynamic and Homeostatic Consequences of Atherosclerotic Disease

Progression

The static pressure measured at a point in the arterial system is indicative of the driving
pressure created by the heart. However, the presence of a vessel constriction or
projection into the lumen may change the pressure value measured depending on the
measurement position relative to the stenosis. This may occur when an acceleration and
deceleration of the blood is caused by the stenosis, as well as disturbed or turbulent flow
conditions*, resulting in friction and viscous losses, and thus, a pressure drop. Should
the acceleration be significant, large pressure drops may arise, though the exact value
measured depends on the flow conditions: flow rate, peripheral resistance, and driving
pressuremo. At each branching or bifurcation in the arterial tree, the velocity profiles are
disturbed and secondary flows may arise. Following each disturbance, a certain distance
is required for the profile to return to its fully developed parabolic shape. Moreover, the
presence of a lesion (increased impedance) causes a reduction in the amplitude of flow
waves proximally and distally, and of the pressure wave distally but little change 1S
observed proximally45. The pressure and flow pulsations are most sensitive to changes
in caliber of the artery. That is, changes in the pressure waves are noted with lesser
degrees of stenosis than those required to cause change in mean flow or pressure

gradient across the stenosis’®.

1.3.1 Endothelium

As mentioned earlier, healthy arteries are composed of three layers of tissue, the intima

(endothelium), the media (muscle fibers), and the adventitia (collagen) (see Figure I,



page 2). The intima is a monolayer of endothelial cells (ECs) forming the inner lining at
the blood/vessel interface for hemodynamic control (flow rate, pressure, fluidity,
coagulability of blood) through various metabolic activities''. This intima is normally
anti-thrombotic and anti-adhesive to ensure blood fluidity. The regulation of these
factors, however, can be affected by flow either through direct activation or by
mechano-transduction (local blood flow conditions)™*? 7114

Specific arterial sites such as branches, bifurcations, and curvatures, cause
characteristic alterations in blood flow, including decreased shear stress and increased
turbulence®®®’. On the occurrence of a stimulus that characterizes vascular dysfunction
(non-physiological conditions such as abnormal local shear stresses), mechano-sensitive
structures are activated, which modify endothelial membrane receptor activity”’. In turn,
J2435:41,107,114,136

EC morphology and metabolism are affecte and the endothelium can

reverse its “blood fluidifying” functions''*. Therefore, the nature of the flow appears to

be important in determining whether lesions occur at a given vascular site' .

>

Endothelial vasomotor dysfunction has been demonstrated in coronary and peripheral

arteries'>*.

More recent work by Ross et al.'% shows that atherosclerosis can best be
described as an inflammatory disease. The endothelial dysfunction that results from an
injury to the vessel leads to compensatory responses (inflammation) that alter the
normal homeostatic properties of the intima. If this response does not effectively
remove the offending agents, it can continue, stimulating migration and proliferation of
smooth muscle cells that become intermixed with the area of inflammation to form an
intermediate lesion. Eventually, the artery wall can thicken, and gradual dilation or
“remodeling” of the artery occurs so that up to a point, the lumen remains unaltered™.
The lesion may worsen and eventually lead to focal necrosis**. This behavior
corresponds to the need to eliminate destroyed tissue or to protect it from
hemonhagell4’133. At some point, the artery can no longer compensate by dilation and

the lesion may then intrude into the lumen and alter blood flow'.



1.4  Diagnosis of Peripheral Vascular Obstructions

In general, biological flow phenomena may be measured using at least one of three
variables: displacement, pressure, and velocity/flow rate. Such variables may be
measured either directly, indirectly (noninvasively, ex. measuring Korotkoff sounds and
relating them to a given disease), or relatively (using a model to recreate an in vivo
situation)'”. Ideally, screening examinations for the detection of PVD should be
noninvasive, yet provide quantitative information from a direct measurement. A
common method is to calculate clinical indices based on velocity measurements
obtained within an artery using Doppler ultrasound (US). Modern US machines are
portable and relatively inexpensive, and the examination is rapid (real-time imaging),
noninvasive, and non-ionizing. However, the accuracy of such diagnoses varies
according to the characteristics of the ultrasound system, to the clinical index of severity
employed (i.e. the interpretation of the measurements), and to the level of experience of
the medical operator and consultant®. However, Doppler (mainly duplex) US already
has an established success in diagnosing problems relating to cardiac valves, to venous
and arterial stenoses, and other hemodynamic problems. Since disease progression
depends on the hemodynamic conditions, it is becoming the principal tool used in its
detection. Yet even though disease prevention depends on fhe early detection of
stenoses, the diagnostic process will only be initiated in the presence of clinical
symptoms5 2,

Diagnosis of PVD has been performed using many different indices, however,
noninvasive assessment by Doppler ultrasound is recommended to determine the extent
of the disease when symptoms are related to blood flow***. In patients with indications
for intervention (disabling claudication or critical limb ischemia), most centers use the
combination of color-coded duplex US scanning and angiographylz. Magnetic
resonance imaging (MRI) may replace angiography in the future but US, because of its
low cost, should continue to be the most utilized screening tool for PVD.

Presently, PVD is grossly categorized by the morphological importance of a
stenosis, reflecting the imprecision of the diagnostic techniques and the difficulty in

interpreting the hemodynamic measurements. Though it is the hemodynamic
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consequences of a stenosis which are of interest, which hemodynamic criteria best

reflect the importance of a stenosis is difficult to determine, especially in the context of

serial stenoses located on either a single arterial segment or on multiple segments.

1.4.1 Imaging

Angiography (see Figure 4, page 10) was first used in 1937% for antemortem diagnosis
of carotid artery disease. The method became the gold standard to which other
approaches to stenosis lumen estimation were compared. However, it is an invasive
procedure associated with complications, and bed rest is required after the procedure®.
Furthermore, if pictured in one plane, it can underestimate the extent of disease and
does not provide any information about the functional hemodynamic significance of a

lesion'?’

. Angiography cannot reliably determine the relative importance of a stenosis
unless it is combined with invasive intra-arterial pressure measurements®”. Therefore, it
is no longer a gold standard, and common practice in some vascular units is now to plan

intervention based on duplex US imaging alone”®.

a) b)
Figure 4. An angiogram of a tight stenosis in the superficial

femoral artery, a) before and b) after balloon angioplasty

(from http//www.westsubcardiology.com/pages/cases/vascular/sfa.htm).

B-mode ultrasound is an imaging modality which provides important
information on the presence, severity, and architecture of echogenic stenoses'’, though
its most recent use has been to image arterial wall thickness (intimal-medial

thickening)*>'’. However, it does not provide sufficient resolution to accurately
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determine the degree of narrowing'®®, even though 3D imaging is now possible.
Furthermore, any given arterial morphology does not imply the same clinical

symptoms, this being more directly related to the global hemodynamic state of the

patient.

1.4.2 Doppler Ultrasound Techniques

The current trend for diagnosing PVD is for the method to be noninvasive, so as to
create the least discomfort for the patients, and to be non-toxic to allow frequent follow-
up examinations. Several Doppler techniques have been investigated including
continuous-wave (CW), pulsed-wave (PW), color (velocity and power), the
combination of PW with spectral analysis, and duplex (PW and B-mode imaging)™.

Doppler techniques for diagnosing atherosclerosis are focused on spectral
analysis. The Doppler spectrum can provide crucial quantitative hemodynamic
information®®°>"7 related to the instantaneous velocity distribution of the blood flowing
through the ultrasound beam, reflecting the hemodynamic state in the artery. The nature
of this signal is analyzed based on certain criteria, and the severity of the discase
inferred based on these criteria. Therefore, the accuracy of the diagnosis is closely
related to the correctness of the clinical index, and is limited by the quality of the
ultrasound equipment, the ultrasound technique employed, the experience of the
technician, and the complexity of the flow phenomenon. However, before being able to
interpret the readings and choose an appropriate index, the general flow characteristics
in the presence of a stenosis must be understood and is briefly discussed.

The flow field in the region of a moderately severe axi-symmetric stenosis can
be qualitatively described by dividing the distal region into four zones’®”’. Just beyond
the stenosis, a stable jet and a well-defined flow separation zone are present. Further
downstream, the vortices génerated within the shear layer of the jet begin to break
down, and the flow exhibits a transition to turbulence. Distal to this region, fully
turbulent flow develops, followed by relaminarization where the‘ velocity profile begins
to return to the pre-stenotic state. The properties of these zones depend on the Reynolds
number (Re = pDU/u, where p is the fluid density, D is the arterial diameter, U is the

average spatial velocity, and u is the fluid viscosity) and on the precise stenosis
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geometrylo. That is, a Reynolds number as low as 200 may create turbulence
downstream to a severe stenosis (90% area reduction)'*’. Therefore, depending on the
measurement position chosen, the accuracy of Doppler US may be impaired due to
different flow phenomena.

The first study using duplex in the peripheral arterial circulation was published
in 1985%. Initially, the validity of Doppler ultrasound was determined by comparing
stenosis severity obtained by Doppler with angiography in the carotid arteries of the
same patient32 ! As diagnostic challenges are similar in the carotid and femoral arteries,
the outcome of such studies is discussed. The sensitivity and specificity were good for
differentiation of angiographically demonstrable carotid stenoses greater than, or less
than 50% diameter reduction. However, analysis of Doppler “spectral broadening” 105
permitted more precise quantification of stenoses with division into six rather than 2
categories (0%, 1-15%, 16-49%, 50-79%, 80-99% diameter reduction, and 100%
occlusion) that corresponded well with percent stenosis measured by angiography.
Spectral broadening is defined by Taylor et al.'”’ as a filling in of the systolic “window”
under the time-velocity envelope. It may also be defined as a widening of the range of
velocities within the Doppler sample volume positioned in the vessel in the presence of
disturbed flow. In 1992, Suton-Tyrrell'?' performed studies which provided confidence
that the Doppler method accurately identified carotid artery lesions and supported its
usefulness for studies relating obstructive disease to clinical outcome. In 1996,
Bascom et al.'’ performed an in vitro study where pulsed Doppler recordings were
made within the artery distal to a 70% area reduction (almost critical) asymmetric
stenosis. In the post-stenotic flow field, the variability of the spectrum showed a strong
spatial and temporal dependence, due in part to a deviated jet, particularly when small
Doppler sample volumes were used to quantify the flow disturbance. Displacement of
the sample volume by as little as 1 mm into the separation region could produce
remarkably different values for the various Doppler indices. They concluded that the
most useful diagnostic parameters were the peak frequency and the grading of the
severity of the stenosis from spectral broadening. However, with symmetric stenoses
such as in the present study, the deviation in the jet will likely be absent, thereby

reducing the variability within the post-stenotic flow field.
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Many different measurement techniques have been studied to quantify stenosis
severity, yet it is recognized that no single Doppler measurement can accurately
quantify the severity of a stenosis because of the complex three-dimensional nature of
the post-stenotic flow field'®. For example, spectral broadening which allowed more
precise quantification of stenosis severity is considered to be a subjective diagnostic
tool’® as it can arise not only from the flow field but also from factors that are intrinsic
to the measurement system. Furthermore, this intrinsic spectral broadening9 can have a
significant effect on the received pulsed Doppler spectrum when a small sample volume
is placed at the center of the vessel®. Nonetheless, quantification of pulsed Doppler
spectra may still be feasible if the sample volume is appropriately placedm’ﬂ. That is,
reproducible peak velocity measurements were obtained only if the Doppler sample
volume was positioned at or very near the throat of the stenosis, where peak velocity is
maximum, and at an appropriate radial site that is not necessarily at the center of the
Vessello. And since a direct relationship exists between the peak Doppler frequency, or
peak velocity, and the severity of a stenosis’>*>"’ and that it is the only Doppler
measurement related to the severity, many readings should be taken when trying to

characterize a flow field'® to minimize variability.

1.43 Duplex in the Peripheral Arteries of the Lower Limbs

The normal pressure relations in the limb as well as the patterns of flow velocity are
altered distal to sites of disease. Normally, the arterial velocity patterns in the lower
limb at rest have a triphasic shape, i.e., forward flow, reverse flow, and late forward
flow during diastole''® (see Figure 5 (A), page 14). Pressure- and flow-reducing lesions
create: (1) an increase in PSV at the site of narrowing, (2) turbulence distal to the lesion,
(3) loss of the reverse flow component, and (4) a reduction in PSV distally''®. For iliac
(and femoral) artery stenoses, reverse flow is preserved until the velocity in the stenosis
is great enough to cause an appreciable pressure decrease, causing the pressure gradient
to favor forward flow throughout the entire cardiac cycle. This loss of reverse flow,
though qualitative, may be the most important indicator of hemodynamically important
stenoses®’, whereas blood flow velocity determined by duplex is a quantitative indicator

which was proven to be accurate in identifying peripheral arterial disease' .
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Figure 5. Typical flow velocity waveforms in a peripheral artery

with disease progression to total occlusion (H)™.

At present, a lesion that reduces pressure and flow supply to the lower limbs
under resting circumstances is considered “critical” 82 Although a reduction in arterial
size greater or equal to 50% diameter reduction (75% area reduction) is usually required
to produce such an effect, less severe lesions may produce symptoms during exercise
(increased flow rates) if the flow distal to the stenotic segment is disturbed®. In this
situation, there is a loss of potential energy, or pressure, that can lead to a flow
reduction to the active muscle groups. This is most commonly observed with lesions in
the iliac arteries.

Estimation of the degree of stenosis by duplex scanning®’* depends on changes
in peak systolic velocity that occur from one arterial segment to another'?®, that is, the
PSV at the site of the arterial stenosis to that at a normal proximal site. This is the most
reliable method for determining the degree of arterial narrowing’’. However, the overall
clinical criteria used for classing stenoses are the following: a normal artery shows a
triphasic velocity wave form; a minimal wall lesion (1% to 19% diameter reduction) is
defined as spectral broadening alone; and a 20% to 49% (diameter) stenosis is indicated
by an increase in peak systolic velocity between 30% and 100% from the preceding
segment accompanied by reverse flow, even though spectral broadening may be present.

A critical stenosis (50% to 99% diameter reduction) is indicated by a 100% increase in
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PSV from one segment to the next, although some investigators have found a 150%
increase to be more reliable. Finally, no flow indicates total occlusion''®!%,

This ratio of peak systolic velocities is also called the Velocity Ratio (VR)
index, and is discussed in greater detail further on in the text. However, certain practical
difficulties in obtaining such a ratio are described here. Briefly, the theory of the VR
index assumes that the velocity profiles at both measurement positions are the
same’>"1% However, it is known that the velocity profile within the throat of a
stenosis flattens under steady or pulsatile flow conditions. During the acceleration phase
of a pulsatile flow cycle, the velocity profile before the stenosis is flat, little or no
change occurs in the shape of the velocity profile at the stenosis, and the mean and
maximum velocities increase at the stenosis. The ratio of the mean to maximum
velocity also increases at the stenosis, indicating that the velocity profile is flatter. At
six diameters distal to the stenosis, the velocity envelope may effectively return to its
pre-stenotic value!'®. Because of changes in the velocity profile along stenosed vessels,
the VR may be limited in some circumstances’, though carefully chosen measurement
positions may compensate for this difficulty, as is to be verified in this study.

In practice, best diagnostic results are obtained when the arteries of interest are
first identified by color Doppler and then spectral analysis is used to quantify the
velocity changes across the detected lesion””®°. This combination of color Doppler to

localize and duplex to quantify the severity of the disease is also referred to as color-

coded duplex””.

1.4.4 Catheter Pressure Measurement

For the hemodynamic assessment of aortoiliac occlusive disease, the “pull through”
intra-arterial catheter pressure measurement method is accepted as the best standard,
and is considered more objective than other pressure measurement methods.
Nevertheless, any pressure drop across a stenotic region is dependent on the velocities
in the blood flow, and a significant aortoiliac obstruction may be overlooked if there is
outflow impairment caused by the presence of distal disease. The pressure readings
using this technique seem to depend on the lateral or axial intraluminal position of the

catheter tip. Variable pressure readings may be found at the immediate post-stenotic
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region, due to flow induced pressure changes caused by the stenosis and local
recirculation, but are absent further downstream.

Pressure recordings taken at the immediate throat only account for the pressure
drop at that position and thereby correspond to the energy loss across the tunnel.
Though the total effects of a stenosis must include both the post-stenotic phenomena of
energy loss occurring across the turbulent region, and the lateral pressure recovery, if it
is to assess stenosis significance accurately. Furthermore, if measurements are taken
further downstream at the point of relaminarization, the intraluminal position of the
catheter, whether axial or lateral, would make little difference in the final reading'?’.
Nonetheless, unless the tip of the catheter has its opening at right angles to the stream,
the pressure recorded is not accurately the static pressure existing at that point in the
blood since some of the flow may enter directly into the catheter openinglg. The added
value to the static pressure may range between +%2 pv2 (the kinetic energy transformed
to pressure if the catheter opening was facing against the flow), where p and v are the
blood density and the blood velocity, respectively, and -0.8 pV* (for an opening facing
downstream)®®. Similarly, for static pressure taps used in an in vitro model such as in
this study, ideally, the tap is placed exactly perpendicular to the streamlines of the fluid
(see Figures 6a, or 6b, third case, page 16). No burrs must be created at the opening,
since this could induce a local deceleration of the fluid (Figure 6b, first case) and hence
a greater pressure than in reality, or a local acceleration of the fluid (Figure 6b, second

case) past the opening creating a lower pressure than in reality.

YL
P
flow ~———————
streamlines ~——————>>

L
Pressure
tap

a) b)

Figure 6. a) Schematic of an ideal wall tap, with flow streamlines perpendicular to

poee peq B

the axis of the tap, to measure static pressure within a tube. b) The presence of burrs causes
perturbations in the flow streamlines and, hence, the pressure measured is not the static pressure.

P, is the measured value and P is the actual value of static pressure in the fluid®’.
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Clinically, either a peak systolic pressure gradient of 5 mm Hg, or a decrease in

femoral artery pressure of more than 15% with reactive hyperaemia”, or a gradient of

1

10 mm Hg at rest and of 20 mm Hg after vasodilation! is considered significant. A

resting systolic gradient of 29 mm Hg is indicative of an iliac stenosis of 50% area
reduction or more’,

The introduction of a catheter in the artery may cause variations in the recorded
pressure gradient86. Namely, previous work on a femoral artery model suggests that,
when a catheter is placed across a stenosis, the true pressure gradient is overestimated in
a predictable manner which is dependent on the ratio of the catheter diameter to the
stenosis diameter’”, as it reduces the vessel lumen area. In clinical practice, this effect
may be sufficient to alter the interventional management of the patient. The optimum
method of measuring a pressure gradient involves simultaneous pressure recording from
bilateral femoral artery catheters without crossing the stenosis. With the pullback
technique, the main disadvantage is that the measurements are sequential rather than
simultaneous and cannot compensate for error due to beat to beat variations in blood

pressure and transitory pressure changes after vasodilatation. Yet the measurement

errors do tend to cancel out when gradients are calculated®®. Though, with all the

measurement uncertainties, it can be useful to find an alternative method of measuring

intra-arterial pressures.

1.4.5 Doppler Pressure Measurement

Duplex ultrasound estimation of pressure drop is generally based on the Simplified
Bernoulli equation (APpax = 4*PSV?). This technique is commonly used in cardiology
to measure pressure drop across heart valves. However, in the case of the peripheral
arteries, the flow phenomenon is different and this equation needs appropriate
validation.

An initial look at this clinical pressure measurement technique reveals that the
pressure gradient measured conventionally is the maximum gradient (Pproximal-Pjet).
However, by catheter, it is approximately the minimum gradient measurable
(Pproximal-Pdistal). Given that downstream from a stenosis, a certain amount of

. 40 4- . . .
pressure recovery 1s expected'®’, discrepancies between both measurements will exist,
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especially for severely stenosed arteries where the post-stenotic pressure recovery may
be more significant'’’. Furthermore, although pressure gradient measurements alone are
commonly used in clinical practice, it is important to recognize that, if in vivo
measurements are made during conditions of low flow, then no significant gradient may
be recorded across a potentially important iliac stenosis®®. As well, angiographers must
be aware of the limitations of the technique%. A more detailed discussion on these

subjects will be considered in the following chapter.
1.5 Clinical Objectives

The goals of clinical therapy are to eliminate ischemic symptoms, and to prevent
progression to occlusion and cardiovascular complications13 8 These goals may be
reached by planning management strategies and by using the correct imaging
techniques. Global efforts are currently being made to reduce the adverse effects of
CVD through early diagnosis, more effective treatments and follow-up examinations,
and by an improved understanding of the pathological processes. Patients with chronic
critical limb ischemia require lifelong follow-up after intervention for rehabilitation, and
to assess graft patency. Authorities recommend periodic surveillance with duplex
ultrasonography'’ 8139 {4 maximize the chance that re-stenosis in such circumstances is
identified early, when it is more amenable to repair12 . The current study will attempt to
give further insight into the applications and limitations of duplex ultrasound in the

diagnosis of peripheral arterial disease and its associated complex flow phenomena.



CHAPTER 2.

Fluid Dynamics

2.1 Mathematical Models

In general, the characteristics of fluid flow that must be considered are steadiness,
rotation, compressibility, and viscosity. In steady flow, the fluid velocity at a point is
constant in time, which can be achieved at low flow speeds. In unsteady flow, velocities
at a point are a function of time, and in turbulent flow, they vary erratically with time
and from point to point. In rotational flow, angular momentum plays a role, and the
flow includes vortex motion, such as whirlpools or eddies, and motion in which the
velocity vector varies in the transverse direction, whereas no net angular velocity exists
for irrotational flow. A fluid in motion is considered incompressible when its density is
a constant independent of x, y, z, and . Viscosity in fluid flow is the analog of friction in
the motion of solids. It introduces tangential forces between laminae of fluid in relative
motion (shear stress) and results in dissipation of mechanical energy. It is dependent on
the temperature of the fluid and its constituents'®?. Whole blood has properties which
most closely resemble those of a shear thinning fluid (non-Newtonian), where the
apparent viscosity decreases with increasing shear rate’’. However, blood is considered
to behave as a Newtonian fluid in large arteries, and otherwise in the distal or peripheral
parts of the cardiovascular systeng. Assuming blood is Newtonian throughout the
network may be an oversimplification, especially in areas of flow stasis and
recirculation, though is common for modeling purposes. Furthermore, many
conclusions may be drawn based on the physiological data obtained at different levels

of the arterial system®® when using such an assumption.
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2.1.1 The Continuity Equation

For steady flow in a tube of constant diameter, the velocity streamlines are parallel to
the wall. Therefore, the mass flux (dm/dt) at a given point in the tube is p4V, where p is
the fluid density, 4 is the cross sectional area perpendicular to the streamlines, and Vis
the speed of the fluid. In the absence of “sources” or “sinks” of flow, the mass crossing
each section of the tube per unit of time must be the same: p4 ¥ = constant. If the fluid is
incompressible, the equation simplifies to: 4V = constant, the product of which 1s the
volume flux or flow rate of the fluid. This predicts that, in steady incompressible flow,
the speed of flow varies inversely with the cross-sectional area, being larger in narrower
parts of the tube. Thereby, widely spaced streamlines indicate regions of low speed, and
closely spaced streamlines indicate regions of high speedm.
| The pressure within the fluid represents the internal forces, and the pressure
along the artery represents external forces. In a mechanical system, such as an artery,
the internal forces and torques cancel one another, leaving only the external forces and
torques to contribute to the momentum'®. A deceleration of a fluid in a horizontal tube
can come about from a difference in pressure along the artery. Hence, in steady

horizontal flow, the pressure is greater where the speed is least'*.

2.1.2 The Bernoulli Equation

Most fluid mechanics models were developed observing fluid flow in a straight tube.
The most fundamental model is the Bernoulli equation derived from the basic laws of
Newtonian mechanics. It is essentially a statement of the work-energy theorem
(W= AKE) for fluid flow, stating that the work (W) done by the resultant force acting
on a system is equal to the change in kinetic energy (AKE) of the system (a fluid
volume). For a non-viscous, steady, incompressible flow, the resultant work is the sum
of the pressure force and the force of gravity. By inserting these variables and the
change of kinetic energy into the theorem and rearranging the terms, we obtain the

general Bernoulli equation:

P+ Y4 pV* + pgh = constant. M
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The individual components of the equation correspond to the following hemodynamic
terms:
P + pgh = static pressure, i.c., the pressure measured when V'=0 (pressure and
gravity terms), and
Y4 pV?* = dynamic pressure (mass times acceleration),
where ¥ = average velocity, g = acceleration due to gravity, and / = the height

of the tube center relative to a reference value.

The assumptions made in deriving this equation are that viscous effects are
negligible, the flow is steady and incompressible, and that the equation is applicable
along a streamline. Since the fluid is non-viscous (no friction within an ideal fluid), it
implies a flat velocity profile and an irrotational flow. As well, the problem 1s
isothermal since the temperature of the fluid cannot be changed by mechanical means if
there are no viscous energy losses. In practice, these assumptions are not exactly true. A
violation of one or more of these assumptions is a common cause of discrepancies
between the “real world” and solutions obtained by use of the Bernoulli equation’’
Furthermore, errors arise in modeling the physiological system due to the fact that the
flow is unlike that in a straight tube and also because living tissues are perpetually
evolving causing in vitro and in vivo experimental results to diverge™®. Nonetheless,
some simple models, such as Bernoulli, may give important insight into the flow
phenomena.

The Bernoulli equation may be reorganized and simplified under certain
conditions to obtain a pressure drop value. If the tube is horizontal, the change in % is
negligible from one point in the tube to the next and so the potential energy (pgh) of the
fluid is ignored. It follows that the pressure drop induced by a reduction in lumen

diameter of a horizontal tube may be calculated as:
AP =P;-Py=(p/2) (Vi'- Vi), ©)

where the subscripts 1 and 2 indicate the proximal and distal positions of the
measurements, respectively, on either side of the vessel narrowing. For a fluid density

of p=1.06 x 10° kg/m’, and for velocity and pressure measurements expressed in m/s



22

and mmHg (I mmHg = 1333 kg/ms®), respectively, the equation becomes

approximately:
APyax =4 * (Vagax’ - Verox), 3)

where APy is the maximum pressure gradient created by the stenosis, Vyux is the
maximum jet velocity, and Vproyx is the proximal peak velocity. Assuming that the
kinetic energy in the stenotic jet is completely dissipated beyond the stenosis by viscous
losses during turbulence, this equation accurately reflects the maximal pressure
gradientég. In fact, it assumes that all of the kinetic energy of flow in the stenosis is
converted to heat rather than to static pressure in the post stenotic region, accounting for
the pressure decrease across the stenosis’. This implies that the static pressure is
unrecoverable post-stenotically. In reality, however, some of the static pressure is

recovered post-stenotically, though some is converted to heat (see Figure 7, page 22).
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Figure 7. Viscous and inertial energy losses in a stenosis with laminar flow.

The amount of inertial loss depends on the geometry of the narrowing’’.

Applied to cardiac valve stenoses, the calculation of the pressure drop is again

simplified to the following form known as the Simplified Bernoulli equation:

AP = 4VMAX2- (4)
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The additional assumption ignores kinetic energy proximal to the stenosis relative to
that within the stenosis. This approach works well for stenotic cardiac valves, whose
sudden area expansion encourages viscous energy losses, and may be useful for some
short, severe peripheral stenoses that are associated with relatively high Reynolds
numbers (Re > 500, when viscous forces are negligible). However, for mild stenoses in
the peripheral arteries, the Bernoulli equations may overestimate pressure gradients
because the kinetic energy may not be converted to heat by viscous losses during
turbulence, but rather the kinetic energy in the stenotic jet is converted back into
pressure beyond the stenosis (pressure recovery). The expression may underestimate
gradients for lengthy, irregular, and very tight peripheral artery stenoses where viscous

energy losses dominate®.

1.9, the pressure gradients calculated using the

In a clinical study by Kohler et a
Simplified Bernoulli equation did not correlate well with measured catheter values in
human iliac arteries. They found that a significant pressure drop between positions
proximal and distal to a stenosis did not develop, during peak systole, until a stenosis of
60% diameter reduction (84% area reduction) was reached. As the lumen narrowed
further, the pressure gradient increased rapidly. The gradients were consistently
overestimated for mild stenoses having pressure drops inferior to 20 mmHg, and the
variability was great. The absence of reverse flow in diastole at the site of the stenosis
or a resting pressure gradient of greater than 15 mm Hg were more reliable indicators of
a hemodynamically significant stenosis®.

In vitro, Ahmed and Giddens' studied axi-symmetric stenoses under pulsatile
flow at a physiological Reynolds number (600) and found turbulence only with stenoses
greater than 75% area reduction (50% diameter reduction). Similarly, Thiele et al.'?®
found increased velocities in vivo in mild stenoses, but no pressure gradient. In fact,
pressure gradients are generally not observed until stenoses exceed 75% of the lumen
area, the point at which turbulence causes energy dissipation. Below this level, the

increased velocity causes the Bernoulli equation to predict a pressure gradient when

none exists®’.
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2.1.3 Poiseuille Flow

In steady state flow of a viscous fluid within a rigid uniform diameter tube, the velocity
profile depends on its distance from the entrance region. As the fluid travels along the
tube, the velocity profile will change as shear occurs between the fluid and the wall, and
between the various laminae of fluid. This phenomenon is described by the Boundary
Layer Theory, and the thickness of fluid affected by the shearing forces 1s known as the
boundary layer. The theory states that, for steady flow, the boundary layer thickness is
equal to the radius of the tube at a distance from the entrance of X = 0.06 d * Re for
laminar flow, and X=4.4d* (Re)” ® for turbulent flowgl, where d is the tube diameter
and Re is the Reynolds number (see Figure 8, page 24). At this point, the velocity
profile is considered “fully developed;’ since it will remain unchanged unless an
additional factor comes into play. This is also known as Poiseuille flow, which assumes

a parabolic velocity profile.

PP i

.
boundary- layer edge

Figure 8. Progression of a boundary layer in the entrance region of a tube into fully-developed flow.

Poiseuille’s model is empirical and states that the pressure drop (4P) through a

pipe is directly proportional to the rate of flow (Q), to the viscosity (1), and to the
length of the pipe (L) and is inversely proportional to the fourth power of the radius (R):

8 APR?
AP = Q,ltﬂ'RL*:l, Viax = i Vave = Vaax/2, ®)
where Vi is the maximum centerline velocity and Vpg is the spatially averaged
velocity. The underlying assumptions are steady, laminar, fully developed flow in a
straight, rigid, cylindrical vessel. The fluid is Newtonian and incompressible and at a
constant temperature’. For a liquid flowing in a cylindrical tube, as in Figure 8, the

fully developed flow has a parabolic velocity profile of the form V(r) = Vmax (1 - */R%),
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where is the radial position from the central axis. However, if the flow through the
tube is continuously increased there comes a point when the resistance to flow increases

quite sharply and the Poiscuille relation no longer applies. This is when the flow

becomes turbulent'®.

Poiseuille’s equation, however, is generally not used to study blood flow since it
considers energy losses only due to viscous effects, and not due to inertia, and so, is less
accurate as the stenosis severity increases. As well, the rheological properties of the
fluid must be known and the flow is assumed steady, which is not the case
physiologically. However, understanding the Poiseuille equation is fundamental to

hemodynamics™ and some of its underlying concepts are of interest in the current

project.

2.1.4 Pressure Loss and Recovery

Biological fluids have a viscosity that is dependent on the shear rate and on the
temperature. For a viscous fluid, when there is friction with the vessel wall, vortices will
appear, whereas no vorticity exists for a non-viscous fluid. Vortices are transported
along the artery and create turbulence downstream. Moreover, an obstacle projecting
into a stream, such as a stenosis, will cause eddies to forrﬁ. Small eddies die away
rapidly, however, if the disturbance is large, the eddies will grow in size and ultimately
cause a complete breakdown of laminar flow. The size of obstacle which causes laminar
flow break-down, represents a fraction of the width of the channel, and depends on the
Re and to a certain extent on the shape of the obstacle’®. Therefore, fluid viscosity and
obstacle geometry are important factors when studying flow phenomena surrounding a
stenosis.

In the human body, a certain amount of energy loss is expected in the presence
of flow obstructions. Several investigators have described and characterized these losses
and their relationships to pressure gradient and percentage stenosis'>'*!. Energy loss
arises from three causes: (a) the viscous turbulent losses, which are strongly dependent
on the geometry of the stenosis including the shape, length, and percent stenosis, (b) the
nonlinear losses as a result of the convergence and divergence of the blood as it enters

and leaves the stenosis, and (c) the losses arising from the inertia of the blood itself*.
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As fluid passes through a slightly stenotic segment the need for kinetic energy
increases. Static lateral energy is converted, in part, into kinetic energy, and the rate of
flow is maintained. With progressively smaller stenotic lumens, the demand for kinetic
energy at some point is surpassed and the rate of flow will decrease. The cross-sectional
area beyond which this phenomenon occurs has been termed the “critical” area of
stenosis'®’. The stenosis has to be substantial with an area reduction of at least 70% to
create a pressure drop'?. Downstream, pressure recovery is expected since the pressure

loss is due both to convective inertial and viscous effects. The major pressure loss and
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recovery may take place over 10 lumen diameters . A more complex look at the flow

behaviour, however, may be obtained using the Navier-Stokes equations, as discussed

in the following section.

2.1.5 Navier-Stokes Equations

In general, the governing equations of blood flow are the three-dimensional (x, y and z)
Navier-Stokes equations (conservationlof momentum) of motion (Eq. 6) combined with
the conservation of mass equation (Eq. 7), written here in their general forms, provide a
complete mathematical description of the flow of an incompressible Newtonian fluid

(viscous flow)*>719%:

-

Navier-Stokes: p(%+ u- Vz—;) =-Vp+ pg + ,u(V‘z;) (6)

()

Conservation of mass: div( u )=0
where p = constant density, # = fluid velocity (3D), p = driving pressure = static
pressure + pressure due to gravity (pgh, negligible if horizontal), g is the gravitational

acceleration, and x is the fluid viscosity.

The Navier-Stokes equations represent the conservation of momentum related to
the accelerations and the forces (in 3D) of the fluid. Conservation of mass describes the

incompressibility of the fluid. Therefore, there are four equations and four unknowns

(three velocities and pressure).
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The complexity of the Navier-Stokes equations (non-linear, second order, partial
differential equations), however, does not allow exact mathematical solutions. Certain
simplifying assumptions yield numerical solutions to the problem, and if the solution
converges, it will be more or less accurate based on the assumptions.

In theory or numerically, complex models such as Navier-Stokes are typically
used in describing and in trying to understand the complex nature of the flow in vivo.
However, their practical application is difficult, and they are indeterminate and must be
resolved numerically. The simpler mathematical models applied to blood dynamics such
as Bernoulli or Poiseuille are not realistic, however, useful information may be obtained
from their use, leading to a situation which is currently difficult to resolve. The current
models are limited from the beginning since cardiovascular disease and the complexity
of the fluid phenomena is not fully understood*?. Furthermore, in order to study a given
rigid arterial segment, these equations must be coupled to boundary conditions, a
phenomena which is not yet fully defined. However, two types of boundary conditions
are identified: parietal (wall) conditions describing the level of friction at the wall (slip
or no slip) or the extent of wall deformation due to the transmural pressure, and
extremity or end conditions, describing the difference in driving pressures from one end
of the arterial segment to the other®®. Errors made in estimating such conditions may
further reduce the accuracy of the solution.

Considerable efforts have been made to understand the fluid mechanics of the
flow through a stenotic tube?0474872109.140 1y the majority of these analytical studies,
the blood was treated as a Newtonian fluid whereas several researchers have begun to
depart from modeling blood as Newtonian >°7! 1112212328125 N ore specifically, some
have begun to model blood as a non-Newtonian fluid using Navier-Stokes and a
modified Casson’s fluid model. The Casson’s model represents the effect of red blood
cell aggregation on flow*?. The approach is, therefore, taken from a numerical analysis
perspective, where the governing equations are solved by using the finite element
method. Although of high interest, treating the flow of a non-Newtonian fluid was not
considered in the present study, though the results of a few such studies are discussed in

the following section.
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'2.1.6 Arterial non-Newtonian Flow in the Presence of Multiple Stenoses
This section deals with the modeling of fluid flow through multiple axi-symmetric and
equivalent stenoses with the assumption that the fluid is non-Newtonian, as may be
found in a physiological situation.

Young et al.'*" and Fox™°, in the study of velocities created at various Reynold’s
numbers (20, 50, 100), found that the maximum velocity in the case of a single stenosis
occurred at the throat, while for double stenoses it occurred downstream just behind the
throats of the stenoses.

Drumel®® and Tandon'?®, both studying double axi-symmetric and identical
stenoses in series using a tube model of a coronary artery and a non-Newtonian fluid
(Re = 20, 50, 100) found that, from the central line velocity distribution, the peak of the
velocity in the diverging section of the distal stenosis was higher as compared to that in
the proximal equivalent stenosis. As the Reynold’s number increased, the fluid
acceleration increased due to the formation of vortices between the two stenoses. In
Newtonian fluids, this prevents the retardation of the fluid at the central line. In the
same studies, the pressure was found to decrease sharply in the converging section of
the proximal stenosis and partially recover in its diverging section. In the converging
part of the distal stenosis, the pressure again started decreasing before it could fully
recover. Thus, the pressure recovery following the proximal stenosis was hindered by
the presence of the distal equivalent stenosis. The flow through the distal stenosis was
less accelerated due to a formation of vortices between the two stenoses, leading to
lesser energy dissipation by the wall (lower wall shear stress). Consequently, equivalent
double stenoses of the same severity produced lower total pressure drop as compared to
that produced by a same severity single stenosis. However, the pressure drop across
both stenoses combined increased as the interstenotic distance decreased. It also
reduced the lengths of the flow reversal zones. Finally, the magnitude of the pressure
drop at a point decreased with increasing values of the Reynolds number, which is
always higher in the non-Newtonian fluids than in the Newtonian fluids. Accordingly,
Caro'® and Forestrom*® found that the non-Newtonian character of blood possesses an
in-built property which helps lower the wall shear-stresses, thus reducing the flow

reversal zones and other ill effects. Moreover, the separation and reattachment points
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were observed only in the diverging section of the distal stenosis. Thus, the non-
Newtonian effect of blood has the tendency to reduce pressure drop and the lengths of

126
the flow reversal zones .

2.1.7 Young’s model

An empirical equation describing the hemodynamics of blood flow in arteries has been
developed, by Young'*’, which may be more accurate since the equation was proposed
and validated in vitro for steady and pulsatile flow in peripheral arteries. Young’s
pressure drop measurement across an iliac stenosis takes into account the degree of
collateralization, becoming a parameter of hemodynamic significance. Thus, different
degrees of collateralization for the same stenosis will modify in different manners the
transtenotic jet velocity and the pressure gradients“. The equation for the pressure drop

across a stenosis of length Z; is the following:

Kvu Ki(4 du
A = U + L 9 1 U + K u Lx N 8
P="p S PlUP + Kuple S5 ®
due to due to non-linear effects due to the
viscous from convergence/ acceleration
effects | divergence of flow and of the fluid
turbulence

where 1 is the fluid viscosity, U is the velocity, D is the non-stenosed vessel diameter,
Ay is the non-stenosed cross-sectional area of the artery, A; is the minimal cross-
sectional area of the stenosis, p is the fluid density, and dU/dt is the acceleration of the
fluid (see Figure 9, page 30). K,, the viscous coefficient, and K,, the turbulence
coefficient, depend on the non-dimentional geometric ratios L/D, Ly/D, and d/D (L is the
artery length investigated, and d is the diameter within the stenosis), and are obtained by
steady-flow tests where pressure drops are measured as a function of Re for a given
geometry. K, is the inertial coefficient which absorbs the added mass effect plus any

corrections to the viscous-turbulence terms that are proportional to dU/d.
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Figure 9. A schematic representation of the defined geometrical variables used
to describe a stenosis for Young’s model', where A, is the unobstructed lumen area,
A, is the minimum cross-sectional area, D is the unobstructed lumen diameter,
L, and A, are stenosis lengths, A is some measure of eccentricity, and Uy and U,

are characteristic velocities at the entrance and exit of the stenosis.

In its dimensionless form (divided by pUP), for steady flow conditions (no

acceleration term, 3" term), the equation becomes:

2 2
A K U KI A Kv Kt A
e e . e ©)
pU>  DpU> 2pU* | 4, Re 24

This equation is obtained by dimensional analysis if it is recognized that at very
low Re, pressure drop must be linearly‘related to the velocity (viscous effects dominate),
and at high Re, pressure drop depends on the square of the velocity (turbulence losses
dominate). The equation is thus a linear combination of low and high Reynolds number

regimes. In the present study, because of its complexity, Young’s model was not

considered.

2.1.8 Effect of Stenosis Geometry
May et al.*! found that the jet velocity used in the Simplified Bernoulli equation is

insufficient to estimate pressure gradient since it ignores the effects of stenosis length,
roughness, and irregularity, as well as arterial tapering, tortuosity, and branching.
Effectively, Kohler et al.%? found that increasing stenosis length from 1 to 4 cm in a
canine iliac artery decreased the flow by 25%, indicating the importance of viscous
forces since kinetic energy losses are not influenced by stenosis length®. Furthermore,

reflection of the pressure wave at the stenosis69, and vessel compliance, are ignored.
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However, Young found that the vessels may be assumed rigid and the arterial taper
negligible when considering local flow characteristics'*.

It seems likely that the accurate estimation of pressure gradient in most
peripheral arterial stenoses of appreciable length, with significant area reductions and
low Reynolds numbers, requires frictional loss equations. Such equations are not likely
to be clinically useful, however, because the 3D geometry of the stenosis must be
precisely known to apply these adequately69. Conversely, another group reported
excellent agreement between calculated and measured pressure gradients over a wide
range of degrees and lengths of stenosis in an in vivo model*''2. Their results raised the
possibility that the Simplified Bernoulli equation may still be useful in the peripheral
circulation®.

Others also found that for stenoses less than 2 cm long and larger than 0.3 ¢cm in
diameter, the frictional loss and flow acceleration are negligibly low relative to the

. . 1,12 ..
amount of convective acceleration represented by the term 4%V, Xz SBOLIZ8 This is also

1'118

supported by the results of Strauss et a in which the length of iliac stenoses

b

encountered ranged from 0.3 to 1.7 cm.
2.2 Finite Element Simulations

The governing transport equations for a fluid with a constant viscosity are mathematical
representations of the principles of conservation of mass and momentum. The Navier-
Stokes equations combined with the continuity equation provide a complete
mathematical description of viscous flow for an incompressiblé fluid (four equations,
four unknowns: three velocities, u, and pressure, p). The equations may be represented

as follows:

1) The Navier-Stokes (conservation of momentum) equations:

—

p(%‘—+5~v5)=—vp+p§+ﬂ(v22) (10)
t

where p is the fluid density, g is the acceleration due to gravity, u is the fluid viscosity,

(u. Viu) is the convective term in the momentum equations;
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2) The Continuity Equation (p = constant):

div(u) =0 (11)

The complexity of the Navier-Stokes equations (non-linear, second order, partial
differential equations) rarely allows an exact mathematical solution. However, a
numerical solution may be found by making certain simplifying assumptions. The
solution, if it converges, will be more or less accurate based on the assumptions made
for the particular flow in question. :

The problem was defined in Fidap 8.0 (Fluentr Inc.) as: INCOMPRESSIBLE,
STEADY, NON-LINEAR (convective term), NEWTONIAN, AXI-SYMMETRIC,
MOMENTUM (momentum and continuity equations solved for velocity and pressure
fields), ISOTHERMAL (no temperature dependence), FIXED (geometry of the problem
is unchanging), and LAMINAR (laminar flow problem, that is, no divergence term
representing turbulence, and the streamlines never cross).

For an axi-symmetric problem defined in the 7, z, 6 coordinate system (see

Figure 10, page 32), there is no dependence of the terms on 6, and the equations solved

become:

(252,25 2 212 )
r oo "o oz &4 or H or\ror oz

(12)
[6u2+u ou, , auzj_ o, lﬁ_(ﬁ”zjﬁz”z
P o or oz P& oz H ror\ or oz’

Figure 10. The r, z, & coordinate system, where 7 is the radial coordinate of the artery,

z is the longitudinal coordinate of the artery, and & is the counterclockwise

angle coordinate of the cross-section of the artery.
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2.2.1 Discretization of the Problem

The first step in the finite element (FE) method consists of dividing the continuum
problem, with its infinite number of degrees of freedom, into a discrete problem
described by a system of algebraic equations having a finite number of degrees of
freedom. The FE procedure begins with the division of the continuum region into a
number of elements. An Eulerian description is used for setting up the partial
differential equations, and so, the elements are assumed to be fixed in space. For each
element, the dependent variables (velocity, pressure, etc.) are interpolated by functions
of compatible order, in terms of values to be determined at a set of nodal points.

Within each element, the velocity and pressure fields are approximated by:

u,(%,1)= 0" U,(¢) } (13)
p.(x,0t)= w P, (1)

where U,, and P, are column vectors of element nodal point unknowns, X is the spatial
coordinate, 7 is the time, and ¢ and y are column vectors of the interpolation functions.
Herein the same interpolation functions are employed for all components of the
velocity. Substitution of these approximations into the field equations and boundary

conditions yields a set of equations:

Momentum: fi1(o,y,Ui,Px) =Ry (14)
Mass conservation: f:(o,U)) =Ry (15)

where R; and R, are the residuals, or errors, resulting from the use of the
approximations of the previous equations. The Galerkin form of the Method of
Weighted Residuals seeks to reduce the solution errors to zero, in a weighted sense, by
making the residuals orthogonal to the interpolation functions of each element (that is, ¢
for the velocity, and y for the pressure degrees of freedom).

The result is the equation for a single element, and the discrete representation of
the entire continuum region of interest is obtained through an assemblage of elements

such that inter-element continuity of velocity is enforced. This continuity requirement is
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met through the appropriate summation of equations for nodes common to adjacent

elements — the direct stiffness approach.

2.2.2  Element and Mesh Definitions

The flow within the vessel was assumed to be symmetric about the z axis (axi-
symmetric), therefore, the problem was reduced to two dimensions, independent of 6.
Furthermore, only the upper half of the longitudinal cross-section through the axis of
the vessel was considered. This section was divided into 4-node quadrilateral finite
elements (see Figure 11, page 34). The mesh was refined towards the axis wall
(successive ratio=0.9), and the number of elements were chosen so as to assure

convergence of the solution.

s=-1

Figure 11. Element definition for the FE simulations in Fidap 8.0. The order of the interpolation
functions corresponds to the ordering of the nodes, and the interpolation functions are expressed

in terms of the normalized or natural coordinates for the element, r and s, which vary from -1 to +1.

2.2.3 Boundary Conditions and Parameter Calculations

Boundary conditions are required on all boundaries of the computational domain as
either specified nodal values or specified fluxes across element sides for each of the
active degrees of freedom in the simulation. At a given boundary, only one of these
types of conditions may be specified. If none is applied at a boundary node for a degree
of freedom, the default boundary condition is zero flux for that degree of freedom. The
time derivatives in all the equations (momentum, energy, turbulent kinetic energy,
turbulent dissipation, and species) are discarded. The velocity degree of freedom is
associated with the nodal points and is approximated using bilinear interpolation
functions. The pressure degree of freedom, when using a segregated solver such as
successive substitution, uses a piecewise constant discontinuous, linear pressure

approximation by default. The pressures are associated with the element centroid,
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however, the pressure solution at all the nodes in the mesh is interpolated (in FIPOST or

post-processing) for plotting purposes. No initial conditions are required in steady flow.

2.2.4  Solution Method
The Galerkin solution approach was applied to the stationary Navier-Stokes equatiohs,

resulting in a group of non-linear algebraic equations represented in matrix form as

follows:
K(u)u=F (16)

wﬁere K is the global matrix of equations, u is the global matrix of unknowns (velocity,
pressure, etc.), and F is a vector including the effects of the boundary conditions. The
coefficient matrix K(u) has a scattered bandwidth which, for steady flow simulations, is
decomposed into: K(u) = K(u) + Ky, where K.(u) is the non-symmetrical convection
matrix, and Kyis the symmetric matrix containing the diffusion, pressure, and continuity
terms.

The convective term is very important for Re » 1, as in this study, where the
non-linear character of the equations is dominant, and the choice of the solution
algorithm becomes key to obtain convergence. The problem was solved in a fully
coupled fashion, that is, where the conservation equations are solved simultaneously for
relatively simple 2D problems. The non-linearity of the equations requires an iterative
solution method, therefore, Successive Substitution was used owing to its robustness
(large radius of convergence) and the relatively simple geometry of the flow region. A
relaxation factor of 0.5 was used to improve the rate of convergence of the iterative
procedure for the solution. When used, a value of 0.5 is usually chosen by default since
no general rules apply in such a choice.

In FE computations of incompressible flows, there are two main sources of
potential numerical instabilities associated with the Galerkin formulation of the
problem. One is due to the presence of the advection terms, which can result in spurious
node-to-node oscillations primarily in the velocity field. The other arises if an
inappropriate combination of interpolation functions is used for the velocity and

pressure. This instability usually appears as oscillations primarily in the pressure field.
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Both of these instabilities can be stabilized by the addition of two extra terms to the
standard Galerkin formulation of the problem. Pressure stabilization was not performed
as it tends to only produce more stable solutions in cases where the computational grid
is predominantly made up of linear triangles (2D). However, it is preferable and
strongly recommended to adhere to a well established practice of using pressure
interpolation functions one order lower than those used for velocities, because the
results obtained in this manner are superior in quality to those obtained using pressure
stabilization. The pressure degree of freedom is reduced in most situations upon

specification of the element type.
2.3  Ultrasound in Medicine

Ultrasound in medicine originated in Scotland towards the 1950s, Tan Donald being the
main figure involved®. Applications were mainly in obstetrics and gynecology where
differences in the signals obtained from solid and simple cystic tissues were found. He
discovered that the higher the signal frequency of ultrasound, the less the penetration in
the tissues, and also the effect of tissue density on reverberation. Human safety in the
presence of diagnostic ultrasound was verified and no damage to tissues was found®.
During the 1950s, developments in ultrasound were also in progress in Japan
(Wagai), Australia (Kossoff), and the United States (Holmes). In the 1960s, there was’
an explosion of technological advancement in obstetric ultrasound which was then
applied to the study of blood flow measurement. Marked contributions to the
development of Doppler ultrasound technology applied to blood flow were made by
Satomura, in Japan, in 1957 for blood flow measurement, and by Pourcelot, in France,
in 1988 (since 1960) for a Doppler cardiovascular surveillance system for astronauts in

space®’.

2.3.1 Physical Principles of Ultrasound
Diagnostic ultrasonics uses frequencies, for transcutaneous applications, in the range of
2 MHz (deep abdominal and obstetric studies) to 10 MHz (peripheral vascular

. 127 . . .
studies)'?’. For endovascular applications, common frequencies for ultrasound catheters
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are between 10 MHz and 30 MHz "®. The sound waves are generated by a transducer
generally composed of piezoelectric elements that convert electrical energy (fluctuating
voltage) to acoustical energy (vibrations), and vice-versa to capture the reflected
signal®. The pressure waves propagate in human tissues with a local compression and
stretching of the tissues. Frequency dependent phenomena occur such as absorption and
scattering, and both reflection and scattering provide information used in Doppler and
imaging techniques, respectively.

A difference in tissue impedance at surface interfaces or at small wave diffusers
(red blood cells) permits reflection or scattering of a part of the incident wave to the
transducer. The magnitude of this difference determines the size of the echo, therefore,
a water bath or specialized gel is used in clinical practice to allow the ultrasound to
propagate from the transducer to the tissues and, consequently, to minimize intensity
loss®.

A focus of the transmission-reception beam is produced electronically in some
transducers which gives the ability to increase structural details in the ultrasonic image,
or to increase the resolution. This is produced, using multi-element transducers, .by
phasing the transmission of the ultrasound, exciting the outer elements ahead of the
inner ones. The position of the focus is changed by altering the delays of the signals.
The reception zone is also focused and the greatest sensitivity of detection is at the
focus. Furthermore, a fundamental fact is that the higher the transducer frequency, the
better the resolution, however, attenuation in tissue increases with frequency. The
temporal resolution, i.e. the separation of events in time, depends on the frame rate of
the scanner™. Tt is determined by the time required to process and display the received

ultrasound signal by the instrument.

2.3.2 Doppler Effect

Echoes received from moving structures experience a slight alteration in frequency.
This concept allows blood flow to be identified and provides information about the
velocities of the red cells, therefore, Doppler instruments essentially measure velocity®.

For an arrangement of blood particles flowing along a tube at a uniform speed,

u, if a continuous beam of ultrasound at a frequency, f;, intersects the flow at an angle 0
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(see Figure 12, page 38), some of the energy is scattered in all directions by the moving
blood cells. The ultrasound sent back toward the transmitter has a shifted frequency, f>.
The difference in the frequencies, or the Doppler shift (fp) (Eq.17), is negative (f; > 12)
for an object moving away from the transducer (source), and positive (f> > f7) for an
object moving towards the transducer. The Doppler shift is small and in the audible
range, and the greater the frequency of sound, the higher the pitch heard. High-pitched
components are related to high flow speeds, and signals of high intensity correspond to

strong echoes.

Doppler shift (fp) =f; - f>=f1 2u cos0, 17
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Figure 12. The Doppler shift on an incident ultrasound wave pointed towards flowing blood.

However, it must be kept in mind that:

1) The Doppler shift depends on the component of the velocity along the ultrasonic
beam (u*cos0). If the actual blood velocity has components that are not parallel to the

artery, errors will be made in estimating the velocities.

2) In practice, in a volume of interest (the sample volume of the ultrasound instrument),
the cells move with many velocities each giving rise to a Doppler shift. The output is
then a spectrum whose width depends on the flow characteristics such as the velocity
profile and turbulence®. This phenomenon is related to the Doppler spectral broadening

effect mentioned earlier and used as diagnostic criteria for vascular disease.
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3) The velocity of ultrasound in blood is 1570 m/s, and is 1540 m/s in soft tissues,
causing underestimation errors in the flow speed of up to 5% because most ultrasound

instruments use a sound velocity of 1540 m/s in the computation of the Doppler shift®.

Echoes produced by scattering are much weaker than those generated by
reflection®. Scattering, however, provides echo data from rough surfaces and blood
particles. The signal from blood is determined by the non-uniform distribution of the
cells creating scattering centers which fluctuate in position. Hematocrit (volume of red
blood cells/volume of whole blood), normally ranges between 40% to 45% in humans,
and rouleau formation of the red blood cells in patients with cardiovascular diseases

may modify the nature of the signal back-scattered to the transducer®.

2.3.3 Ultrasound Modalities

Ultrasound techniques are noninvasive, viewed in real-time, repeatable, non-toxic, and
inexpensive compared to other radiological imaging techniques. Moreover, the systems
are portable and relatively easy to manipulategs. In B-mode, representations of anatomic
sections are viewed in two dimensions. To create such images, the ultrasonic beam
sweeps a plane section through the body. A one-dimensional signal (A-mode) is sent in
the tissues and part is reflected at each tissue interface towards the transducer. The
detected echo intensities are represented as grey-levels which are transferred to a pixel
on the screen. Sweeping the ultrasonic beam allows many lines of echoes to be obtained
which combine to delineate the internal structures of the body®. The image acquisition
process is very fast and allows an image renewal rate (frame rate) in the order of 5 to 70
images/s or more, depending on the line density and the size of the area being
investigated.

Pulsed-Wave (PW) Doppler is based on the Doppler effect and, to the advantage
of Continuous-Wave (CW) Doppler, allows the analysis of a small region of particles
within the ultrasound beam. In CW Doppler, the beam field is fully investigated,
making a measurement at a precise vessel difficult due to dynamically moving surfaces
and neighboring vessels. In PW Doppler, a non-harmonic pulsed voltage is sent to the

transducer typically in a series of eight cycles at a time (train of pulses). Each cycle has
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the characteristic frequency of the transducer and a certain number of trains are sent per
second (Pulse-Repetition-Frequency or PRF). The reflected signal is listened to between
each train, the time waited for the transmission of the signal into the tissues allowing the
sampling depth to be adjusted (range gating)83.

Variations in blood velocity with time are viewed at various positions within a
vessel by moving and varying the size of the range-gate, or sample-volum667. Only the
sampled frequencies are viewed at a given moment, and the velocities are calculated
from the shift in position of the diffusers (red blood cells)®® by Fourier transformation of
- the received demodulated Doppler signal.

Duplex Doppler (see Figure 13, page 40) combines B-mode imaging and PW
Doppler. The advent of array transducers allowed the division of acquisition time
between the two techniques. The images are superimposed, the B-mode image of the
vessel serving as a guide to position the PW sample-volume within the artery. This
technique rendered noninvasive diagnosis a clinical reality® though its spatial

resolution is limited and other problems are associated with the technique’”.

Figure 13. a) A duplex cross-sectional image as seen on screen with the B-mode image in the
background. The PW Doppler sample volume is placed within the vessel at

the position of maximum velocity, for this example.

Color Doppler systems (see Figure 14, page 41) are an extension of the duplex
concept, however, multiple range-gates are used and a color image is superimposed on
the B-mode image. The average velocity in each range-gate is estimated, and this value
is represented on screen by the color intensity, the actual color palette indicating the
flow direction. Red (warm colors) generally represent blood traveling towards the
transducer and blue (cold colors) represent blood moving away from the transducer””.

Green may be used to represent turbulence based on the variance of the velocity signal.
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Figure 14. A color duplex image of the carotid artery along the longitudinal axis of the vessel.
(from http//www.atl.com/ref lib/imglib/vascular/vascular.html.)

Color Doppler imaging is a widely accepted tool for assessing the presence of
blood flow and it works well for many clinical applications. However, it remains largely
qualitative as analyzing the approximate color brightness and the layout takes
precedence over quantifying the precise spatial dependence of velocities. If quantitative

analysis is needed, duplex PW Doppler must be used' ",

2.3.4 Image Processing and Parameter Selection on the Ultrasouﬂd Instrument

Image processing is used to display the imaging signals received from the structures and
the Doppler signals scattered by the blood. It is aimed typically at reducing speckle
noise to improve the detection of small contrast changes or to sharpen the edges in an
image.

The quality of an image depends on the equipment used and the adjustment of
many controls on the ultrasound instrument. First, the appropriate transducer must be
chosen as lower frequencies increase the penetration in the tissues, although the details
in the image decrease. A general working rule is to use the highest frequency for the
necessary penetration, and to only reduce frequency when gain and intensity controls
are at their maximum. Next, the Doppler angle must be chosen, keeping in mind that
blood flow measurement error increases with angle. Finally, the mode of operation (ex.
B-mode, color, or duplex) of the machine must be determined. Other modes of
operation not discussed here are the M-mode, power mode, harmonic mode, and pulse
‘inversion mode.

Parameters to be adjusted during an examination are transmitted output power or

intensity which affect the magnitude of echo, and the overall gain, since echoes received



42

are small (uV and mV) and amplification is necessary. When amplifier gain is too high,
the displayed image is uninterpretable as large echoes saturate the image and small
echoes are overemphasized. Conversely, too low a gain may result in very few echoes
being displayed. The Time-Gain Compensation (TGC) corrects for attenuation as depth
increases, since echoes received from superficial structures are much stronger than
those from deep interfaces®’. Persistence in color velocity mode (averaging of the signal
over several frames) is very useful if a signal is almost obscured by noise, as clinical
measurements often have a low signal-to-noise ratio.

During blood flow measurements by Doppler, estimation of the Doppler angle
and the vessel diameter are essential since they are the main sources of error, though
errors also arise in sampling the flow velocities. Vessel diameter is usually measured
using electronic calipers on the B-mode image, resulting in possibly large flow rate
measurement errors. Accordingly, the average velocity may be evaluated more
accurately than the flow rate*>®”. The Doppler angle is also normally measured in B-
mode by aligning a cursor along the vessel axis in a longitudinal scan plane, and the
angle value is indicated on the monitor. The accuracy becomes critical as the angle
approaches 90°, when the cosine function varies rapidly. To limit this source of error,
the insonation angle is normally kept below 60°, and preferably below 45° 2 However,
a precise measurement is often difficult due to factors such as anatomy, inadequate
image resolution, depth, and the fact that high velocity jets are often not axially
oriented®. The assumption that the blood stream is moving parallel to the vessel axis is
thus a limitation of the procedure used to estimate the Doppler angle.

Aliasing, abnormal spots on the color image of the vessel or wrapping of the PW
Doppler sonogram, is obtained when the Nyquist limit (one half the PRF) is
exceeded'?’. Said otherwise, it is a phenomenon that occurs when the range of
frequencies or velocities being looked at is smaller than that present in the flow. This is

explained from the following relationship:

b= ¢ PRF , (18)
2fcos(@) 2
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where vy, is the maximum velocity able to be detected without aliasing, ¢ is the speed
of sound in the tissue, PRF is the pulse-repetition frequency selected on the instrument,
f; is the transducer frequency, and @ is the Doppler angle. The velocity range displayed
automatically affects the maximum possible PRF allowed. On a pulsed Doppler
reading, velocity peaks that should go beyond the maximum defined velocity appear on
the negative side of the spectrum (wrapping effect). To avoid aliasing, a large velocity
range must be used to verify the coherence of the results, and then the maximum
velocity measurable may be reduced. However, it must be kept in mind that a large
velocity range is associated with a high PRF, and thus, a small depth of measurement
within the tissue. |

The wall filter is a variable threshold high-pass filter that removes low
frequency Doppler sig[nals from slowly moving structures such as the vessel walls. The
cutoff frequency for peripheral vascular applications is normally selected around 200
Hz for a transmitted frequency around 5-7 MHz, but it may be adjusted on most
instruments, from 40-1000 Hz. In general, it should be left at a low level since small
frequency echoes often contain valuable information'?’. In some situations, however, it
should be increased in frequency to remove phenomena such as "flash artifacts" that
hide important flow information.

In PW Doppler, as briefly mentioned above, the distance within the tissue of the

sample volume is limited by the PRF as follows: d <d,, = Ef—fﬁ—f’ where d is the

distance of the sample volume, and d,.x is the largest allowable distance. The size of the
sample volume can also be adjusted. A large size is chosen to locate desired signals, and
shorter sizes are chosen to exclude unwanted contributions from the signalm. If the
sample size is small, the frequency spectrum becomes perturbed due to statistical
fluctuations (isolated spots on the sonogram). Therefore, an appropriate size must be
chosen as a compromise between spatial accuracy and statistical validity. When
attention is brought to the measurement parameters mentioned in this section, the

chances of obtaining reasonable measurements are improved.
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2.3.5 Clinical Applications for the Lower Limb Arteries
The clinical goal of Doppler ultrasound systems is to view blood flow (velocity profiles,
pulsatility, and blood perfusion) noninvasively, and in real-time for the diagnosis67. In
itself, however, the ultrasound diagnosis is generally based on a clinical index instead of
a visual interpretation of the displayed image or spectrum (PSV, VR, Pulsatility index,
Spectral Broadening index, Resistance index, etc.)®®. Typically, the Doppler signal is
analyzed and an instantaneous spectrum of frequencies is obtained. The spectrum
corresponds to a histogram of velocities within the sample volume. This histogram is
often coded in grey-level and juxtaposed in time to create a sonogram (frequencies as a
function of time). The maximum frequency sampled, for example, at the greatest lumen
area reduction of a stenosis, is proportional to the maximum velocity and is related to
the stenosis severity. The mean frequency is proportional to the mean velocity and is
related to the flow rate in the sample volume®®. If the ultrasound beam insonates the
vessel with a uniform power, the mean velocity is then a measure of the mean flow rate.

Studies have shown that only PSV is related to the severity of a stenosis’', and
furthermore, the PSV is the most accurate parameter in evaluating carotid artery
stenoses > 70% ®. However, as blood flow increases, the severity is increasingly
overestimated with this parameterm. Nevertheless, in a clinical situation, the flow is of
greater interest than the velocity. The simplest way to obtain the best flow measurement
accuracy (assuming uniform insonification of the vessel and a parabolic velocity
profile) is to measure the flow rate by duplex and to determine the Doppler angle and
vessel diameter on the monitor. This method is at least as accurate as angiography in
evaluating carotid artery stenoses’’, is accurate in identifying stenoses > 60% 20 or
>70% ©2. If quality of insonification is assured to minimize measurement Variability6’30,
duplex is reliable for vessels with diameters of 4-8 mm (medium-sized vessels)®.
Finally, quantifying the PW spectrum is reliable if the sample volume is large and
positioned at or near the maximum area reduction of the lumen and at an appropriate
radial position’’.

Although certain parameters are preferred, no single Doppler measurement can
accurately quantify the severity of a stenosis. Bascom et al.'® found that one of the only

noninvasive techniques able to discriminate between the major stages of stenosis
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severity was duplex combined with spectral broadening. However, spectral broadening
is influenced by the size of the sample volume, the variations in the characteristics of
the flow velocities within the cardiac cycle, certain transducer characteristics, the
spectral analyzer, and the velocity proﬁleg’11’27. ‘Moreover, the quantification of a
stenosis based on spectral broadening is subj ective’’. In light of such arguments, it is of
interest to further investigate additional parameters and to evaluate the accuracy of the
current parameters under probable physiological conditions. Therefore, the following
section will discuss the pressure gradient parameter in the lower limb arteries and will

refer to the few studies found in the literature.

2.3.6 Estimation of the Pressure Gradients with Ultrasound

In terms of hemodynamic assessments of stenosis severity based on measuring the
pressure gradient, in vivo studies have been conducted comparing duplex, color duplex,
and catheter measurements. Doppler maximum pressure gradients (mmHg) are obtained
by blindly measuring the PSV (m/s) within the arterial constriction or in the jet of the
stenosis and inserting this value into the Simplified Bernoulli equation
(APpax = 4*PSV?). Doppler mean pressure gradients are determined by subjecting the
flow velocity profile to planimetry and by applying the Simplified Bernoulli equation
point by point to calculate the maximum instantaneous gradients at each point, and
averaging them over a whole cardiac cycle. Table I (page 46) shows a summary of some

of the findings.

137

Conversely, in vitro, experiments were performed by Weber et al.””" on a square

model stenosis in a tube having an inner diameter (D) of 10 mm (iliac size). Stenosis
severities investigated were 64%, 84%, 91%, and 96% area reduction. The blood
hematocrit varied between 25 to 60% and pulsatile flow rates ranged from 300 to 2000
mL/min. Lateral (wall tap) and axial (endhole catheter) pressures were measured at four
positions; P1 situated 1D pre-stenotically, and P2, P3, P4 situated post-stenotically at
1D, 4D, and 40D, respectively. A plot comparing manometric and Doppler pressure
gradients, for all stenoses, flow rates, and hematocrits, showed that the mean pressure

gradients between the two methods correlated better than peak pressure gradients. The
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Doppler mean gradients were 13% higher than the corresponding catheter mean
gradients, whereas the Doppler instantaneous peak gradients exceeded the catheter
peak-to-peak gradient by 10% to 150%. In the 84% stenosis model, lateral pressure
dropped 60% but axial pressure dropped only 10% across the obstruction. Furthermore,
the peak pressure gradient represented only maximum instantaneous measurements
within the flow cycle, whereas mean pressure gradients yielded information over the
entire stroke cycle. The Doppler mean gradient probably accurately reflects the
manometric mean pressure gradient, however, it does not take into account the pressure
recovery that occurs in the relaminarized flow region"’.

Pressures measured further downstream showed that most of the high kinetic
energy at the throat was lost as flow passed through the turbulent region, but some of it

was transformed back into lateral pressure energy by 4D downstream. With

relaminarization, lateral and axial pressures again became relatively equal, as they were

pre-stenotically13 7,

The overestimation of the peak pressure gradient by Doppler method is due to
the fact that Doppler measures an instantaneous peak gradient that is both different and
higher than the manometric peak-to-peak gradient. Doppler spectral broadening can also
affect the measurement because it produces an overestimation of the PSV. Furthermore,
the peak-to-peak gradient can not be measured by Doppler since the peak systolic pre-
stenotic and post-stenotic pressures occur at different times and at different places. As a
result of the simplicity of the measurements, the Doppler instantaneous peak gradient is
widely used for hemodynamic examinations, although it is not a sound application of
hydraulic principles. The pressure gradient measurements that include post-stenotic
energy changes assess significance of stenosis better than those pressure gradients

across the tunnel only"’.

The duplex scan can be used to quantify reliably and noninvasively the
hemodynamic significance of iliac artery stenoses in patients with peripheral artery
occlusive disease. Although the peak-to-peak catheter pressure gradient is easily
obtained and commonly used in catheterization laboratories, it cannot be equated with
the maximum instantaneous pressure gradient determined by duplex scanning or

catheter, as the peak systolic pre- and post-stenotic pressures are asynchronous. The
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peak-to-peak catheter gradient across iliac stenoses can be estimated only
approximately from the maximum duplex-derived gradient using regression equations,
the former being significantly lower than the latter. Hemodynamically, the mean
pressure gradient is a better expression of the severity of a stenosis in the peripheral
circulation, as it considers the pressure drop in diastole as well, having direct impact on
the driving pressure distal to the stenosis'*®"?.

The static pressures in the vessel model for the present study were obtained from
pressure taps along the SOL Since the experiments were conducted under steady flow
conditions and that all tap positions were measured simultaneously, the difference in the
pressures were approximately equal to the instantaneous mean pressure gradients across
the SOI. These gradients will be compared in the Discussion to those found in vivo n

the various experiments previously mentioned, though the experimental conditions are

not necessarily equivalent.



CHAPTER 3.
Materials and Methods

3.1 Purpose, Problem, and Scope

The manifestation of PVD in patients indicates the presence of coexistant disease in
other vascular beds, namely cerebrovascular and coronary artery disease ¢ The relative
predictive power of PVD for further ischemic events, however, is not well recognized.
Patients with PVD that may be at significant cardiovascular risk yet appear
asyrhptomatic from this perspective. Thus, patients with PVD receive less intense
medical therapies to prevent cardiovascular ischemic events. However, based on the
CAPRIE database, PVD may delineate a population of individuals with a markedly
increased risk of ischemic events. Furthermore, based on this study, the effective global
management of ischemic risk required, in part, the identification of patients with PVD ©.
The diagnosis of PVD at an early stage of development requires an accurate
technology which is cost-effective and which minimizes the examination time required.
The superficial femoral artery is straight, has a relatively simple flow field, and its
superficial position in the thigh allows easy access for ultrasound imaging. Therefore,
from a general perspective, such examinations would be quick to perform and would
give insight on the overall health of the patient from a cardiovascular point of view.
This project is mainly concerned with the application of ultrasound technology
for the diagnosis of PVD as determined using a clinical index of stenosis severity, the
Velocity Ratio (VR), and furthermore, the effect of stenoses on pressure drop in the
artery. In a clinical situation, however, diagnosis is complicated by the presence of

multiple stenoses in a single arterial segment, such as is often found in the superficial

¢ Medscape presentation of Michael H. Criqui MD, PhD, University of California, San Diego, La Jolla
California, USA: data from: Aronow WS, Ahn C; Am J Cardiology, 1994, 74:64.

¢ Medscape course: Alan T. Hirsch, MD, Minessota Vascular Diseases Center, U of Minnesota Medical
School, Minneapolis, USA.
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femoral artery. The VR is a validated indicator of stenosis severity in the presence of
single arterial stenoses, however, few studies (in vivo and in vitro) have been performed
to evaluate its accuracy in the presence of multiple stenoses, and the results were
conflicting”*!'"°. Furthermore, no stand alone apparatus exists which will allow a
hemodynamic assessment of an arterial stenosis. |

In the in vitro experiments, the accuracy of the VR is influenced by the
correctness of the PSV measurement, by the flow conditions, and possibly by the
geometrical arrangement of the stenoses. The pressure gradient accuracy measured by
ultrasound will depend on the duplex instrument employed and on the validity of the
implicit assumptions made when using the Simplified Bernoulli equation. On the other
hand, the accuracy of the pressure gradient determined by catheter will depend on the
integrity of the taps and the local flow conditions, Therefore, the purpose of this study
in a peripheral artery model is: a) to evaluate the validity of the velocity ratio (VR)
index for a stenosis of interest (SOI) alone, and in the presence of an adjacent stenosis,
using color duplex ultrasound and finite element simulations, and b) to study the local
hemodynamic effects of single and double arterial stenoses through the determination of
the pressure drop across the SOI using color duplex ultrasound (Simplified Bernoulli)

and catheter measurements, and by FE simulations.

3.2  Velocity Ratio Index

The Velocity Ratio (VR) is a clinical index to help estimate the morphological severity
of an arterial constriction. The theory was developed under steady flow conditions for a
single stenosis in a uniform arterial segment. The flow rate is assumed constant along
the entire arterial segment with an absence of bifurcations or losses of flow through the
arterial wall, and is calculated as the average spatial velocity multiplied by the

corresponding cross-sectional area of the artery. The actual index is the ratio of the

mean velocity within the stenosis (v,) to that proximal to the stenosis (v,).
Mathematically, it is obtained by equating the flow rates (Q) at these positions (Eq. 19,
page 51) based on the equation of continuity. By the rationale of equivalent flow rates,

this is equal to the ratio of the cross-sectional area proximal to the stenosis (A) to that
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within the stenosis (A;) (Eq. 20), thereby indicating the severity of the stenosis from a

morphological perspective. This straightforward premise is written as follows:

Qi=v, A= v, A=Q, (19)

= <2.0 — Stenosis < 50% lumen area reduction, (20)

VR =

<

A,
A ,
>2.0 — Stenosis > 50% lumen area reduction.

Considering  that  the  stenosis  cross-sectional  area reduction s
Ay/A; * 100% = 1/VR * 100%, where 4, is the size of the normal section, it follows that

the percent area reduction of the lumen is:
. 1
% Stenosis =100(1 - —) . 21
; (-2 el)

Clinically, however, velocity measurements with duplex ultrasound are not

necessarily taken in concordance with the theoretical conditions. Three main issues

arise when comparing practice and theory:

1. The actual value measured is neither the cross sectional area, nor the mean
spatial velocity. Firstly, the calculation of the cross-sectional area requires
measuring either the diameter of the artery on a longitudinal scan and assuming
a circular cross-section of the artery, or the surface on a perpendicular scan.
These measurements are difficult to obtain with precision, especially when
dealing with non-echogenic plaque, and consequently, are not used in this
project. Secondly, in vivo, maximum velocities are measured more accurately
than average velocities. This has worked in favor of replacing the mean blood
velocity in the calculation of VR by the Peak Systolic Velocity (PSV), which is
the maximum velocity at peak systole. The analysis of the Doppler signal
received by the transducer, however, requires the inference of a given velocity
profile. In order for the substitution of the PSV for v to be valid in the
computation of VR, the ratio of the two values must be the same at both

measurement positions, which requires equivalent velocity profiles. However, it
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is noted in the literature that the velocity profile of a fluid passing through an
arterial constriction flattens, and more so as the severity of the constriction
increases, as discussed in the Chapter 2: Fluid Dynamics (page 19). In theory,

such a phenomenon would compromise the accuracy of VR based on PSVs.

The measurement position for position 1 is not necessarily chosen proximal to
the stenosis. An arterial stenosis may be found in a location that renders
impossible the measurement of the PSV proximally. That is, it may be too
difficult for the clinician to obtain a proper ultrasound image for the reading.
Such circumstances include the presence of multiple stenoses or of an arterial
bifurcation just proximal to the SOL In such cases, the clinician is inclined to
choose a distal measurement position for PSV; as an alternative to its theoreticaly
proximal position. This may not favor an accurate VR since turbulence may
arise distal to a severe stenosis for Reynold numbers as low as 200 to 300, as

may be found in the femoral and iliac arteries' ®.

. In the case of multiple stenoses, the clinical symptoms are not necessarily
associated with the more severe obstructions. In practice, therefore, the clinician
is faced with a second problem which relates to multiple stenoses in the
peripheral arterial system: that of determining which stenosis in the arterial tree
is the main factor causing the patients clinical symptoms. It should be noted that
the main goal of the clinician is to alleviate the symptoms of the patients to
improve their quality of life, regardless of stenosis severity. That is, assuming all
stenoses are circumferential and symmetrical within the artery, a patient
presenting with a 70% diameter reduction (91% area reduction) stenosié. will be
treated if clinical symptoms are present. A patient may even be treated for a
stenosis of 50-60% reduction in diameter (75-84% area reduction) if symptoms
are present. This indicates how actual blood flow to the distal vascular bed is not
simply related to the morphology of the stenosis but to its overall hemodynamic -
effects, which requires consideration of the influence of the neighboring
stenoses and arteries. Blood flow to the peripheral vascular bed was described

by Young'* as follows:
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_(pa_pv)—Aps 22
Qp_——-—————RP (22)

where Q, is the blood flow in a peripheral artery, p, is the arterial pressure, py 1S
the venous pressure (p,-py is the driving pressure), R, is the peripheral resistance
to flow, and Ap, is the pressure gradient measured across the constriction.
Inversely, a given stenosis may produce different pressure gradients depending
on the resistance, the flow, and the driving pressure within the artery. Therefore,
the pressure gradient alone would probably not be the same from one patient to

the next for a given stenosis morphological severity.

If many morphologically “severe” stenoses are present, which one must the
clinician chose to dilate? Furthermore, geometrically, most stenoses are neither
circumferential nor symmetrical and the severity is calculated based on a measurement
where the lumen diameter is the smallest. Due to such limitations of the VR, clinicians
also base their diagnoses on additional factors such as the stenosis unicity and oldness,
and collateral blood flow availability. Selecting the appropriate stenosis to treat either
by angioplasty or other techniques is postulated based on such findings. The key is to
determine what hemodynamic phenomena creates the symptoms and what stenosis
characteristic(s) create the hemodynamic effects so as to develop a related clinical index
and to correctly chose the stenosis for treatment.

~ To gain increased insight into the clinical problem of diagnosing a stenosis, the
aspects relating to measurement position of the PSV and the presence of an adjacent
stenosis were studied in this project in relation to their effect on the measurement
accuracy of the VR index. The pressure gradients induced by the SOI were also studied
to give additional insight into the actual consequences of a stenosis configuration on the
distal blood flow. These conditions were verified using computer simulations and in

vitro experiments.
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3.3  Geometrical Representation of PVD

Computer simulations and in vitro experiments were performed:using the following
general vessel and fluid characteristics for a peripheral artery. An artery with a diameter
(D) of 7.9 mm was chosen. The vessel was a straight circular cylinder having either
single or double stenoses. The transition from the unstenosed arterial diameter to the

maximum reduction of a stenosis was concentric and cosine shaped based on the

following equation:
r=R-—e* (1/2*sin(2n/Ls * (z- Z) + w/2) + 1/2) (23)

where 7 is the radial coordinate of the artery, R is the non-constricted vessel radius
(D/2),e=R*(1-(-p/ 100)""?) is the maximum reduction of the artery radius at the
stenosis, p is the percent area reduction of the lumen, L;= 20 mm is the stenosis length,
Z is the axial position of the center of the stenosis from the beginning of the vessel, and
z is the axial position along the curvature of the stenosis (Z-Ly2 <z <Z+ Ly/2) from

the beginning of the vessel segment (see Figure 15, page 54). All values of length are in

millimeters.
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Figure 15. Representation of the geometrical arrangement of the stenoses. Either SP and SOI,
or SOI and SD, are present in a given experiment. LP and LD are the interstenotic distances.

The formula describing the shape of the stenoses is given in Equation 23.

The severity (p) of the stenosis of interest (SOI) varied from mild to severe (30,

50, 70, 80, and 90% area reduction) in each set of experiments. An adjacent proximal
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(SP) or distal (SD) stenosis, when present, was placed at a distance of 3, 6, 10, or 20
arterial diameters from the SOI, center to center (see Figure 15, page 54). These
interstenotic distances for either the proximal or distal adjacent stenosis are termed LP
or LD, respectively. The severity of the adjacent stenosis was chosen to represent a

critical stenosis with a 75% lumen area reduction (see Table II).

Stenosis Proximal Stenosis Stenosis of Distal Stenosis
Configuration (SP) * Interest (SOI) * (SD) *
SOI - 30,50,70,80,90 -
SP and SOT : 75 30,50,70,80,90 -
LP =3, 6, 10, and 20D
SOI and SD : - 30,50,70,80,90 75
LD =3, 6, 10, and 20D

*A percentage of the lumen area reduction.

Table II. Summary of the geometrical descriptions of PVD used in the simulations
and in the in vitro experiments, where SOI, SP, and SD are the stenosis of interest,
proximal stenosis, and distal stenosis, respectively. LP and LD represent

the interstenotic distances between the SOI and the SP or SD, respectively.
34 Finite Element Simulations

Finite element simulations were performed under steady flow conditions using Fidap
8.0 (Fluent Inc. USA). In all simulations, the fluid was Newtonian with a constant
viscosity of 3.5x10” N-s/m” and a constant density of 1050 kg/m3 , such values being
well within the physiological range for blood®*!'*’, These values are the two most
important material properties in almost all fluid dynamics problems as they define the
Reynold’s number.

In these simulations, the degrees of freedom are velocity and pressure. For the
boundary conditions, a null velocity was imposed at the wall. The radial component of
the velocity was fixed at zero along the central axis of the vessel since the problem is

axi-symmetric, necessitating such a supposition for continuity of the fluid at the axis (no
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void of fluid). The outlet boundary condition was not constrained since, by default, it is
considered to be “free” and its value is computed in the analysis. The flow at the inlet
was assumed to be fully developed, with a velocity profile (see Figure 16) of the

following parabolic form:

=22 {I—H } Y
7R R

Parabolic Inlet Velocity Profile
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Figure 16. A graphic representation of the parabolic velocity profile at the inlet for the simulations with a
flow rate of 250 mL/min. The shape of the velocity profile at the inlet was the same in all simulations.

Vg is the mean spatial velocity, and Vi is the maximum centerline velocity.

where ¥, is the axial velocity as a function of the radial coordinate » (m), 0 <r <R, R is
the non-constricted vessel radius (m), z is the axial coordinate (m), and Q is the constant
flow rate (m’/s).

Flow rates of 250, 500, and 750 mL/min were simulated, corresponding to
Reynold’s numbers of 201, 403, and 604, respectively. For flow through arterial
constrictions, typical Re numbers found in the large arteries (> lmm in diameter) are

moderate, and range from a few hundred to several thousand'*’.
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3.5  InVitro Experiments

In vitro experiments were performed under conditions as close as possible to the
simulations. The Velocity Ratios and the pressure gradients for the SOI were measured

for the various geometrical configurations specified in section 3.4 (page 55).

3.5.1 Experimental Setup

The experimental setup comprised a steady flow roller pump, a damping reservoir to
eliminate any unsteadiness in the flow, a 25 mm internal circumference (D = 7.96 mm)
cannulating probe to measure blood flow (Model SF625) coupled to an electromagnetic
flowmeter (Cliniflow II, Model FM701D, Carolina Medical Electronics, King, NC,
USA), and an agar-based wall-less flow phantom with five pressure taps. The pressure
measurements were performed with disposable medical transducers (Namic
Angiographic Systems Division, Boston Scientific, Glen Falls, NY, USA) coupled to a
16-channel portable Power Lab (ADInstruments, Castle Hill, Australia) physiological
monitoring system via an eight channel bridge amplifier (ADInstruments). As shown in
Figure 17 (page 58), the flow phantom also comprised a distal resistance and a return
reservoir, all of which were connected in a circuit using TYGON® Food and Beverage
Tubing and various valves and connectors. The level of fluid in the return reservoir was
kept constant to maintain the same hydrostatic pressure at the outlet of the vessel model.
A distal resistance was added in the experimental setup by adding a valve to pinch the
tube just distal to the artery model. The distal resistance was kept constant in all
experiments. This procedure increased the operating static pressure within the vessel so

as to amplify the pressure readings and minimize the measurement errors by the Power

Lab.

3.5.2 Arterial Stenosis Model

The artery models were made of an agar gel. This concept is commonly used to form a
wall-less artery to avoid diffraction of the ultrasound beam caused by the wall when
using tube-like artery models. The agar gel is also known as a tissue mimic as it has

similar acoustic properties (velocity of sound, attenuation) as human tissues'®.
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Figure 17. In vitro experimental setup for steady flow through the vessel model

a) schematic representation, and b) visual representation.
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The vessel phantom was created in several steps, each of which is detailed
further on in the text: 1) An artery having single or double stenoses was molded out of a
bismuth alloy (cerrolow). 2) The artery (cerrolow rod) was fitted at both ends into rigid
fiber-glass tubes (with internal diameters equivalent to that of the unstenosed sections of
the artery) and secured in an acrylic rectangular container. The needles (pressure taps)
were aligned with the mid horizontal plane of the artery along the SOI and positioned so
as to make contact with the artery, and the container was hermetically sealed. 3) An
agar solution was poured, at a temperature of approximately 45°C, through a hole at the
extremity of the acrylic container so as to surround the cerrolow rod. During this
process, the container was placed vertically to avoid softening and bending of the
cerrolow rod with gravity due to the heat of the agar solution. 4) Once the agar solution
cooled to room temperature and solidified into a gel (approximately one hour and a
half), the hermetic seal of the container was removed. The entire container was then
immersed vertically into a hot water bath (65°C < Tyan < 70°C) for approximately two
and a half hours. This liquefied the cerrolow alloy forming the artery causing it to flow
out of the gel and the acrylic container via the fiber-glass tube, and was collected in a
beaker for reuse. 5) Hot water was injected into the fiber-glass tube to assure that the
remaining cerrolow material was properly. evacuated, leaving only the wall-less artery
formed by a solid agar gel. The arterial phantom, formed using a tissue-like material,
was then placed into the circulation model. |

The bismuth alloy used is a non-ferrous metal composed of 49% bismuth (B1),
21% indium (In), 18% lead (Pb), and 12% tin (Sn). The point of fusion is 136°F =
57.7°C, which makes it a eutectic (low melting point) alloy. When creating the
phantom, the alloy was kept in an oven at approximately 65°C (see Figure 18a, page
60). The mould was placed in the same oven, before injection, for two (single stenosis
moulds) or three (double stenosis moulds) hours to avoid hardening of the alloy upon
contact with the cold aluminum surface. The cerrolow was injected into the hot mould
using a syringe, while the other extremity of the mould was placed in a shallow bath of
cold water to avoid leaking of the alloy through the fissures. That is, upon contact of the
cerrolow with the water, it would harden, and could no longer leak out of the mould.

While the cerrolow was injected, the mould was placed at an angle of approximately
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45° to allow any air to escape. The mould was then placed vertically in a vice until it
reached room temperature, at which point the arterial cast was removed from the mould.
The arterial cast was then barely scraped using a scalpel to remove any protrusions from
the molding process. Figure 18b (page 60) shows an example of a cerrolow rod used to

create an artery having double stenoses.

a) b)

Figure 18. a) To mould the arterial model, the cerrolow, the aluminum mould
and the syringe were placed in an oven at approximately 65°. b) The final

arterial model obtained after scraping the minor imperfections.

The agar gel was made in several steps. A solution was made composed of 3%
agar (Sigma Chemical, #A-6924, high gel strength), 8% glycerol (ACP Chemicals,
#G3730, HOCH,CHOHCH,OH, density at 20°C = 1.25 g/cm’), and 89% distilled
water. The solution was heated for approximately 16 minutes in a microwave oven at
maximum power until it begins to boil, after which the power level of the microwave
was reduced to 70% for four minutes to maintain the boiling temperature. The solution
was then stirred constantly and allowed to cool down to the defined pouring temperature
of 45°C to avoid melting the bismuth alloy, after which the agar was poured into the
acrylic container and kept vertically positioned until the solution solidified. An example
of the agar phantom, removed from the acrylic box and cut longitudinally, is shown in

Figure 19 (page 61).
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Figure 19. Longitudinal cut of the arterial stenosis model (double stenoses

at an interstenotic distance of 10D) formed out of an agar tissue mimic.

3.5.3 Blood Mimic

The fluid used in the experiments (blood mimic) was composed of approximately 40%
glycerol, 60% distilled water, 9 g salt/L of solution for the detection of the flowrate by
the electromagnetic flowmeter, and 1 g/L of solution of superfine Sephadex particles
(Sigma Chemical, #G2550) to provide ultrasound scatterers. The fluid density was

similar to that of human blood, as calculated from the following equation:

Psglycerol X V:glycerol +,0DWw X Vow (2 5 )
V?glycerol +VDW

Phlood _mimic=

where p is the density, V is the volume, and DW is distilled water. The density of the
solution obtained was approximately 1.09 g/cm’, for a volume of 1.2 L of glycerol, and
2.2 L of DW. The viscosity of the solution was approximately 3.5 mPa-s (3.5 cP), which
is within the range of normal human blood at high shear stresses and a normal
hematocrit (3-5 mPa-s) ' The actual viscosity of the fluid was measured before each
experiment using a cone-plate type viscometer (Brookfield Engineering Laboratories
Inc., Stoughton, Massachusetts, USA, model LVDVIII-CP-42). Should the viscosity
have been other than 3.5 mPa-s, either additional distilled water or glycerol were added

to the solution before the experiment to reach the required viscosity.

3.5.4 Protocol for Physiological and Ultrasound Measurements
The vessel phantom was placed in the experimental circuit. The blood mimic was

poured into the fluid reservoir and began circulating, by gravity and using the pump,
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towards the damping reservoir. The air bubbles in the circuit were eliminated by
buoyancy in the fluid reservoir. The needles were cleaned or changed if blocked with
agar gel, and the catheters were allowed to fill with the blood mimic. The flow in the
catheters and the circuit were then stopped using valves, and the flowmeter and the
pressure transducers were zeroed to eliminate any offsets in the measurements.

The flow phantom was covered with a layer of distilled water for coupling with
the ultrasound transducer. As shown in Figure 20 (page 62), the transducer (B) was
fixed at an angle of © = 60° with the axis of the vessel, and its horizontal position along
the vessel was adjusted by sliding the arm (C), to which the transducer was fixed, along

its base (D). The positions of the arm were indicated on a ruler on the base.

Flow
Direction

Figure 20. Setup and coupling (distilled water) of the ultrasound transducer (B) with
the phantom model (A). The Doppler angle (9) was fixed by adjusting the angle of arm (C),
and the transducer was positioned along the vessel by sliding arm (C) along the base (D).

The ultrasound settings, on the ATL Ultramark 9 HDI system, were adjusted in
B-mode (1 Focal Zone positioned at or as near the center of the artery as possible, Zoom
magnification 3x), in color Doppler (Filter type = DO, Color Map = 1, Steering Angle =
0°), and in Pulsed-Wave Doppler (Angle Correction = 60°). To assure the integrity of

the vessel model, B-mode images were visualized along the entire artery, and at several
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positions (proximal to, distal to, and at the maximum area reduction of the SOI, at the
maximum area reduction of the adjacent stenosis, and at the beginning and end of the
artery). The cross-sectional areas were measured, using an elliptical approximation on
the monitor (because the vessel was viewed at an angle), and compared against the
theoretical vessel area. The positions of the needles were simultaneously verified in B-
mode and in color Doppler to assure that the pressure tap needles were at the wall and
did not perturb the flow. To align the ultrasound transducer with the needle positions,
the transducer was slid along the arm until the needle appeared in B-mode with its

greatest intensity, at which time the transducer position was noted.

3.5.5 Velocity and Pressure Measurements

Velocities (PSV; and PSV,) were measured using the Ultramark HDI system and a 4
MHz (L7-4) linear-array transducer. The flow rate was adjusted using the roller pump.
The transducer was then positioned at the first recording site 2D proximal to the SOL
The ultrasound machine was set in color mode and the velocity range adjusted to the
smallest value possible while avoiding aliasing. The values for the wall filter and the
PRF were automatically adjusted based on the velocity range. These values and a
qualitative description of the color image were noted for future reference. The
ultrasound system was then set in duplex mode for the measurement of the PSV. The
sample volume position was adjusted by both the audio and spectral signal to record the
highest blood flow velocity with the cleanest spectral envelope obtainable, as in
Strauss''®. The maximum frequency was measured with a cursor from the displayed
Doppler frequency spectrum and the corresponding velocity was displayed on the
monitor screen. All values were noted and the transducer was then moved to the next
fixed position along the artery to repeat the same procedures. Once all the measurement
positions were obtained (2D proximal to the SOI, at the maximum reduction of the SOI,
and 2D and 10D distal to the SOI), the maximum and minimum PSVs along the artery
were located “blindly” as would be done in a clinical situation. The duplex pressure
gradients (APyax = 4*PSV?) were noted at the maximum area reduction of the SOI for
comparison with the pressure tap values. These procedures were repeated for flow rates

of 250, 500, and 750 mL/min.
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The static pressures along the SOI (2D proximal to the SOIL, at the maximum
reduction of the SOIL, and 2D, 5D, and 10D distal to the SOI) at each flow rate were
measured through pressure taps (needles, 21 gage, 1 % in. long) inserted horizontally
from the side of the acrylic container through the agar gel, and fixed ﬂush with and
perpendicular to the vessel wall as shown in Figure 21 (page 64). The needles were
connected to rigid fluid-filled tubes leading to pressure transducers (Namic
Angiographic Systems Division, Boston Scientific, Glen Falls, New York, USA). The
transducers convert the fluid pressures into voltages filtered and amplified using a
Bridge Amp (ADInstruments) in series with the PowerLAB instrument
(ADInstruments) (see Figure 22, page 65).
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Figure 21. Vessel model dimensions and pressure tap (needle) positions relative to the maximum
area reduction of the stenosis of interest. The needles are Becton Dickinson 21G11/2 PrecisionGlide®,

and the tips of the needles were cut square and placed flush with the fluid/vessel interface.
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Bridge Amp

Pressure taps > Transducers >

Electromagnetic *
Flowmeter Probe —>»— Flowmeter |—»— Power Lab, Chart

Figure 22. A flow chart representing the recording of the static pressure

values in the artery and the flow rate.

The flow and pressure values were recorded in mV for approximately a 15
second interval using the Chart software (version 3.4.6, ADInstruments) in a Windows
environment, and converted in flow (mL/min) and pressure (mmHg) units in Excel
based on calibration curves. With Chart, the number of recording channels may be
selected. In our case, six channels were used of which five were to record the pressures
along the SOI, whether as a single stenosis, or proximal or distal to an adjacent stenosis.
The sixth channel allowed the numerical acquisition of the flowmeter readings.

| As shown in Figure 21 (page 64), the positions of the pressure taps were chosen
so as to avoid the transition areas of the stenosis where the artery wall is not
perpendicular to the taps. At these positions, the needles ideally measure pure static
pressure and not the kinetic energy of the fluid.

Calibration of the flowmeter was obtained by collecting a volume of fluid
flowing from a reservoir, timing the collection with a digital stopwatch, and dividing
the two values. The voltage outputs of the flowmeter were recorded in parallel with the
actual flow rates. This was done for flow rates from 100 mL/min to 1000 mL/min.

The pressure transducers were calibrated using the vessel model. The flow outlet
of the phantom was closed while the pressure furnished by the pump was increased.
Static pressures read by the transducers were recorded in parallel with that using a
mercury filled manometer (Omega HHP-102D), and a calibration equation was obtained

for each transducer (see the pressure calibration curves in Appendix I).
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3.5.6 VR and AP Calculations

The PSVs measured in duplex mode were used to calculate the VRs. PSV, was always
taken as that velocity measured at the maximum area reduction of the stenosis, however,
PSV,; was taken as either the PSV measured 2D proximal, or 2D, 5D, or 10D distal to
the SOL The actual ratios were calculated using the frequency shifts measured in
duplex, this ratio being equivalent to the ratio of velocities.

The duplex pressure drops were calculated automatically by the ultrasound
system using the Simplified Bernoulli equation (APmax = 4*PSV?). The catheter
pressure drops were calculated from the static pressure values measured at the pressure
taps in Chart. These pressure files were imported into Microsoft ® Excel 97 SR-2 and
the average pressure (in mV) was calculated at each position for each flow rate. The
pressures were then converted into mmHg units and the gradients calculated. The
reference pressure was 2D proximal to the SOI, and this was the value from which were
subtracted the SOI maximum reduction pressure, and the distal pressures.

The simulation and in vitro curves of the VR or the pressure gradients versus the
actual percentage area reduction of the SOI, were plotted at all flow rates and may be
found in Appendix II. The in vitro experiments performed did not include all the
geometrical configurations of the simulations. Only the configurations that appeared to

affect the measurement of the VR or the AP in the simulations, were considered in vitro.



CHAPTER 4.

Results and Discussion

Before introducing the structure and content of this chapter, it is judicious to highlight
the following important observation: the diagnosis of the severity of arterial stenoses,
currently based on the functional aspects of the stenosis with the VR ratio, may be
inaccurate due to non-ideal physiological or measurement conditions relative to those
under which the index theory was developed. The theoretical curve for the VR index as
a function of the stenosis area reduction, VR = 100 / (100 - % stenosis), has an
exponential form with a value of 1 in the absence of a stenosis, a value of 10 for a 90%
area reduction stenosis, and tends to infinity as the stenosis severity progresses to a
complete obstruction of the artery. This tendency is represented on each VR graph
found in Appendix IT (Figs All-1-All-6, graphs a-f) up to a value of approximately 6,
below which are contained most of the author’s results from the simulation and in vitro
experiments.

The results of the in vitro experiments are based on a single set of experimental
values obtained by the author of the present thesis. However, three sets of additional
experiments were performed by a research assistant of the Laboratory of Biomedical
Engineering of the IRCM ‘(Ms Zhao Qin) for the cases of a single stenosis and for SP at
3D proximal to the SOI This data is represented on separate graphs also found in
Appendix II (Figs AIl-1 and AIl-2, graphs g-i) and are compared to the author’s
experiments after an initial examination of these last.

Before studying the results for the double stenoses, the error in diagnosing a
single arterial stenosis by VR is initially established as a point of comparison from the
theoretical case. Afterward, the results for the SOI in the presence of an adjacent
stenosis are studied to eventually establish the worst stenosis configurations, of those
considered, for the evaluation of SOI by the VR ratio. The pressure gradients are

studied following each discussion of the VRs for a given stenosis configuration. Finally,
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aAsummary of these results is discussed and the results are compared to those available
in the literature.

In the simulations and in vitro experiments, at all PSV, measurement positions
and flow rates, the calculated VR curves generally show an underestimation of the
theoretical value of VR at a specific stenosis severity (Figs AIl-1-AIl-6). The only few
exceptions are observed for some of the in vitro studies performed for moderate lumen
area reductions (50 and 70% AR). Clinically, an underestimated VR measurement could
lead to an inappropriate diagnosis and treatment approach for the patient.

As concerns the pressure gradient results also found in Appendix II (Figs AII-7-
| AlI-12), the in vitro values are generally inferior to those obtained by simulation. The
possible reasons for such discrepancies between the simulations and in vitro
experiments will be discussed, when necessary, for each stenosis configuration. The
extent of the VR errors and the pressure gradients measured are looked at in detail in the
following section. Each graph in Appendix II contains the results of a single flow rate,

and each curve represents one of the various measurement positions relative to the SOL

4.1 Velocity Ratios

In the experiments, the VR was calculated from the PSVs obtained at the various
measurement positions. From this VR, an estimation of stenosis severity was obtained
from the theoretical curve. The severity estimation error for a stenosis of say 70%
estimated as being 50%, based on its VR obtained experimentally, will hereafter be
referred to as a 20% underestimation error. The results will be discussed as a function of
the stenosis configuration, treating the proximal PSV; measurement positions first,
followed by the distal measurement positions, and including the effects of flow rate on

the respective measurement positions.

4.1.1 Single Stenosis
For a single stenosis, the 2D proximal PSV| measurement position yields comparable
shapes for the VR curves in the simulations and in vitro experiments, at all flow rates

(Figs All-1a-i), yet are shifted downwards to lower VR values than in theory. For the
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simulations (Figs All-1a, c, €) and PSV; at 2D proximal, the largest underestimation
errors are for the 50% and 70% stenoses, and are approximately 20% at all flow rates.
However, in vitro (Figs All-1b, d, f), the error is greatest for the 50% stenosis at a flow
rate of 250 mL/min (approximately a 40% underestimation), the error decreasing as the
flow rate increases. At 750 mL/min, the largest error is for the 70% stenosis
(approximately a 25% underestimation). In the experiments performed by Qin (Figs
All-1g-i), the largest errors are consistently found for the 70% stenosis, with an error of
25% at all flow rates. This finding is comparable to the author’s results.

For PSV; measured distally, the simulation curves (Figs All-1a, c, €) are flat
with a value of approximately 1 (no stenosis estimated) at both measurement positions
except for a flow rate of 250 mL/min and PSV; at 10D distal (Fig All-1a). Here, the VR
increases slowly to a value of almost 2 for an 80% stenosis (35% error), and decreases
to approximately 1.7 (50% error) for a 90% stenosis. The flat VR curves may be due to
the absence of turbulence in the simulations, thereby, prolonging the distance over
which the high jet velocities are maintained, and consequently, PSV; and PSV, are
similar and their ratio is approximately 1. At the lower flow rate of 250 mL/min,
however, the jet may have dissipated before the very distal PSV measurement position,
and the flow partially redeveloped. Thus, the lower velocities distal to SOI allow the
VR value to increase, approaching that for the 2D proximal measurement position, and
this for stenosis severities of up to 80%. The negative slope after the 80% stenosis
possibly indicates that the length of the flow jet is longer for a 90% stenosis and the
flow has not yet redeveloped at 10D distal. In vitro (Figs AIl-1b, d, f), the 10D distal
measurement curve has a similar trend to the 2D proximal position at all flow rates,
whereas the 2D distal curves are flat with a value of approximately 1 (no stenosis
estimated) as they were in the simulations. The improved results for 10D distal in vitro,
relative to the simulations, may be due to the presence of turbulence in the in vitro flow
allowing the dissipation of the jet post-stenotically, thus increasing the VR. In the
experiments by Qin (Figs All-1g-i), the 2D distal position also results in flat curves.
The 10D distal position gives lower VRs at 250 mL/min for 80 and 90% severities,
relative to the same curve in the author’s experiments, and higher values at 500 mL/min

for the 70% stenosis and at 750 mL/min for the 90% stenosis. The author’s
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experimental curves, however, appear approximately within the error bars of the
experiments by Qin.

The blinded in vitro measurements of the VR appear to give slightly improved
estimates of stenosis severity, especially for severities inferior to 80%. This could be
due to more appropriate choices of fneasurement positions for PSV, and PSV; that may

not necessarily be found at systematically placed measurement positions.

4.1.2 SP at 3D Proximal to the SOI

When SP is located 3D proximal to the SOI (SPSOI(3D)), the PSV; measurement
position 2D proximal to the SOI is located 1D distal to SP. Therefore, perturbations iﬁ
the flow due to SP (75% area reduction) should affect the PSV, values recorded at this
position. The resulting VR curves for PSV; at 2D proximal are similar in the
simulations and the in vitro experiments (Figs All-2a-f), to the exception of the values
at 90% AR of the SOI which have greater underestimation errors in vitro than in the
simulations. Similar in vitro results were found by Qin (Figs AIl-2g-i). The 2D
proximal curves (Figs All-2a-i) are shifted down from both the theoretical situation and
the single stenosis data despite the fact that it is the position used in the theoretical case.
At all flow rates considered, underestimation errors for 2D proximal range from 30 to
55% in the simulations, and from 40 to 70% in vitro, the errors being greatest and
equivalent at flow rates of 500 and 750 mL/min. T he lower VR values for this stenosis
configuration should be due to the creation of a jet distal to SP, especially at high flow
rates, increasing the value of the PSV; measured proximal to SOI and, consequently,
decreasing the VR.

The measurement positions distal to the SOI are distal to both stenoses. The VR
curves are generally flat in the simulations (Figs All-2a, c, e) with a value of
approximately 1 (no stenosis estimated). However, as for the single stenosis, the 10D
distal position at a flow rate of 250 mL/min is shifted to slightly greater VR values at all
stenosis severities. The curve is flat with a value of approximately 2 up to an 80%
stenosis, and decreases to approximately 1.5 for a 90% stenosis. At the low SOI
severities, the VR of 2 may be explained by a relatively larger PSV, created by the

severe proximal stenosis. The curve tendency at greater SOI severities is due to PSV; at
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10D distal which increases rapidly when the SOI increases to 90% severity, possibly
due to the lack of dissipation in the simulations, whereas PSV increases more regularly
as stenosis severity increases. Therefore, the severity is overestimated by 20% for the
30% stenosis and underestimated increasingly so for stenoses greater than 50% (20, 30,
and 50% errors for 70, 80, and 90% stenoses, respectively). As the flow rate increases,
the curve shifts down and flattens to a value of approximately 1. Again, this may be due
to the lack of dissipation of the jet in the simulations which encourages the propagation
of the jet distally causing PSV; and PSV; to be similar, and more so as the flow rate
increases. In vitro (Figs AII-2b, d, f), the VR values tend to increase with stenosis
severity, however, the 2D and 10D distal curves differ from one another, unlike in the
simulations. The 10D curve is shifted upwards and resembles more the theoretical curve
whereas the 2D distal position resembles the curve 2D proximal to the SOI (1D distal to
SP), especially at 70% severity of SOL This may be because the severity of the adjacent
stenosis is almost the same as the SOI, and the 2D proximal position is in the jet of SP
just as the 2D distal position is in the jet of SOIL These results are confirmed by the
experiments of Qin (Figs AIl-2g-i), where the 2D distal curves are flat, the 10D curves
are shifted to greater values, and the 2D distal and 2D proximal curves are alike at 70%
and 80% severity. As could be expected when SOI is more severe (90%) than SP, the
VR values for 2D proximal are greater than those for 2D distal, since PSV} in the jet of
SP is less than in the jet of SOIL At 10D distal, the author’s experiments (Figs AIl-2b, d,
f) have comparable results to Qin (Figs All-2g-1). Since the velocity in the jet of SP is
dependent on its severity, the VR will depend on SP. Therefore, it appears preferable to
use a very distal measurement position to SOI, such as 10D distal, where the effect of
the jet of SOI is reduced. This could lead to greater consistency in the velocity
measurements, because measurements closer to SOI may result in a VR that approaches
1 when the jet velocity is similar to that within the SOL. The results obtained (Figs All-
2b, d, ) appear to confirm such reasoning. At a 2D distal measurement position, errors
range from 20-80% at 250 mL/min, from 15-75% at 500 mL/min, and from 30-70% at
750 mL/min. Whereas at 10D distal, the underestimation errors are much smaller and
range from 5-25% at 250 mL/min, from 0-15% at 500 mL/min, and from 5-15% at 750

mL/min.
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The blinded curves are comparable to those where the measurements were taken

systematically 10D distal to the SOI, and may serve as an alternative.

4.1.3 SP at 6D Proximal to the SOI

When SP is located 6D proximal to the SOI (SPSOI(6D)), the 2D proximal PSV;
measurement position is 4D distal to SP. In the simulations (Figs All-3a, c, e), the
curves at this measurement position are equivalent to those for SPSOI(3D) (Figs All-2a,
¢, €). However, at 250 mL/min, the VR value at 90% is slightly higher, with a value of
approximately 2.8 (25% underestimation error), versus approximately 2.5 (30%
underestimation error) for an interstenotic distance of 3D. In vitro (Figs All-2b, d, f and
Figs AII-3b, d, f), this tendency, where the VR values at the 90% stenosis are slightly
greater for SPSOI(6D) (the larger interstenotic distance) than for SPSOI(3D), is seen at
all flow rates. This may be due to the dissipation of the turbulence following SP,
resulting in lower PSV, values, and consequently, greater VRs.

For the distal measurement positions, in general, the simulation curves (Figs
AlIl-3a, ¢, ¢) greatly resemble those for SPSOI(3D) (Figs All-2a, ¢, ¢), being relatively
flat at around a value of 1, to the exception of the 10D distal curve at 250 mL/min, as
for SPSOI(3D). This curve is like that for SPSOI(3D) except for the VR values at 30
and 50% stenosis which are slightly less than 2. The curve, therefore, increases slightly
up to the 80% stenosis, and slopes downward at 90% stenosis to a value of
approximately 1.5. In vitro, as for SPSOI(3D), the curves 2D proximal and 2D distal are
equivalent to the exception of the 90% stenosis at 250 mL/min in which case, at 6D
interstenotic distance, the 2D proximal curve increases, and the 2D distal curve remains
around 1. At 500 and 750 mL/min (Figs AII-2d, f and Figs AlIl-3d, f), these curves
follow closely and increase more than SPSOI(3D), showing less errors in the
approximations than when SP is closer to SOI. The 10D distal curves are once again
closer to the theoretical curve than the 2D distal position. The VR values for the 10D
distal measurement, however, only increase to values between 4 and 5 at 90% severity,
and around 4 for SPSOI(3D), whereas they increased to between 5 and 6 for the single

stenosis. Therefore, SP seems to show less influence on the diagnosis of SOI when they
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are further apart, yet the VR values still have Iargé errors relative to the single stenosis
or to the theoretical curve.

The blinded estimations appear closer to the theoretical curve, more so than for
the 10D distal measurement position, and differ more from 10D distal at 6D than at 3D
interstenotic distance. The better VR estimates may be due to more appropriately placed
measurement positions for PSV, and PSV,. The values of VR above the theoretical

curve may be due to experimental errors.

4.1.4 SP at 10D Proximal to the SOI

When SP is located 10D proximal to the SOI, the 2D proximal PSV; measurement
position is 8D distal to SP. At this measurement position in the simulations, the VR at
90% severity and 250 mL/min (Fig All-4a) is approximately 3.8, resulting in an
underestimation error of approximately 15%. This is the best estimation observed for
the 2D proximal position at all flow rates and all interstenotic distances for SOI in the
presence of a proximal stenosis. The combination of the large distance between SP and
SOI and the lower flow rate may contribute to this improved VR. In vitro (Figs All-4b,
d, f), the VR estimates are greater at 2D proximal, at equivalent flow rates, than at 3D or
6D interstenotic distances (Figs AII-2b, d, f and Figs AII-3b, d, f). An increase in the
VRs was also seen when the interstenotic distance increased from 3D to 6D.
Furthermore, as the flow rate increases, the 2D proximal curve appears to approach the
same curve as for the single stenosis, with the underestimation errors ranging between
approximately 10-30% at 750 mL/min.

The simulation curves for the distal measurement positions (Figs All-4a, c, )
are similar to those for interstenotic distances of 3D (Figs All-2a, c, e) and 6D (Figs
All-3a, c, e). However, for the 10D distal position at 250 th/min, the curve increases
from 1.5 up to almost 2 at 80% severity and decreases to 1.5 for the 90% stenosis. For
the 3D interstenotic distance, the curve is almost flat up to 80% and decreases at 90%,
and at 6D interstenotic distance the curve is intermediate to the 3D and 10D curves.
Therefore, a progressive increase in the slope of this curve is observed as the
interstenotic distance increases. Overall, however, the severity estimations ére not much

improved with interstenotic distance. At 10D interstenotic distance and 250 mL/min,
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this measurement position provides better results than the 2D proximal position for
severities of approximately 80% or less, yet the 2D proximal position provides better
estimates for greater severities. Aside from the curves at 10D distal and 250 mL/min,
generally, the distal measurement curves at all interstenotic distances (Figs All-2a, c, €,
Figs AIl-3a, c, e, and Figs All-4a, ¢, e) are almost flat and the severity estimation errors
are very large. In vitro (Figs All-4b, d, ), the curves generally increase exponentially,
and the 10D distal measurement position gives results closer to theory than the 2D distal
or 2D proximal positions. However, some fluctuations are noted in the severity
estimation curves, suggesting the need to repeat such experiments.

The blinded VR estimates are the best at a flow rate of 250 mL/min (Fig All-

4b), and are approximately equivalent to those of the 10D distal position as the flow rate

increases to 750 mL/min.

4.1.5 Summary for SP Proximal to the SOI

In the simulations, the 10D distal measurement position is best at a flow rate of 250
mL/min for severities up to approximately 80% area reduction of the SOIL In all other
cases, the 2D proximal position appears best. In vitro, the 10D distal measurement

position is best for a fixed position, however, the blinded measurements appear better or

equivalent to these last.

4.1.6 SD at 3D Distal to the SOI
When the SOI is followed by a distal stenosis, the distal PSV| measurement positions
may either be between the two stenoses, or beyond the distal stenosis. An asterisk in the
legend of the graphs indicates those positions that are beyond SD.

For the 2D proximal PSV; measurement position, the curves in the simulations
(Figs All-5a, c, e) are equivalent to those for the single stenosis (Figs All-1a, c, e),
revealing no effect of SD on the measurement proximal to the SOI, at an interstenotic
distance of 3D. On the other hand, in vitro (Figs AIl-5b, d, f), SD seems to affect the
proximal measurement curve when compared to the single stenosis (Figs All-1b, d, f),

by lowering the VR values at 90% stenosis severities. However, for the other stenosis
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severities, the underestimation errors for the single stenosis and SOISD(3D) are
approximately equivalent at 30-40%.

For the distal measurement positions, in the simulations (Figs All-5a, c, e), the
curves are relatively flat with values in the region of 1 at all flow rates, generating large
estimation errors. The two distal curves are fairly similar despite the fact that the 2D
distal position is situated between the SOI and SD, and the 10D distal position is
situated seven diameters beyond SD. In vitro (Figs AII-5b, d, f), the 2D distal
measurement curve is again approximately flat at all flow rates, leading to large
estimation errors of the SOI severity, as in the simulations. This measurement position
may be situated within a post-stenotic jet, having little time to dissipate, possibly
explaining the flat VR curve. At 10D distal, however, the curves tend to rise and
resemble more the 2D proximal curves than the 2D distal curves. This is unlike in the
simulations (Figs AII-5a, c, €) where the lack of turbulence does not allow dissipation
of the high velocities, distal to SD, by the 10D distal measurement position. The
estimation errors at 10D distal appear to Be greatest for a flow rate of 250 mL/min, and
stenoses in the range of 50 to 80% AR. The best estimations for this measurement
position occur at flow rates of 500 mL/min, with errors ranging from 5 to 20% for
stenoses of 70 to 90% AR, respectively. The curve is approximately exponential at 250
mL/min, has two points of inflection at 70 and 80% stenosis severities at 500 mL/min,
and has 1 point of inflection at 80% severity and 750 mL/min. No explanation seems
evident for such a phenomenon, however, the 10D position is situated distal to SD,
which may contribute to the variable behaviour of the VR index. Among the fixed
measurement positions, the 10D distal position gives the best estimation results, at flow
rates of 500 and 750 mL/min and high stenosis severities, otherwise, the 2D proximal
measurement position is best.

For the blinded measurements, the curve at 250 mL/min clearly gives the best
VR estimations. At 500 mL/min, the 10D distal and blinded measurements appear
equivalent overall, each position alternately giving the best estimation. At 750 mL/min,

the blinded option appears best up to 80% stenosis, after which the curve for the 10D

position appears best.
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4.1.7 SD at 6D Distal to the SOI

At the 2D proximal PSV; measurement position, the curves in the simulations (Figs All-
6a, c, e) are very similar to those for the single stenosis (Figs All-1a, ¢, ), as they were
for the SOISD(3D) configuration (Figs All-5a, ¢, ¢). In vitro (Figs AIL-6b, d, f), the SOI
50% AR experiments were not performed due to a lack of time. For the experiments
performed, the 2D proximal measurement curve is similar to that of the simulations
with an exponential shape, however, the VR values at 90% severity are less than in the
simulations at 250 and 500 mL/min. The same trend was observed for SOISD(3D) at all
flow rates.

For the distal measurement positions, the 2D distal position is situated between
the SOI and SD, and the 10D measurement position is distal to SD. In the simulations
(Figs All-6a, c, e), the 2D distal curve is flat with a value of approximately 1, and the
10D distal curve increases slightly while crossing the 2D distal curve, as for
SOISD(3D). Above 75% AR, the severity estimation at 10D distal (distal to SD) is
slightly superior to that at 2D distal (between SOI and SD) for flow rates of 250 and
500 mL/min. The errors in the estimations increase for 10D distal as the flow rate
increases. At both interstenotic distances, for SOI in the presence of a distal stenosis, the
distal measurement positions are very poor indicators of SOI severity. Consequently,
the best fixed measurement position is proximal to SOL In vitro, the 2D distal PSV,
measurement position has a relatively flat curve. At 10D distal, however, the curve is
improved and similar to the proximal measurement position at 500 and 750 mL/min,
with errors up to 30% and 35%, respectively. At 250 mL/min, the curve is shifted down
relative to the other positions with underestimation errors up to 70%.

The blinded measurements show curves that, overall, give the best results with

maximum errors of 15-20% at all flow rates.

4.1.8 Summary for SD Distal to the SOI

In this configuration, the 2D proximal PSV1 measurement position is clearly the best in
the simulations. In vitro, this position is also best for a flow rate of 250 mL/min, among
the fixed positions tested. However, at 500 and 750 mL/min, the 10D distal or the 2D

proximal positions appear interchangeable. The blinded measurements, however, result
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in better severity estimations under the majority of experimental conditions and stenosis

severities.

4.2 Pressure Gradients

In this study, several different pressure measurement positions were considered to
observe the behaviour of the pressures as stenosis severity increases, and to evaluate the
effect of the pressure recovery on the measured gradient. An example of the pressure
curves obtained at different flow rates in the in vitro experiments, and showing the
pressure loss and recovery taking place along the stenosis, is seen in Figure 23 (page
78) for an 80% AR stenosis. This isl useful clinically in understanding the differences
between catheter and Doppler pressure gradient measurements. The pressure tap
measurements allowed a measurement of the static pressures along the SOI ideally
without interfering with the flow. However, the duplex Doppler gradient was also
measured using the ATL ultrasound machine by placing the sample volume to measure
the PSV within the maximum area reduction of the stenosis to obtain the Simplified
Bernoulli estimation of the maximum pressure gradient caused by the SOIL This
estimation value is automatically calculated based on the maximum frequency value
designated by the technician on the monitor of the instrument. This estimation was
noted for future comparisons since, theoretically, the pressure gradient measured at the
maximum reduction by catheter is generally the maximum pressure gradient and it
corresponds to that measured clinically by duplex Doppler using the Simplified
Bernoulli Equation, AP = 4*PSV?. The minimum, or effective, pressure gradient of
the stenosis would be equivalent to that measured clinically by catheter downstream to
the stenosis, assuming no stenoses or branching of the artery follow the SOL

The results for the Bernoulli pressure gradients are omitted to promote clarity in
the results, however, it was generally found that these estimations were at least twice as
great as the maximum pressure gradients measured using the pressure taps, and in a few
cases the gradients were comparable. These discrepancies may be due to the

assumptions used in developing the Simplified Bernoulli equation not coinciding with
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the actual conditions of the flow in the experiments. Such assumptions are discussed in

section 2.1.2. (page 20) of this study.

Pressures Along a SOI of

80% Area Reduction |
107 |
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—#— 250 mL/min |
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#—750 mL/min

Pressure (mmHg)
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Measurement Position (cm) |

(Max Reduction = 0) \

Figure 23. Pressures along a single SOI of 80% AR, showing the pressure drop at
the SOI (position 0) and the recovery taking place distal to the SOL

Note how the pressure drop is greatest for the largest flow rate.

4.2.1 Single Stenosis

In the simulations, the pressure gradient curves for a single stenosis (Figs All-7a, c, €)
are exponential for all measurement positions, and increase with flow rate. Furthermore,
at a given flow rate, the curves at all measurement positions are equivalent. However,
the curves diverge slightly and progressively with stenosis severity. That is, at 90%
stenosis, there is a slightly larger range in AP values with measurement position than at
other stenosis severities. The range in values at 90% severity, between all measurement
positions, is less than 1 mmHg for a maximum gradient of approximately 3.8 mmHg at
250 mL/min, approximately 1.5 mmHg for a maximum gradient of approximately 13.5
mmHg at 500 mL/min, and approximately 3 mmHg for a maximum gradient of
approximately 28 mmHg at 750 mL/min. In the simulations, for all flow rates, the
maximum pressure drop calculated relative to the pressure at 2D proximal to the SOI, is
found at the maximum reduction of the stenosis. The minimum pressure gradient is

found for the furthest measurement position downstream, that is, 10D and even 5D
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distal to the stenosis. As could be expected, this minimum pressure drop may reflect the
effect of the energy dissipation downstream to the stenosis.

In vitro, the curves are generally exponential (Figs AIl-7b, d, f), as in the
simulations, however, the pressure gradients are lower than in the simulations. More
specifically, the AP values at 90% stenosis severity are approximately halved relative to
the simulation values. Surprisingly, at 250 mL/min (Fig AIl-7b), the pressure gradients
corresponding to the maximum reduction seem to have a linear relation with stenosis
severity. This may be due to an experimental measurement problem, since these results
are unlike those of Qin (Fig AII-7g), which are discussed further in this section. At 90%
stenosis, for all flow rates (Figs AIl-7b, d, ), the range of values is approximately 1
mmHg for a maximum gradient of approximately 2 mmHg at 250 mL/min,
approximately 1 mmHg for a maximum gradient of approximately 7 mmHg at 500
mI/min, and approximately 6 mmHg for a maximum gradient of approximately 19
mmHg at 750 mL/min. Therefore, the curves are slightly more divergent than in the
simulations.

In the results of Qin (Figs AIl-7g-i), all the curves are exponential, and the
curves for the different measurement positions diverge slightly at all flow rates. The
gradient values at 90% stenosis severity, however, are slightly greater than in the
author’s experiments. Furthermore, Qin’s results show that the maximum gradients
correspond consistently to the measurement position 2D distal to the SO, rather than at
the maximum reduction. This is similar to the author’s experiments (Figs AIl-7b, d, f) at
250 mL/min, though the two positions are equivalent at 500 mL/min, and at 750
mL/min the maximum gradient is at the maximum reduction. The minimum gradients
for Qin are obtained at 5D or 10D distal, as in the author’s experiments. Furthermore,
the pressure gradients at 90% stenosis are greater than in the author’s experiments (Figs
AIL-7b, d, f). Consequently, the pressure gradient values obtained by Qin are closer to
the simulations (Figs All-7a, c, e) than the author’s experiments, although the
maximum pressure drop is found at 2D distal rather than at the SOL. More specifically,
at 90% stenosis (Figs AIl-7g-i), the range of values is approximately 2 mmHg for a
maximum gradient of approximately 4.5 mmHg at 250 mL/min, approximately 4

mmHg for a maximum gradient of approximately 14 mmHg at 500 mL/min, and
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approximately 9 mmHg for a maximum gradient of approximately 27 mmHg at 750

mL/min.

422 SP at 3D Proximal to the SOI

In the simulations (Figs AlIl-8a, c, €), the curves are equivalent at all measurement
positions, and have an exponential shape. At 90% stenosis severity, the range of values
between measurement positions is less than 1 mmHg for a maximum gradient of
approximately 3.5 mmHg at 250 mL/min, and is almost the same as for the single
stenosis, is approximately 2 mmHg for a maximum gradient of approximately 12
mmHg at 500 mL/min, which is 2 mmHg less than for the single stenosis, and
approximately 3 mmHg for a maximum  gradient of approximately 25 mmHg at 750
mL/min, again which is 2 mmHg less than for the single stenosis. Therefore, the AP
values at 90% severity are slightly lower than for the single stenosis simulations.
Consequently, the presence of SP seems to have little effect on the pressure drop at SOI
relative to the single stenosis pressure drops.

In vitro, the curves at all flow rates (Figs AII-8b, d, f) are equivalent, to the
exception of that obtained at the maximum reduction, where the AP values are much
greater than at the other measurement positions. The curves have an exponential shape
at 250 and 500 mL/min (Figs AII-8b, d). However, at 750 mL/min (Fig All-8c) they
have a point of inflection at 80% severity, after which the curves slope downward to
generally attain negative gradient values, to the exception of the maximum reduction
position. This is an unexpected behaviour that may be due to various experimental
problems (pressure tap positioning or angle, curvature of the artery, etc.) since such
phenomena are in disagreement with the more in depth results of Qin (see below),
which agree with the simulation results. Furthermore, the pressure gradients at SOI
generally increase with flow rate, although, again at a flow rate of 750 mL/min, the
gradients drop suddenly for a 90% SOL. For this configuration, on the curve of pressure
vs. flow rate (not shown), the pressure measured at the 2D proximal measurement
position (the reference pressure) was found to be abnormally low for the 90% stenosis
at 750 mL/min, consequently reducing all the pressure gradients. Experimental errors

may explain this variation, since the results of Qin (Fig AII-8i) show that the gradients
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increase with flow rate. Therefore, the gradients at 90% severity and 750 mL/min are
ignored. At 250 and 500 mL/min (Figs AIl-8b, d), the gradients at 90% severity are
only slightly less relative to the single stenosis (Figs AII-7b, d), to the exception of the
maximum reduction position. Based on the original curves of pressure at the SOI vs.
flow rate, the pressures at the maximum reduction position for the 90% AR appear low
relative to the other measurement positions, decreasing as flow rate increases.
Therefore, the difference in the pressures at the maximum reduction relative to the
reference pressure (2D proximal) will result in greater gradients than for the other
positions. This could serve as an explanation for the previous observation, however, it is
not clear since this pattern is also seen, though to a lesser degree, for a SOI severity of
80% AR, for which a separate ekperimental setup was used. Whether these divergences
are due to experimental or systematic errors or are valid measurements is unknown and
further investigation is necessary. However, the results of Qin (Figs AIl-8g-i) show that
the curves at all measurement positions converge more or less, are exponential, and that
the gradients obtained for a SOI of 90% severity are very similar to the simulations
(Figs AII-8a, c, €). Furthermore, the results of Qin show that the measurement position
at which the maximum gradients are obtained is 2D distal to the SOL, as for the single
stenosis curves obtained by Qin (Figs All-7g-i), whereas it is found at the maximum
reduction in the author’s results. The differences in the curves of the author’s

experiments and those of Qin are remarkable in this stenosis configuration.

423 SP at 6D Proximal to the SOI

In the simulations (Figs All-9a, ¢, e), the curves are essentially the same at all
measurement positions and at all flow rates. The pressure gradients are the same as
when the interstenotic distance is 3D (Figs All-8a, ¢, ¢). The maximum pressure
gradient at all flow rates is found at the maximum reduction, and the minimum value is
at SD or 10D distal to the SOL The divergence of the pressure gradients at 90% severity
is less than 1 mmHg at 250 mL/min (Fig AIl-92) for a maximum value of
approximately 3.7 mmHg, of approximately 1.5 mmHg at 500 mL/min (Fig All-9c) for
a maximum of approximately 12.5 mmHg, and of approximately 3 mmHg at 750

mL/min (Fig AII-9¢) for a maximum of approximately 26 mmHg.
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In vitro (Figs AIL-9b, d, f), the curves are exponential at all measurement
positions, to the exception of the maximum reduction. At this position, the curve
appears to have a parabolic tendency, decreasing for stenoses up to 70% reduction, that
is, for the 50% stenosis experiment, and then joining the curves of the other
measurement positions. This is unlike the interstenotic distances of 3D or 10D, and it
occurred most significantly at 500 mL/min. When the interstenotic distance was 3D
(Figs AIIQSb, d, f), the maximum reduction position diverged rather for stenoses
superior to 70%. Therefore, since this parabolic tendency in the curves seems quite
isolated, it is believed to be due to experimental errors. The pressure gradients at 90%
severity, for all flow rates, are inferior to those in the simulations at LP = 3D or 6D, and
superior to those for LP =3D (Figs AII-8b, d, f). This last is probably because the
pressure has a greater distance to recover following SP when LP = 6D. The divergence
of the pressure gradients at 250 mL/min is approximately 1 mmHg, for a maximum
gradient of approximately 2.9 mmHg, at 500 mL/min is approximately 2.5 mmHg, for a
maximum gradient of approximately 9.5 mmHg, at 750 mL/min is approximately 5

mmHg, for a maximum gradient of approximately 22 mmHg.

42.4 SP at 10D Proximal to the SOI

In the simulations (Figs AIl-10a, c, €), the curves are equivalent to those at interstenotic
distances of 3D and 6D. Therefore, the additional interstenotic distance of 4D between
the stenoses, seems to have no effect on the pressure gradients in the simulations.

In vitro (Figs AII-10b, d, f), the curves are comparable to those m the
simulations at all interstenotic distances (Figs AIl-8a, c, e, All-9a, c, e, and All-10a, c,
¢). However, at 250 and 750 mL/min, the pressure gradients at 90% severity are slightly
higher, and slightly lower, respectively, than in the simulations. At 500 mL/min, these
pressure gradients are the same as in the simulations. The in vitro pressure gradients are
greater at 10D than at 3D or 6D interstenotic distances (Figs AII-8b, d, f, and AII-9b, d,
f).

At a given flow rate, the in vitro curves are superimposed at all measurement
positions, as for the single stenosis (Figs AII-7b, d, f). The gradients, however, are

doubled at 250 and 500 mL/min (Figs AII-10b, d), and slightly greater at 750 mL/min
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(Fig AII-10f) relative to the author’s single stenosis experiments, yet are in the same
range of values as the single stenosis results of Qin (Figs AlIl-7g-1). Therefore, it is
believed that the discrepancies between the SPSOI(10D) pressure gradients and the
author’s single stenosis values are due to a lack of experimental data which could in fact

bring the values closer together with the averaging out of certain experimental errors.

4.2.5 Summary for SP Proximal to the SOI

The presence of SP proximal to SOI (Figs All-8a, c, e, All-9a, c, e, and All-10a, c, €)
does not appear to affect the pressure gradients in the simulations, relative to the single
stenosis (Figs All-7a, ¢, €). In vitro, however, the pressure gradients taken at the
majority of positions seem to increase with interstenotic distance at 250 and 500
mL/min (Figs AII-8b, d, AII-9b, d, and AII-10b, d). Put aside the results that appear
erroneous, the pressure gradients at SOI generally increase with interstenotic distance

and with flow rate, though apparently more at flow rates of 250 and 500mL/min.

42.6 SD at 3D Distal to the SOI

When a distal stenosis is in the presence of the SOIL, the distal pressure measurement
positions may either be between the two stenoses, or beyond the distal stenosis. When
the measurement is beyond SD, an asterisk marks the position in the legend of the
graphics (Figs AIl-11 and All-12). These measurement positions are investigated
assuming that, in a clinical situation, the presence of SD is unknown, though this may
not necessarily be the case. It is also useful to verify the combined effect of the stenoses
on the pressure drop.

In the simulations (Figs All-11a, c, €), the curves are all exponential, though
there appears to be a divergence in those where the pressure is measured distal to SD
and those proximal to SD. The maximum reduction and 2D distal curves are very
similar, as are the 5D and 10D distal curves. Both sets of curves cross over at a stenosis
severity just below 80%, perhaps indicating at which point the SOI becomes more
severe than the distal stenosis. It is interesting to notice that the pressure gradient 2D
distal to the SOI and 5D distal to the SOI (2D distal to SD) are equivalent when the

severities of SOI and SD are the same (75%). Once the SOI becomes more severe than
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SD, the pressure gradients at SOI (Max Red or 2D distal to SOI) become greater than
those across the two stenoses combined (5D or 10D distal to SOI). Whether this is
significant is still unknown. The possible existence of turbulence is not considered in
these simulations. This is evident since the second stenosis, so closely placed to the
SOI, should have the effect of partially breaking the flow or jet from the SO, and that
the pressure should re-establish much earlier on than in the absence of a distal stenosis,
that is, for a single stenosis. However, when comparing the simulation curves for the
single stenosis (Figs All-7a, ¢, €) and SOISD(3D) (Figs All-11a, c, e), only the 5D and
10D distal measurement positions seem affected by the presence of SD. All flow
phenomena that occur proximal to SD, appear unaffected by SD, despite the fact that it
is a critical stenosis. These simulations may, therefore, be limited in establishing the
effects of the complex flow on the pressure gradients.

In vitro (Figs AII-11b, d, f), the curves do not resemble those in the simulations
(Figs All-11a, c, e), and they are not exponential. Apart from the maximum reduction
curve, the curves increase up to 70% stenosis where there is a point of inflection. Then,
a second point of inflection is observed at 80% severity. Beyond 80% severity, the
curves increase once again. The maximum reduction curve decreases for stenosis
severities up to approximately 75%, and then increases along with the other
measurement positions, having an almost parabolic shape. The pressure gradients
increase globally with stenosis severity. The gradients in vitro (Figs All-11b, d, f),
however, are generally much lower than in the simulations (Figs All-11a, c, e). The fact
that SD had no important effect on the gradient at SOI in the simulations, therefore,
does not seem very realistic, and further, more complex simulations taking into account

the effect of turbulence should be performed to obtain more realistic flow conditions.

| 4.2.7 SD at 6D Distal to the SOI
In the simulations (Figs All-12a, c, ), the curves are all exponential, as for SOISD(3D).

At a given flow rate, the curves for the different measurement positions follow one
another, except for 10D distal which, once again, is positioned distal to SD. This was
also seen for the 5D and 10D measurement positions for SOISD(3D) (Figs All-11a, c,

¢). As the flow rate increases from 250 to 500 and to 750 mL/min, the pressure
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gradients at 90% stenosis severity for 2D and 5D distal increase from approximately 3.5
mmHg to 12 mmHg and to 26.5 mmHg, respectively. These curves are equivalent to
those for the single stenosis (Figs All-7a, c, ¢), and to that at 2D distal for SOISD(3D).
The pressure gradients for 5D distal at 90% severity, are greater for SOISD(6D) than for
SOISD(3D).

In vitro (Figs AII-12b, d, f), the curves for the different measurement positions
are very similar for all flow rates. At 250 mL/min, the curves appear to be slightly
parabolic, whereas at 500 and 750 mL/min, they are exponential. Though the pressure
gradient values at 90% stenosis (Figs AIl-12b, d, f) are inferior to those in the
simulations (Figs AIl-12a, c, ), they are greater than for the in vitro single stenosis
(Figs AII-7b, d, f). Therefore, relative to a single stenosis, a stenosis 6D distal to SOI
would appear to increase the pressure gradient measured across SOI, and this, much
more than for a 3D distal stenosis (Figs AIl-11b, d, f). This would not appear to be the

case based on the simulations, and further investigations are necessary.

4.2.8 Summary for SD Distal to the SOI

In the simulations, the pressure gradients are exponential at both interstenotic distances.
Furthermore, the curves are equivalent at all measurement positions to the exception of
those beyond SD, where the gradients diverge from the other measurement positions.
That is, the gradients are higher for severities inferior to 80%, and lower for severities
greater than 80%. This was also found by Tranulis et al.’*® in similarly conducted
simulations. In vitro, the curves are difficult to interpret for an interstenotic distance of
3D, and are exponential at an interstenotic distance of 6D, though the values are lower
than in the simulations. Therefore, there appears to be a greater effect on the pressure

gradients as SD approaches the SOL

4.3 Results Summary

The single stenosis 2D proximal and 10D distal VR curves resemble most closely the

theoretical curve of VR relative to those for the other stenosis configurations (Figs All-
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2-AII-6). No theoretical curve, based on the Navier-Stoke equations, was developed in

this thesis.

4.3.1 Proximal Stenosis

In the simulations for the 2D proximal measurement position (a proximal position as
assumed in developing the VR theory), the presence of a proximal stenosis decreases
the VR values measured at the SOI, relative to the single stenosis. The lower VRs
calculated may be due to increased PSV; values created by the presence of the proximal
critical stenosis. However, as LP increases, the VR appears to increase mostly at 250
mL/min, less at 500 mL/min, and negligibly at 750 mL/min. At LP = 10D, the VR was
inferior by at least 2 at all flow rates. In vitro, the author’s experiments also show that
the proximal stenosis decreases the> VR, and this is confirmed by the results of Qin.
However, as LP increases from 3D to 10D, the VR increases at all flow rates. AtLP =
10D, the VR curves are more comparable to the single stenosis curves than in the
simulations. Indeed, in the simulations they remain inferior at all interstenotic distances,
probably due to the absence of turbulence in the model.

For the distal measurement positions, the simulations show that SP globally
appears to have little effect on the VR relative to the single stenosis, and under all
interstenotic and flow conditions. In vitro, the author’s and Qin’s results show that the
2D distal measurement position does not allow the detection of SOI as the curve
remains at a value of approximately 1 under all conditions, as for the single stenosis. At
the 10D distal measurement position and all flow rates, there is a small decrease in VR
upon the introduction of SP at 3D proximal for the author’s experiments. The results of
Qin show a similar tendency. As LP increases, the VRs globally appear to slightly
increase, and resemble the curves for the single stenosis. Therefore, in the presence of a
proximal stenosis at a somewhat large interstenotic distance, the very distal PSV;
measurements provide among the best VR values. The blinded measurements, however,
appear best under most experimental conditions. This is probably due to a more precise
positioning of PSV; and PSV; to obtain the actual maximum velocities along the artery,

as this position may vary with stenosis configuration and severities. However, these
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measurements are more subjective than at the fixed measurement positions, and may not
always obtain better severity estimates.

For the pressure gradients at SOI in the simulations, the addition of SP at
LP = 13D has little effect at 250 mL/min, and slightly reduces the gradients at 90%
stenosis for flow rates of 500 and 750 mL/min relative to the single stenosis. The curves
all remain exponential. As LP increases to 10D, the gradients increase and finally return
to similar values as for the single stenosis. Under any given conditions, the different
PSV,; measurement positions appear to give approximately the same pressure drop
curves, the maximum reduction position giving slightly greater pressure gradients than

the other positions.

In vitro, the addition of SP at LP = 3D tends to decrease the recorded pressure
drop across SOL. The effect is almost negligible at 250 mL/min for the majority of PSV,
measurement positions, but is accentuated as the flow rate increases. At 750 mL/min
and SP at LP = 3D, the author’s results appear erroneous, as they slope downwards
whereas the results of Qin show exponential curves and the average gradients are
slightly lower only at 500 mL/min and otherwise remain the same. However, the range
of the error bars for SPSOI(3D) are visibly lower at all flow rates than for the single
stenosis. As the interstenotic distance increases, the pressure gradients increase and
surpass those for the single stenosis at equivalent flow rates. At 250 and 500 mL/min
and LP = 10D, the pressure gradients have doubled relative to the single stenosis. At
750 mL/min, the pressure gradients are moderately greater than for the single stenosis.
Overall, there is much greater variability in the pressure drop curves in this
configuration than are shown in the simulations. The pressure recovery distal to SOL, for
LP = 3D and 6D, appears to affect the gradient measured, to a degree which depends on
the measurement position chosen. Furthermore, the interstenotic distance appears to be
an important factor in the pressure gradient measured across SOI. SP creates
perturbations in the flow proximal to SOI, and the flow conditions that are found near

SOI will depend on whether the entrance length to SOI is great enough for the flow to

redevelop.
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4.3.2 Distal Stenosis

In the simulations, the addition of a stenosis distal to the SOI appears to have no effect
on the VRs for the 2D proximal measurement position. Recall that a proximal position
for the measurement of PSV, is specified in the development of the VR theory.
Therefore, the addition of SD does not affect the VR, relative to a single stenosis, when
PSV, is measured as in the theory. The 2D distal position shows no change in the VR
relative to the single stenosis, though the curves are flat and are very poor indicators of
stenosis severity. The 10D distal position occasionally results in VRs which are better
than at 2D distal, however, the stenosis estimation errors remain great. On the other
hand, the VRs at 2D proximal in the in vitro experiments decrease considerably at 90%
stenosis upon the addition of SD at LD = 3D. As the interstenotic distance increases to
6D, the VRs increase once again, though have not yet attained those for the single
stenosis. The single stenosis results of Qin show comparable VRs to the author’s.
Experiments with the addition of a distal stenosis, however, were not performed by Qin.

" For the distal measurement positions, the simulations show that SD has no effect
on VR relative to the single stenosis when the PSV; measurement is taken at 2D distal
to SOIL. However, no stenosis is estimated since the curve remains flat with a value of
approximately 1 under all conditions. At the 10D distal measurement position, the
curves change slightly with the addition of SD, but very little with interstenotic distance
or flow rate, and the underestimation errors remain very large. In vitro, the 2D distal
measurement position is more or less the same as for the single stenosis. The 10D distal
position, however, gives inferior VR values relative to the single stenosis, upon the
addition of SD at 3D, especially for severities greater than 80%. Aside from the 2D
distal measurement position, the VRs appear to improve as LD increases, especially for
severities greater than 80%, though do not yet return to the values for the single stenosis
when LD = 6D. It is interesting to note that the 10D distal curves are relatively flat in
the simulations for the single stenosis, and for all cases of SPSOI and SOISD, but
exponential in vitro. The in vitro results of Qin for the single stenosis also show an
exponential shape for the 10D distal VR curve. This is most likely since the jet created
for the high stenosis severities distally is dissipated in vitro at 10D distal to SOL

Consequently, the VRs increase. At lower stenosis severities, the lack of turbulence in
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the simulaﬁons appears less essential for the VR. The blinded measurements appear. best
under all conditions, though the VR values are also reduced when SD is present.
However, these measurements appear to return to values comparable to the single
stenosis at an interstenotic distance of 6D. Therefore, either a proximal or a very distal
PSV, measurement position seems acceptable. Otherwise, the blinded measurements
consistently provide the best results. As mentioned previously, the blinded
measurements may allow more precise localization of the peak systolic velocities along
the artery, especially since the positioning of the PSVs may change with the stenosis
configuration.

For the pressure gradients, the simulations show little variation relative to the
single stenosis, with interstenotic distance or measurement position, and a large increase
in gradients with flow rate, as could be expected. The only variations in the curves arise
when the measurement position distal to SOI is also beyond SD, that is, the
measurement includes both SOI and SD. The gradients measured as such, when SOI is
less than 80% severity, have similar values to those measured for the single stenosis at
approximately 75% severity. This statement is valid for SOISD (LD =3D and 6D),
when SOI is between 30% and 80% and SD is 75%. For SOI greater than 80% severity,
the pressure gradients are inferior to those measured for an equivalent single stenosis.
This suggests that the presence of SD may help in breaking the jet distal to a severe SOI
allowing the pressure to recover more rapidly and, consequently, reduces the gradient.
The greater distal stenosis, therefore, appears to take precedence on the gradient in the
simulations where the distal pressure measurement (P2) is beyond SD. The gradients
obtained when P2 is between SOI and SD, however, are similar to the gradients for SOI
as a single stenosis. This would suggest that the gradient for SOI must be measured by
including only SOI, resulting in values as though SOI were the only stenosis present. /n
vitro, however, the situation is not as simple since certain flow phenomena come into
play to create much different pressure gradients across SOI when SD is present,
particularly when the stenoses are at a distance of 3D. Compared to the in vitro
gradients at 3D, the in vitro gradients at LD = 6D are much closer to the simulations for
interstenotic distances of 3D and 6D, and to the in vitro and simulation curves for the

single stenosis.



CHAPTERS.

Conclusion

In reference to the simulation and in vitro experiments performed, the VRs at all
measurement positions for the single stenosis are inferior to the theoretical values. For
the multiple stenoses, the VRs appear more influenced by the measurement position of
PSV, than by the interstenotic distance. In addition, at a given measurement position,
the VR seems fairly independent of flow rate in all stenosis configurations. However,
the interstenotic distance appears to come into play a little more than the flow rate,
whether the adjacent stenosis is proximal or distal. Overall, the greatest interstenotic
distances considered show in vitro curves most similar to those for the single stenosis.
However, for a proximal stenosis, a PSV; measurement position very distal to SOI
seems most appropriate. For a distal stenosis, the proximal measurement position seems
best, as in the theoretical situation. Otherwise, obtaining PSV; and PSV, blindly
appears to consistently result in among the most acceptable VR curves for all stenosis
configurations, as this probably allows the best positioning along the artery for the
measurement of the peak systolic velocities.

Based on the simulations, the pressure gradients at SOI appear most influenced
by flow rate. In vitro, the pressure gradients seem most affected, and are reduced, when
the proximal or distal stenosis is at the shortest interstenotic distance considered, 1.e.
3D. As the interstenotic distance increases, this effect becomes almost negligible since
the gradients increase. Furthermore, at large interstenotic distances, the pressure
gradients vary less with measurement position and are most similar to the simulations.
In the author’s results, the pressure gradients appear most consistent when the second
pressure measurement is taken distal to the SOI, and not at the maximum reduction.
However, the results of Qin show that all measurement positions are approximately

equivalent.



91

In the literature''"!'® mentioned in section 2.3 (page 36), the AP values quoted
correspond to single short stenoses in the common or external iliac arteries of patients
with occlusive artery disease. Assuming the stenoses are severe, these gradients may be
compared to those obtained experimentally in the present study. Furthermore, it is
assumed that physiological flow rates and vessel sizes are comparable to those used in
the present study. Referring to Table I (page 46), it is clear that the pressure gradients
obtained experimentally for the severe stenoses in the present study correspond to the
ranges of mean pressure gradients obtained from the patients. However, the maximum
pressure gradients in Table I (page 46) are greater than those obtained in the present
study. Therefore, the results for the pressure gradients appear reasonable, and
discrepancies in these values could be due to factors such as the arterial size, peripheral
resistance'*’, flow rate?>, and variability in the stenosis severities, as well as other
factors. Consequently, pressure gradients should not be the only criteria on which is
based the evaluation of a stenosis®.

For the multiple stenoses, few studies have been performed for measuring the
pressure gradients across a stenosis of interest. Young140 remarked that whether or not
the effect of multiple stenoses can be treated as merely the sum of their individual
effects depends on the severity of the stenosis, the Reynolds number, and the spacing.
However, Young concluded that no simple criteria can be given for assessing the effect
of multiple stenoses, though the effects are additive in some sense s0 that several non-
critical stenoses can combine to give a critical stenosis'*’. The in vitro results from the
present study show that no significant effect is observed on the pressure gradients upon
the addition of a stenosis 3D or 6D distal to the SOI, whether the gradients are measured
simply across SOI or across both SOI and SD. For SOI in the presence of a proximal
stenosis, the gradients across both stenoses were not investigated. Furthermore, in all
experiments, the adjacent stenosis considered was always critical at 75% area reduction
and further investigations are necessary to establish the cumulative effect of two non-
critical stenoses.

Typically, it has been found that under resting flow conditions, a lumen area
reduced by approximately 80% or more may have a significant effect on flow™'*0. As

the flow rate across the stenosis decreases, the pressure gradients will also decrease, as
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could be seen in the present study by comparing the pressure gradients at the three
different flow rates. The effect of a reduced flow rate may also explain the lower
pressure gradients recorded for severe SOIs when following a severe proximal stenosis.
More precisely, instead of AP increasing exponentially as for the single stenosis, the
curves appear much more linear. McWilliams et al.®® noted that pressure gradients alone
were not necessarily accurate indicators of stenosis severity, especially in low flow
conditions created across a severely constricted artery. Furthermore, not only does this
affect the pressure gradients, but also the VR. Allard et al.® found that such low flow
conditions caused a SOI to be detected with lower sensitivity, using the VR, when
following a severe or an almost occluded stenosis, than if the SOI was in the presence of
a distal stenosis. Indeed, our results have shown lower VR values for the SOI when in
the presence of a severe proximal stenosis than if alone or in the presence of a distal
stenosis.

The discrepancies in the pressure gradient results obtained in the author’s
experiments and those of Qin may be explained by systématic errors induced by the
experimental setup. As the author’s experiments progressed, the plexiglass container in
which the agar solution was poured, bowed little by little due to the heat of the solution
and due to the melting process of the cerrolow arterial cast. This occasionally caused the
solidified gel to separate from the container and could cause leaks in the model. For the
experiments of Qin, new containers were fabricated, which could have led to the
different experimental values obtained. Discrepancies between the simulations and the
in vitro experiments may have arisen due to the non-ideal conditions in the in vitro
experiments. The simulations were highly idealized, factors such as turbulence being
ignored. Furthermore, inexact vessel sizes or stenosis area reductions in the in vitro
model, as well as possible slight curvatures in the vessel due to minor bending of the
cerrolow arterial cast when the tissue mimic solution was poured into the model
occurred occasionally, and may have contributed to experimental errors. Such errors
would be masked by repeating the experiments and averaging the results such as in the
experiments of Qin. Generally, however, the author’s results fall within the range of the
error bars on the graphs of Qin. Errors may have also arisen due to slight variations in

the fluid viscosity, density, or flow rate from one experiment to the next, and from those
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values specified in the simulations. Also, the flow in the in vitro experiments may have
been perturbed before entering the first stenosis due to difficulties in fabricating the
phantom, or due to the pressure taps along the SOL Therefore, various factors come into
play in the success of such experiments.

Given that clinical diagnoses of PVD are only practiced upon the presence of
clinical symptoms, which in turn are usually present once the stenoses are severe >75%
area reduction), the results of this study are most pertinent for stenoses greater than
75%, as discussed in Chapter 4. However, two non-critical stenoses in the same arterial
segment can create symptoms as though a critical stenosis was presentm. Such
conditions should be verified, that is, the same studies with SP and SD as sub-critical
stenoses should be performed to verify the accuracy of VR under such conditions.
Pulsatile flow conditions should also be examined, as the hemodynamics involved may
change quite dramatically. Cassanova et al.?® found that significant flow disorder was
created by mild stenoses in pulsatile flow when none was present in steady flow. The
use of a non-Newtonian fluid, such as blood, should also be investigated as it has been
shown that this blood property may influence the hemodynamic behaviour of the fluid,
namely by reducing the pressure gradients and the flow reversal zones'*®. Furthermore,

Youngmo remarked that which hemodynamic criteria best reflect the importance of a

stenosis is difficult to obtain, especially in the context of serial stenoses. Though the

indices used in the present study appear reasonable when the proper measurement
positions are chosen, further studies should be performed under different geometrical
conditions to assure that such indices obtain consistent results. Furthermore, the
combination of two indices such as the VR and the pressure gradient may give further
insight into the severities of the stenoses that are difficult to diagnose. However, more
experimental data and statistical analysis is required to justify such a conclusion.
Finally, since the accuracy of Doppler US may be impaired due to flow phenomenon,
angle malcompensationng, and depending on the measurement position chosen, the
presence of turbulence should also be investigated under various stenosis configurations
and various Reynold’s numbers, by simulation and in vitro experiments.

In conclusion, this study has shown that the presence of a severe stenosis

proximal or distal to a stenosis of interest may affect the accuracy of the VR value
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relative to the theoretical case, and with respect to an isolated stenosis. This was
supported by the VR values obtained in vitro for the single stenosis that were lower than
in the theoretical situation. In consequence, large estimation errors may arise when
calculating the stenosis severity corresponding to the VR, and improper diagnoses could
be established. Consequently, clinicians should attempt to verify the presence of an
adjacent stenosis and adjust the PSV; measurement location accordingly. That is, when
a proximal stenosis is present, PSV; should be measured at a site blindly located as
distal to the stenosis of interest as possible, while remaining within the same arterial
segment. When a distal stenosis is present, a blindly located proximal PSV;
measurement appears most accurate, as for the case of a single stenosis. If this is not
possible, the measurement should be taken as distal to the stenosis of interest as
possible to reduce the effects of the post-stenotic phenomena on the measurement.
Notwithstanding, stenosis severity estimation errors may remain large and a second
clinical index such as the pressure gradient could be of use to ensure the diagnosis. The
pressure gradient appears to be a consistent index under the experimental conditions
studied. However, more complex conditions should be studied, by simulation and in
vitro, to closer resemble the blood flow conditions present in patients attained by

Peripheral Vascular Disease.
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APPENDIX I :
Calibration curves for the transducers
that measure the pressures along the artery

in the in vitro experiments
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Figure AI-1. Calibration curves for the pressure transducers connected to the pressure
taps along the stenosis of interest at positions 2D proximal to the stenosis, at the
maximum reduction, and at 2D, 5D, and 10D distal to the stenosis. The linear regression
of the average curve of the pressure taps was used as the calibration curve.
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APPENDIX II:
VR and pressure gradient curves

from the simulations and in vitro experiments
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Figure All-1. Velocity Ratios for a single stenosis from the simulations (left)
and in vitro experiments (right). Flow rates increase from
250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
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Figure All-1 (continued). Velocity Ratios for a single stenosis from
the in vitro experiments of Qin. Flow rates increase from
250 mL/min (g), to 500 mL/min (h), and to 750 mL/min (i).
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Figure All-2. Velocity Ratios at SOI, for a stenosis at 3D proximal to the SOI,

from the simulations (left) and in vitro experiments (right). Flow rates increase from

250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
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Figure All-2 (continued). Velocity Ratios at SOI, for a stenosis at 3D
proximal to the SOI, from the in vitro experiments of Qin. Flow rates
increase from 250 mL/min (g), to 500 mL/min {h), and to 750 mL/min ().
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Figure All-3. Velocity Ratios at SOI, for a stenosis at 6D proximal to the SO,
from the simulations (left) and in vifro experiments (right). Flow rates increase from
250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
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Figure All-4. Velocity Ratios at SOI, for a stenosis at 10D proximal to the SOI,
from the simulations (left) and in vitro experiments (right). Flow rates increase from
250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
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Figure All-5. Velocity Ratios at SOI, for a stenosis at 3D distal to the SOlI,
from the simulations (left) and in vitro experiments (right). Flow rates increase from
250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
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Figure All-6. Velocity Ratios at SOI, for a stenosis at 6D distal to the SOI,
from the simulations (left) and in vitro experiments (right). Flow rates increase from
250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
The in vitro- experiments for the 50% AR stenosis were not performed for lack of time.
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Figure All-7. Pressure Gradients for a single stenosis from the simulations (left)
and in vitro experiments (right). Flow rates increase from 250 mL/min (a and b),
to 500 mL/min (c and d), and to 750 mL/min (e and f).
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Figure All-7 (continued). Pressure gradients for a single
stenosis from the in vitro experiments of Qin. Flow rates increase
from 250 mL/min (g), to 500 mL/min (h), and to 750 mL/min (i).
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Figure All-8. Pressure gradients at SOI, for a stenosis at 3D proximal to the SOI,
from the simulations (left) and in vitro experiments (right). Flow rates increase from
250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
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Figure All-8 (continued). Pressure gradients at SOI, for a stenosis at 3D
proximal to the SOI, from the in vitro experiments of Qin. Flow rates
increase from 250 mL/min (g), to 500 mL/min (h), and to 750 mL/min (i).
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Figure All-9. Pressure gradients at SOI, for a stenosis at 6D proximal to the SOI,
from the simulations (left) and in vitro experiments (right). Flow rates increase from
250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
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Figure All-10. Pressure gradients at SOI, for a stenosis at 10D proximal to the SO,
from the simulations (left) and in vitro experiments (right). Flow rates increase from
250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
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Figure All-11. Pressure gradients at SOI, for a stenosis at 3D distal to the SO,
from the simulations (left) and in vitro experiments (right). Flow rates increase from
250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
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Figure All-12. Pressure gradients at SOI, for a stenosis at 6D distal to the SOI,
from the simulations (left) and in vifro experiments (right). Flow rates increase from
250 mL/min (a and b), to 500 mL/min (c and d), and to 750 mL/min (e and f).
The in vitro experiments for the 50% AR stenosis were not performed for lack of time.



