
Shear Stress and the Vessel Wall 
In vivo studies applying 3-~ finite element modelling 

Afschuifspanning en de vaatwand 
In vivo studies waarbij 3-~ eindige elementen modeUering is toegepast 

Proefschrift 

ter verkrijging van de graad van doctor aan de 
Erasmus Universiteit Rotterdam 

op gezag van de rector magnificus 
Prof.dr. P.w.c. Akkermans M.A. 

en volgens besluit van College voor Promoties 

De open bare verdediging zal plaatsvinden op 
woensdag 19 januari 2000 om 13.45 uur 

door 

lolanda lohanna Wentzel 
geboren te Delft 



Promotie Commissie: 

Promotor: 

Overige leden: 

Prof. dr. ir. N. Bom 

Prof. dr. P.W. Serruys 
Prof. dr. R.5. Reneman 
Prof. dr. C. Borst 
Dr. R. Krams (tevens co-promotor) 
Dr. ir. C.J. Slager (tevens co-promotor) 

Shear Stress and the Vessel Wall, 
In vivo studies applying 3-D finite element modelling 
© 1999 J.J. Wentzel 
ISBN 90-73235-77-4 

Cover:3-D reconstruction of coronary artery with shear stress color coded at the 
surface. The left end of the 3-D reconstruction represents the grid applied 
for the 3-D finite element modelling. 

Cover design: F. Kuijper 

The financial support of the Interuniversity Cardiology Institute of the 
Netherlands and the Netherlands Heart Foundation is gratefully acknowledged. 

The financial contribution of Boston Scientific is gratefully acknowledged. 



Groot en wonderbaar zijn uw werken, Here God 
Openbaring 15:3 

aan mijn ouders 





Contents 

Chapter 1: Introduction 
1.1 Artery disease 2 

1.1.1 Atherosclerosis 2 
1.1.2 Restenosis 2 
1.1.3 Localization of atherosclerotic and restenotic lesions 3 

1.2 Biophysical factors 5 
1.2.1 Shear stress and wall stress 5 
1.2.2 Shear stress and wall stress in vascular biology 5 
1.2.3 Shear stress and lipid uptake in atherosclerosis 6 
1.2.4 Shear stress, wall stress and vascular remodeling 7 
1.2.5 Shear stress, wall stress and neointima formation 7 
1.2.6 Shear stress, wall stress and Matrix Metalloproteinases 8 

1.3 Research approach 9 
1.3.1 Problem definition and hypothesis 9 
1.3.2 Research objectives 10 
1.3.3 Selection of techniques 10 

1.4 Outline of this thesis 13 
1. 5 References 15 

Chapter 2: Effect of Catheter Placement on 3-D Velocity Profiles, 
Two Studies based on Computational Fluid Dynamics 

Chapter 2a: Disturbance of 3-D Velocity Profiles Induced by an IVUS Catheter, 
Evaluation with Computational Fluid Dynamics 
2.1 Introduction 29 
2.2 Methods 29 

2.2.1 Mesh generation 29 
2.2.2 Computational fluid dynamics 29 

2.3 Protocols 30 
2.3.1 Numerical accuracy 30 
2.3.2 Influence of catheter location and catheter dimension 31 

2.4 Analysis 31 
2.5 Results 32 

2.5.1 Numerical accuracy 32 
2.5.2 Influence of catheter location and catheter dimension 32 

2.6 Discussion 34 
2.7 Conclusion 35 
2.8 References 36 

Chapter 2b: Effect of Catheter Placement on 3-D Velocity Profiles in Curved 
Tubes Resembling the Human Coronary System 
2.9 Introduction 39 
2.10 Materials and methods 40 

2.10.1 3-D Mesh formulation 40 
2.10.2 Computational fluid dynamics 40 

2.11 Protocols and analysis 41 



Contents 

2.11.1 Adequacy of mesh resolution and fully developed 
flow conditions 41 

2.11.2 Absence of Catheter 42 
2.11.3 Presence of Catheter 42 
2.11.4 Effect of tube size 42 
2.11.5 Analysis 42 

2.12 Results 43 
2.12.1 Fully developed flow conditions and adequacy 

of mesh resolution 43 
2.12.2 Axial velocity 44 
2.12.3 Secondary velocity 45 
2.12.4 Flow calculations 46 

2.13 Discussion 47 
2.13.1 3-D Velocity field 47 
2.13.2 Shear stress and pressure difference 49 
2.13.3 Limitations of the method 50 

2.14 References 52 

Chapter 3: True 3-D Reconstruction of Coronary Arteries in Patients by 
fusion of Angiography and IVUS (ANGUS) and its Quantitative 
Validation 
3.1 Introduction 57 
3.2 Methods and materials 58 

3.2.1 Basics of true 3-D IVUS reconstruction 58 
3.2.2 In vitro models 58 
3.2.3 Patient study 59 
3.2.4 Acquisition of X-ray Images 59 
3.2.5 Acquisition of IVUS Images 60 
3.2.6 Processing of X-ray Images 61 
3.2.7 Processing of Ultrasound Images 61 
3.2.8 Reconstruction of catheter centerline (coreline) 63 
3.2.9 Reconstruction of cross sectional planes 63 
3.2.10 Determination of the angular rotation 64 
3.2.11 Diameter measurements 64 

3.3 Statistics 64 
3.4 Results 64 

3.4.1 Wire model 64 
3.4.2 Gutter model 65 
3.4.3 Patient artery reconstructions 65 

3.5 Discussion 68 
3.5.1 Coronary 3-D reconstruction 68 
3.5.2 Coreline reconstruction 68 
3.5.3 Stent and angiographic matching 69 
3.5.4 Comparing IVUS and Angio dimensions 70 
3.5.5 Limitations 71 
3.5.6 Applications 71 
3.5.7 Conclusion 71 



Contents 

3.6 Acknowledgements 
3.7 Appendix 
3.8 References 

72 
72 
73 

Chapter 4: Evaluation of Endothelial Shear Stress and 3-D Geometry as 
Factors Determining the Development of Atherosclerosis and 
Remodeling in Human Coronary Arteries in Vivo, 
Combining 3-D Reconstruction from Angiography and IVUS 
(ANGUS) with Computational Fluid Dynamics 
4.1 Introduction 79 
4.2 Methods 79 

4.2.1 ANGUS 79 
4.2.2 Mesh definition 80 
4.2.3 Wall thickness algorithm 81 
4.2.4 Curve 81 
4.2.5 Computational fluid dynamics 82 

4.3 Analysis and statistics 83 
4.4 Results 84 
4.5 Discussion 85 
4.6 Conclusion 88 
4.7 References 89 

Chapter 5: Changes of 3-D Arterial Geometry and 3-D Shear Stress 
Distribution induced by Coronary Stent Implantation 
5.1 Introduction 93 
5.2 Material and methods 93 

5.2.1 Animal preparation and instrumentation 93 
5.2.2 Protocol 94 
5.2.3 3-D reconstruction of coronary arteries 94 
5.2.4 Computational fluid dynamics 94 
5.2.5 Analysis 95 

5.3 Statistical analysis 97 
5.4 Results 97 

5.4.1 Geometrical parameters 97 
5.4.2 Hemodynamic parameters 99 

5.5 Discussion 101 
5.5.1 3-D vessel geometry 103 
5.5.2 Shear stress distribution 103 
5.5.3 Assumptions and Limitations 104 

5.6 Conclusion 104 
5.7 Acknowledgements 104 
5.8 References 105 



Contents 

Chapter 6: The Relationship between Neointimal Thickness and Shear 
Stress after Wallstent Implantation in Human Coronary 
Arteries 
6.1 Introduction 109 
6.2 Methods 109 

6.2.1 Patients 109 
6.2.2 3-D reconstruction of coronary arteries 109 
6.2.3 Computational fluid dynamics 111 
6.2.4 Analysis of neointimal thickness and shear stress 112 

6.3 Statistics 113 
6.4 Results 114 

6.4.1 Neointimal thickness 114 
6.4.2 Shear stress 114 
6.4.3 Neointimal thickness related to shear stress 116 

6.5 Discussion 118 
6.5.1 Neointimal thickness 118 
6.5.2 Shear stress 118 
6.5.3 Relation between shear stress and 

neointimal thickness 118 
6.5.4 Limitations of the study 120 

6.6 Conclusion 121 
6.7 References 122 

Chapter 7: The Role of Regional Shear Stress and Regional Wall Stress in 
Vascular Remodeling after Balloon Angioplasty 
7.1 Introduction 127 
7.2 Methods 128 

7.2.1 Animal preparation and instrumentation 128 
7.2.2 Angiography 128 
7.2.3 Intravascular Ultrasound and mesh generation 129 
7.2.4 Computational fluid dynamics 129 

7.3 Analysis 130 
7.3.1 Data selection and statistics 131 

7.4 Results 132 
7.4.1 Animals 132 
7.4.2 3-D blood vessel reconstruction; geometrical aspects 132 
7.4.3 3-D blood vessel reconstruction; biophysical aspects 133 
7.4.4 Prediction of vascular remodeling and wall growth 136 

7.5 Discussion 138 
7.5.1 Wall stress control mechanism 138 
7.5.2 Shear stress control mechanism 138 
7.5.3 Underlying mechanism (Figure 6) 139 
7.5.4 Limitations of the method 141 

7.6 Conclusion 141 
7.7 Acknowledgements 142 
7.8 References 143 



Contents 

Chapter 8: Reduction in Constrictive Vascular Remodeling after 
PTA by Batimastat is Accompanied by Hampered 
Normalization of Wall Stress and Shear Stress 
8.1 Introduction 149 
8.2 Methods 150 

8.2.1 General protocol 150 
8.2.2 Atherogenic diet 150 
8.2.3 Catheterization protocol and anesthesia 150 
8.2.4 Drugs 151 
8.2.5 Intravascular Ultrasound protocol 151 
8.2.6 3-D reconstruction 152 
8.2.7 Computational fluid dynamics 152 
8.2.8 Matching wall and lumen of the iliac arteries before, 

after PTA and at follow up 153 
8.2.9 Analysis 153 

8.3 Statistics 154 
8.4 Results 156 

8.4.1 Animals 156 
8.4.2 Geometrical parameters 156 
8.4.3 Biophysical parameters 157 
8.4.4 Correlation between geometrical factors and 

biophysical factors 160 
8.5 Discussion 161 

8.5.1 Geometrical factors 161 
8.5.2 Shear stress and wall stress control mechanisms 162 
8.5.3 Limitations 164 

8.6 Conclusion 165 
8.7 References 166 

Chapter 9: Summary and conclusion 
9.1 Summary 170 
9.2 Conclusion 172 

Samenvatting 173 

Dankwoord 177 

Curriculum Vitae 181 

List of publications 183 





General introduction 



Chapter 1, introduction 

Atherosclerosis, a degenerative arterial disease, is a leading cause of death in the 
western society. It cau cause dysfunction of the heart, stroke or peripheral 
vascular disease by limiting the blood supply to the heart, the brain, the 
abdominal organs and the legs. The narrowing of those arteries originates from 
the build up of 'afherosclerotic' plaques in the arterial wall. Such plaques are the 
result of accumulating lipids and accompanying reactive processes into the vessel 
wall. Several risk factors are known to induce and innuence the progression of 
this disease like hypercholesteremia (Anderson et al., 1987; Davis et al., 1990), 
diabetes mellitus (Fontbonne et al., 1989), high blood pressure (Jackson et al., 
1993; Kannel and Higgins, 1990) and smoking (Kannel and Higgins, 1990). 
Although these risk factors are systemic in nature, several studies showed that 
atherosclerotic plaques are not randomly distributed, but occur with preference to 
specific locations in fhe arterial tree. Similarly, after treatment of these 
narrowings, it seems fhat highly localized factors are involved in the healing 
process. The local nature of atherosclerosis and healing after treatment and their 
relation with biophysical factors, particularly shear stress, is the main subject of 
this thesis. Before going further into the detail of the locations of these lesions, 
first a brief overview is given of fhe process of atherosclerosis and restenosis. 

1.1.1 Atherosclerosis 
The earliest recognizable lesion of atherosclerosis is an aggregation of lipid-rich 
cells within the innermost layer of the arterial wall, called the fatty streak (Ross, 
1976). The progression of fhis early form of atherosclerosis is accompanied by 
dysfunctional endothelium, which triggers a whole cascade of processes, so that 
the fatty streak progresses towards more complex composition (Ross, 1976). 

Initially, while the arterial wall thickens, the growing plaque does not 
encroach into the arterial lumen because of adaptive growfh of the total arterial 
circumference ('vessel remodeling') (Glagov et al., 1987). However, this adaptive 
growth process apparently ceases at a certain stage of plaque development and 
lumen narrowing or even arterial occlusion may occur. (Glagov et aI., 1987). 

1.1.2 Restenosis 
Nowadays, the treatment of (partially) occluded arteries in order to restore the 
blood now is highly focussed on minimally invasive techniques. Since Charles 
Dotter, in 1964, introduced the use of percutaneously applicable instmments to 
create a pathway through previously occluded vessels (Dotter and Judkins, 1964), 
several techniques became available. Examples of these techniques are fhe 
balloon catheter (Gruntzig et al., 1979), the atherectomy catheter (Hansen et al., 
1988; Honing et aI., 1988), the excimer laser (Bitt! et al., 1992; Litvack et al., 
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Chapter 1, introduction 

1989). Although percutaneous transluminal angioplasty (PTA) results in 
restoration of the lumen, frequently within a few months renarrowing of the 
arteries is observed, which is defined as restenosis when the renaHowing exceeds 
50% of the reference segment. In 30%-50% of the patients, restenosis is observed 
at the treated site within a period of 6 months (Fischman et al., 1994; SeHuys et 
al., 1994). Recently, it became clear that the main determinant of restenosis after 
PTA is not the neointimal formation, but the so-called negative remodeling or 
'vessel shrinkage' (Kakuta et al., 1994; Lafont et al., 1993; Mintz et al., 1993; 
Post et al., 1994). Vessel shrinkage is a structural change in the total arterial wall, 
which renarmws the treated arterial segment. In order to overcome the vessel 
shrinkage after PTA, endovascular prosthesis (stents) were applied and firstly 
used in human coronary arteries by Jacques Puel (Toulouse, France) in 1986, 
shortly followed by Ulrich Sigwart (Sigwart et al., 1987). By early 1988, already 
117 stents were implanted in nati ve coronary arteries or aortocoronary bypass 
grafts (Senuys et al., 1991). In 1994 Serruys (SerTUYs et aI., 1994) and Fischman 
(Fischman et al., 1994) showed that this approach was superior to balloon 
angioplasty, however still a restenosis rate of 22-32% was observed at 6 months 
follow up, which now was largely caused by neointimal formation. 

Another way to prevent the artery from negative remodeling after halloon 
angioplasty is by phannacological treatment. Negative remodeling of the vessel wall 
is accompanied by a process of degradation and rcstructuring of the extr'a cellular 
matrix. Therefore treatment was directed against the most active matrix degrading 
enzymes (Matrix Metalloproteinases). Inactivating those enzymes has shown 
promising results in pigs in attenuating vessel shrinkage and studies are in 
preparation to investigate this tr'eatment in patients (de Smet, 1998). 

1.1.3 Localization of atherosclerotic and restenotic lesions 
Atherosclerotic plaques are not uniformly distributed in the arterial system, 
(Friedman et al., 1993; Sabbah et al., 1984; Smedby et al., 1995). Well-known 
predilection sites are located at the inner curve of coronary arterial segments, near 
side branches of the coronary arteries, the aorta, the bulb of the carotid artery 
(Friedman et al., 1993; Ku et al., 1985; Masawa et al., 1994; Moore et al., 1994; 
Sabbah et al., 1984; Smedby et al., 1995, Komet et ai, 1998). These observations 
imply that besides the systemic risk factors, additional localizing factors must be 
involved in the atherosclerotic process. Proposed localizing factors include 
regional vessel wall stress (Thubrikar and Robicsek, 1995); local high lipid 
concentrations in the blood (Car'o et al., 1971); regional permeability variations 
(Fry, 1968); regional vascular geometry (Friedman et aI., 1986) and regional 
shear stress of the blood at the vessel wall (Ku et al., 1985; Sabbah et al., 1984; 
Sabbah et al., 1986). Although all these factors seem not related to each other, 
they are to a certain extent connected to either the local shear stress or wall stress. 
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Chapter 1, introduction 

In the next paragraph, the relationship between shear stress, wall stress and the 
biological process involved in atherosclerosis is described into more detail. 

In resemblance to the development of atherosclerotic lesions, it does not 
seem unlikely that the vessel growth processes, which repair an artery after 
mechanical treatment, are also related to the mentioned biophysical factors. This 
hypothesis implies that the restenotic lesions should be located at specific 
locations in the artery. Indeed such specific locations are reported for the 
restenotic lesions observed after stent implantation, like for instance at the stent 
(Palmaz Schatz) margins (Hoffmann et al., 1997), the central articulation 
(Hoffmann et al., 1996). Furthermore, Fontaine observed that the restenotic 
lesions show an eccentric distribution six months after stent implantation 
(Fontaine et al., 1994). Whether these specific locations are related to either the 
shear stress or wall stress distribution is unknown. For the restenotic lesions after 
balloon angioplasty no particular pattern has been described. 
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Chapter 1, introduction 

The biophysical factors scrutinized in this thesis are shear stress and wall stress 
related to the development of atherosclerosis and restenosis by either neointimal 
formation or vascular remodeling. Therefore a general overview is given of the 
role of shear stress and wall stress in biological processes involved in 
atherosclerosis and restenosis. 

1.2.1 Shear stress and wall stress 
Shear stress is the friction force between fluid layers flowing at different speed 
with respect to each other. Especially near the vessel wall, generally large 
velocity gradients between t1uid layers exist and the shear stress is at its highest 
value. 

The wall stress is the tensile force in the vessel wall itself, in order to 
withstand the blood pressure. The wall stress is dependent on the local pressure, 
local vessel radius and the wall thickness ('Laplace Law'). 

1.2.2 Shear stress and wall stress in vascular biology 
The shear stress imposed on the endothelium by the movement of blood deforms 
the endothelial cells to a very small amount, but stimulates shear stress sensing 
elements probably integrins in the endothelial wall. These integrins may act as 
sensors, which induce the activation of second messenger systems (Bhullar et al., 
1998). 

It is has been well established, that the vessel dilates under the int1uence of 
an acute increment in t1ow, thereby controlling the shear stress in an artery ('t1ow 
dependent vasodilatation'; (Lie et al., 1970». Furchgott showed that products 
released by the endothelium playa crucial role in maintaining shear stress at a 
certain level (Furchgott and Zawadzki, 1980). A variety of vasoactive substances 
are produced by the endothelium under the influence of shear stress (Davies and 
Tripathi, 1993; Mclntire, 1994). The most described factor is EDRF or nitric 
oxide (NO), which is produced in a shear stress dependent way. The endothelium 
also produces, as a response to alterations of shear stress, Prostacycline and 
Endothelin·1 (Davies and Tripathi, 1993; Redmond et aI., 1997). There is a 
delicate interplay between NO, Endothelin·1 and Prostacycline production 
(Davies and Tripathi, 1993; Redmond et aI., 1997). After sustained periods of 
shear stress alterations the endothelial cells accommodate to the new environment 
through the activation of several genes, including the early response genes (c· 
myc, c·fos and c·jun), NOS III gene, TGF p·I, ICAM·I, VCAM·I and PDGF·B 
genes. It has been shown that the regulation of some of these genes is dependent 
on shear responsive elements (Resnick et ai, 1997). More sustained stimulation 
with shear stress, remodels the organization of F·actine microfi1aments and aligns 
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the endothelial cells to the streamlines of fhe flow (Resnick, el ai, 1997) 
Furthermore, integrins in the cell membrane tend to clnster after chronic shear 
stress increments, which amplifies the shear stress signal making the endothelial 
cells more susceptihle to shear stress (Takahashi el ai., 1997). 

Acute changes in vessel wall stress, for instance induced by changes in the 
transmural pressure, result within seconds in a rise in intracellular Ca'+ and IP3' 
(Davies and Tripafhi, 1993). In a period of hours the cells start to realign 
perpendicular to the strain. Additionally, the F-actin filament starts to redistribute 
and finally after 5 days collagen production is inhibited and cell growth is 
stimulated. By snstained changes in circnmferential stress fhe endothelial cells 
start to activate certain genes. Studies from in vitro experiments reveal that 
similar to the shear stress, the circumferential stretch induces the expression of 
eNOS, ET-1, ICAM-1. 

1.2.3 Shear stress and lipid uptake in atherosclerosis 
Shear stress and its localizing role in atherosclerosis has been postulated by Cam 
el. ai. in 1971. They proposed a shear stress dependent transfer of lipids into the 
vessel wall (Cara el ai., 1971). According to that theory, iow shear slress 
promotes the interaction between blood borne elements and the vessel wall. Fry, 
on the other hand, provided experimental evidence for a high shear stress related 
desquamation of the endothelium (Fry, 1968). Due to the lost balTier function of 
the endothelium, diffusion of blood borne elements into the vessel wall might be 
facilitated (Fry, 1968). Later measurements showed clearly that low shear stress 
and not high shear stress promotes atherosclerotic development (Friedman el ai., 
1986; Giddens et al., 1993; Sabbah el ai., 1986). According to modeling studies, 
low shear stress regions are accompanied by local high LDL concentrations in the 
blood near the arterial wall (Deng el ai., 1995). In contrast, the permeability of an 
artery is positively related to the shear stress (10 el ai., 1991; Waters, 1996). 
Interestingly, the accumulation of LDL in the vessel wall is high in low shear 
stress regions (Gibson el ai., 1993), which suggests that the balance between 
permeability and LDL concentration is responsible for the final result. 

Despite the consensus that low sheal' stress regions favor atherosclerosis, 
evidence for the validity of this theOlY originates mainly from animal experiments 
and from post mortem studies in humans (Friedman el ai., 1987; Friedman el ai., 
1992; Moore el ai., 1994). In the later studies, the post mortem specimens were 
used to construct a 3-D-model of the artery. With the help of laser Doppler 
techniques or computational fluid dynamics (Friedman el ai., 1992), fhe shear 
stress at the wall was derived by measuring or calculating the velocity profile and 
a relation was found between shear stress and the location of atherosclerotic 
plaques. 
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1.2.4 Shear stress, wall stress and vascular remodeling 
Sustained increments in flow, structurally increase the vessel diameter mediated 
by the activation of several genes (section 1.2.2) (Kamiya and Togawa, 1980; 
Zarins et a/" 1987), Such a structural adaptation of the vessel wall is called 
vascular remodeling and has a much larger effect than the acute response, For 
instance, 2 to 3 weeks of steady flow increment by a factor of 7 increases the 
diameter of the carotid artery in atherosclerotic rabbits by 83%, This contrasts 
with the range of adaptation to acute increments in flow, which increased the 
vessel diameter only in the order of 10% (Trone et ai"~ 1996), The mentioned 83% 
increase of the vessel diameter implies a reduction of shear stress to its baseline 
values, Hence, it has been postulated that a negative feedback loop exists between 
shear stress and the vessel lumen with shear stress as the controlling variable 
(Kamiya and Togawa, 1980), Glagov's group showed that this negative feedback 
loop indeed exists and also remains intact in experimental atherosclerosis (Zarins 
et ai" 1987), Therefore, due to the high compensatory potential of the feedback 
loop, this mechanism is able to adjust for most of the atherosclerotic plaques 
round in patients, As shown by the same group of resem-chers, human coronary 
vessels show expansion of their outer vessel circumference until the plaque area 
occupies approximately 40% of total wall area, Thereafter compensation is lost 
and lumen narrowing occurs (Glagov et ai"~ 1987), Later studies confirmed this 
post mortem study and extended the findings in vivo by intra vascular ultrasound 
(IVUS) measurements in humans (Mintz et ai"~ 1997), 

Besides the influence of shear stress on the vascular remodeling, changes in 
wall stress have shown to be of some importance too, but now in order to restore 
the wall stress to its baseline values, For instance, during hypertension, the 
circumferential stress increases, which is followed by a proportional increase in 
the vessel wall thickness, such that the artery remodels (Bevan et ai"~ 1975; Girerd 
el ai"~ 1994; Wolinsky, 1970), 

1.2.5 Shear stress, wall stress and neointimal formation 
The first experiment investigating the influence of shear stress on neointimal 
formation after intervention was performed by Kohler in 1991, He showed in 
endothelialized grafts placed in baboons, that increasing the shear stress in the 
graft reduced the neointimal formation at follow up (Kohler et ai"~ 1991), At the 
locations of reduced flow, the neointimal thickness was increased, Similar 
observations were reported by Salam in PTPE bypass grafts implanted in dogs, At 
the low shear stress regions the neointima was significantly thicker than at the 
high shear stress regions (Salam el a/" 1996), Furthermore, increasing the shear 
stress 2 months after graft implantation induced a regression of the neointimal 
thickness (Matts son et ai"~ 1997), Shear stress related neointimal formation is 
reported at the edges of anastomosis as well (Ethier et ai" 1998; Liu, 1998), At 
these edges, disturbances in the now as well as low shear stress regions were 
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observed, which were significantly related to the neointimal growth (Liu, 1998), 
These findings suggest that shear stress is involved in the generation of 
neointimal formation, 

Until now the only experiments suggesting shear stress to be related to in
stent neointimal formation refer to in vitro experiments, As an example the 
reendothelialization of stent material was studied in vitro in relation to the local 
shear stress and appeared to be shear stress dependent, such that the low shear 
stress regions are delayed in endothelialization compared to high shear stress 
regions (Sprague et aI" 1997). Since reendothelialization is assumed to playa key 
role in controlling neointimal formation after stent implantation (Asahara et al., 
1995; Chen et al., 1999), this observation suggest that also in stent neointimal 
formation may bc related to shem' stress. Furthermore, in resemblance to the 
neointilnal fOrInation observed in vascular bypass grafts or anastomosis, it is not 
unlikely that shem' stress has similar influence on the vasculm' repair process after 
stent implantation, thereby influencing the neointimal formation. 

Other investigators suggest that the tensile stress is an impOltant factor that 
influences the neointimal formation in stents or vascular bypass grafts (Predel et 
al., 1992). In vascular bypass grafts, it was shown that under influence of 
pulsatile stretch (60 cylces/min) thc cell number in the by pass graft was 
significantly increased after a period of 6 days. 

Furthermore, wall stress is also proposed as a candidate to infl uence the 
neointimal growth after stent implantation. Vorwerk did some experiments 
thereby changing the radial force of Wallstents. He showed that decreasing the 
local radial force did not innuence the local neointimal formation (Vorwerk et al., 
1994). So these data suggest that the observed neointimal growth is not due to the 
radial force of the stent. 

1.2.6 Shear stress, wall stress and Matrix Metalloproteinases 
Matrix metalloproteinases (MMP) are a group of enzymcs, which are responsible 
for the degeneration of the extracellular matrices in both normal physiological 
and patho-physiological processes. Nine types of MMPs are idcntified and are 
divided into three groups based on the substrate preferences. The collagenases 
degrade type I and III collagens, gelatin"ses act mainly on the basement 
ll1cnlbrane components and stromelysins cover a broad range of substrates 
including proteoglycans, laminin, fibronectin, basement membrane collagens 
(Dollery et ai., 1995). Several studies showed that the MMPs are involved in the 
now mediated remodeling of arteries by applying specific MMP-inhibitors 
(Abbruzzese et al., 1998; Bassiollny et a/., 1998). Others showed that even in a 
period of 7 days of changed flow conditions the MMP-2 mRNA expression was 
llpreglliated for both low and high now conditions (Bassiouny et aI., 1998),which 
suggests that changes in shear stress mediate the production of MMPs. 
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Not only during remodeling, but also after vessel injury, for instance after balloon 
angioplasty, the MMP expression was increased (Zempo et al., 1994). It was 
proposed that vessel stretch itself caused the expression of MMP-2 and MMP-9, 
as studied by Meng (Meng et ai., 1999). The pharmaceutical inhibition of MMPs 
after vessel injury by, for instance, balloon angioplasty, showed to prevent the 
smooth muscle cells from migration (Zempo et ai., 1996), but did not reduce 
neointimal formation (Bendeck et ai., 1996). Since MMPs arc involved in the 
processes of extra cellular matrix remodeling and smooth muscle migration 
(Bendeck et ai., 1996), recent experiments showed that MMP-inhibition could 
prevent the artery from vascular remodeling after balloon angioplasty in the 
atherosclerotic pig (de Smet, 1998). 

1.3.1 Problem definition and hypothesis 
As described before, restenosis after an intervention is still a drawback in its 
application either caused by neointimal formation or by excessive vascular 
remodeling. Until now the proposed mechanisms explaining these phenomenon 
are heavily focussed on the wall healing response as a self controlled entity. 
However, as a result of the restoration of the t10w through a previous narrowed 
artery by balloon angioplasty and stent placement, it may be expected that both 
the local shear stress and the local wall stress are affected. In normal arteries 
changes in both shear stress and wall stress are restored to their baseline values by 
either vascular remodeling (Langille, 1993) or vessel wall growth (Girerd et al., 
1994). So it may be hypothesized that after balloon angioplasty the artery 
remodels in order to restore the shear stress and wall stress to less or more nOlmal 
values. In contrast, after stent placement the artery is not able to remodel 
anymore, so in that case neointimal formation only could be the result of the 
regulation of the local shear stress and or the wall stress. 

Thus our hypothesis is that the process of vascular remodeling and neoiutimal 
formation in repairing the artery occurs in a shear stress and wall stress 
controlled way. 

In this thesis the experiments performed to test this hypothesis are described. 
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1.3.2 Research objectives 
Until now, only a couple of studies were carried out investigating the possible 
role of shear stress and wall stress in the development of restenosis aftcr stent 
implantation or balloon angioplasty. The experiments pointing towards the 
relationship between in stent restenosis and shear stress concerned in vitro studies 
studying the shear stress dependent permeability of the endothelium and the 
migration of the endothelial or smooth muscle cells (10 et al., 1991; Ono et al., 
1991; Sprague et al., 1997). Other studies concerned the shear stress related 
neointimal growth in vascular bypass grafts or anastomosis (Ishibashi et al., 1995; 
Salam et al., 1996). 

Considering atherosclerosis, no in vivo studies in patients are known 
directly relating shear stress to the development of atherosclerosis. 

Therefor the aims of our studies were: 
1. to select or develop a non-destructive method applicable ;11 vivo, enabling 

the local determination and comparison of shear stress, wall stress and the 
geometry of the arterial wall, thereby focussing on the application in the 
field of cardiology 

2. to study ;/1 vivo the relationship between shear sh'ess and/or wall stress and 
the neointimal growth, vessel remodeling after intervention and the grade 
of atherosclerotic plaque, also focussing on the field of cardiology. 

1.3.3 Selection of techniques 
Several techniques can be thought of to accomplish the aim of our study. In order 
to measure shear stress in vivo several techniques have been proposed, but mostly 
they do not allow measuring the vessel wall at the same location. These 
techniques will be discussed bricfly to elucidate the rationale of our final 
approach. 

External Ultrasound 
The externally applied ultrasound systems, which are placed in contact with the 
skin of the patient, enable to measure shcar rate for example at the posterior wall 
of the carotid arteries derived hom the Doppler based velocity profile (Reneman 
et al., 1986; Brands et al., 1995; Tortoli et aI., 1996; Tortoli et aI., 1997; Kornet 
et al., 1998). Furthermore application of this technique is Imown in an open 
surgical procedure of thc aorta of a swine (Sawchuk et ai., 1994). Recently, 
ultrasound l11easnremcnts became also possible in proxilnal coronary arteries by 
transesophageal echocardiography. Unfortunately, until now only coronary flow 
reserve measurements were successful (Coletta et al., 1999; Gadallah et al., 
1998), but no velocity profile measurements in coronary arteries have been 
reported. In principle, this teChnique might provide details on the wall geometry 
simultaneously with the shear rate. 
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Intravascular Ultrasound (IVUS) 
Another recent development is the lnh-avascular rllh-asound (IVUS) technique to 
measure velocity profiles based on the decorrelation of the radio ti-equency signal 
(RF-signal) (Li, 1997). Although the flow estimation from the obtained velocity 
profiles gives promising results and cross sectional information of the arterial 
wall is achieved, the presence of the catheter in the lumen disturbs the blood 
velocity patterns and therefore precludes the possibility to obtain physiological 
velocity profiles in vivo (Chapter 2). 

Intravascular Ultrasound Doppler 
Similar problems as described for the IVUS are observed for the intravascular 
ultrasound Doppler techniques using a Doppler guide wire. They only can be used 
to measure the peak velocity of the velocity profile (Doucette et al., 1992). 
However this technique does not provide the shape of the velocity profile itself 
nor the wall geometry, which limits its application to derive local shear sh-ess 
values at the vessel wall in an eccentric way and the wall thickness. 

Magnetic Resonance Imaging (MRI) 
Techniques based on Magnetic Resonance Imaging (MRI) to quantify now in 
arteries stem from 1959 (Singer, 1959). However, from the eighties on, 
quantitative flow measurements were petformed in phantoms and in the renal 
artery, carotid artery the basilar artery, coronary artery and in the abdominal aorta 
in vivo (Buonocore, 1998; Firmin et al., 1987; Maier et al., 1989; Meier et al., 
1988) and they seem to give promising results in measuring velocity profiles as 
well (Rittgers et al., 1988). Until now this technique is applied in the cardiology 
to measure flow and coronary flow reserve (Davis et al., 1997; Grist et al., 1997), 
however measuring velocity profiles in coronary arteries seems not achievable 
until now. Furthermore accurate reconstruction of local coronary wall geometry is 
currently out of reach of the technical possibilities of this technique. 

Computational fluid dynamics 
Another way to obtain shear stress is by computational fluid dynamics. 
Computational fluid dynamics is the general term of all the numerical techniques 
to calculate the velocity of fluid elements at each location in a certain geomeh-y. 
In order to calculate these velocities of fluid elements at each location, the 
incompressible Navier Stokes equations need to be solved. The Navier Stokes 
equations are 3-D nonlinear differential equations and describe the movement of 
riuid elements based on conservation of energy and mass (Fox and McDonald, 
1992). Since these equations are non-linear and applied to complex geometries, 
numerical techniques need to be used to solve them. Nowadays, several numerical 
techniques are applied and in development. 
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Table l' Determination of shear rate and w'ill thickness , 
Flow Velocity Wall thickness Applicable in 

profiles coronary arteries 
Ultrasound (external) + + + 
Ultrasound (TEE) + + + 
IVUS + + + + 
Doppler + - + 
MRI + - + + 
CPD + true 3-D - + + + 
recontruction technique 

IVUS: mIra vascular ultrasound, MRJ: magnetic resonance Imagmg, CFD: computatIonal fluld 
dynamics, TEE: transcsophageaJ echocardiography, +:the ability to measure either flow, velocity 
profiles, wall thickness in among others coronary arteries; ±: in principle possible. 

From these calculations the velocity profiles, the pressure differences and the 
shear stresses are obtained. As great advantage of these numerical techniques, 
eompm'ed to all the ultrasound based techniques, is that the velocity determined in 
an uncompromised directional way in contrast to the ultrasound Doppler 
techniques, which only provide information in the direction of the ultrasound 
beam. Therefore secondary velocity fields, perpendicular to the flow transition 
field, cannot be studied with ultrasound based techniques. 

Application of computational fluid dynamics to an artery requires a 3-D 
description of the studied artery. Although a lot of effort is put to obtain 3-D 
reconstructions of coronary arteries in vivo based on either angiography 
(Muhlestein et ai., 1997; Pm'ker et ai., 1987; Wahle et ai., 1995), intt'avascular 
ultrasound (Evans et ai., 1996; Kitney et ai., 1989; Koch et ai., 1993) or MRI 
(van Geuns el ai., 1999), still the resolution or the accuracy of the 3-D curvature 
of the artery of those methods was limited. For reaching a better resolution and 
accuracy a new 3-D reconstruction method was developed based on a 
combination of angiography and intravascular ultrasound ('ANGUS'). The 
intt'avascular ultrasound technique provided high cross sectional resolution, while 
the angiography was used to 3-D reconstruct the 3-D curvature or the artery. This 
combination of ANGUS with computational fluid dynamics offers the unique 
possibility to acquire a detailed measurement of the local wall geometry and to 
combine this with local shear stress values. 

Table 1 smllillm-izes the described techniques in its application to measure 
velocity profiles and the local wall geometry. Although all the techniques are to a 
certain extent able to measure accurately flow or velocity protlles, the only 
technique to measure both shear stress and the local wall geometry is by a 
combination of 3-D reconstruction techniques and computational t1uid dynamics. 
The new combination of methods lacks the possibility to measure the flow, but is 
still valuable as it resolves the local differences in shear stress values in an artery, 

12 



Chapter 1, introduction 

which for our purpose is sufficient. In case absolute shear stress values are 
required, these should be obtained in combination with another flow 
measurement. 

In this thesis, studies are described, which focus on the relationship between shear 
stress, wall stress and atherosclerotic plaque location, neointimal formation and 
vascular remodeling in vivo. 

To study thc influence of shear stress on the location of atherosclerosic plaques 
and the development of neointima and vascular remodeling after intervention, the 
local shear stress, local wall (neointimal) thickness and lumen are required. A 
direct measuring technique is preferred for this goal and an ultrasound based 
catheter technique coming close is described in Chapter 2. However, the influence 
of the inserted catheter in the arterial system on the measured velocity profiles 
precludes the possibility of achieving accurate local shear stress valnes. This 
influence a blood velocity catheter on the measured velocity profiles and 
therefore on the shear stress of blood at the vessel wall is further elucidated in this 
chapter. 

An optimal solution, to obtain shear stress and wall geometry, was found in the 
combination of a new technique (ANGUS) based on biplane angiography and 
Intravascular Ultrasound (IVUS) and computational fluid dynamics. ANGUS 
provides high resolution of both the lumen geometry and the local wall thickncss 
and enables the application of computational fluid dynamics. In Chapter 3, details 
of the (ANGUS) 3-D reconstruction technique and its validation in clinical 
practice is described. 

Chapter 4 describes the first application of a combination of both techniques 
applied on an atherosclerotic human coronary artery in vivo. The relation between 
local vessel wall thickness and local shear stress is further elucidated. 

A first study on restenosis, describcd in Chapter 5, focuses on the changes in local 
shear stress induced by implantation of Wallstents in pigs. 

Chapter 6 reports on a stndy in patients after Wallstent implantation and describes 
the relationship between the variations in the observed neointimal thickness and 
the variations in shear stress after stent implantation. 

13 



Chapter 1, introduction 

To better understand the fundamental role of shear stress and wall stress on 
vascular remodeling and neointimal formation and their interaction after balloon 
angioplasty, two studies were ca!Tied out in atherosclerotic Yucatan pigs in 
cooperation with the Experimental Cardiology Department of the University 
Hospital of Utrecht. In Chapter 7, the influence of changes in shear stress and 
wall stress induced by baUoon angioplasty on the vascular remodeling is 
discussed, whereas in Chapter 8 the influence of the Matrix Metalloproteinase 
inhibitor (Batimastat) on these processes is described. 
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Chapter 2, effect of catheter placement 

New IVUS-based blood velocity profile measurements are under development. 
For these velocity measurements catheter placement in an artery is necessary, but 
induces disturbances in the native velocity profiles. To what degree the velocity 
profiles are disturbed by the catheter is studied by computational fluid dynamics. 
Therefore a straight tube having a catheter inside, is studied for 4 inflow 
velocities (0.05, 0.1, 0.2, 0.4 m/s) and two catheter positions (in the center and out 
of the center of the tube). The influence of the catheter size on the velocity 
profiles is studied as well. Central catheter placement reduced the peak to mean 
velocity ratio, compared to no catheter inside the tube, by 24%. In contrast, 
catheter placement out of the center of the tuhe increased the peak to mean 
velocity ratio by 14%. These values arc independent of the int10w velocities and 
minimally dependent on changes in catheter size. The shear stress values, 
however, are dependent on both catheter location and catheter size. 
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A new technique is under development to measure blood velocity profiles by 
commercially available IVUS-catheters (Li, 1997). However, the necessity to 
place the catheter inside the artery when the velocity measurements are 
performed, might induce disturbances in the velocity profile. The aim of the 
present report is therefore to better understand the influence of the catheter on the 
velocity profiles by applying computational fluid dynamics. 

2.2.1 Mesh generation 
We studied a straight tube with a diameter of 3*10-1 m and a length of 5*10-2 m. 
A catheter was placed either in the center or 0.75*10-1 m out of the center of the 
tube. The catheter's diameter was varied from 0.2*10-3 to 1 *10-1 m and its length 
was equal to the tube's length. To use a finite element software package to 
calculate the velocity profiles, the 3-D geometry was filled with 3-D bricks 
(Figure I). The tube was divided into 16 cross sections and each cross section 
consists of 80 bricks. Each brick contains 27 nodes. This resulted in a resolution 
along the tube of 1.6* Hr3 m and a resolution in a cross section of 0.125* 10-3 m 
for a central positioned catheter. The resolution in a cross section, when the 
catheter was positioned out of the center of the tube, ranged from 0.03*10-1 m to 
0.22* 10-3 m, while the axial resolution was unchanged. 

2.2.2 Computational fluid dynamics 
The incompressible Navier Stokes equations describe the motion of t1uids. These 
ditferential equations were implemented in each node of the mesh. The Newton
Raphson method was applied to linearize the nonlinear convective terms and the 
penalty method (£=1*10-°) was used to obtain the pressure unknowns. We 
assumed that blood behaves as a Newtonian nuid with a viscosity of 3*10-1 Pa.s 
and a density of 1000 kg/m'- In order to solve these differential equations 
boundary conditions need to be defined. At the inflow a uniform entrance velocity 
profile, at the wall no slip condition, and at the outt1ow zero secondary velocity 
profiles were assumed (u1=0, cr""=O). The numerical accuracy was set to 1* 10-4 

mls and the numerical solution was obtained by a well validated finite element 
software package (Sepran, Sepra, Leiden, The Netherlands) (Van de Vosse, 1989), 
which was implemented on a workstation (HP 7I 5/80). 
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A~ B~ 
Figure 1: A) 3-D mesh with central positioned catheter B) 3-D mesh with catheter 
positioned out the of center of the tube. 

2.3.1 Numerical accuracy 
Numerical checks were performed to be certain that the obtained results are not 
influenced by numerical inaccuracy. In each of the following cases, results were 
assumed to be equal when the relative difference between the two situations was 
less than 1%. 

Development of velocity profiles 
Development of a uniform entrance velocity profile into a fully developed 
velocity profile was studied in detail. In case the maximal velocity at the exit of 
the tube, was less than I % different from the maximal velocity at the studied 
cross section, the flow was considered to be fully developed at the studied cross 
section. Therefore, to study the relative ditlerence at 37.5*10·3m from the 
enh'ance, the relative difference (d,.) was calculated as maximum velocity at 
37.5* I 0.3 m from the entrance minus maximum velocity at outt1ow divided by 
maximum velocity at outt1ow. The cross section for which the t10w was fully 
developed was defined as Cd,. For the catheter placed either in the center or out of 
the center of the tube, the maximal velocity was given at 25*10.3 m, 37.5*10·3m, 
46.9* 10.3 m and 50* 10.3 

III for four different entrance velocities (see 2.3.2). 
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Variations in mesh resolution 
A reduction of 25% in the cross sectional grid resolution was performed to check 
the influence of the grid size on our results. In case similar results were obtained 
for differently sized meshes. we assumed that for the mesh with the highest 
resolution the results are accurate. The resolution check was applied to a situation 
with high velocity gradients in one cross section: catheter placed out of the center 
of the tube with an entrance velocity of 0.2 and 0.4 m/s. In this case each cross 
section contained 60 bricks consisting of 27 nodes. resulting in a resolution that 
ranged from 0.04*10.3 m to 0.29*10.3 m. 

Influence of boundary conditions 
To study the influence of the boundary conditions on our data. the boundary 
conditions defining the outflow were changed Ii'om the zero secondary velocity 
profiles condition (ut=O and a""=O). to the zero stress outflow condition (a""=O. 
a'''=0). This test was performed on a 3-D mesh with a catheter placed out of the 
tube's center and with an entrance velocity of 0.4 m/s. 

2.3.2 Influence of catheter location and catheter dimension 
In a tube with a catheter, placed either in the center or out of the center of the 
tube, the velocity profiles were calculated for four entrance velocities (0.05, 0.1, 
0.2,0.4 m/s). The catheter diameter was 1 *10-3 m. 

The diameter of the catheter was varied from 1*10.3 m, 0.5* ]()"' m to 
0.2* ]()"3 m, while the catheter was positioned in the center and out of the centcr of 
the tube. The velocity profiles were calculated for an entrance velocity of 0.2 mls. 

The following parameters were derived from the calculated velocity profiles: 
I) velocity ratio: the maximal velocity in the direction of the tube normalized 

by the mean velocity at Cd, 
2) normalized shear stress: the shear stress at Cd, normalized by the shear 

sh'ess in case no catheter was inside the tube with the same flow as in the 
tube with the catheter inside 

3) secondary velocity profile. 
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2.5.1 Numerical accuracy 

Development of velocity profiles 
Table I shows the maximum velocity in the axial direction at four different 
locations along the tube for the two geometries and for four different mean 
velocities. When the catheter is placed in the center of the tube, the maximal 
velocity at the four locations is always less than I % different from the maximal 
velocity at the outflow. For this situation the Cd, is at 37.5* 10-' m. In case the 
catheter is placed out of the center of the tube, in all conditions except for 0.4 mis, 
full devclopment was reached at 37.5*10-' m tl'om the entrance, which was used 
as Cdv for further analysis. For 0.4 mls the cross section at 50*10-3 m was used as 
Cd, for further analysis. 

Variations in mesh resolution 
The maximum difference between the velocity, obtained with the high resolution 
mesh, and the velocity obtained with the low resolution mesh for an entrance 
velocity of 0.2 mls is 4* 10-4 m/s. The result for an entrance velocity of 0.4 mls is 
11'" 10-4 mls. Both errors are less than 1 % different from the solution obtained 
with the high resolution mesh. 

Influence of boundary conditions 
The maximal velocity, obtained with the zero stress outl1ow condition at Cd, is 
0.8949 mIs, while the maximal vclocity with the zero secondary velocity profiles 
outflow condition is: 0.8946 m/s. The difference between both velocities was less 
than 1%. 

2.5.2 Influence catheter location and variation in catheter 
dimensions 

Figure 2 and 3 show velocity profiles for a catheter placed respectively in the 
center and placed out of the center of the tube. The velocity ratio is 1.52 when the 
catheter is positioned in the center of the tube and 2.28 when the catheter is 
positioned out of the center of the tuhe. These ratios are independent of the mean 
entrance velocity (Table 1). The normalized shear stress at the tube's wall, when 
the catheter is placed in the center of the tube for a mean velocity of 0.2 mIs, is 
2.12. Placing the catheter out of the center of the tube the normalized shear stress 
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Table 1: maximum velocities III the axial direction at four locations along the tube 
f! d' f speC! let as lstance rom t lC entrance. 

V nw.11l (m/s) lllaximulll velocity (mJs) 

25*10-3
[11 37.5*10-3 111 46.9* 10; 111 50'['10-3 m velocity de 

ratio 
catheter placed ill the center aIthe hrbe 

(1.05 0.0760 0.0759 0.0759 0.0759 1.52 « 1% 
0.1 0.1520 (J.l519 0.1519 0.1519 1.52 « 1% 
0.2 0.3039 0.3038 0.3038 0.3037 1.52 « J% 
0.4 0.6075 (J.W75 0.6075 0.6075 1.52 « 1% 

catheter placed out of the cenler aIfhe tllhe 
0.05 0.1140 0.1140 0.1140 0.1140 2.28 « 1% 
0.1 0.2277 0.2280 0.2280 0.2280 2.28 « 1% 
0.2 0.4468 (J.4536 0.4552 0.4554 2.28 <1% 
0.4 0.8394 0.8771 0.8913 0.8946 2.24 2% 

" Flrst column: mflow condItIOns; second, thIrd, fourth and fifth columns are the dIfferent 
locations along the tube as displayed in the second row; last columo: dr:::relative difference; 
Vmeun : mean entrance velocity, italic: developed velocity profile: Llsed for analysis. 

opposite of the catheter is 1.83. Both normalized shear stress values are 
independent of the mean velocity. 

For the catheter placed in the center, the secondary velocities range from 
2.1 * 1 0-5 m/s at an entrance velocity of 0.05 m1s to 6.1 * 1 0-4 m/s for an entrance 
velocity or 0.4 m/s at C,,,,. For a catheter placed out of the center of the tube the 
secondmy velocities range from 2.4*10-4 m/s at an entrance velocity of 0.05 m/s 
at Cdv to 5.1*]()-4 for an entrance velocity of 0.4 m/s at 46.9*10-3 m. 

The variations in catheter size minimally influence the velocity ratio in case 
the catheter was placed in the center or the tube. The velocity ratio increases up to 
1.55 and 1.58 for catheters with a diameter of 0.5*10-3 m and 0.2* I(r3 m, 
respectively. 

}!~igure 2: velocity profile for catheter 
placed in the center of the tube at ell' 
(entrance velocity: 0.2 m/s) 
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When the catheter is placed out of the center of the tube the velocity ratio 
decreases from 2.19 to 2.11 for decreasing catheter diameters (0.5* 10-3 m, 
0.2*10-3 m, respectively). 

The nonnalized shear stress at the tube's wall, in case the catheter is placed 
in the center of the tube, is 1.50 and 1.26 for catheter diameters of 0.5* I 0-3 m and 
0.2* I 0-3 m respectively. The normalized shear stress becomes: 1.40 and 1.22 for 
catheter diameters of 0.5* 10-3 m and 0.2* 10-3 m, respectively, when the catheter 
is placed out of the center of the tube. 

During clinical interventions, for instance after PTCA, IVUS-catheters are 
applied to visualize the vessel wall from inside of the vessel. A new technique is 
under development (Li, 1997) to measure velocity profiles with an IVUS-catheter 
at the same location as the imaging is performed. Although blood flow is 
accurately reflected by this technique (Li, 1997), it is presently unknown how and 
to what degree the velocity profile is affected by placing the catheter inside the 
vessel. Hence in this study, the disturbance of the velocity profiles due to catheter 
placement in a straight tube was investigated. First, some numerical checks were 
pelfonned. Both the variation in mesh resolution and the boundary conditions did 
not effect the calculations. Only the check on profile development did not meet the 
upper limit of I % for an entrance velocity of 0.4 m/s. For the other inflow 
conditions velocity protlle was fully developed. 

For a sh'aight tube without a catheter inside, under steady conditions and 
sufficient entrance lengtIl, velocity develops into a pm'abolic profile, with a velocity 
ratio of 2 (Milnor, 1992). When the catheter was placed either in the center or out of 
the center of the tube, the velocity ratio changed, which implies that the original 
pmabolic profile was altered. Remarkably, the velocity ratio was minimally related 
to the catheter dimension, but strongly to the catheter location. However, the 
normalized shear stress was influenced by both the catheter location and the 
catheter's dimension. Hence, reducing the catheter dimension results in a smaller 
overestimation of the local shem' sh'ess, but minimally alters the measured velocity 
ratio. 

The friction forces are responsible for the low velocity close to the tube's 
and catIleter's wall. When a catheter is placed centrally, this results in a peak 
velocity distributed over a large area, and to maintain the same flow the peak 
velocity is reduced. When the catheter is placed out of the center of the tube the 
resistance in tl,e nanow space between tIle catheter and the wall, is much higher 
than in the other pmt of the cross section and so the same flow has to be 
transported through a small m'ea which increased the peak velocity. 
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Flow can be derived from velocity profiles. Only velocity components 
perpendicular to the studied cross section contribute to the t10w through that cross 
section. However, the CUlTent velocity measurements by the new IV US technique 
are partially int1uenced by at least one component of the secondary velocity 
profiles. For the str'aight tube no secondary velocity components could be 
calculated. The observed values are negligible remnants of the selected entrance 
t10w condition. For this situation t10w can be measured accurately with this new 
technique. For curved tubes more research has to be done as in this situation 
secondary velocities are an essential part of the velocity profile. 

By catheter insertion the original velocity profiles are disturbed. The main factor 
disturbing the velocity profiles, by catheter insertion, is not the dimension of the 
catheter but it's location in the artelY. However shear stress Ineasurements are 
inl1uenced by both the catheter location and its diameter. 
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Novel measurement techniques based on IVUS technology ('IVUS-Flowmetry') 
require the location of a catheter inside the coronary bed. The present study 
quantifies disturbances in the 3-D velocity profile indnccd by catheter placement 
inside a tube, applying computational fluid dynamics. Two curved, circular 
meshes (curvature K=D.D25 m and K=D.035 m) with and without a catheter inside 
the lumen were applied. The catheter was located at the inner curve, the outer 
curve and at the top position. Boundary conditions were: no slip on the wall, zero 
stress at the outlet, uniform inflow with entrance velocities of D.I, 0.2 and 0.4 
m/s. 

Curvature associated centrifugal forces shifted the maximal velocity to the 
outer curve and introduced two symmetrical vortices. Additional catheter 
placement redistributed the 3-D axial velocity field away from the catheter, which 
was accompanied by the appearance of multiple, low strength vortices. In 
addition, peak axial velocity increased, peak secondary velocities decreased, axial 
pressure drop increased and shear stress increased. Flow calculations simulated to 
resemble IVUS-based f10wmetry changed by only I % after considering 
secondary velocity. 

In cone/usion. placement of a catheter inside a curved tube resembling the 
human coronmy system changes the velocity field and reduces secondary patterns. 
The present study supports the usefulness of catheter based flowmetry during 
resting flow conditions. During hyperemic t10w conditions flow measurements 
might be accompanied by large axial pressure drops as the catheter itself might act 
as a significant stenosis. 
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Steady flow in cylindrical tubes distant from curved segments and side branches 
may be considered parabolic CPoisseuille flow"). The velocity field, during these 
conditions, is described by a velocity vector oriented parallel to the axes of the 
artery (Milnor, 1982). The human arterial system, however, is a complex three 
dimensional (3-D) structure consisting of straight and curved segments with 
multiple side branches (Milnor, 1982). During these circumstances, non-axially 
directed velocity components (,secondary velocity') have been identified (Kilner, 
et at., 1993; Moore et at., 1992). These secondary velocities might be implicated 
in the progression of atherosclerosis and might affect the ultrasonic measurement 
of blood flow (Tortoli el ai., 1995; Li el at., 1998; Carlier et ai., 1998). 

In general, blood flow measurement techniques measure blood velocity in the 
direction of the ultrasound beam and assume Poisseuille blood flow in order to 
evaluate now (Tortoli et ai., 1995). Recently, a novel technique for intravascular 
applications has been developed, that applies a modification of the transit time 
method to estimate local blood velocity (Li et at., 1998). Due to its high in-plane 
resolution, this method not only enables to calculate complete 2-D velocity profiles, 
but due its combination with intravascular ultrasound one can also measure cross 
sectional area, which allows the calculation of blood now (Li et ai., 1998). 

Early results are very promising (Li et al., 1997, Li et at., 1998), but 
limitations of the method are still under investigatiou. One of these limitations might 
be that velocity in only two directions is estimated, (i.e. along and across the 
ultrasound beam), thereby missing the circumferential component in the plane of 
imaging (Li et ai., 1997). Hence, velocity components in the axial and iu-plane 
direction cannot be completely separated. Consequently, significant secondary 
velocities could lead to an overestimation of the true blood now. One other inherent 
limitation of the technique is introduced by the presence of the catheter which might 
increase the pressure gradient or disturb the velocity patterns and preclude the 
possibility to obtain physiological velocity profiles in vivo (Wentzel et at., 1997). 

The aim of the present study was multiple. First, the relative contribution of 
the secondary velocity components to blood flow is evaluated in curved tubes 
resembling the curvature of the human coronary arteries (Krams et ai., 1997), 
before and after placement of a catheter. Second, the axial pressure gradient is 
reported and because the axial pressure gradient is affected by now, vascular 
resistance was evaluated. Third, due to the reported effect of shear stress on 
atherosclerosis, we also evaluated how shear stress is affected by the introduction 
of a catheter inside the lumen. Finally, in order to understand the nature or these 
disturbances in more detail, the modulating effect of the degree of curvature, tube 
diameter to catheter radius and Reynolds number are evaluated on these 
parameters. 
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Simulated fluid flow can be studied in detail if the equations of motion are solved. 
Analytical solutions of these equations are only possible under certain simplified 
conditions (Bovendeerd et al., 1987). For the present study, these simplified 
conditions are not met and the full non-linear partial differential (,Navier-Stokes') 
equations have to be solved numerically (Bovendeerd et al., 1987). The numerical 
technique is based on the discretization of the region of interest with finite 
elements ('3-D mesh'). 

2.10.1 3-D mesh formulation 
To resemble the human coronary arteries (Krams et al., 1997) we generated a 3-D 
geometry consisting of a curved, circular tube with a radius of curvature of either 
0.025 or 0.035 m and a diameter of 0.003 m (Figure I). The resulting vessel 
segments, which occupied a quarter of a circle, were represented by 16 cross
sections along the tube. This resulted in an axial resolution of 2.45*10.3 m and 
3.45* 10.3 m for radii of curvatures of 0.025 and 0.035 m. In the absence of a 
catheter, 32 elements were placed in each cross section. When a catheter was 
located inside the tube, 80 elements were located in each cross section to account 
for the increased geometrical complexities. The cross sectional in-plane resolution 
was 2.2* 10-7 m2 for the 3-D mesh without a catheter and 8.9* 10.8 m2 for a 3-D 
mesh with a catheter. 

2.10.2 Computational fluid dynamics 
Each 3-D element of the mesh consists of an isoparametric hexahedral element 
with 27 nodes per element. At each nodal point, the non-linear partial differential 
equations (,Navier-Stokes equations ') for incompressible, isothermal fluids are 
implemented. These equations are solved with a standard, finite clement method, 
implemented in the finite element package Sepran (Sepra, Leiden, Netherlands). 
The non-linear convective term in the Navier-Stokes equations is linearized with 
a Newton-Raphson approach and solved with a cut-off error of 10.4 (m/s). To 
obtain the pressure unknowns ±i'om the discrete Navier-Stokes equations, a 
penalty function approach was used. Eliminating the pressure unknowns with the 
penalty method and linearizing of the convective term results in a set of linear 
equations with velocity unknowns. 
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Figure 1: Example of the curved mesh (panel A). Panel B shows the calculated velocity 
profiles (Vaxia l) and secondary velocities (Vsecond). 

A numerical solver, applying a direct profile method, of the well-validated 
(Bovendeerd et aI., 1987), commerciall y available finite element package, which 
was implemented on a workstation (HP 7 15/80), solved the resulting matrices. 

The following bou ndary condi tions were imposed: uni form steady inflow 
at the entrance of the vessel, constant zero stress at the outlet and no-s li p 
conditions at the tube wall (Bovendeerd et al. , 1987). We further assumed that 
blood behaved as a Newtonian fluid with a density of 1050 kg/m' and a viscos ity 
of 3* 1 0-' (Pa.s) (Bovendeerd et aI., 1987). 

2.11.1 Adequacy of mesh resolution and fully developed flow 
conditions 

To determine the cross section where fl ow was fu lly developed we calculated the 
relative velocity difference, defined as (v;-v;_,/v;_,)* 100 %. V; signifies the points 
of the 3-D velocity profile at cross section i and V;_, the veloc ity profile at the 
previous cross secti on. A root means squared difference smaller than 1 % between 
successive 3-D veloc ity profi les was defined as full y developed. 

Second, subsequent increments in mesh resol uti on by 50 % were applied to 
evaluate whether the lowest mesh resolution was adequate to obtain accurate 
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solutions. A solution (3-D velocity field), in a given cross section, was defined as 
accurate when the 3-D velocity field did not change more than I % after 
increasing the mesh resolution. The difference between the 3-D velocity fields of 
both meshes was defined as (Vl-Vh/vl)* 100, where I and h refer to the low and 
high-resolution mesh. 

2.11.2 Absence of catheter 
3-D velocity vector fields werc calculated in curved tubes with radii of curvature 
of 0.035 m and 0.025 m and a tube diameter of 0.003 m. To cover a wide range of 
Reynolds values, three different entrance velocities (0.1 mis, 0.2 m/s and 0.4 m/s) 
were applied to each radius of curvature adding up to 6 different conditions. 

2.11.3 Presence of catheter 
We also evaluated to what extent placement of a catheter inside the lumen of a 
curved tube affected the 3-D velocity field. As idealized for the real situation, we 
positioned the catheter at the inner curve (9 0' clock), the outer curve (3 0' clock) 
and at the top (12 o'clock) position of the curved tube. These catheter positions 
were studied at two different curvatures (0.025 m and 0.035 m) and at three 
different entrance velocities (0.1, 0.2 and 0.4 m/s). This adds up to 18 different 
conditions. 

2.11.4 Effect of tube size 
To study the effect of tube size, we used tubes with a diameter of 0.003 m and of 
0.002 m, while catheter diameter was kept constant at 0.001 m. The catheter was 
located at the outer wall and the radius of curvature was 0.025 m. Entrance 
velocities were 0.1 mis, 0.2 mls and 0.4 mls. 

2.11.5 Analysis 
The three-components of the velocity field (u, v and w) were calculated. U and v 
are the cross sectional in-plane velocity components and w the axial velocity 
component, (i.e. along the tube). The in-plane velocity vectors u and v were 
added (vector addition) and are presented as secondary velocity components. 
Maximal axial (Ymax,ax) and maximal secondary velocity (Ymax,sec) were calculated 
for each condition and normalized to mean entrance velocity. In addition, the 
location of the maximal axial velocity component with respect to the center of 
mass of each cross section was calculated. This location was subsequently 
normalized to the radius of the tube and presented as percentage shift (%shift). 

Comparison between meshes of different size and resolution was 
accomplished by interpolating the data points of the mesh with the lowest 
resolution to the mesh with the highest resolution, applying a linear interpolation 
method (MATLAB, Mathworks Inc, USA). 
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To simulate conditions resembling IVUS flowmetry we calculated flow in two 
ways: Total flow was defined as the magnitude of the velocity vector multiplied 
with the cross sectional area. Axial flow was the product of axial flow and cross 
sectional area, in which axial velocity was defined as the magnitude of the 
velocity vector multiplied with normal on the cross section. Due to the 
discretization of the mesh we defined both parameters locally and summarized 
over the elements of the mesh. Regional area was calculated as 
O.S(lcross(a,b)I+lcross(c,d)I), where a, b, c and d are the sides of a quadrangle in 
the cross section of interest (cross signifies the vector cross product). Local 
velocity was calculated from the average of magnitudes of the four velocity 
vectors located at the vertices of the local area. The error in flow estimation was 
defined as «totalflow-axialflow)/totalflow)* 100. 

Shear stress, calculated from the product of viscosity and the local gradient 
of the velocity field, was evaluated at the inner and outer curve of the curved 
tube. For each location, shear stress was nonnalized to the shear stress values 
obtained before catheter placement. Tn addition, a shear sh'ess ratio is defined as 
the shear sh'ess at the inner curve divided by the shear stress at the outer curve. 

The pressure gradient was obtained directly from the output of the FEM 
package. Pressure difference was the total pressure drop and is reported in mmHg 
(1 kPa= 7.5 mmHg). To compare different tubes with different lengths, we 
normalized the pressure difference per length unit (mmHgllO cm). 

Reynolds number (Re = (v*d*p )/Tj) was calculated during fully developed 
conditions. Tn these formulas v signifies the average velocity (m/s), d the tube 
diameter (m), p density (kg/m') and Tj viscosity (Pa.s). 

2.12.1 Fully developed flow conditions and adequacy of mesh 
The relative difference between the 3-D velocity fields at subsequent cross 
sections in curved tubes without catheter placement decreased from 7.5% at cross 
section 2 to less than 1% at cross sections I I to 14. In addition, increasing the 
mesh resolution by a factor of 1.5 did not change the 3-D velocity field by more 
than I % at cross section 11 to 14. A similar analysis after catheter placement 
revealed fully development of the velocity field at cross section S to IS and 
accurate solutions at cross sections 9 to 14. Hence, cross section 12, which 
conesponds to an axial distance of 0.0295 m ( ± 10 times the diameter), was used 
throughout the present analysis. 
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Figure 2: Example of the curved mesh with a catheter located in the ou ter curve (panel A). 
Panel B shows the calculated 3-D velocity profi les in the axial direction (Vaxia l) and 
secondary velocities (Vsecond). 

2 .12.2 Axial velocity 
In the absence of a catheter the interplay of viscous, inertial and centrifugal forces 
in the curved tube red istributes the 3·0 veloc ity tield such that maximal ax ial 
velocity (V",,,,,, ) is shi fled outward (Figure I and Figure 3, upper row and Table 
I), The outward shift increases linearly with entrance velocity, but is unaffected 
by the radii of curvature as applied in the present study (Table I ), Insertion of a 
catheter modulates the distribution of the axial velocity fie ld (Figure 3, first 
column) in such a way that maximal ax ial veloci ty is shifted more outward when 
the catheter is in the inner and top pos ition, When the catheter is in the outer 
curve the velocity fie ld is shifted towards the inner curve, introducing hi gh 
gradients on the tube wall (Figure 2 and Figure 3, first column and Table I) , The 
location (%shift) of the maximal axial velocity is hardly affected by entrance 
velocity after the inserti on of a catheter (Table I ), 

Vm:lx,ax increased in parallel with entrance velociLy and after catheter 
placement (Tab le I). The largest increase of Ymllx.ax, at a constant entrance 
velocity, was cal cul ated when the catheter was located in the inner curve (22%, 
Table I), smaller increments were calculated when the catheter was in the top 
(1 8%, Table I) and outer position ( 12%, Table I), 
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Table t: Charactetistic parameters obtained from the 3-D velocity field obtained from the 
solutions of the Navier-Stokes eguations 

Crflllatllre 0.025 111 ClIllioture 0.035 m 
Shi 1",,(0/0) v"U/xnl (I11/S) V",,,x,ec(l11ls) Shift",(%) v,"''''.ItI· (111!~) V",m"",{·(III/S) 

No catheter 
0.1 m/sec 8 0.19 0.0115 8 0.19 0.0088 
0.2 m/sec II 0.36 0.0334 II 0.37 0.(1260 
0.4 m/sec 15 0.68 0.0730 15 0.69 0.0586 
Catheter out 
0.1 m/sec 14 0.22 0,(1092 14 0.22 0.0070 
0.2 m/sec 14 OAO 0.0254 14 0.41 O.oJ97 
0.4 Ill/sec 17 0.74 0.0578 17 0.76 0.0451 
Catheter in 
0.1 m/sec 16 0.23 0.0094 16 0.23 0.0074 
0.2 m/sec 20 OA4 0.0274 20 OA4 1l.(1226 
0.4 m/sec 20 0.83 0.0677 20 0.83 0.0571 
Catheter lOp 

0.1 m/sec 17 0.22 0.0097 16 0.22 0.0075 
0.2 mlsec 20 0.43 0.0311 17 0.44 0.0232 
0.4 m/sec 17 0.81 0.0710 17 0.83 0.0572 

(}(; shift; relative position of maximal axial velocity with respect to the center of the tube (%); 
Vma.\,<[x magnitude of maximal axial velocity (m/s); Vlllax.~ec magnitude of maximal secondary 
velocity (m!s). 

2.12.3 Secondary velocity 
In the absence or a catheter, two symmetrical vortices appeared at cross section 
12 for both curvatnres (Fignre 1 and Figure 3, first row and second colnmn). The 
dish'ibution of these secondary velocity patterns and the maximum of the 
secondary velocity field were affected both by enh'ance velocity (V",,,,.,,,, Table 
1) and by cnrvature (Table 1). Placement of a catheter either at the inner wall or at 
the top position shifted the vortices fUliher outward, placement at the inner cnrve 
moved the vortices towards the inner curve (Figure 3, second column). 

Relative secondary velocities, (i.e. normalized to mean axial velocity), 
varied between 11 to 19 % in the absence of a catheter and between 9 and 18% 
after introduction of a catheter (Table 1). Hence, the catheter reduced secondary 
velocities. 
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Figure 3: Color-map and iso-contour lines of the 3-D Axial Velocity Field (First Column) and 
3-D Secondary Velocity Field (Second Colul1U1) at a curvahlre of 25 mlTI, The upper row is in 
the absence of a catheter (NO), the second row a catheter in the outer position (OUT), the third 
row in the inner position (IN) and the bottom row for a catheter in the rap position (TOP), 
Vaxial is the axial velocity (m/s); Vsecond signifies the secondary velocities (m/s). 

2.12.4 Flow calculations 
The ratio of axial regional flow over tlow varied between 0.5 and I % and 
remained in thi s range after catheter placement. Neither the different entrance 
velocity nor the placement of a catheter affected these values. 

Shear stress 
In the absence of a catheter, shear stress was higher in the outer curve as 
compared to the inner curve leading to shear stress ratios of 1.44 for 0.025 m and 
1.37 for 0.035 m curvatures for an entrance velocity of 0.1 mis, In addition, the 
shear stress ratio increased to 2.00 and 2,39 with entrance velocity to 0,2 mls and 
to 0.4 mls for 0,025 m curvatures and to 1,90 and to 2,30 for 0,035 m curvatures, 
Catheter placement decreases sheaT stress in its own vicin ity and increases shear 
stress at the opposite free wall (Table 2), Consequently, the shear stress ratio 
increases to values of 6,67,7,87 and 8,55 for a catheter located at the inner wall 
of a 0,025 m curved tube at 0,] , 0,2 and 0.4 mls entrance velocity, Changes to 
1, 14, 1,65 and 2,14 for a catheter located in the top position for a 0,025 m curved 
tube was calcul ated at 0,],0,2 and 0.4 mIs, For a catheter in the outer position , 
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inner curve shear stress values increased over outer curve shear stress values 
leading to shear stress ratio's of 0.19, 0.23 and 0.29 (Table 2). Minimal additional 
differences in the effects were noted for 0.035 m curved vessels. 

Pressure gradient and tube resistance 
The pressure difference calculated along the entire tube varies linearly with 
entrance velocity from OA to 4.2 mmHg (Table 2). For comparison, between 
0.025 m and 0.035 m curved tubes, we corrected the pressure difference for the 
different length of the tubes (Figure 4). Catheter placement approximately 
doubles the normalized pressure gradient at each entrance velocity for tubes of 
0.003 m. For tubes of 0.002 m in diameter a 7-fold increase in normalized 
pressure difference was noted (Figure 4). Note that tube resistance, which is the 
ratio of pressure gradient over flow, increases with entrance flow: 6.8, 8.7 and 
lOA mmHg*s/m2

, i.e. 267%, 271% and 259% at 0.1, 0.2 and OA mlsec entrance 
velocity for tubes of 0.003 m, independently of catheter location. For the 0.002 m 
tube, resistance increases up to 38.2 mmHg*s/m2 

The complex velocity patterns that have been identified in the arterial bed or 
humans (Milnor et ai., 1982; Kilner et ai., 1993; Moore et ai., 1992) are of 
significance because specific chmacteristics of those velocity patterns have been 
associated with the progression and regression of atherosclerosis (Kilner et ai., 
1993; Moore et ai., 1992). At present, the Doppler based methods assume 
Poisseuille t10w conditions to calculate particle velocity from the Doppler shift. 
Recently, a novel technique, based on IVUS technology, has been developed that 
overcomes the simplifications induced by the Doppler methods (Li et ai., 1998). 

Some potential limitations of this novel method are currently under 
investigation. In this paper, we consider the fact that secondary velocity is not 
fully taken into account (Li et ai., 1998) and secondly that the catheter itself 
disturbs the velocity profile. We applied a computational t1uid dynamical (CFD) 
technique to quantify these effects. We will first discuss disturbances induced in 
the 3-D velocity field, followed by the effect on shear stress, t10w and the 
pressure difference. 

2.13.1 3-D velocity field 
With laminar t1ow, in a straight tube with a Newtonian fluid, the velocity profiles 
are parabolic without secondary velocity components. In curved vessels, the 3-D 
velocity profile is distributed towmds the outer curve, a phenomenon that is 
accompanied by secondary velocities. 
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Table 2: Shear stress and axial pressure grad ient calcul ated from the solutions of the 
Navier-S tokes cguations. 

Curvature 0,025 1// Curvature 0.035 m 
SSju SSUU[ Ll.P3 Ll.p, S5ill SSout Ll.PJ 
(N/m') (N/Ill') (I/1mHg) (mmHg) (N/m' ) (N/I/1') (11I111 Hg) 

Nowlheler 
0.1 m/sec 0.727 1.049 OAO n.n. 0.727 0.996 0.53 
0.2 m/sec t.3R3 2.766 0.95 n.a. 1.380 2.635 1.22 
0.4 m/sec 2.679 6.4 11 2.35 11 .<1.. 2.700 8. 199 2.97 
Catheter 011/ 

0. 1 Ill/sec Ll l7 0.225 0.72 3.55 1.200 0.231 0.96 
0.2 mlsec 2.052 OA82 2.02 7.27 2.098 OA91 2.1 1 
0.4 m/sec 3.8 18 1. 107 3.86 15.28 3.R90 L094 4.9 1 
Catheter ill 
0. 1 m/sec 0.240 1.564 0.68 n.a. 0.206 1.5 17 LOI 
0.2 m/sec 0.513 4.057 1.73 n.a. OA41 3.863 2.36 
0.4 m/sec 1. 167 10.010 4.14 n.a. 1.051 10.0 10 5.27 
Cafheter lOp 

0. 1 m/sec 1. 119 1.27 1 0.75 n.a. 1.111 1.243 0.98 
0.2 m/sec 2.1 16 3A84 1.70 l1 .a. 2. 100 3.291 2.20 
0.4 m/sec 4.024 8.595 4.23 n.a. 4. 124 8.393 5.33 

SSin; shear stress at inner curve (N/m2); SSum Shear stress at ouler curve (N/m2); ..6.P3 and 
6 P2 denote the axia l pressure di fferences (mmHg) for tubes or 0.003 III and 0 .002 m ill 

diameter, respecti ve ly; n.a.: not availab le. 
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F igure 4: Normalized pressure gradient versus entrance velocity for di ffe rent conditions. 6 and 
A denote..o; absence of catheter;V and "f' denotes catheter in outer curve; 0 and • denotes 
catheter in the inner curve; 0 denotes catheter in the upper posi tion . • Catheter in outer 
position in 0.002 m tu be. Open en closed symbols signify 0.025 and 0.035 m cUivalures, 
respectively. 
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These secondary velocities arise as a consequence of the curvature-related 
centrifugal forces acting on the fluid clements in combination with viscous and 
inertial forces (Bovendeerd et ai., 1987; Chang and Tarbell, 1988; Nosovitsky et 
ai., 1997). These forces induce pressure differences perpendicular to the axial 
direction of the tube, which induces the in-plane velocity (,secondary velocity'). 
In the present study, secondary velocities in the order of 10-15% were calculated, 
which is large compared to the values reported by Perktold et.al. (1991). However 
these authors used smaller curvatures than we did to simulate the coronary 
epicardial bed. We derived representative curvature values from 3-D 
reconstructions obtained directly from the coronary system of humans (Krams et 
ai., 1997). 

Secondary velocities decreased after inserting a catheter in the curved 
tubes. Insertion of a catheter also induces a shorter entrance length for flow 
development. These observations might be due to the existence of an additional 
boundary layer surrounding the catheter, which reduces the "freedom" to induce 
in-plane pressure gradients. Support for this explanation is found in the fact iliat 
the effect of the catheter is the smallest where the boundary layer is minimal, (i.e. 
when the catheter is located at the outer curve). 

The observation that maximal axial velocity increases after catheter 
placement, even when normalized for mean velocity might be explained by 
similar arguments. Due to the additional boundary layer of the catheter, the 
'effective' flow region decreases more than is expected on basis of decrements in 
cross sectional area caused by the insertion of the catheter. Hence, a similar flow 
has to pass through a smaller region and the fluid elements need a higher velocity. 

Because the secondary velocities do not add to the forward flow, we also 
evaluated their effect on potential errors in volume flow measurements based on 
transit time velocity measurement technique {"IVUS-Flowmetry"). We calculated 
that under the present conditions, the secondary velocity components were in the 
order of 5-15% of total velocity. We calculated a deviation in the now smaller 
than 1 % when flow calculations based exclusively on axial velocity were 
compared to flow calculations based on the magnitude of the entire velocity 
vector. The small error arises because the magnitude of axial velocity is a 
projection (cosine) of total velocity vector. The estimated angle of the cosine was 
approximately 8 degrees, which leads to an error of below 1%. 

2.13.2 Shear stress and pressure difference 
The catheter acts as a long stenosis and, consequently, it affects the pressure 
gradient in our flow driven system. We calculated an increase in pressure gradient 
of 2 mmHg for a on area stenosis of II % (0.001 m catheter in a 0.003 m tube) 
and of 15 mmHg for an area stenosis of 25% (0.00 I m catheter in a 0.002 m 
diameter tube). This highly non-linear effect can be reconciled by the non-linear 
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relationship between pressure gradient and area stenosis, which is due to the 
fourth order relationship between resistance and diameter (Milnor, 1982). 

Shear stress at the wall decreases near the catheter, while an increase in 
shear stress opposite to the catheter position was noted. The latter finding may be 
explained again by the existence of an additional boundary layer. Therefore, 
velocity and shear rate decrease near the catheter and increase distant from the 
catheter. At constant viscosity, shem' stress changes in parallel with shear rate. 

2.13.3 Limitations of the method 
Entrance and outlet conditions and the grid resolution may affect computational 
i1uid dynamics. We tested whether the now was fully developed to evaluate 
whether restrictions imposed by the boundary conditions were of importance. It 
could be shown that the now field at cross section 12 (60 degrees of the bend) 
was fully developed and hence independent of axial location in the tube. This 
finding is in accordance with theoretical estimates of 6 times the radius of the 
tube for fully flow development, which is equivalent to 0.018 m of arc length 
(Olsen and Snyder, 1985; Bovendeerd et aI., 1987). The cross section of analysis 
(i.e. cross section 12) was positioned at approximately 0.032 m of arc length. 
Hence the present analysis is independent of in- and outlet conditions and pertains 
to steady state conditions. Increasing the resolution of the mesh did not affect the 
3-D velocity vector field, at cross section 12 under our conditions, hence the axial 
velocity component is accurately calculated by this approach. 

Although blood is a shem thinning viscoelastic fluid (Krams et aI., 1997; 
Bovendeerd et aI., 1987), as a first approach we assumed the fluid applied in the 
present calculations to he Newtonian. This assumption is not very resh'ietive, as 
the velocity gradients of the present calculations are high, especially after catheter 
placement. Blood can he considered Newtonian for shear rates higher than 100s". 
Consequently, non-Newtonian effects me expected to be minimal under the 
present conditions. 

Coronary flow and not coronm'y velocity is kept relatively constant by the 
impedance of the microcirculation, due to autoregulation. However, the pressure 
difference calculated in the present conditions were so high that autoregulation 
would not be able to keep flow constant. Furthermore, the same autoregulation 
would induce a shear-dependent diameter expansion in the vessel segment under 
study. Hence, to avoid these complexities, we have assumed constant entrance 
velocity. Consequently, our data should be interpreted with caution because in 
practice, both above-mentioned factors (i.e., velocity and shear stress) may 
change after catheter placement. 

We did not include side branches and elasticity of the walls to make the 
problem easy to solve analytically and numerically (Bovendeerd et aI., 1987; 
Olsen and Snyder, 1985; Berger and Talbot, 1983). In addition, out of plane 
curvature has been measured in the human coronary system (Asakura and Karina, 
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1990). The present analysis should therefore be considered as a first order 
analysis. 

In summ",)', placement of a catheter inside a curved tube resembling the human 
coronary system affects the distribution of the velocity field, and appears to have 
a secondary velocity reducing effect. Because the effect of secondary velocity on 
flow calculations is already small in the absence of a catheter, the present study 
supports the usefulness of catheter based flowmetry during resting flow 
conditions. During hyperemic flow conditions Ilow, calculations might be 
accompanied by large axial pressure drops because the catheter itself might act as 
a significant stenosis. This effect is particularly pronounced in small tubes and in 
the presence of a stenosis. Consequently, hypercmic flow might be reduced 
despite accurate ll1easurement of t1ow. 
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Chapter 3, quantitative validation 

Background 
True 3-D coronary vessel reconstruction based on intravascular ultrasound 
(IVUS), requires reconstruction of both the ultrasound beam location and 
orientation over the pull back trajectory. For this purpose, we developed a new 3-
D reconstruction method incorporating angiographic and IVUS information 
(ANGUS). 

Methods and results 
First, the pull back trajectory of a sheath based IVUS catheter is predicted from a 
single set of end-diastolic biplane images to reduce respiratory motion artifacts. 
R-wave triggering of the IVUS image acquisition eliminates cardiac motion. 
Secondly, IVUS contours of lumen or stent are obtained and combined with the 3-
D trajectory. Quantitative matching of the silhouette of the 3-D reconstruction 
with the angiogram is used to reconstruct the ultrasound beam orientation. The 
feasibility and accuracy of ANGUS was tested in 16 patients who were 
investigated at follow up after stent placement. 

Reconstructions were obtained in 12 patients. The accuracy determined by 
comparing the actualleugth of the pull back trajectory with the reconstructed path 
length was good (r =0.99). Computer calculated silhouette images of 3-D catheter, 
lumen and stent reconstructions correlated closely with the actual X-ray images. 
Comparing cOlTesponding distances in these images showed con'elation factors 
between 0.84 and 0.97. Multiple measurements of the stent diameters in the 3-D 
IVUS silhouette images (D,ilh) almost equaled those in the X-ray images: D,ilh = 
l.02 D,.my - 0.06 mm (n = 1106, r = 0.92) 

Conclusion 
With ANGUS, 3-D reconstrllctions of coronary arteries can be sllccessfully and 
accurately obtained in clinical practice. 
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Intravascular ultrasound (IVUS) generates images with a high temporal and 
spatial resolution (Nissen et al., 1991; Yock and Linker, 1990) and is useful to 
evaluate both vessel wall mOlvhology and dimensions before and after catheter
based interventional procedures (Hodgson et al., 1993). Therefore, IvUS imaging 
is of great value in serial studies, to provide new insights in the process of 
restenosis (Di Mario et al., 1995), vascular remodeling (Pasterkamp et al., 1995) 
and progression or regression of atherosclerosis (von Birgelen et al., 1997). 

However, IvUS imaging is a tomographic technique, which makes it rather 
difficult to grasp an overview of an investigated vessel segment. To partly 
overcome this limitation, multiple images can be acquired during a catheter pull 
back. 3-D stacking of these images can provide a useful overview of the IvUS 
information (Kitney et al., 1989; Roelandt et al., 1994; Rosenfield el al., 1991) 
assuming that the catheter moved along a straight path. However, the catheter 
generally moves along a curved trajectory and "straight" 3-D reconstructions have 
a limited applicability. For example, the orientation of eccentric plaques or 
intimal proliferation cannot be related to characteristics of local vessel curvature. 
In addition, accuracy of plaque volume quantification (Wiet e/ al., 1996) 
decreases when neglecting curvature. 

To resolve these shortcomings, 3-D reconstruction methods have been 
devised that take into account the curved path of the transducer during pull back 
(Evans e/ al., 1996; Klein Hans-Martin et al., 1992; Koch el al., J 993). This path 
was reconstructed from multiple biplane X-ray recordings of successive 
h'ansducer locations. However, some important reconstruction problems such as 
the determination of the rotation of the IV US cross sections around the 
reconstructed path and susceptibility to respiratory motion remained to be sol ved. 

We developed a new 3-D reconstruction method to solve these problems. 
This method, called ANGUS, combines data from angiographic and ultrasound 
images (Laban et al., 1995; Slager et al., 1995; Slager et al., 1997) and unlike 
earlier methods, only a single set of biplane images of the IvUS catheter suffices 
to predict the pullback trajectory. Furthermore, a quantitative technique that 
compares the silhouette of the IvUS reconstruction with the angiogram was 
developed, which enables determination of the IvUS cross sectional rotation. The 
safety, feasibility and accuracy of ANGUS were clinically evaluated. 
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3.2.1 Basics oftrue 3-D IVUS reconstruction. 
3-D reconstruction requires definition of a 3-D coordinate system in the heart 
catheterization laboratory. For this purpose, a calibration cube showing x, y and 
z-axes (length 40 nnn) is placed in the isocenter of the X-ray system and recorded 
in biplane (Figure IA). When imaging a single point object with this calibrated 
geometry, the 3-D position of the object can be reconstructed fi'om the biplane 
images (McKay et al., 1982). In this way, the em-lier methods reconsh'ucted the 3-
D pull back trajectory from multiple transducer positions (Figure 2A). However, 
artifacts induced by respiration may be severe (Figure 2B). We reconstruct the 3-
D position of a sheath based catheter (Figure 2C) and use this as a "backbone" for 
the 3-D vessel reconstruction. This reduces susceptibility to respiratory motion. 
To reduce the etlect of cm-diac motion, acquisition of the IVUS images is ECG 
triggered. Both the catheter and the IVUS images are acquired at the same cardiac 
phase. This determines the phase of the reconsh·uction. 

Repositioning an IVUS cross section on a reconstructed trajectory involves 
three steps, which are clearly distinct. First, the center of the cross sectional 
image is translated to a reconstructed transducer location. Secondly, at that 
location (Figure 20 and 2E) the reconstructed IVUS imaging plane is assumed 
perpendicular to the local trajectory. Thirdly, the cross sectional image needs to 
be rotated around the h'ajectory to achieve a correct spatial reconstruction. As an 
example, Figures 20 and 2E show two different rotations. When assuming that 
images 2C and 20 are observed from a similar point of view, the rotation shown 
in Figure 20 corresponds best willi the actual imaging position II' In that case, the 
thickest part of the wall is located at the inner curve of the pull back h'ajectory in 
both images. 

3.2.2 In vitro models 
To validate the accuracy of catheter reconstruction, a helical wire model (length 
100 mm, radius 35 mm, pitch 65 mm) was used on which II radio opaque 
markers were attached at 10 nnn intervals. 
A second model allowed angiographic and IVUS lumen imaging. This model 
consisted of a helical gutter (pitch 100 mm) that was machined in the surface of a 
120 mm diameter plastic cylinder. The gutter was watertight closed by a flat strip. 
Consequently, gutter cross sections had a flat side aligned to the cylinder surface. 
Gutter width and depth were 3 l1ll1l. At two locations, small eccentric stenoses 
were added to the gutter. A 9F catheter introducer sheath was fixed to both ends. 
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A B c 
Figure 1: A Biplane images of the calibration cube. Top: LAO 19°, Cranial Y, Bottom: 
LAO 91°, Cranial 0°, Markers at the origin (large dot) and at the x, y and z axes aid in 
recognizing the cube's orientation. Band C. Biplane images of a sheath-based catheter in a 
right coronary artery just aftcr the start of pull back. The lumen is filled with diluted 
contrast. The catheter centerlines (corclines) between tip (distal) and guiding entrance 
(proximal) are used to predict the 3-D path followed by the transducer during pullback. 

3.2.3 Patient study 
To test the feasibility and accuracy of ANGUS in the clinical setting, 16 patients 
who gave informed consent, were investigated 6 months after Wallstent 
implantation in a study that was approved by the institutional medical ethical 
committee, Vessels studied in these patients were LAD (6), ReA (9) and LeX 
(I ). 

3.2.4 Acquisition of X-ray Images 
After stmting the IVUS pull back, biplane X-ray filming at 25 frames!s (BleOR, 
Siemens, A.G., Erlangen, Germany) recorded the position of the ultrasound 
catheter. In addition, an angiogram was made by manually injecting radio opaque 
dye (Iopamiro 379, Bracco, Italy, diluted with saline in a ratio of 2:1) through the 
guiding catheter (SF). 
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A B c D E 

Figure 2: A and C, show longitudinal cut planes through a vessel for two different types of 
IVUS catheters. The ultrasound transducer is indicated at two locations. A shows a free 
noating catheter and C shows a sheath-based type. The imaging planes (It, 12) are drawn 
perpendicular to the centerline of the catheter. Note that in A, the imaging plane is not 
necessarily perpendicular to the interpolated path that connects slIccessive transducer 
positions. B shows possible distortion of the path due to cardiac motion induced by 
respiration. D and E show in perspective views a 3-D reconstructed catheter corelinc and an 
IVUS cross sectional plane for two arbitrary angular rotations. If C and n show similar 
perspective views, the angular rotation shown in D is in agreement with the location of the 
intimal thickening as shown in C. 

The gutter phantom was filmed in an identical way. Films were stored in DICOM 
format (8 bits, 512 x 512 pixels) on a compact disk. 

To enable synchronization of the X-ray and IVUS images, a mnlti-channel 
data acquisition system ACODAS (DATAQ Instruments Inc., Akron, Ohio, USA) 
was used to record the X-ray Hashes. At the end of the investigation, the 
calibration cube was filmed using the previously stored X-ray geometrical 
settings. In addition, a flat calibration grid was filmed in contact with the image 
intensifiers' entrance screens to allow calibration at this level of the imaging 
chain. 

3.2.5 Acquisition of IVUS Images 
IVUS images were acquired using a 2.9F sheath based catheter (MicroView, 
Cardiovascular Imaging Systems, Sunnyvale, California, USA). This catheter has 
an ultrasound transparent distal sheath that either contains the guide wire (during 
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catheter introduction) or the rotating imaging core. Imaging is applied with the 
core rotating at 1800 rpm. Ultrasound frequency is 30 MHz. 

TVUS images were acquired at the top of the R-wave of the ECG after 
detection of a regular R-R interval. Then, the catheter was pulled back by 0.5 mm 
using a stepping motor (Bruining et ai., 1995). Pull back was stopped after the 
transducer entered the guiding catheter. The clech'ocardiogram and stepping 
pulses were recorded by ACODAS for synchronization purposes. IVUS images 
were stored in digital format (8-bit, 256x256 pixels) in a personal computer. 
During pull back also a continuous VHS video tape recording was made of all 
IVUS images. 

3.2.6 Processing of X-ray images 
From the X-ray recordings, a biplane set of end-diastolic frames was selected that 
optimally displayed the catheter and the contrast filled lumen. These frames were 
stored in a personal computer and first used to draw the catheter centerline 
(coreline) starting at the X-ray opaque tip (distal) until its intersection with the 
entrance of the guiding catheter (proximal; Figure IB, IC). Secondly, the borders 
of the lumen and the stents were drawn. Drawings were made using custom-made 
software, which contains special features to aid recognition of image details. Near 
side branches or border areas being too difficult to interpret, no borders were 
drawn. Tn the calibration images, edges of the calibration cube and a 5x5 em area 
of the grid were indicated. 

3.2.7 Processing of Ultrasound images 
To determine borders in the IVUS images a semi-automatic contour detection 
program was used (Li el ai., 1993). This program presents to the operator a cross 
sectional image and two longitudinal cut planes through the stack of images. As a 
first step, the program detects contours in the longitudinal views at the interface 
of lumen to wall and at the external elastic lamina or at the inner border of the 
stent. From these longitudinal detection results, 4 points become available to start 
the detection in each cross section. At less well-defined locations, the operator 
can add cOlTections. At this stage, display of the IVUS videotape recording 
significantly aids border recognition. Lumen, stent and external wall contours will 
respectively be used to 3-D reconstruct the arterial lumen, the stent and the outer 
vessel border. 

For further processing, the contours are described in Fourier terms. In the 
cross sectional plane, 16 harmonic terms are used and in the axial vessel 
direction, the number of terms is a quarter of the number of cross sections. 
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Figure 3: These panels illustrate how the "absolute" angular orientation of the IVUS cross 
sections can he determined. In the left upper panel, one of the biplane views of a sterrt is 
shown. The other top panels show two reconstructions, which started with different angular 
orientations of the distal contour. The reconstructions arc shown from the same point of 
view as the angiogram. The lower panels illustrate how in the respective projection images, 
distances (d!, d2) can be measured from the catheter emetine to the stent border at 
corresponding locations. Obviollsly, there is best correspondence between the angio and the 
2700 reconstruction. Notc that for this sterrt a diameter comparison would not he helpful to 
dctcrmine angular rotation 
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Figure 4: For the stent reconstruction shown in Figure 3, the lower panel shows the squared 
linear correlation coefficient (r2) of the comparison between coreline to stcnt distances in 
the IVUS silhouette and in stent angio images, as a function of angular rotation. As shown 
in the upper right panel, the peak at 270° has a positive slope. At 80°, a mirror solution with 
a negative slope is observed. 
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Both selections imply some filtering of the reconstruction (Laban et ai., 1995). 
Adding sUlface elements that bridge the gap between successive contours, allow a 
closed surface description of the reconstruction. 

3.2.8 Reconstruction of the catheter centerline (coreline) 
The method to reconstruct a singie point in 3-D space from its biplane projections 
was introduced by McKay et al. (McKay et ai., 1982) and has been adapted by 
many investigators (Evans et ai., 1996; Guggenheim et ai., 1992; Klein Hans
Martin et ai., 1992; Koch et ai., 1993). To determine the involved mathematical 
descriptions (matrices), at least 6 non-coplanar 3-D calibration points are 
required. We used the 8 corner points of the calibration cube for that purpose, 
which were derived from the drawn cube edges. 

3-D reconstruction of the cO/,eline requires a quite different approach than 
reconstruction of a single point. First, the only 2 available unique matching points 
at the ends of the careline arc directly reconstructed in 3-D space. In between 
these two reconstructed points, a circular segment is defined that serves as a first 
3-D approximation for the coreline to be reconstructed. Next, this first 
approximation is adapted in 3-D in a number of steps (for details see Appendix) 
until its simulated biplane projections optimally match with the drawings of thc 
coreline. For this matching purpose, 128 points are defined on the 3-D coreline, 
which projections are compared with the positions of 128 corresponding points 
assigned to each of the coreline drawings. Root mean square distance between 
cOlTesponding points specifies the correspondence between both projection 
images. 

The 3-D length of the reconstructed coreline, minus a fixed 8.5 111m 

(distance from tip to transducer), is compared to the total pull back distance from 
distal to proximal. 

3.2.9 Reconstruction of the cross sectional planes 
The locations of the IVUS cross sections along the coreline from distal to 
proximal are distributed at equidistant intervals. At a reconstructed location, the 
accompanying cross sectional plane is positioned perpendicular to the cOl·eline. At 
this phase of reconstruction, the angular rotation of the imaging plane (Fig. 2 0 
and E) cannot be determined. A first guess for the reconstruction is obtained by 
choosing an arbitrary angular rotation for the distal imaging plane. From distal to 
proximal, the Olientation of each consecutive plane can be derived from each 
preceding plane by use of a simple "bending" algorithm (Laban et ai., 1995; 
Prause et al., 1997) that operates in accordance with the bends in the coreline. 
This algorithm automatically COlTects for a twist like phenomenon (Laban et al., 
1995) that shows a rotation of the IVUS images when the catheter passes through 
helical curves (Figure SA). 

63 



Chapter 3, quantitative validation 

3.2.10 Determination of the angular rotation 
To check whether the angular rotation of the distal plane makes sense, biplane X
ray shadow images of the reconsh-ucted lumen or stent smface are simulated and 
compared with the achml X-ray images_ In Figure 3, this is illustrated for a stent 
for two different rotations_ To allow a quantitative comparison, distances (dj, ( 2) 

are measured from the coreline to the stent border in the stent angiogram and in 
the simulated images. Actually, in each biplane view 60 coreline locations are 
defined from distal to proximal to measure distances. Thus, a maximum of 240 
distance comparisons can be made for the combined biplane views. In general, the 
actual number will be less because of local omissions in the border drawings. 
Distance data are normalized to an X-ray geometrical magnification of l. Then, 
silhouette dimensions equal those that would be observed on an image intensifier 
plane located in the isocenter. Correlation bctween distances is determined by 
linear regression analysis as a function of the angular rotation in 10 degrees steps. 
Figure 4 shows the correlation coefficient (squared) as a function of angular 
rotation for the example of Figure 3. Maximum positive correlation defines the 
optimal angular rotation of the distal TVUS plane. 

3.2.11 Diameter measurements 
Adding adjacent distances renders local lumen and stent diameters in the 
projected images. Combining both views, a maximum of 120 diameter 
measurements can be obtained. 

Data are sUllll11arized as means ± standard deviation. For determining the 
relationship between X-ray and TVUS related dimensions in the projection 
(silhouette) images at optimal angular Olientation, orthogonal regression analysis 
is applied. 

3.4.1 Wire model 
The reconstructed "coreline" length was 99.7 mm, which is only 0.3 mm less than 
the actual 100 mm length of the model. The "coreline" projections showed close 
matching with the drawn wire centerlines. Root mean square distance between 
corresponding points was 0.57 mm (n = 256 points). 
The projections of the individual markers (22 points) allowed "single point" 
reconstructiou of 11 marker locations in 3-D. The locations of 11 corresponding 
points on the reconstructed core line, distributed at equal distance intervals were 
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also calculated. Root mean square distance in 3-D between the 11 "corelinc" 
points and the reconstructed marker locations was 0.61 ± 0.36111111, which is small 
compared to the 100 rmll length of the modcl. 

3.4.2 Gutter model 
Length of the reconstructed 3-D coreline from distal to proximal was 108.5 111111. 
Pull back distance was 106.4 mm. The projections of the reconstructed coreline 
fitted accurately with the actual drawn corelines. Root mean square distance 
between both curves was only 0.26 mm (n = 256). 

The angiographic coreline to lumen border distances (n = 178) compared 
with those from the simulated gutter projections correlated best (r2 = 0.86) at 80 
degrees of angular rotation. This rotation was also found when determining the 
optimum rotation for the frontal and lateral views separately or when using the 
combined diameter data. For this 80 degrees rotation, comparison between 
diameters dcrived from the angiogram and Ij'om the 3-D reconsh'uction silhouette 
yielded: D,i1h = 1.06 D",gio - 0.06 mm (r2= 0.90, n= 73). 

In Figure 5B and 5C, rendered views are presented of the reconstructed 
gutter, combincd with a cylinder surface having the exact dimensions of thc 
actual model. The magnified views show that the !lat sides of the gutter profile at 
both of its ends arc perfectly aligned with the surface of the cylinder. Apparently, 
the detected angular rotation is correct and the twist observed in the IVUS images 
(Figure SA) is con'ectly handled. 

3.4.3 Patient artery reconstructions 
Reconstructions of arteries and stents were successfully obtained in 12 patients (7 
RCA, 4 LAD and I LCX). In all of these patients, angular rotation was 
determined on the basis of the stent contours. In 4 patients (2 LAD, 2 RCA) 
inadequate X-ray imagc quality and choice of projection or 3-D calibration error 
precluded 3-D reconstruction. Figure 6 shows an example of a reconstructed right 
coronary artery in lateral projection at optimal angular rotation. 

Length of the 12 reconstructed corelines ranged from 36 to 76 mm. 
Comparing thesc lengths (Lom,) with the applied number of pull back steps (n) 
delivered: L,,",, = 0.48 n + 4.1 mm (r = 0.99). 

The projections of the reconstructed 3-D coreline fitted accurately with the 
drawn corelines. The residual root mean squm'c distances varied from 0.1 to 1.6 
mm, averaged for the 12 patients this was 0.65 ± 0.46 rmll. In addition to the 
stent-based angular rotation determination, the lumen angiogram could bc used 
for this purpose in 7 of the 12 patients. 
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A B c 
Figure 5: A Between the distal (top) and proximal (bottom) IVUS images of the helical 
gutter model a twisting like motion is observed during pull back. Band C: Rendered views 
of the cylinder, in which the gutter lumen was machined, combined with the actual ANGUS 
reconstruction of the gutter. The enlarged distal (B) and proximal (C) lumen ends show 
how the reconstructed nat side of the lumen is accurately aligned with the cylinder surface. 
This illustrates that the observed rotation in the IVUS images is correctly handled. 

B c 
Figure 6: Lateral angiographic view of a right coronary artery (A) and the corresponding 3-
D lumen reconstruction shown in panel B. There is close similarity between the lumen 
diameters and the position of the catheter coreline relative to the lumen. In panel C, the 
vessel wall is added to the reconstruction. 
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The absolute difference between stent and angiographically determined rotations 
was only 17 ± 12°; the mean of the signed differences was 60

• 

At optimal stent-determined rotation, the 12 distance relations, comparing 
the stent angiogram with the 3-D silhouette showed con-elation coefficients that 
ranged from 0.84 to 0.97 (average 0.91 ± 0.04). At optimal lumen-determined 
rotation the average con-elation of the distance relations was 0.84 ± 0.12, (n=7). 

Combining all in-stem distance measurements for the 12 patients in a single 
orthogonal linear regression analysis yielded: d,dh = 0.90 d",g;o + 0.19 mm (n = 
2344, r = 0.92) with d,;ll, the distance in the 3-D reconsh'uction silhouette and 
d,,,g;o the corresponding distance in the stent angiogram (Figure 7). A similar 
comparison between all stent diameters (D) in the 12 patients yielded: 
D,;n, = 1.02 D,,,g;o - 0.06 mm (n = 1106, r = 0.92) (Figure 7). 

Distance Diameter 
E 4 .---------------, E r. .-------------;0 
E .§. 

o 2 3 4 
lU1gio [nunl 

~5 
• , 
~4 

o 2 3 456 
llngio Imml 

Figure 7: These scatter plots show all distance and diameter data derived from the 
silhouettes of the 12 patient 3-D stent reconstructions, compared to data from the actual 
angiographic images. The line fitted through the data is obtained with orthogonal linear 
regression analysis. For details see text. 
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3.5.1 Coronary 3-D reconstruction 
Several investigators (Muhlestein et ai., 1997; Parker et ai., 1987; Wahle e/ ai., 
1995) utilized coronary biplane angiograms of patients for 3-D reconstruction of 
the coronary skeleton and/or lumen. However, such lumen reconstructions require 
assumptions about the shape of the lumen cross sections and therefore have 
limited applicability. In principle, imaging modalities like MRT and EBT are 
better designed to perform such a 3-D task. Unfortunately, the relatively low 
resolution of these techniques limits their use for many coronary applications. 
Therefore, the combined use of high-resolution intravascular ultrasound imaging 
and biplane angiography offers an attractive alternative for 3-D coronary artery 
reconstruction. In particular, the possibility added by IVUS to reconstruct the 
arterial wall is of great value for many applications. 

The first presented 3-D reconsh'uction methods fusing TVUS and 
angiography did only partly solve the principal reconstruction problems. For 
instance, the pull back h'ajectory was derived from the vessel midline (Klein 
Hans-Martin e/ al., 1992), from monoplane (Koch el ai., 1993) or from multiple 
transducer positions (Evans e/ al., 1996) and angular rotation was not determined. 
Tn the present paper, we report on improvements on our first reported solutions 
(Laban e/ al., 1995; Slager e/ al., 1995) for these problems and on the addition of 
a quantitative approach for the determination of angular rotation. Furthermore, we 
now have developed a number of tools for contour drawing, image enhancement 
and automated data collection to allow analysis of images obtained in clinical 
routine. Tn this present study we demonstrate that the ANGUS method is able to 
3-D reconstruct stent and coronary arteries in clinical practice in the majority of 
investigated patients with a high accuracy. The applied protocol fitted well in the 
clinical setting as it barely differs from standard imaging protocols. There was an 
excellent agreement between details of the reconstruction silhouette and 
angiographic findings. Very good agreement was also obtained with other 3-D 
derived data like pull back length of the TVUS catheter and known geometric 
measures of the investigated phantoms. 

3.5.2 Coreline reconstruction 
In our initial studies, we used data on the X-ray geometry provided by the biplane 
system itself. This is most attractive as it may allow 3-D reconstruction on line. 
However, in our experience, the data provided was too inaccurate. Therefore, we 
adapted to the use of a calibration cube and the use of transformation matrices 
(McKay et al., 1982). 

Reconstructing the 3-D coreline from its two coreline drawings using the 
parameter fitting approach (Appendix) produced good results. Probably a reason 
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for this is that the catheter sheath by its nature straightens as much as possible and 
thereby prevents the need for reconstructing complex curves. An advantage of the 
parameter fitting approach is that it automatically guides the 3-D coreline through 
spatial locations (blind planes (Laban et al., 1995», which otherwise may pose 
problems because of ambiguous solutions (Wahle et al., 1995). The accuracy of 
the reconstructed corelines as determined ii'om its projections was quite 
satisfactory. The largest deviations were observed in the patients and probably 
originated from cardiac and/or respiratory motion because the different biplane 
views differ in time by 20 ms and therefore do not represent the same 3-D 
eatheter position. 

The helical wire model with attached markers enabled comparison of points 
on a coreiine reconstruction with multiple 3-D "single-point" reconstrueted 
markers. The resulting ,pat;a[ elTor was very small and indicates that for this 
model good matching in the 2-D projection images is paralleled by an accurate 
spatial coreline description. 

The length of the coreline reconstruction was most accurate in the wire 
model. The reconstructed length in the gutter model and in the patients slightly 
exceeded the length derived from the number of pull back steps. As the pull back 
device was accurately calibrated, the remaining difference may originate from 
estimating the proximal intersection of the coreline with the guiding catheter in 
the angiogram. This is complicated by a diminished radio-opacity of the soft tip 
of the guiding catheter. The distal tip position could be accurately indicated and 
showed hetter visibility than the IVUS transducer. 

3.5.3 Stent and angiographic matching 
In this study, we opted primarily for the reconstruction of stents in patients. This 
meant that for determining the angular rotation, only stent X-ray images would be 
needed. Yet, we made a contrast angiogram, because we wished to investigate 
simultaneously whether the angular rotation could be derived on base of matching 
with the lumen as well. To enable a comparison between the angular rotations 
obtained with both matching procedures it was necessary to use the same end 
diastolic X-ray images. This choice may have contributed to a somewhat lower 
success rate of both reconstruction procedures. At the one hand, the contrast agent 
impaired recognition of the stents and on the other hand, the remaining sections to 
be used for angiographic matching were rather short. Therefore, we expect that 
when focusing on a single matching procedure the suecess rate will be higher. 

The use of diluted contrast enabled visualization of the catheter and the 
lumen silhouette in a single image. Another advantage of diluted contrast was its 
much lower viscosity, which allowed rapid manual injection through the guiding 
catheter. 

The angular rotations determined from both matching procedures agreed 
closely. This is an important result as the matching structures of the stent and the 
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angiographic borders were at different positions in the investigated arteries. 
Therefore, it is unlikely that unpredictable sources of catheter twist remain along 
the coreline. As is also indicated by the gutter reconstruction, the applied 
algorithms, which handle geometrical twist (Laban et al., 1995; Prause et al., 
1997), lead to excellent matching with known geometrical details. Therefore, we 
expect that when avoiding reconstruction of tight stenoses, where additional 
catheter torsion may occur by increased friction, angular rotation can be 
accurately determined. 

In this study, we generally used the distance parameter, i.e. the catheter 
position relative to the lumen or stent border, to determine angular rotation. 
Indeed, for a catheter positioned in the center of the stent for both projections, no 
information can be obtained. Obviously, this situation will rarely happen. The 
stent diameters are less well suited for matching, as their silhouette will not 
change much when varying angular rotation. For angiographic matching, the 
diameters of the lumen silhouette may serve well because they generally show a 
wide variation for different angular rotations. This is confirmed by the good 
results for diameter matching obtained in the gutter model. 

Our experience with the angiographic matching procedure further taught us 
that there was a lack of contrast between the catheter and the arterial wall for gaps 
getting smaller than 0.5 nnn. We therefore excluded those areas from our 
analysis. Interestingly, because of observing a local mismatch between the angio 
and 3-D reconstruction silhouette, sometimes we detected lumen areas of eddying 
or stagnant blood flow in the IVUS images just behind focal stenoses. Otherwise, 
these areas would have been indicated as soft plaque. 

3.5.4 Comparing IVUS and Angio dimensions 
At optimal angnlar rotation, the excellent result of the distance comparison 
(Figure 7) proves fuat the catheter sheath position at begin of pnllback can be 
used to predict the pull back trajectory. The residual differences, derived from the 
regression equation are only 0.12 nnn for the smallest (0.6 Imn) and - 0.12 Imn 
for the largest (3 mm) distances; at the intermediate distance (1.8 mm) no 
difference is observed. We used orthogonal regression analysis for this combined 
distance comparison, as this method is independent of the choice for IVUS or 
angio as the independent variable. We did not use the angiographic data to test the 
predictive value of the catheter position for the pullback trajectory. Then, other 
complicating factors playa role like a possible change of state in vasomotion 
during pull back and less well defined lumen borders for both imaging modalities. 
One of the mechanical reasons for the observed stability of the sheath position 
during pull back, is that the sheath stlives to a condition of minimal bending 
energy. This condition is not much influenced by the insertion depth of the 
imaging core, which has a much higher flexibility than the sheath. 
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The stent diameter comparison (Figure 7) between the IVUS 3-D reconstruction 
silhouettes and the actual angiograms shows that no important calibration errors 
seem to exist in the IVUS nor in the angio imaging system. The orthogonal 
regression equation shows an almost exact 1 to 1 slope and an almost zero 
intercept. Part of the remaining error may have been introduced by indicating the 
stent in the IVUS images at the inner border, while in the angiogram the midline 
of the stent wires is indicated. This difference could explain a negative intercept 
of approximately O. I mm, i.e. one stent wire diameter. 

The random error in the distance and diameter comparisons can be 
estimated from the standard elTor of the estimate, which is O. I 7 mm and 0.19 mm 
respectively. Sources of this error are first the uncertainties in both the 
angiographic and IVUS border determination. Secondly, differences in 
determining cOlTesponding distance measurement locations will exist. Thirdly, 
particularly in the borders drawn in the angiogram, digitization noise cannot be 
neglected. 

3.5.5 Limitations 
One of the most obvious restrictions of the Clment arterial reconstruction method 
is its inability to include side branches. Although not being a limitation of the 
ANGUS method, in this study we only reconstructed the end diastolic vessel 
geometry. 

3.5.6 Applications 
True 3-D reconstructions of arterial lumen and wall have the possibility to study 
in vivo spatial characteristics of lesions, which previously was not possible. 
Particulm-ly, a comparison between these characteristics with hemodynamic 
parameters like shear stress, derived from numerical computational flow 
simulations applied to the reconstructed lumens, opens new ways for many 
interesting studies (Krams et al., 1997). Application of true 3-D reconstruction 
methods will also help to enhance accuracy in plaque volume estimation and in 
calculating the spatial distribution of radiation dose in the field of radiation 
therapy. 

3.5.7 Conclusion 
3-D reconstruction of coronary arteries by ANGUS can be applied in clinical 
practice with a high rate of success and with high accuracy as the path followed 
by a sheath based IV US catheter can be predicted with high accuracy from a 
single set of biplane angiographic images. Both location and angular orientation 
of IvUS images can be accurately derived from a quantitative comparison of the 
3-D reconstruction silhouette with the angiogram. IvUS derived Wallstent 
diameters as measured in the 3-D reconstruction silhouette equal those derived 
from the angiogram. 
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The contribution of the catheterization laboratory technicians and nurses in 
improving and implementing the protocol is greatly acknowledged. The authors 
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The semched 3-D coreline is described as a series of points in 3-D space along a 
spatial curve using parameter n. The present description slightly differs from that 
in the earlier paper (Laban et al., 1995). For n = 0, 11127,2/127, .... , I a total of 
128 vector points P (n) are defined according to: 

P (n):::: A + nB + C sin 11q,,+ D cos n$s + E sin 2 ncps + F cos 2 n4>, + G sin 3 nip, + H cos 3 114>5 

Angle $, and vectors A, B, C, ... H have to be determined. The terms C sin n$, 
and D cos n$, describc a segment of an elliptical curve in 3-D. Angle $, 
determines this segment, for $, = 360" a full ellipse is described. Vector A is a 
displacement vector. The incremental vector nB adds pitch to enable description 
of helical curves. The tcrms preceded by E, F, G and Hallow desCliption of 
highcr order details. 

As a first approximation of A, C, D and $, (other coefficients are set to 
zero) it is assumed that the Curve is a circular segment passing through the 3-D 
reconstructed distal and proximal end-points of the coreline and a third 
intermediate 3-D point. The lattcr point is rcconstructed from two points indicated 
at the middle of the cOl'eline drawings. The biplane projections of the 128 curve 
points are calculated and compared with the actual drawn 2-D corelines. For this 
purpose, the drawn corelines are also sampled at 128 points that are spaced at 
similar relative distances as the projected curve points. The root mean square of 
distances between cOlTesponding points provides a cost function, which is 
minimized by adjusting the unknowns with a Gauss-Newton iterative solver 
(MATLAB®, The MathWorks, Inc., Natick, MA, USA). After first adjusting A, 
C, D and $" other unknowns are stepwise added and optimized. 
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Chapter 4, shear stress and atheroscelerosis 

The predilection sites of atherosclerotic plaques implicate rheologic factors like 
shear stress underlying the genesis of atherosclerosis. Presently no technique is 
available that enables one to provide 3-D shear stress data in human coronary 
arteries in vivo. In this study, we describe a novel technique that uses a recently 
developed 3-D reconstruction technique to calculate shelli' stress on the 
endothelium with computational fluid dynamics. In addition we calculated local 
wall thickness, the principal plane of curvature, and the location of plaque with 
reference to this plane, relating these results to shear sh'ess in a human right 
coronary artery in vivo. Wall thickness and shear stress values for the entire 
vessel for three inflow-velocity values (10 cm/s, 20 cmls, and 30 cm/s equivalcnts 
with the Reynolds numbers 114, 229, and 457) were as follows: 0.65±0.37 mm 
(n=1600) and 19.6±1.7 dyne/cm2, 46.I±S.1 dyne/cm2 and SO.1±16.S dyne/cm2 
(n= 1600). Curvature was 25±9 (m'I), resulting in Dean numbers 20±S; 46± 16, 
and 93±33. Selection of data at the inner curvature of the right coronary lli'tery 
provided wall thickness values of 0.90±0.41 mm (n=lOO), and shear stress was 
17±17, 38±44 and 77±54 dyne/cm2 (n=IOO), whereas wall thiclmess values at the 
outer curve were O.37±0.17 Jmn and shear stress values were 22±17, 60±44 and 
107±79 dyne/cm2 (n=100). These findings could be reconciled by an inverse 
relationship between wall thickness and shear stress for each velocity level under 
study. For the first time for human vessels in vivo, evidence is presented that low 
shear stress promotes atherosclerosis. As the method is nondesh'uctive, it allows 
repeated measurement in the same patient and will provide new insights in the 
progress or atherosclerosis. 
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Atherosclerotic plaques arc located more frequently near bifurcations, near 
trifurcations, and in curvatures of vessels compared with other sites of the arterial 
tree (Fox and Seed, 1981; Sakata and Takebayashi, 1988; Smedby et al., 1995; 
Tjotta, 1963; Willis, 1954) implying that local factors are necessary to explain 
this condition fully. Tn search of these factors, several animal and human post 
mortem studies have provided evidence for a relationship between local shear 
stress, imposed by the velocity of the blood on the endothelium, and the 
localization of these predilection sites of atherosclerosis (Friedman et al., 1987; 
Friedman et al., 1992; Friedman el al., 1986; Gibson et al., 1993; Sabbah el al., 
1984; Sabbah et al., 1986). On a cellular level, other studies have revealed a 
relationship between shear stress and the production of nitric oxide (NO or 
endothelium-derived relaxing factor), endotheline-l and multiple growth factors 
(Davies and Tripathi, 1993; McIntire, 1992; Zhao elal., 1995). 

Despite the abundance of evidence relating shear stress to the normal 
adaptation of blood vessels and the pathophysiology of atherosclerosis, no 3-D 
techniques are presently available that enable one to evaluate echographic-derived 
parameters as plaque size and location in conjunction with shear stress in human 
coronary arteries in vivo. Tn an earlier study, we (R.K., J.J.W., l.A.F.O., l.C.H.S., 
P.J.F., P.W.S., c.J.S.) reponed on the possibility of reconstructing human 
coronmy arteries in three dimensions applying a combination of ANGiography 
and inh'a vascular Ulh'aSound (ANGUS abstracts:(Laban el al., 1995; Slager et 
aI., 1995a; Slager el al., 1995b)). The present study focuses on the possibility of 
calculating regional vessel wall thickness and curve in combination with shear 
stress. Because these data are obtained in human vessels in vivo, this new method 
enables to evaluate rheologic factors and their relationship to the progression and 
regression of atherosclerosis and vessel remodeling after interventions. 

4.2.1 ANGUS 
A detailed description of ANGUS, the 3-D geometric reconstruction method, has 
been presented elsewhere (Laban et al., 1995; Slager el al., 1995a; Slager et al., 
1995b). Briefly, tlle IVUS catheter (CVIS 2.9F, Sunnyvale, Calif) was visualized 
with a biplane angiographic system (Siemens, Bicor, Erlangen, Germany). The 
two views obtained from the X-ray system were digitized, and a custom written 
algorithm, developed in MATLAB (The Mathworks, Natick, Mass), was used to 
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Figure 1: 3-D reconstmction of a right coronary artery from a combination of 
ANGiography and IVUS (ANGUS) (right panel). Applied luminal mcsh for application of 
computational fluid dynamics (left panel). 

reconstruct the catheter path in 3-D space. The echocardiographic vessel cross
sections, obtained from a motorized IV US pullback at a speed of 0.75 mmls, were 
selected offline at end diastole to avoid motion artifacts. These selected frames 
were digitized and analyzed with a semiautomatic contour-detecting algorithm as 
described before (Li et ai., 1995). Output of the program consisted of lumen 
contours, signifying the blood-vessel interface, and the media contours, 
representing the media-adventitia interface (Laban et ai., 1995; Li el ai., 1995; 
Slager et ai., 1995a; Slager et ai., 1995b). These contours were filtered and 
subsequently positioned perpendicularly onto the 3-D catheter path while the 
rotational position of the ultrasound transducer was selected on the basis of a 
comparison of the reconstruction with the coronary angiogram (Laban et al., 
1995; Slager et al., 1995a; Slager et al., 1995b). 

40202 Mesh definition 
The 3-D lumen geometry of the vessel obtained with ANGUS was applied to 
define a mesh that was subsequently used for the computational fluid dynamics 
(Figure I). Generation of the mesh occurred in two steps. First, a straight 
cylindrical unit tube was created, i.e., a straight tube with a circular cross-section 
with diameter and length equal to I m. In this tube, a mesh was defined consisting 
of 3-D cells ("bricks"). A single cross-scction of the tube consisted of 32 cells; 
and in the axial direction, the total tube included 100 cross-sections (Figure 1). 
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Second, based on the 3-D vessel geometry obtained with ANGUS (Laban et al., 
1995; Slager et 01., 1995a; Slager et 01., 1995b) a transformation matrix was 
generated that was applied to each point of the unit tube to modify the lumeu 
mesh until it resembled the 3-D lumen geometry of the original coronary artery 
(Figure I). The resolution for each cell in the mesh was 0.136 mm2 in the cross
sectional plane (range, 0.216 mm2 to 0.051 mm2) and 0.75 mm in the axial 
direction. 

4.2.3 Wall thickness algorithm 
The lumen and media contours for each cross-section were used to determine 
local vessel wall thickness at locations cOlTesponding to the lumen mesh points. 
With a mesh cross-section consisting of 32 cells, we had 16 cells on the lumen 
wall interface. With two nodes per cell, this resulted in 32 points on the border of 
each lumen cross-section of which 16 were used for the present analysis. Hence, 
with 100 cross-sections, the prescnt analysis resulted in 1600 wall thickness 
values. Local vessel wall thickness was defined in the cross-sectional plane as the 
vector, directed from lumen to media, whose intersection with the local lumen 
and media cross-section was the most perpendicular as possible. In other words, 
the summed cosine of the intersection angles should be minimal. 

4.2.4 Curve 
We derived from the 3-D spatially 
reconstructed vessel geometry a 3-D idealized 
vessel centerline that passed through the center 
of the area of each cross-section. Polynomial 
curve fitting along the vessel centerline was 
applied to each of the coordinates separately. In 
general, a fifth order polynomial was necessary 
to describe the centerline accurately. At the 
point of intersection of the centerline with each 
cross sectional mesh plane, the local curvature 
of the centerline was determined. The radius 
vector of a circle fitting through three 
subsequent center line poi nts and pointing from 

"- Centerlin( 

Figure 2: Explanation of the 
calculation of the curvature of a 
coronary artery. Displayed are the 
vessel centerline and the fitted 
circle for estimation of the local 

the origin of the circle to the midst of these curvature and its direction. 
points was selected for this purpose (Figure 2). 
The so-defined local 3-D radius vector was used 1) to calculate curvature 
(K=radius· j 

) and 2) to select wall thickness at the location of the inner and the 
outer curvature of the vessel. Wall thickness located in the inner curvature was 
defined as the wall thickness values located closest to the radius vector (Figure 2). 
The wall thickness located in the outer curvature was located at 180 degrees from 
the location of the wall thickness of the inner curvature. 
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A local right-handed coordinate system was set up on the 3-D vessel centerline 
according to Frenet (Davies and Snider, 1988). The three-unit vectors of this 
right-handed system are the tangent, the normal, and the binormal vectors (Davies 
and Snider, 1988). It can be shown that if the direction of the binormal vector 
(Davies and Snider, 1988) remains unchanged, this 3-D space curve remains in 
plane. Hence, changes in the direction of this unit vector imply out of plane 
curvatures ('twist') of the coronary artery. 

4.2.5 Computational Fluid Dynamics 
Shear stress on the endothelium of a human vessel was calculated using the 3-D 
mesh described above and consisting of 3-D cells (,bricks'). In each cell, 27 
nodes are positioned; and in each node a differential equation describing the full 
incompressible Navier-Stokes equations are implemented. The non-linear 
convective term in the Navier-Stokes equations is linearized with a Newton
Raphson approach. To obtain the pressure unknowns from the discrete Navier
Stokes equations, a penalty function approach is used. We have defined the 
following boundary conditions: uniform stationary inflow velocity of 10 cm/s, 20 
cmls and 30 cm/s at the entrance of the vessel, constant zero stress at the outlet; 
and no-slip conditions at the vessel wall. The values of 10 cmls, 20 cmls and 30 
cm/sec were chosen to represent data from patients under baseline conditions. We 
further assumed that blood was a Newtonian t1uid with a density of 1050 kg/m3 

and a viscosity of 3 cP (Krijger et al., 1992; Rindt et al., 1990; Van de Vosse et 
ai, 1989). Elimination of the pressure unknowns with the penalty method and 
linearization of the convective term results in a set of linear equations with 
velocity unknowns. These equations were solved by a numerical solver, applying 
a direct profile method of a well-validated (Krijger et al., 1992; Rindt et al., 1990; 
Van de Vosse et ai, 1989), commercially available finite element package 
(Sepran, Sepra , Leiden, The Netherlands), which was implemented on a 
workstation (HP 715/80, 256 Mbyte RAM). Details and elaborate validation of 
the solver have been presented before by different laboratories under ditferent 
conditions (Krijger et al., 1992; Rindt and Steenhoven, 1996; Rindt et al., 1990; 
Van de Vosse et ai, 1989). 

The present approach resulted in the calculation of the full 3-D velocity, 
pressure and velocity gradient fields. Because a quadratic interpolation scheme 
was used, the calculations resulted in approximately 2S 000 nodal points in which 
the full 3-D solution of the vector fields were evaluated. From these points, we 
selected for each cross-section the 16-velocity gradient values located near the 
vessel wall. These numbers were subsequently multiplied with viscosity to obtain 

82 



Chapter 4, human coronary artery 

A B 

1.5 
~ 

N 

S 
~ 

6 

s 
$ 
~ 1.0 ~ 

" ~ 
~ 

" j;j 
~ 

i;J 

" 

" "'" u 

:5 0.5 

" .c 
(/) is 

0.0 '---~~-'-~~-----' 

0 10 20 o 10 20 

location on vessel circumference location on vessel circumference 

Figure 3: Shear stress values for a velocity of 20 cmls (panel A) and vessel wall thickness 
(panel B) versus the location on the circumference after axial averaging. Each point is the 
average of 100 data points. Error bars represent standard deviations. The additional points in 
the figures signify the location of the inner curve (.) and the outer curve ("). 

shear stress at 16 points for each cross-section. For the entire vessel, with 100 
cross-sections, this resulted in 1600 values of shear stress. 

At colTesponding locations on the vessel wall, we calculated shear stress, 
wall thickness and curvature with the algorithms described above. The spatial 
resolution of the shear stress values was approximately 0.3 rnrn in the 
circumferential direction and 0.75 mm in the axial direction. 

The data are presented as mean ± standard deviation. Differences in mean values 
are tested by a Student's t-test, significance levels are set to p<0.05. To relate wall 
thickness quantitatively to shear stress we applied simple linear regression 
analysis, applying a standard software package (SPSS, Maryland, USA). Quality 
of the fit was evaluated with ANOV A and r' values. 

83 



Chapter 4, shear stress and atheroscelerosis 

The 3-D reconstruction of the lumen contours of a human right coronary artery by 
the ANGUS method is shown in the left panel of Figure I, while the right panel 
displays the surface of the mesh necessm-y for the 3-D-velocity calculations. The 
gradient of the velocity profiles i.e. the shear rate was used for calculations of 
shear stress. 

Average diameter and wall (intima+media) thickness for the entire vessel 
was: 2.3±0.4 mm and O.6S±0.37 mm (n=1600). The average maximal and 
minimal wall thickness per cross section were 1.2 ± 0.36 mm (n=lOO) and 0.26± 
0.08 mm (n=lOO,p<O.OS), respectively. The radius (R) of curvature of the 
reconstructed vessel was 40±21 mm, resulting in a curvature (IIR) of 2S.09±8.96 
(m· l

) and a curvature ratio of approximately I to 17. Local twist of the catheter 
path was calculated from the rotation of the bi normal, as defined by Frenet 
(Davies ffild Snider, 1988). The rotation per step of O.7S mm along the vessel 
centerline was O. 1734±0. 147°. Cumulative rotation was approximately 13°. 

Based on the curve calculations, we calculated average vessel wall 
thickness located at the inner and outer location of the curve as 0.90±0.41 mm 
(n= 100) and O.37±0.17 mm (n= I 00, p<O.OS), respectively. The location of the 
largest wall thickness value was close to the location of the inner curve and the 
smallest wall thickness was close to the outer curve (Figure 3A). 

Shear stress values were calculated for three int10w velocities (lO emls, 20 
cmfs and 30 cmfs), which are reported in this order. Averaged values of Reynolds 
number, per cross-section, for these int10w velocities were 114±22, 229±44 and 
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Figure 4: Relationship between shear stress and echo graphic-derived vessel wall thickness 
after averaging in the axial direction of a human light coronary artery. Inflow velocity: 20 
ernls. 
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Table 1: Slope (a) and intercept (~) of the regression equation relating wall thickness to 
shear stress for a human right coronary artery. 

a ~ R' P 
111l11JN/m2 mrn 

VIO -1.28 3.18 0.88 <0.05 
V2U -0.30 2.00 0.98 <0.05 
V30 -0.10 2.00 0.96 <0.05 

Applied regression equation: Wth=a.SS+~, with Wall Thickness (Wth) in mm and shear 
stress (55) in N/m2

, V lO, V20 and V}o refer to conditions in which coronary inflow velocity 
equaled [() em/s, 20 emls and 30 cmls. 

457±87 (n= 100); the values of Dean number were 20±8, 46±16 and 93±33 
(n=100). Average shear stress for the entire right coronary artery were 20±2, 46±8 
and 80±17 dyne/cm' (n= 1600). When the shear stress values were selected on 
basis of the location of the inner and outer curvature, these values were: 17±17, 
38±44 and 77±54 dyne/cm' (n=100) and 22±17, 60±44 and 107±79 dyne/cm', 
respectively (n=100, p<0.05). The location of maximal shear sh'ess was closer to 
the outer wall, the minimal shear stress was closer to the inner curve (Figure 3B). 

To evaluate the contribution of shear stress to the asymmetrical distribution 
of plaque in this right coronary artery, we averaged the wall thickness and shear 
stress values over the axial direction of the vessel (n=100). Shear stress and wall 
thickness appeared out of phase when plotted against the location of the 
circumference, i.e., a low shem' stress conesponded to a high wall thickness at the 
same location (Figure 4). The resulting relationship between shear stress and wall 
thickness was inverse and could be described as linear for all three relationships 
(Table I and Figure 4). 

Atherosclerosis is located non uniformly over the arterial vasculm' system (Fox 
and Seed, 1981; Sakata and Takebayashi, 1988; Smedby et al., 1995; Tjotta, 
1963; Willis, 1954). These predilection sites of atherosclerosis as well as the 
eccentric localization of most advanced fOlms of atherosclerosis may be 
explained on the basis of hemodynamic factors (Fox and Seed, 1981; Friedman et 
al., 1987: Friedman et al., 1992; Friedman et al., 1986; Gibson et 01., 1993; 
McIntire, 1992; Sabbah et al., 1984; Sabbah et al., 1986; Sakata and Takebayashi, 
1988; Smedby et al., 1995; Tjotta, 1963; Willis, 1954). The most elaborate, 
studied factor associated with atherosclerosis is the shear stress, imposed by 
streaming of the blood along the endothelium (Friedman et al., 1987; Friedman et 
al., 1992; Friedman el al., 1986; Gibson et al., 1993; McIntire, 1992; Sabbah et 

al., 1984; Sabbah et al., 1986). The exact implications of changes in shear sh'ess 
are not yet known as different disturbances of the laminar velocity pattern have 
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been associated with the degree and localization of atherosclerosis: low shear 
stress (Friedman et al., 1987; Friedman et al., 1992; Gibson et ai., 1993); low and 
oscillating shear stress (Moore et ai., 1992) and high shear stress (Krijger et ai., 
1992). 

The discrepancies between shear sh'ess and degree andlor localization of 
atherosclerosis might be related to collection of the data (Friedman et ai., 1987; 
Friedman et ai., 1992; Gibson et aI., 1993). For instance, some stndies related an 
average geometric model of the carotid artery to average histological parameters 
of the vessel wall (Moore et al., 1992; Sakata and Takebayashi, 1988). This 
averaging process might underestimate related phenomena as has been pointed 
out recently (Friedman et aI., 1987; Friedman et ai., 1992; Gibson et ai., 1993). 
To overcome this problem Friedman et al. and Gibson et al. devised flow through 
casts in which the related locally derived shear rates with locally derived vessel 
wall thickness from postmortem material of humans (Friedman et al., 1987; 
Friedman et al., 1992; Gibson et ai., 1993). Although this approach improved the 
relationship between shear stress and intimal thickness of each specimen, this 
method is very time consuming, allows fhe collection of only a relative small 
amount of data per specimen, and applies to post mortem material only. The latter 
constraint is especially important as it does not allow one to evaluate the effect of 
shear stress on different time points in a single human vessel. With the present 
technique, it is possible to evaluate the hemodynamic effect induced by 
interventions on restenosis and atherosclerosis without fhe complicating factor of 
a measurement device located inside the vessel disturbing the flow pattel11. 

Despite the fact that numerical techniques do not include the disadvantages 
of the hydraulic methods, so far only 2-D geometries and recently idealized 3-D
geometries of vessels have been studied with this technique (Krijgcr et ai., 1992; 
Van de Vosse et ai, 1989). As we studied these idealized geomeh'ies, it became 
clear that for local shear sh'ess calculations, the local geometry is very important. 
This parameter becomes even more important when local ilTegularities of a sick 
vessel induces local vertices, stagnation points, and separation of stream lines 
('secondary velocity fields'). Furthermore, since the coronary vessel anatomy and 
geometry are not confined to a single 2D-plane, it is necessary for the secondary 
velocity fields to be analyzed with 3-D techniques as symmetry conditions are no 
longer applicable under these conditions (Krijger et ai., 1992; Van de Vosse et ai, 
1989). In addition, although idealized geomeh'ies are useful in our understanding 
the relation of hemodynamics to atherosclerosis, coupling of fhe numerical 
techniques to realistic 3-D vessel geomeh'ies appears to be a necessary condition 
for understanding induction, progression and regression of atherosclerosis in 
hmnans in vivo. 
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Method limitations 
In this study, a numerical approach has been introduced to calculate shear stress 
on the vessel wall. Such methods do not have the constraints of the hydraulic in
vitro set ups described above; however they rely on the grid spacing and accuracy 
of the vessel geometry obtained. Accuracy of the reproduction of the 3-D 
geometry has been reported on recently (Laban et al., 1995; Slager et al., 1995a; 
Slager et al., 1995b) and is in the order of 0.1 mm, which is accurate enough for 
the present approach (Krijger et al., 1992; Rindt and Steenhoven, 1996; Rindt e1 

al., 1990; Van de Vosse et ai, 1989). Accuracy of the numerical technique, related 
to the interpolation scheme, iterative solver used, and dimensions of the 
individual cells, have been compared with laser Doppler techniques; and it was 
shown that the method produced accurate results in 90° curved tubes' carotid 
bifurcations and models of the basilar artery (Krijger et al., 1992; Rindt and 
Steenhoven, 1996; Rindt et al., 1990; Van de Vosse et ai, 1989). 

We analyzed only stationary 3-D velocity fields in the present study. It has 
been shown that oscillating, low shear sh'ess also may contribute to the 
development of atherosclerosis (Moore et al., 1992). With the present analysis, 
we cannot exclude that shear sh'ess oscillation could also be involved. 

We assumed that the coronary vessel wall is rigid. However, the coronary 
vessel wall is elastic and its radius changes by 5% to 10% over the cardiac cycle. 
When the effect of elasticity was included in a numerical analysis of the human 
carotid artery, it appeared that the effect of elasticity on shear sh'ess is mainly 
periodic and does not affect the time-averaged shear stress (Kuban and Friedman, 
1995; Moore et al., 1992; Perktold and Rappitsch, 1995). Hence, if this situation 
is applicable for the coronary artery, it could imply that time-averaged shear 
stress values are less affected by movement of the vessel wall. This may explain 
why a high correlation between spatially averaged shear sh'ess and atherosclerosis 
was still found in the present study, despite the simplifications used. 

We used uniform inflow velocity as one of the boundary conditions. As a 
result, the first few values of shear stress might be artificially high. However, a 
reanalysis of the relationship between shear stress and wall thickness omitting the 
first 10 points revealed a similar relationship, making this effect of minor 
importance. 

As a first application we studied a human right coronary artery with known 
atherosclerosis. This patient was send to our hospital for anginal complaints and 
consequently, a percutaneous h'ansluminal coronary angioplasty (PTCA) was 
performed to relieve these symptoms. The 3-D-reconstruction presented in this 
study was performed after the PTCA. To evaluate the effect of PTCA on our 
findings, we also evaluated the relationship between wall thickness and shear 
stress for the segment of vessel upsh'eam of the known location of the PTCA. The 
results still revealed a significant inverse relationship between wall thickness and 
shear stress. 
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Because of it~ nondestructive nature, the present method allows multiple 
measnrClnents in the same patient. However, because coronary arteries are 
difficult to image noninvasively, we still need an invasive method when 
atherosclerosis and shear stress are evaluated in coronary arteries in humans in 
VIVO. 

This is the first study presenting a technique, that makes it possible to evaluate the 
relationship of 3-D coronary vessel geometry to shear stress in humans in vivo. 
With this technique, we were able to show that: 1) wall thickness is thicker on the 
inner curve than on the outer wall in a right coronary artery in vivo, 2) the shear 
sh'ess is Iowan the inner wall and high on the outer wall and 3) wall thickness is 
inversely related to shear stress. The present method enables one to evaluate the 
role of shear stress during the development of restenosis after coronary 
interventions or plaque progression/regression, as it allows multiple 
measurClnents in the same patient. 

We gratefully acknowledge funding (to J.J.W.) by the Inter University cardiology 
lnstitute of the Netherlands (project lClNIS) and the gift of the transformation 
matrix by Dr. F. van de Vosse. 
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Chapter 5, stent and 3-D geometry 

Mechanisms of in-stent restenosis are not fully understood. Shear stress is known 
to playa role in plaque and thrombus formation and is sensitive to changes in 
regional vessel geometry. Hence, we evaluated the regional changes in 3-D 
geometry and shear stress induced by stent placement in coronary arteries of pigs. 

Methods 
3-D reconstruction was performed, applying a combined angiographic and IVUS 
technique (ANGUS), from 7 Wallstents (diameter 3.5 (n=3) and 5 mm (n=4», 
which were implanted in 7 coronary arteries of 5 pigs. This 3-D geometry was 
used to calculate locally the curvature, while the shear stress distribution was 
obtained by computational fluid dynamics. Local changes in shear stress were 
obtained at the entrance and exit of the stent for baseline (0.65 ±0.22 mlIs) and 
hyperemic flow (2.60±0.86 mlIs) conditions. 

Results 
After stent implantation, the curvature increased by 121 % at the entrance and by 
100% at the exit of the stent, resulting in local changes in shear stress. Tn general, 
at the entrance of the stent local maxima in shear stress were generated, while at 
the exit both local maxima and minima in shear stress were observed (p<0.05). 
Additionally, the shear stress at the entrance and exit of the stent were cOlTelated 
with the local curvature (r: 0.30 to 0.84). 

Conclusion 
Stent implantation changes 3-D vessel geometry in such a way that regions with 
decreased and increased shear stress occur at the stent edges. These changes 
might he related to the asynnnetric patterns of in-stent restenosis. 
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Interventional techniques, like balloon angioplasty, have shown to relieve 
hemodynamic relevant arterial stenosis caused by atherosclerosis, However, in 
30-50% of the treated cases restenosis develops, which is for 60-70% caused by 
arterial shrinkage ('arterial rem'odeling') and for 30-40% by neointimal 
hyperplasia (Mintz et ai., 1996). While stent implantation prevents arterial 
remodeling the rate of restenosis is still 20-35%, largely due to neointimal 
formation (Fischman et ai., 1994; Serruys et ai., 1994). 

Despite the importance of the problem, an appropriate therapy is still 
lacking (Leon et ai., 1996). A reason might be that shear stress has not been 
recognized as factor in explaining in-stent restenosis yet. Arguments in favor of 
shear stress is that it is known to be involved in a variety of processes related to 
cellular growth and thrombosis, probably through the activation of several genes. 
(Malek and Izumo, 1995; Nikol et ai., 1996; Strony et ai., 1993). In addition, 
shear stress has been shown to be changed regionally after stent placement and 
might therefore explain the fact that in-stent restenosis is not distributed 
homogeneously in stents (Fontaine et ai., 1994; Peacock et ai., 1995). 

The aim of the present study is to evaluate regional changes in 3-D 
geometry and shear stress distribution after stent placement in curved coronary 
arteries, applying a new technique that enabled us to reconstrnct coronary arteries 
in three dimensions (3-0) ('ANGUS',(Slager et al., 1997» and to calculate 
regional shear stress in vivo. 

5.2.1 Animal preparation and instrumentation 
All the experiments were performed under the regulations of the animal care 
committee of the Erasmus University Rotterdam and in accordance with the 
"Guide for the Care and Use of Laboratory Animals" (NIH publication 85-23, 
revised 1985). After an overnight fast, 5 Yorkshire pigs (weight 29.5-34 kg) were 
sedated with 20 mg.kg-' ketal1line hydrochloride. Instrumentation of the animals 
was performed as described before (van der Giessen et al., 1991). Anesthesia was 
induced by thiopental II mg/kg (and maintained with 1-4 vol% isoflurane). 
Ventilation was performed by a mixture of oxygen and nitrous oxide (1:2 
vol/vol). A 9F sheath was introduced in the left carotid artery for catheter 
placement. All animals received intra arterial administration of 10,000 TU heparin 
and 250 mg acetylsalicylic acid. Biplane coronary angiography (Siemens Bicor, 
Erlangen, Germany) was performed using Omnipaque (Nycomed Ireland Ltd., 
Cork, Ireland) as a contrast agent. 
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5.2.2 Protocol 
After intra-coronary administration of I mg isosorbide dinitrate, quantitative 
angiography (CAAS; Pie Medical, Maastricht, The Netherlands) was performed 
to select a curved coronary arterial segment witb a diameter between 3 to 5 mm 
for stent implantation. In 5 animals a total of 7 locations were selected, distributed 
over the right coronary attery (RCA, n=4) the left anterior descending artery 
(LAD, n=2) and the left circumt1ex (LCX, n=I). 

Subsequently, a sheathed IVUS catbeter (2.9F MicroView, CVIS, 
Sunnyvale CA, USA) was introduced crossing the selected segment and an ECG 
triggered stepwise (0.5 mm) IVUS pullback was performed (Bruining el al., 
1995). In order to enable a 3-D reconsh'uction of the coronary artery, biplane 
angiograms with the IVUS catheter in place were made just after the start of the 
pullback (Slager et al., 1997). 

Thereafter, Wallstents (diameter 3.5 (n=3) and 5 mm (n=4), Schneider, 
Europe AG, Switzerland) were implanted at the selected position. After stent 
placement, IVUS imaging procedure plus biplane coronary angiography was 
repeated. 3-D calibration of the biplane X-ray system was performed by isocentric 
placement of a calibration cube having 5 em long edges. 

5.2.3 3-D reconstruction of coronary arteries 
3-D reconstruction of the coronary at·teries was performed applying a 
combination of ANGiography and intravascular UltraSound (ANGUS) (Slager et 
al., 1995), described in detail elsewhere (Laban e/ aI., 1995; Chapter 3). Briefly, 
the IVUS catheter position was recorded in biplane. Using the calibration cube 
images, mathematical transformation matrices were generated, that allowed 3-D 
reconstruction of the catheter path from the 2-D catheter projections (Laban et ai., 
1995; McKay et ai., 1982). The TVUS images obtained at the R-top of the ECG 
were selected for further analysis. Lumen contours were h'aced semi
automatically by a validated software package (Li, 1997). These contours were 
positioned perpendicularly to the reconstructed catheter path and the cOITeet 
angular rotation of the TVUS contours was determined as described before (Slager 
et ai., 1997). Tn some arteries additional filtering was applied to remove small 
respiration artifacts. 

5.2.4 Computational fluid dynamics 

Mesh definition 
The lumen of the reconstructed arteries was filled with a 3-D mesh consisting of 
32 elements in each cross-section, each element containing 27 nodes. The axial 
resolution was chosen such that before and after stent implantation the resolution 
was the same. As a maximum of 100 cross sections could be applied and the 
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Table 1: Flow and mean entrance velocities aE21ied for the comEutational fluid dynamics 
Vessel flow I flow 1I Mean velocity 1 (11115) Meao velocity II (mls) 

(mils) (mils) pre post pre post 
Pig 181 RCA 0.52 2.08 0.045 0.017 0.178 0.067 
Pig 186 RCA 0.48 1.92 0.061 0.046 0.245 0.182 
Pig 187 RCA 0.46 1.84 0.055 0.055 0.207 0.220 
Pig 189 LAD 0.88 3.52 0.039 0.028 0.158 0.112 
Pig 188a RCA 0.51 2.04 0.065 0.042 0.260 0.168 
Pig 188 b LAD 1.00 4.00 0.071 0.070 0.284 0.278 
Pig 188 c LCX 0.71 2.83 0.096 0.030 0.384 0.121 

pre: before stent implantation; post: afler stent implantation; RCA: right coronary artery; 
LAD: left anterior descending artery; LeX: left circumOex. 

stented segments were of variable length, a axial mesh resolution ranging from 
0.43 mm to 0.74 mm was utilized. 

Boundary conditions and Assumptions 
The incompressible 3-D Navier Stokes equations were implemented in each node 
of the mesh. We assumed that blood behaves as a Newtonian fluid with a 
viscosity of 3* 10-3 Pa.s and with a density of 1050 kg/m3 The basal flow through 
the coronaries was derived from the flow per 100 gr heatt weight (133 
mUmin/IOOgr) (Sassen et al., 1989), thereby assuming that the ventricular weight 
is a constant fraction of the total body weight (White and Bloor, 1981) and using 
the reported flow distribution over the LAD (45%), tbe RCA (24%) and the LCX 
(32%) (White and Bloor, 1981). A parabolic int10w profile was implemented. As 
the entrance diameter of each artery was different, mean entrance velocity varied 
(Table 1). In addition to baseline, hyperemic flow conditions (4 times baseline) 
were applied (Table 1). 

The other boundary conditions were: zero stress in the normal and 
tangential direction at the exit of the blood vessel and no slip at the vessel wall. 
The resulting matrices were solved with a validated finite element package 
(Sepran, Sepra, Leiden, the Netherlands) (van de Vosse et al., 1989). 

5.2.5 Analysis 

Matching coronary arteries in three-dimensional space before and 
after stent implantation 
Side branches and veins were selected as landmarks to match the overlapping 
regions of 3-D reconstructions before and after stent implantation. The location of 
the stent was projected on the artery before stent placement to calculate 
parameters with reference to the stent location. Description of the geometrical and 
shear stress findings was focused onto the stent entrance and stent exit, as defined 
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Table 2: Specification of regions near the entrance and exit of the stent 

Inner curve 

Outer curve 

entrance 

SWIX region 
(mm) 
-5 to 2 

o to 5 

Smill region 
(I1Ull ) 

o to 5 

-5 to 2 

Smill region 
(111.111) 

o to 5 

-5 to 2 

exit 

Smaxregion 
(mill) 
-5 to 2 

o to 5 

Distances (mm) wilh respect to the stcnt edges (0 mm) in which a minimum or maximum in 
shear stress in the inner or outer curve is determined. Positive direction is from proximal to 
distal; Snliu ,Smnx: regional minimum or maximum of shear stress. 

in Table 2. For this purpose, data of the individual animals were averaged using 
these locations as a landmark. 

Definition of geometrical and hemodynamic parameters 
The following parameters based on either the 3-D vessel geometry or 3-D 
velocity calculations were defined to describe the factors as presented below. All 
parameters were calculated with self-developed software (Matlab®, Mathworks 
Inc.,Mass, USA). 

Geometrical parameters 
The average diameter (D) of each lumen cross section was calculated from the 
area (A,) according to: D=2*;}(A,/rr). The local curvature (C), was obtained from 
the centerline passing through fhe center of mass of successive IVUS cross 
sections, after filtering by a cubic smoothing spline. The maximal curvature 
(em,,) and its location in the region near the entrance and exit of the stent were 
determined. The location of the inner and outer curve was derived from a plane 
fitted through all points of the 3-D centerline. The vector through the center of 
mass and parallel to the fitted plane indicates the inner and ollter curve. 

Hemodynamic parameters 
Local Reynolds numbers (Re), were derived from the cross sectional diameter 
(D), the mean velocity (v) at that cross section, the density (p) and the viscosity 
(11). (Re=p .v. Dill). 

Local dean numbers (De), were calculated from the product of the local 
Reynolds number and the square root of the local radius to curvature ratio: 
De=Re*;}(D/2*C). 

Shear stress allhe vessel wall was calculated from the product of the local 
velocity gradient and viscosity. After filteting, minimum (Sm;,,) and maximum 
(Smax) shear stress values at the inner and outer curve were determined in the 
region (Table 2) near the entrance and exit of the stent. Subsequently, at similar 
locations shear stress values before stent placement were determined. The shear 
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stress values were normalized for variations in local vessel diameter by dividing 
the regional shear stress (S"g) by the regional Poisseuille derived shear stress 
(Sp,,;, ) (Sn = S"glSpo',)' As a consequence, this normalized shear stress S" will 
have a value I for straight sections of the vessel, irrespective of the local 
diameter. The extreme values of Sn were correlated to the curvature at Cmax. 

All values are expressed as mean ± SO. SPSS 7.S (SPSS Inc. Chicago, Illinois, 
USA) was used for all statistical calculations. Data before and after stent 
implantation were compared by paired Student's t-test. The normalized shear 
stress values were related to curvature applying regression analysis. Both first 
order and second order polynomial equations were applied, but only if both the F
test and the coefficient of the second order term were significant, the second order 
polynomial equation was reported. For all statistical analysis, p<O.OS was 
considered significant. 

5.4.1 Geometrical parameters 

Diameter and curvature 
The 3-D geometry of a coronary artery before and after stent implantation is 
exemplified in Figure l. The average (rVUS) diameter derived from the 3-D 
geometry of the stented vessel segment decreased by 9±5% from 3.2±O.6 mm to 
2.9±0.6 mm (p<O.OS) after stent placement. In addition, Wallstent implantation 
increased the average curvature derived from the 3-D geometry near the entrance 
by 121 % (from SO.0±26.0 to 1I0.4±39.6, p<O.OS, Figure 2) and near the exit of 
the stent by 100% (from S3.2±27.2 to I06.2±46.8, p<O.OS, Figure 2). (Note: 
values Cm", in the text are derived from local extremes and differ slightly from 
Figure 2). 
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pre stent post stent 

.Figure 1: 3-D reconstruction of a right coronary artery of a pig before (pre) and after (post) 
stent implantation. 
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Figure 2: Average curvature of the arteries relative to the location of the entrance (0 mm) and 
exit of the stent (0 nun) before (-,-) and after after (+) stent implantation. 
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5.4.2 Hemodynamic parameters 

Reynolds number and Dean number 
The local Reynolds number, detennined at the location of Cm"" before stent 
implantation was 91±33 and 365±131 for low and high flow conditions, 
respectively. After stent placement the local Reynolds numbers remained constant 
(93±30 and 374±119). In contrast, the Dean numbers increased after stent 
implantation from 25. 1±9. I to 35.6±7.3 (p<0.05). Similar changes in Dean numbers 
were observed for the hyperemic flow conditions, but at a 4 time higher level 
(p<O.05). 

Shear stress at the inner curve 
At the entrance of the stent, the maximal shear stress (Sm,,) increased after stent 
placement by 74% and 113% for low and high t10w conditions respectively 
(Table 3). At the exit of the stent Sm,,, increased by 30% (p<0.05) for low flow 
conditions, while Smi" tended to decrease by 54% (0.05<p<0.065) for high flow 
conditions. 

Similarly, changes in normalized shear stress at the entrance and exit of the 
stent were observed (Figure 3). The maximal shear stress increased significantly 
at both ti,e entrance and exit of the stent, while minimum shear stress decreased 
only at the exit of the stent (Table 3 and Figure 4). 

Shear stress at the outer curve 
At the entrance of the stent for high now conditions, stent implantation increased 
S",,, by 79% (Table 3). Normalized maximal shear stress increased both at the 
entrance and exit of the stent, while lninimal shear stress remained unchanged 
(Table 3 and Figure 3b, Figure 4). 

(Note: values Snmax and Snmin in Table 3 are derived from local extrelnes and 
diifer slightly from Figure 3). 

Relation normalized shear stress and curvature 
Inner curve The normalized sheaT stress was not related to the curvature except 
for the Snm", at the entrance (high flow condition) and at the exit of the stent (low 
flow condition) (enh-ance: Snm",=0.93+0.0088*Cn"" r2=0.33 p<0.05; exit: 
Snm " : 1.20-0.005*Cm,,+3.5*1O-5*Cm,,/, p<0.05, r2=0.53). 
Outer curve For low flow conditions only the Snmin and the Snm" at the exit of 
the stent were related to the curvature (Snmi,,=0.71+0.0134*Cm,,-9*1O-5 *Cm"/, 
r2=0.54, p<0.05; Sn,,,,,x=1.07+0.0055*Cm,, r2=0.62, p<O.OS). 
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Figure 3: Average normalized shear stress relative to the location of the entrance (0 mm) 
and exit of the stent (0 nnn) before (-.-) and after (+) stent implantation at hyperemic flow 
conditions a) in the inner curve b) in the outer curve. Location sign: distal is positive. 
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Figure 4: Average normalized maximal (minimal) shear stress (Snmax, Snmin) in the inner 
and ouler curve at the entrance and exit of the sterrt for high flow conditions. 
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Figure 5: The minimal (Snmin) and maximal (Snmax) normal1zed shear stress in the outer 
curve related to the curvature at the entrance and exit of the stent. 

Whereas for high flow conditions at each location the normalized sheaI' stress was 
related to the curvature (Figure 5). The Snm" at both the entrance and exit of the 
stent increases with increasing curvatures, while Snmin increases for low 
curvatures, followed by a decrease with increasing curvatures. 

Stent implantation after PTCA, prevents the artery from recoil and remodeling but 
in 20%-35% of the patients restenosis is still observed, now mainly caused by 
neointimal formation, As a variety of mechanism, related to neointimal formation 
are related to shear stress, it is desired to have a method enabling to study shear 
stress alterations in vivo over time. 
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Table 3: Shear stress before and after sterrt implantation in the inner and outer curve of the 
corollaJ:Y arteries 

5 2 Smax entrance (Nlm2) , mill entrance (N/In ) 
Shear stress Imv high low high 

pre post pre post pre post pre pas! 
Inner curve 0.64 0.78 2.62 3.59 0.61 1.06* 2.58 5.50* 
SD 0.31 0.47 1.17 2.36 0.2R 0.48 1.03 2.24 
Outer curve 0.74 0.64 4.10 3.57 0.86 1.30 4.61 8.26" 
SD 0.67 0.49 3.06 2.92 0.58 0.92 3.18 5.99 
Normalized Snnlin entrance Snmax entrance 
shear stress 
Inner curve 1.03 0.99 1.11 1.10 1.09 1.51* 1.19 2.09* 
SD 0.17 0.12 0.31 0.24 0.22 0.31 0.38 0.64 
Outer curve 1.04 1.00 1.31 1.38 1.19 1.44* 1.77 2.29* 
SD 0.11 0.18 0.44 0.42 0.18 0.12 0.44 0.32 

Smin exit (Nlnl) Smax exit (Nlm2) 

Shear stress low high {ow high 
pre post pre post pre post pre post 

Inner curve 0.82 0.48 3.75 1.74# 0.82 1.07* 3.74 4.88 
SD 0.49 0.14 2.53 0.9! 0.57 0.54 3.16 2.76 
Outer curve 0.87 0.74 4.93 4.21 1.13 1.39 6.86 9.00# 
SD 0.42 0.42 2.25 2.48 0.72 0.58 4.01 3.3! 
Nonnalized Snmill c.x;it Snmax exit 
shear stress 
Inner curve 1.08 0.72* 1.10 0.64* 1.04 1.18* 1.13 1.33# 
SD 0.28 0.2! 0.37 0.33 0.10 0.10 0.23 0.24 
Outer curve 1.20 0.89 1.75 1.24 1.39 1.64# 2.06 2.74* 
SD 0.22 0.20 0.34 0.38 0.25 0.36 0.52 0.67 

Smax (Snmax): maximal (normalized) shear stress and Smin (Snmin): minimal (normalized) 
shear stress at a certain location in the inner and outer curve near the entrance and cxit of the 
stent before (pre) and after (post) stent implantation for low and high flow conditions 
*:p<0.05 ; #:0.05 < p < 0.065, pre vs. post 
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In this study we describe a first application of a recently developed 3-D 
reconstruction technique that enabled us to study alterations in 3-D geometry by 
stent implantation in vivo. By combining this technique with computational fluid 
dynamics the changes in shear stress distribution could be evaluated. 

Our results demonstrate that implantation of stents in curved coronary 
arteries increased the local curvature and the local Dean numbers near the stent 
edges. The geometrical changes resulted in alterations in shear stress distribution 
at the vessel wall again concentrated around the stent edges. The present findings 
will be discussed in relation to changes in 3-D geometry and to changes in 3-D 
shear stress distribution separately. 

5.5.1 3-D Vessel geometry 
Although the stent diameter was selected to be much larger than the measured 
native vessel diameter, the TVUS detennined diameter immediately after stenting 
was still slightly decreased. The observed decrease approximately cOlTesponds to 
the total thickness of the stent wires. Because we did not apply balloon dilatation 
this suggests that the vessel wall could generate sutlicient force to withstand, at 
least temporarily, the Wallstent self-expanding force, to maintain its original 
diameter. 

The most prOlninent increments in curvature after Walls tent placement 
were seen near the stent edges, although a slight non-significant straightening of 
the vessel was noted in the remainder of the stented segment (data not shown). 
These prominent edge effects were probably due to the much higher axial 
stiffness of the stent with respect to the blood vessel wall. Because of these edge 
effects we focussed our detailed shear stress analysis on these regions. 

5.5.2 Shear stress distribution 
Regional shear stress, in the present analysis is mainly dependent on local 
diameter and local curvature. Hence, to discriminate between diameter and 
curvature effects we normalized shear stress to its value obtained from the 
Poisseuille law. Therefore, in our analysis to study the influence of curvature only 
the normalized shear stress was used. From the similarity between normalized and 
non-normalized shear stress values and the significant relationships between 
nOflnalized shear stress and curvature, we conclude that curvature changes near 
the stent edges is a more important factor explaining changes in shear stress 
distribution after stent placement than local diameter. 

Consequently, the maximal shear stress in the outer curve increased with 
increasing curvature, which might be explained by the centrifugal forces induced 
by the curvature. In contrast, the minimal shear stress decreased in the high 
curvature range. This can not be explained by the curvature, but might be related 
to the gradients in curvature. These high gradients in curvature probably indnce 
separation zones, resulting in low shear stress regions at the stent edge. As 

103 



Chapter 5, stent and 3-D geometry 

evidence exists that low shear stress may stimulate cellular growth one should be 
aware of such low shear stress regions when studying neointimal formation 
(Bauters e/ al., 1996; Salam et al., 1996). 

5.5.3 Assumptions and Limitations 
The calculations were performed under the assumption of rigid coronary arteries, 
Newtonian fluid and steady flow. It has been shown, that the pulsatile velocity 
field in elastic arteries is similar to the steady velocity field in rigid arteries 
(Reuderink, 1991) 

However, low shear regions may be slightly different from locations, 
derived from pulsatile inflow conditions. This may have implications when 
studying relationships with neointimal formation. 

Measurements were performed acutely. Whether changes in shear stress 
occur over time by changes in Wallstent geometry wan'ants further study. 
Furthermore, measurements were performed in normal coronary arteries. Hence, 
asymn1ctries caused by eccentric lesions in atherosclerotic arteries and also 
varying stiffness of lesions may cause additional variations. 

This is the first study in pigs that quautifies in vivu changes in 3-D coronary 
geometry and 3-D shear stress distribution caused by Wallstent implantation. 
Implantation of stents, without previous balloon dilatation, locally increased the 
curvature of the artery near the stent edges, which resulted in a high and low shear 
stress regions near the stent edges. These regions may have implications for 
neointimal formation. 

The technical assistance of Jurgen Ligthart and Stefan Krabhendam is greatly 
acknowledged. This study was supported by a grant of the IeIN (Project 18). 
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Chapter 6, Wallstent in coronary artery 

Background 
In-stent restenosis by excessive intimal hyperplasia is a major limiting problem in 
the long term clinical efficacy of coronary stents. As shear stress plays a role in a 
variety of processes related to plaque growth in atherosclerosis, we investigated 
whether variations in shear stress cause variations in neointimal fonnation, 

Methods 
In 14 patients, at 6 months follow up after coronary Wallstent implantation, 3-D 
stent and vessel reconstruction was performed with a combined angiographic and 
IVUS technique (ANGUS). The bare stent reconsh·uction was used as input to 
calculate in-stent shear stress (SS) at implantation applying computational fluid 
dynamics. The flow was selected to deliver an average shear stress of 1.5 N/m2 

(15 dynes/cm'). Shear stress and ncointimal thickness values were obtained with a 
resolution of 90° in the vessel circumferential direction and 2.5 mm in the 
longitudinal direction. For each vessel, the relationship between neointimal 
thickness and shear stress was obtained by linear regression analysis. Averaging 
the individual slopes and intercepts of the regression lines summarized the 
relationship between neointimal thickness and shear sh·ess. 

Results 
The average neointimal thickness was OA4±0.20 mm. Neointimal thickness was 
inversely related to shear stress: Th=(0.S9±0.24)-(0.OS±0.1O)*SS, p<O.OS). In 
addition, the presence of hypercholesteremia at intake appeared discriminative for 
the observed findings as for these patients (n=5) neointimal thickness was not 
related to shear stress: Th=(OAO±0.23)-(0.007±0.06)*SS, p=NS. For the non
hypercholesteremic patients (n=9) the averaged relationship was: 
Th=(O.69±0. I 9)-(0. 12±0. 1O)*SS, 1'<0.05. 

Conclusion 
These data show for the first time in patients, that neointimal thickness in 
Wallstents at 6 months follow up is inversely related to shear stress, except for 
patients with hypercholesteremia. These findings support a hemodynamic 
mechanism underlying in-stent neointimal hyperplasia formation. 
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Stents have heen shown to reduce restenosis by preventing the artery from arterial 
shrinkage ('negative remodeling'). However, considerable neointimal formation 
may still be observed causing renarrowing of the treated arteries (Fischman et al., 
1994; Serruys et 01., 1994). 

Neointimal formation is often observed at specific locations in the stented 
segment (Fontaine et al., 1994). A number of risk factors, like thrombus 
formation (Rogers and Edelman, 1995) and endothelial dysfunction (van 
Beusekom et 01., 1998) are related to restenosis but their relationship with its 
specific distribution is unknown. Localizing factors studied are plaque burden (de 
Smet et al., 1997; Prati et al., 1999) and wall stress (Vorwerk et al., 1994). In this 
study we focus on the role of shear stress. Shear stress plays an important role in 
several growth-related processes (Brownlee and Langille, 1991; Cho et 01.,1997). 
For instance low shear stress regions in vascular bypass grafts show increased 
neointimal growth (Salam et ai., 1996). 

To study localization patterns in shear stress and neointimal thickness we 
applied a recently developed technique, which combines a 3-D reconstruction 
technique (ANGUS) (Slager et ai., 1997» with computational fluid dynamics. 

Our aim was to investigate the relationship between local variations in 
shear stress and local variations in neointimal thickness after stent placement to 
evaluate the hypothesis that the locations with low shear stress show more 
neointimal growth than locations with high shear stress. 

6.2.1 Patients 
Fourteen patients were studied 6 months after successful implantation of a 
coronary Wallstent1M (Schneider AG, Biilach, Switzerland) in a population of 
coronary artery disease. Only patients with no more than two major side branches 
in the stented segment were included in this study. Table I reports the 
demographic parameters of the patient population. Written informed consent was 
obtained from every patient to participate in this study. 

6.2.2 3-D reconstruction of coronary arteries 
3-D reconstruction of the coronary arteries was performed applying a 
combination of ANGiography and intravascular UltraSound (ANGUS) (Slager et 
ai., 1997). A detailed description of the 3-D reconstruction method has been 
presented elsewhere (Laban et ai., 1995; Slager et al., 1997). Briefly, a sheath 
based intravascular ultrasound catheter (CVIS 2.9F, Sunnyvale CA, USA) was 
positioned distally from the stented vessel segment and was filmed with a biplane 
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angiographic system (Siemens, Bicor, Erlangen, Germany) just after the stmt of 
pull back. To eliminate respiratory motion and cardiac motion artifacts on the 3-D 
path reconstruction, a single biplane view at end diastole of the catheter position 
was selected and digitized. From the biplane views, a customly written algorithm, 
developed m MATLAB (The 
Mathworks, Natick, Mass, USA), was 
used to reconstruct the transducer path 
in 3-D space (Laban et aI., 1995). In 
addition, to avoid cardiac motion 
artifacts, the intravascular ultrasound 
(IVUS) vessel cross sectional images 
were collected at end-diastole using an 
ECG triggered, motorized IVUS pull 
back operating with a stepsize of 0.5 
mm (Bruining et al., 1995) (TomTec, 
Munich, Germany). Subsequently, the 
Ii'ames were digitized and analyzed 
with a semi-automatic contour detection 
program (Li, 1997). Output of the 
program consisted of lumen contours, 
signifying the blood-vessel interface 
and stent contours, rcpresenting the 

Table I : Dcmogra~hic 12aramelers 
Number of vessels 14 
Age 63±11 years 
Sex (M,F) 8M,6F 
Hypercholesteremia >I< 5 
Smoking # 8 
Hypertension 4 
Hematocrit 0.38±O.04 units 
RCA 5 
LAD 7 
LCX 2 
Diabetes Mellitus 2 
M: man, F: female, RCA: right coronary 
artery, LAD: left anteJior descending 
artery, LCX: left circumflex artery, *. 
(>6.5 mmol/I),#: (previous and current 

smoking) 

stent-neointima interface. Figure lA displays the respective borders obtained 
inside and outside the stented segment. 

Subsequently, the lumen contours were filtered and positioned 
perpendicular onto the reconstructed 3-D catheter path, which served as a 
backbone for the reconstruction. The same procedure was performed for the stent 
contours only. The angular position of the ultrasound transducer, and thus of the 
ultrasound images, was determined on basis of a compmison between simulated 
silhouette images derived from the 3-D stent reconstruction with the actual 
coronary stent angiogram (Slager et al., 1998). Finally, two 3-D reconstructions 
were obtained from a) the coronary vessel lumen allowing calculation of a 3-D 
lumen velocity profile b) the stent contours only. The 3-D reconstructions of the 
stent were used as the approximated lumen after stenting to calculate shem' stress 
at the stent surface. 
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Figure 1: A) Longitudinal overview of the vessel indicating the border information obtained 
from IVUS B) Determination of the intlow profile for computational fluid dynamics in the 
3-D reconstruction of the stent, as derived from the local lumen inflow profile. 

6.2.3 Computational fluid dynamics 
For shear stress calculations, the non-linear incompressible 3-D Navier Stokes 
equations, describing the movement of fluid elements in 3-D space, need to be 
solved. For this purpose a well-validated finite elemeut software package (Sepran, 
Sepra, Leiden, The Netherlands) was used, which was implemented on a 
workstation (HP 715/80). For application of such a finite element method, it is 
necessary to subdivide the 3-D space into bricks ('mesh generation') and to define 
appropriate boundary conditions. 

Mesh generation 
The 3-D lumen geometry of the vessel was used to generate the luminal mesh. 
Therefore, the vessel was axially divided into approximately 100 cross sections, 
resulting in an axial resolution ranging from 0.2 to 0.9 mm. Each cross section 
was filled by 32 brick like elements with 16 elements at the lumen surface thereby 
increasing the resolution towards the stent surface. Each element contained 27 
nodes. The cross sectional resolution purposcly ranged from: 0.05-0.83 mm2 The 
same procedure was applied to the 3-D reconstruction of the stent. The axial 
resolution of the mesh in the 3-D reconstruction of the stent was set equal to the 
resolution of the mesh of the lumen. 

Boundary conditions and numerical solution 
The Navier Stokes equations were implemented in each node of the mesh. The 
non-linear convective terms in these equations were linearized by a Newton
Raphson method. To obtain the pressure unlmowns a penalty function approach 
was used. In combination with the boundary conditions the differential equations 
were solved with a numerical accuracy of 0.1 mmls applying a direct profile 
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method (Cuvelier et al., 1986). We used the following assumptions and boundary 
conditions. 

We assumed that blood behaves as a Newtonian t1uid with a viscosity of 
3* 10-3 Pa.s and a density of 1050 kg/m'. At the wall no slip and at the outflow 
zero stress conditions were applied. For each vessel, the t10w was detennined to 
reach an average shear stress of 1.5 N/m2 (15 dynes/cm2) as derived from 
applying the Poisseuille formula on the average stent cross sectional diameter. As 
a first step this t10w was applied, with a parabolic int10w profile, to the entrance of 
the lumen reconstruction and the velocity profiles in the lumen were calculated. 
Secondly, from these results, the 3-D velocity profile at the entrance of the stent was 
selected and adapted to be used as int10w profile for the t1uid dynamic calculations 
to be applied to the stent reconstruction (Figure IB). For this purpose, the profile 
was magnified in area and shape to fit the stent reconstruction while maintaining the 
previously determined flow. Only the latter calculation was used to obtain shear 
stress at the surface of the stent. 

6.2.4 Analysis of neointimal thickness and shear stress 
Only the stented vessel segments were analyzed. The locations of side branches 
were selected with the help of the IVUS data. Since side branches influenee the 
local velocity prohle and thereby may affect the distribution of neointimal 
thickness, cross sections containing the side branch as well as adjacent segments 
with a length equal to the diameter of the side branch were removed from our data 
set. Furthermore, part of the entrance and exit of the stent, coveling a length of 
one stent diameter, were separated from the data set. These parts were analyzed 
separately. 

The following parameters, based on either the 3-D vessel geometry or 3-D 
velocity calculations, were calculated with in house developed software 
implemented in Matlab® (Mathworks Inc.,Mass, USA). 

The location of the inner curve and outer clinJe of the 3-D reconstluctions 
was calculated using a plane fitted through all points of the geometric center of 
the lumen. The vector in each cross sectional IVUS plane, passing through the 
center of mass and parallel to the fitted plane points to the inner and outer vessel 
wall. 

For each cross section, the distance between lumen and stent contours was 
used to determine neointimal thickness (Th) at 16 locations over the vessel 
circumference. The neointimal thickness was filtered by a 5*5 point moving 
average filter and the average neointimal thickness (Th,) of the whole stented 
vessel segment was calculated. For each cross-section the minimal and maximal 
neointimal thickness were determined and their location was compared to 
respectively the location of the outer and inner curve. Subsequently for each 
vessel the average minimal and maximal thickness were calculated. 
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For the cross-sections near the stent edges, the neointimal thickness was 
calculated and filtered as described before, The average neointimal thickness was 
calculated for the entrance and exit of the stent sepm-ately, These data were 
compared to the thickness in the remaining Palt of the stent .. 

Shear stress at the stent sUiface was locally calculated from the product of 
the velocity gradient at the wall and viscosity. The shear stress (SS) values were 
also filtered applying a 5*5 point moving average filter and the average shem' 
stress of the whole stented vessel segment was calculated. For each cross-section 
the minimal and maximal shear stresses were determined and their location was 
compm'ed to the location of the inner and outer curve. For each vessel the average 
minimal and maximal shem- stress was calculated. 

The ratio of the maximal to the minimal value of the neoimimai thickness 
and shear stress at each cross section was used as an asymmetry index. For each 
mtery, the average of the local asymmetry iudexes was calculated. 

To identify differences between the average neointimal thickness in the regions at 
the stent edges and the thickness of the central pm-t of the stent (Th,,) a paired t-test 
was used. The influence of demographic parameters on the average neointimal 
thickness and the asymmetry index for neointimal thickness was tested applying 
Student's t-test or univariate regression analysis. 

The relationship between shear stress (SS) and neointimal thickness (Th), 
for each vessel separately, was studied by linem- regression analysis, thereby 
obtaining a slope and an intercept of this relationship. Subsequently, the influence 
of the demographic pal'ameters on the slopes was tested by Student's t-test or 
univariate regression analysis. Averaging the individual slopes and intercepts 
summarized the relationship between neointimal thickness and shear stress for the 
entire group of patients or a subgroup of patients. 

A p-value of <0.05 was considered significant. All values were expressed 
as mean ± SO. SPSS 8.0 (SPSS Inc. Chicago, Illinois, USA) was used for all 
statistical calculations. 
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For all the patients 3-D reconstruction of the coronary arteries was performed 
successfully. Figure 2 shows a 3-D reconstruction of a human right coronary 
artery 6 months after Wallstent 
implantation showing vessel lumen, 
vessel wall and neointimal thickness. 
Table 2 reports on the angiographie 
data of the patients before and after 
stent implantation and at follow up. 
In the follow up period the stent 
length decreased by 2.7% (paired t
test p<O.05). 

6.4.1 Neointimal thickness 

Table 2: Angiographic parameters 
Mean diameter post 3.23±O.33 mm 
MLD pre O.93±O.34 mm 
MLD post 2.92±O.31 mrn 
MLD fup 1.83±O.51 rnrn 
stent length post 19.78±7.41 rnrn 
stent length follow up 19.24±7.28 mill 

MLD: minimal luminal diameter, pre: 
before stent implantation, post: after stent 
implantation, fup: follow up 

The neointimal thickness for the entire group of patients was: 0.44±O.13 mm. 
Figure 3 shows an example of a 2-D map of neointimal thickness from which the 
asymmetrical pattern can be clearly observed. The average minimal and maximal 
neointimal thickness for the entire group of vessels was 0.30±0. IO mm and 
O.58±O.16 mm (p<0.05) respectively. These values resulted in an asymmetry 
index of 2.04±0.36 and was statistically different from 1 (p<0.05). The neointimal 
thickness at the entrance of the stent (0.43±O.20 mm) was not different from the 
neointimal thickness at the midpart (0.44±0. I 2 mm) and the exit of the stent 
(0.45±0.13 mm) (paired t-test, p=NS). 

Studying the int1uence of demographic parameters on the neointimal 
thickness and the asymmetry index for neointimal thiclmess showed that only the 
average neointimal thickness was related to the sex and the age of the patients, 
while for the asymmett·y index no relationship was found (p=NS). Male patients 
tended to have more neointimal thickness (0.50 ±0.12 mm) than female patients 
(0.37±0.11 mm, p=O.(55), whereas the neointimal thickness was inversely related 
to the age of the patient (Th,,= (0.84±0.19)-(6.4* 10-3 ± 2.9* 10-3)* age mm 
p=0.(49). 

6.4.2 Shear stress 
The average shear stress for the entire gronp of vessels was: 1.99 ± 0.24 N/m2 

Figure 4 shows a 2-D map of the shear stress corresponding to the example shown 
in Figure 3. For the entire group of patients the minimal and maximal shear stress 
values were respectively 1.39±0.27 N/m2 and 2.57±0.55 N/m2 (p<Cl.05). 
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Angiography ANGUS 
Figure 2: A) Angiogram of stented right coronary artery B) 3-D ANGUS reconstruction of 
the right coronary artery showing vessel lumen and wall. 
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Figure 3: 2-D map of neointimal thickness 
of human coronary artery shown in Figure 
2. Left to right: vessel circumference. 
Bollom to top: proximal to distal axial 
vessel locaLion. 
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Figure 4: 2-D map of shear stress of a 
human coronary artery shown in Figures 2 
and 3. Left to right: vessel circumference. 
Bottom to top: proximal to distal axial 
vessel location. 
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Figure 5: A) Relation between neointimal thickness and shear stress for each individual 
vessel. The dashed lines indicate the presence of hypercholesteremia. B) The data were 
pooled according to the presence (--) or absence (-) of hypercholesteremia. 

Consequently the asynunetry index was equal to 2. I 2±O.96, which was 
statisti call y different from I (p<O.05). 

6.4.3 Neointimal thickness related to shear stress 
For each individual vessel, the relation between neointimal thickness and shear 
stress was determined. For 9 out of 14 vessels an inverse relation between 
neointimal thi ckness and shear stress was observed (Figure SA), implying that 
neointimal thickness at the low shear stress locations was higher than at the high 
shear stress locations (p<O.05). The average relationshi p between neointimal 
thickness and shear stress could be described by: Th=(O.59±O.24)
(O.08±O.IO)*SS, p<O.05. Interestingly , the slope of this relationship appeared to 
be dependent on the presence of hypercholesteremia at intake. For the patients, 
indicated as hypercholesteremic (n=5), neointimal tbickness and shear stress were 
not related (Th=(O.40tO.23)-(O.007±O.06)*SS, p=NS). For the remaining group 
(n=9) the average could be descri bed by: Th=(O.69tO. 19)-(O.12tO.IO)*SS, 
p<O.OS. In Figure 5B the average relationship between neointimal thickness and 
shear stress for patients with and without hypercholesteremia at intake is 
displayed. 
The spatial geometric relationship between neointimal thickness and shear stress 
can be appreciated fro lll an overview of the geometrical location of the lesions in 
the tota l group of patients. In Figure 6A the distribution of the difference in angle 
in the cross sectional plane between the location of tbe inner curve (IC) and the 
maximal neointimal thickness is shown. In Figure 6B a similar graph is displayed 
for the minimal shear stress locati on related to the inner curve. A 3-D view of 
these data (Figure 6E), combining the previous figures, revea led that the max imal 
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Figure 6: A) Histogram showing the location of the maximal neointimal thickness (Th) 
relative to the location of the inner curve (Ie) expressed in degrees. B) Histogram showing 
the location of the minimal shear stress (SS) relative to the location of the inner curve 
expressed in degrees. C) Histogram showing the location of the minimal neointimal 
thickness relative to the location of the outer curve (Oe) expressed in degrees. D) 
Histogram showing the location of the maximal shear stress relative to the location of the 
ollter curve expressed in degrees. E) 3-D histogram showing the location of the maximal 
neointimal thickness relative to the location of the inner curve and the location of the 
minimal shear stress relative to the location of the inner curve as determined for all cross 
sections expressed in degrees. F) 3-D histogram showing the location of the minimal 
neointimal thickness relative to the location of the outer curve and the location of the 
maximal shear stress relative to the location of the outer curve as determined for all cross 
sections expressed in degrees. 

neointimal thickness was preferentially located close to the inner curve of the 
coronary artery, where also the minimal shear stress was observed. Similarly, the 
minimal neointimal thickness was more frequently detected in the outer curve 
(Figure 6C), where also mostly the maximal shear stress was located (Figure 6D). 
The latter correspondence in location was less pronounced than the former as will 
be appreciated also tj·om Figure 6F. 
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Although in the present study the neointimal hypcrplasia was moderate, a 
significant asymmetry in its cross sectional distribution was observcd. Neither the 
average ncointimal hyperplasia, nor its asymmetrical distribution could not be 
explained from well-acceptcd risk factors. However, neointimal hyperplasia was 
related to shem' stress, such that low shem stress rcgions were accompanied by 
maximal intimal thickness and high shem' stress regions by minimal neointimal 
thiclmess. Even more important, the slope of the relationship between neointimal 
thiclmess and shear strcss appeared to be dependent on the presence of 
hypercholesteremia at intake. 

6.5.1 Neointimal thickness 
The observed average neointimal thickness Th: 0.44±0.13 mm, implies a diameter 
loss of 0.88 mm, 6 months after Wallstent implantation, and is comparable to the 
1.09 mm angiographic change in minimal luminal diameter. Other studies of 
Wallstent implantation in native human coronaries repOlted a late loss of 
0.78±0.61 mm (Ozaki el ai., 1996; Strauss et ai., 1992). 

The similarity in neointimal thickness of the edgcs and the midpart of the 
stent contrasts observations in the Palmaz Schatz stent, where more neointimal 
formation was observed at the edges and in the midst near the articulation 
(Hoffmmm el ai., 1996). The differences in pattern in neointima in both stents 
might be caused by the differences in stent design, such as the existence of ml 
mticulation in the Palmaz Schatz stcnt (Halfmann et al., 1996). 

6.5.2 Shear stress 
The average shear stress in the bare stents derived from the fluid dynamic finite 
element calculations was 1.99 N/m2 This is above the aimed average shear stress 
of 1.5 N/m2

. which by applying Poisseuille to the average cross sectional diamcter 
delivered the input flow for the 3-D calculations. Variations in the actual 
diameters in relation with the third order power relation of shem' stress with 
diameter, explain the above finding. 

6.5.3 Relation between shear stress and neointimal thickness 
Mechanisms, thought to be responsible for neointimal formation, are mostly 
systemic in nature and are not likely to be responsible for the observed 
asymmetrical pattern in neointimal formation. Indeed, in this study no 
relationship bctween the demographic factors and the asymmetry index was 
observed, so local factors must be involved in this process. In this study shear 
stress is proposed as such a local factor. 
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From a global geometrical observation of our cross sectional data (Figure 6) it 
already became apparent that shear stress and neointimal asymmetry were 
interrelated. However, in contrast to an earlier study (Krams et aI., 1997), in this 
study we also wanted to incorporate shear stress and intimal thickness variations 
in the axial vessel direction. Indeed, this extension appeared to be crucial to reach 
statistically significant results and therefore studying only the cross scctional 
location of neointima and shear stress extremes related to geometric features will 
nnderestimate the importance of shear stress in relation to neointimal fhickness. 

The observed relation between shear stress and neointimal thickness show 
close similarity with observations of neointimal formation formed in vascular by 
pass grafts measured in animal studies (Kohler et ai., 1991; Salmn et ai., 1996). 
Although in thcse studies the shear stress was measured more globally, they also 
observed that the low shem' stress was related to neointimal growth (Salam et al., 
1996) and high shear sh'ess prevented the graft from neointimal formation 
(Kohler et al., 1991; Salam et ai., 1996). 

Other local factors may influence the distribution of neointimal formation. 
Wall stress is such a local factor sensed somehow by the arterial wall and in 
normal arteries the wall thickness adapts to local radius in order to control wall 
stress (Girerd et al., 1994). Whether variations in wall stress exerted by the stent 
can inl1uence wall asymmetric thickening is not clear. Vorwerk showed that 
differences in radial force of a Wallstent did not influence the neointimal 
hyperplasia formation (Vorwerk et al., 1994). We reasoned that for stability, 
average force exerted by a stent on the wall of the inner curve must equal average 
force exerted on the outer wall. The outer surface wall area slightly exceeds the 
inner wall area, therefore we expect the wall stress difference between outer and 
inner wall to differ by the ratio of these areas. In our range of curvatures and 
vessel diameters we estimate this difference less than 10%, which is far less than 
the observed difference in shear stress between inner and outer curve by a factor 
of 2. In addition, as the observed relation between vessel wall thickness and wall 
stress (Bevan et al., 1975) is linear, we do not expect that a 10% wall stress 
variation will produce a 100% variation in neointimal hyperplasia. At a 
microscopic scale, for example at the location of a stent wire, it might be 
suggested that local wall stress variations may exist far exceeding 10%. Whether 
the cancellation by local tissue adaptation of such microscopic unbalances 
propagates into the observed macroscopic asymmetries is unknown. 

Another often-described local risk factor for promoting neointimal 
hyperplasia is the persistent plaque burden covered by the stent (de Smet et ai., 
1997; Prati ef ai., 1999). However, these papers only report on the cross sectional 
relationship between the area of the plaque burden and the area of the ncointimal 
formation (de Smet et al., 1997; Prati el ai., 1999), no data exist whether the 
observed asymmetries may be explained from the persistent plague burden. 
Nevertheless, this subject warrants further study as in cccenh'ic lesions, a 
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confounding factor like progression of atherosclerosis at the low shear stress side 
(Krams el al., 1997) may be present. At the other hand, the balloon induced 
damage and so healing response may be located opposite of the plaque at the 
remaining free wall. 

In respect to the above, the observation that hypercholesteremia influenced 
the relationship between shear stress and neointimal thickness is most important 
and emphasizes the likely important role of shear stress in the process of 
neointimal formation. From several animal and patient stndies it is known that 
shear stress dependent endothelial functions involved in neointimal formation, 
such as the NO production and the endothelin production (Best et al., 1999; Inoue 
el al., 1998; Laight et al., 1996), are influenced by hypercholesteremia. Therefore, 
the finding that the observed shear stress dependent neointimal formation is lost 
associated with hypercholesteremia strongly suggests the unique role of shear 
stress in neointimal formation. At the other hand, this finding also stresses the 
independent role of endothelial function itself in the process of neointimal 
formation. Further studies are warranted on this interTelationship between shear 
sh'ess, endothelial function and neointimal hyperplasia. 

6.5.4 Limitations of the study 
In this study only patients with intermediate neointimal formation could be 
studied, since only for those patients the stepped IVUS-pull back device could be 
applied. Because these patients did not show restenosis, our results could be 
biased and only applicable for mildly neointimal hyperplasia. 

In this study no flow measurements were performed. The current analysis 
assumes the same average shear stress in all patients. Therefore differences in 
absolute shear stress levels between patients could not be evaluated. 

For the 3-D reconstruction of the stents and subsequent computational fluid 
dynamics only vessel geometries at 6 months were available. Therefore, changes 
in geometry over the follow up period may have influenced our results. However, 
the 3% change in stent length observed in this study is relatively small in 
comparison with the changes found by von Birgelen (13%), as linearly 
extrapolated from the changes in stent diameter (von Birgc1en et al., 1998). 
However, it is not likely that these minor changes were responsible for the 
observed asymmetrical patteru in neointimal thickness. 
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The asymmetry in neointimal hyperplasia thickness in Wallstents as evaluated at 
6 months follow up after implantation is predicted by shear stress distribution and 
not by demographic parameters. Hypercholesteremia at intake abolished this 
relation. These findings support a hemodynamic theory contributing to the 
process of in-stent neointimal hyperplasia formation. 
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Chapter 7, PTA in iliac artery 

We combined an ultrasound-based 3-D reconstruction technique with 
computational fluid dynamics to evaluate the role of shear stress and wall stress 
during vessel shrinkage (,vascular remodeling') induced by balloon angioplasty 
in atherosclerotic pig arteries. The present study shows that in a model with 
documented vascular remodeling both regional shear stress and regional wall 
stress immediately alter angioplasty are good predictors of the degree of vascular 
remodeling. Furthermore, regional shear stress and regional wall stress are within 
a certain range normalized 6 weeks after balloon angioplasty. The possible 
underlying mechanisms and their inteITelationship are discussed in the present 
paper. 
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While balloon angioplasty has been successfully applied for the h'eatment of 
obstructive atherosclerotic disease the amount of restenosis (30-50%) remains an 
important drawback in its applications (Glagov, 1994). Rcstenosis has long bcen 
considered a consequence of excessive neointimal formation (Bauters et al., 1996; 
Nikol et al., 1996). Recently, animal (Kakuta et al., 1998; Langille, 1993; 
Pastcrkamp et ai., 1997; Post et al., 1994) and human studies (Langille, 1993; 
Pasterkamp et ai., 1996) have shown that shrinkage in vessel geometry 
(,constrictive arterial remodeling') is the major clu'onic component of restenosis 
after balloon dilatation. Expansive and constrictive arterial remodeling has been 
observed in conditions like exercise, embryonic development and experimentally 
induced high flow conditions, where it is accompanied by normalization of shear 
stress on the endothelium (Brownlcc and Langille, 1991; Kamiya and Togawa, 
1980; Langille, 1993). In vih'o experiments have shown that shear stress is 
coupled to the expression of a variety of genes, including those for ecNOS, ET-I, 
PDGF and MMP-9, which affect smooth muscle cell (SMC) replication, SMC
apoptosis and matrix breakdown and production (Ando et ai., 1995; Bassiouny et 
al., 1998; Friese! and Maciag, 1995; Malek and Izumo, 1992; Sharefkin et al., 
1991). All these processes are thought to playa role in vascular remodeling 
(Langille, 1993). 

Vascular remodeling has also been associated with the pressure induced 
force balance within the vessel wall (Rachev el al., 1998; Thubrikar and 
Robicsek, 1995). Especially in hypertension, where blood now and shear stress 
are hardly changed, the associated medial thickening is presumably adaptive and 
serves to normalize the increased wall stress (Humphrey, 1995; Rachev et al., 
1998; Taylor, 1998). In accordance with these findings is that wall stress activates 
ion channels, MAP-kinases and stress activated protein kinases (SAPK). 

Despite the above findings, the role of shear stress and wall stress in 
balloon angioplasty related vascular remodeling is presently unknown. Hence, we 
have extended the 3-D intravascular ultrasound (rVUS) technique to calculate 
regional shear stress and regional wall stress distributions. With this novel 
technique we evaluated the role of shear stress and wall stress in remodeling atier 
PTA. For this purpose we performed balloon angioplasty in atherosclerotic 
Yucatan pigs, which is an well-accepted experimental model for atherosclerosis 
(Post el al., 1997). 
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7.2.1 Animal preparation and instrumentation 
The investigation conformed with the Guide for the Care and Use of laboraIOI)' 
Animals published by the US National Institutes of Health (NIH Publication No. 
85-23, revised 1985) and was approved by the ethical committee on Animal 
Experiments of the Faculty of Medicine, Utrecht University. 

A detailed description of the preparation and instmmentation has been 
reported elsewhere (Post el 01., 1997). Briefly, all 6 animals started an atherogenic 
diet at the age of 7 months, resulting in a sustained lO-fold increase in total 
cholesterol level to 14.9±4.4 mmol/I and approximately a 3.5-fold increase in 
HDL level to 2.2±0.3 mmol/l. Two weeks thereafter, a carotid incision was 
performed and an arterial SF sheath was placed into the descending aorta under 
tluoroscopic guidance. Through the sheath an 8F guiding catheter was advanced 
to the aortic bifurcation to perfonn conh'ast angiography (Telebrix, Laboratoire 
Guerbet, France) and to insert a 4F Fogarty balloon catheter. Denudation of 3-4 
em segments (measured by a radiopaque ruler) in the external iliac arteries was 
performed by triple withdrawal of the Fogarty catheter that was manually inflated 
with a 50:50 v/v water contrast mixture. After the procedure, the carotid artery 
was carefully sutured. 

Four months after the denudation, selected sites of the most prominent 
arterial narrowing were balloon dilated with a standard peripheral (length 5 em, 
diameter 6 mm) angioplasty catheter. The balloon was inflated three times for I 
min at a pressure of 10 atmosphere. Before and after balloon intervention, 
angiography and intravascular ultrasound pullback were performed. After 
angioplasty the atherogenic diet was replaced by a regular diet. 

After a follow up of 42 days, the pigs were anaesthetized again and 
angiograms and intravascular ultrasound recordings were performed as described 
above. 

During each procedure, heparin was administered (thromboliquine (100 
IU/leg), Organon Teehnilea) to the animal. In addition, every 15 min, 25 mg 
Atropine was given intravenously. One day before intervention, acetyl salicylic 
acid (125 mg) p.o. was given and continued for 2 weeks after the intervention. 
During each intervention, a continuous infusion of nitroglycerin (20 f,lg/ kg/min) 
was given to prevent arterial spasm. The following sections describe the 
angiographic and IVUS method in more detail. 

7.2.2 Angiography 
Angiography was performed before and after each intervention and at follow up. 
Contrast material was injected selectively into the artery under study through an 
8F-guiding catheter. Images were recorded digitally at a cine rate of 12 
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images/sec using a C-ann fluoroscopic unit (Philips, Eindhoven, The 
Netherlands) in the frontal position. The images with the highest contrast were 
selected and stored on DA T tape for further analysis. 

The balloon diameter and balloon length were calculated with an in-house 
developed software package. Briefly, after calibration of the digitized images with 
a radiopaque ruler, the balloon diameter and balloon lengths were calculated on 
basis of points manually indicated in the antero-posterior (AP) view of the 
contrast filled balloon. The position of the balloon was noted as the distance 
between the side branch distal from the balloon and the distal end of the balloon. 
This side branch served as a reference point, both for angiography and IVUS pull 
back. 

7.2.3 Intravascular Ultrasound and mesh generation 
A continuous IVUS-pull back through the external iliac artery was performed 
starting at the distal side branch as defined by angiography. Pullback distance was 
recorded continuously during pull back with an in-house developed measuring 
device (Li, 1997). From the IVUS recordings cross sections were selected at 0.5 
mm intervals, resulting in 100-150 cross scctions per blood vessel segment. A 
well-validated semi-automatic contour-tracking package was used to generate 
contours bctween the lumen-intima and media-adventitia borders (Li, 1997). 

The stacked IVUS contours served as a template for the generation of the 3-D 
mesh necessm'y for the numerical computational fluid dynamics (see below). The 
axial mesh resolution of the 3-D reconstruction was reduced to 0.5-0.7 mm as the 
mesh, which consists maximally of 100 cross sections (restricted by computer 
power) had to be distributed over the 100-150 IVUS cross sections. The mesh 
completely tilled the lumen of the IVUS 3-D reconstruction of the artery. Each cross 
section of the mesh is composed of 32 elemeuts, and each element contains 27 
nodes. This results in a cross sectional resolution of 220 /-Lm to 450 /-Lm for the 
lm'gest diameter and of 90 to 190 /-Lm for the smallest diameter. This range was a 
result of a purposely-induced increase in resolution towards the vessel wall. As a 
consequence the resolution is high when the blood vessel is small, i.e. when velocity 
gradients are high. 

7.2.4 Computational fluid dynamics 
At each nodal point or the mesh the 3-D Navier-Stokes equations for 
incompressible fluids were implemented. The non-linear convective term in the 
Navier-Stokes equations was linearized with a Newton-Raphson approach and 
solved with a maximal e1TOr of 10-4 (mfs). To obtain the pressure unknowns from 
the discrete Navier-Stokes equations a penalty function approach was used. In 
combination with boundary conditions this set of linear equations can be solved 
(Bovendeerd et al., 1987; Vosse et al., 1989). We applied a direct profile method, 
of a well-validated, finite element package (Sepran, Sepra, Leiden, The 
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Netherlands), to solve the resulting matrices (Bovendeerd et al., 1987; Vosse et 
al., 1989). 

The following boundary conditions were imposed: parabolic steady inflow 
at the enh'ance of the vessel, zero sh'ess at the outlet and no-slip conditions at the 
vessel wall. The value of mean entrance velocity for each blood vessel at all three 
time points was set at a now value of 80 mUntin (Bagshaw et ai., 1986). We 
further assumed that blood behaved as a Newtonian fluid with a density of 1050 
kg/m' aud a viscosity of 3* 10-' Pa.s. 

Alignment of the mesh data, obtained before PTA, after PTA and at follow up 
was perfol1ned with reference to the common distal side branch. The length of 
each segment was adjusted to the shortest common pull back segment and the 
resulting differences in resolution were accounted for by linear interpolation 
procedures (Matlab®, Mathworks Inc., USA). Side branches were removed after 
selecting them in the IVUS cross sections. 

For each cross section, within the balloon dilated vessel segment the 
parameters as described in Table I were calculated. All geometrical parameters 
(LA, W A and MBA) were obtained by numerical integration, while shear stress 
(SS) was obtained from the finite element package. The circumferential wall 
sh'ess distribution (WS) for each cross section was derived assuming a thick 
walled cylindrical geometry (Gere 1.M. and TimoshenJ(O S.P., 1996). Averaging 
from inner to outer wall resulted in a single average circumferential wall stress 
value for each cross section. To avoid influence of systenlic factors, we divided 
each parameter by its corresponding value of the average non-dilated or reference 
segment (Table I). At corresponding locations and at different time points the 
acute gain (Ll.LApo"p,,), late loss (Ll.LA,,,,,,r,,), normalized change in lumen area 
(nLl.LAfupu,,), wall area (nLl.WAfupo,,) and media bounded area (nLl.MBArupo,,), the 
absolute and normalized changes in shear stress (Ll.SSrupo" and nLl.SS rupo,,) and wall 
stress (Ll. WSfupu"and nLl. WS""M' ) over time were calculated (Table I). 

We automatically deternlined the location of the minimal lumen area 
(MLA) for each blood vessel by a computer search and analyzed at that location 
MLA, MBA, WA, SS, WS, acute gain and late loss before and after angioplasty 
and at follow up (Table I). 
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Table 1: Definition of applied variables 
DefInitions 
LA 
WA 
MBA 
WS 
SS 
nLA 
nWA 
nMBA 
nWS 
nSS 
L1LAposlpre 

i1LApostfu 

ni1LAfupo ,>t 

n.6.WAfupoSl 
116.MBAfupOSI 

11L1 WS fllref 

LA/ LA,,, 
WA I WArd 
MBA/MBA,,, 
WS IWSref 

SS / 55,", 
LApos!-LApre 
LApm;!-LAfu 
nLA fli - nLApo$( 
nWAfu-nWApo$( 

nMBAfu-nMBApm;! 

(nSSfo- 1)*100% 

(n WS fu - 1)* 100% 

Chapter 7, control mechanisms 

Description 
Lumen Area (mm2

) 

Wall Area (mm') 
Media Bounded Area (mm2

) 

Wall Stress (kPa) 
Shear Stress (N/m2

) 

Normalized Lumen Area 
Normalized Wall Area 
Normalized Media Bounded Area 
Normalized Wall Stress 
Normalized Shear Stress 
Acute gain (mm2

) 

Late loss (mm 2
) 

normalized Lumen Change 
normalized Wall Growth 
Normalized media bounded area change 
(Vascular remodeling) 
Normalization of Shear Stress to reference 
values at follow up 
Normalization of Wall Stress to reference values 
at follow up 

l1i1SSfupre (nSShl- nSSpnJ* 100% Normalization of Shear Stress to baseline values 
I1i1WS rllwe (nWS fu - nWSpre)*lOOO/O Normalization of Wall Stress to baseline values 

pre is before angioplasty; post is after angioplasty; fu is at six weeks follow up; ref is reference 
segment 

7.3.1 Data selection and statistics 
Before starting statistical analysis the entire data set (791 data points,1 data point 
represents I cross section) was reduced to include the balloon-dilated segment 
only (n=500). As a second step, the balloon-dilated segments were stripped 12.5% 
of length on both ends to exclude matching errors because of uncertainty of 
balloon lengths at their ends. This reduced the data set to 375 points. In addition, 
we corrected this reduced data set for spasm by disregarding data points that did 
not expand after PTA, resulting in a final data set of 222 points. 

Minimal lumen area and associated variables were tested for differences in 
their mean values with a one way ANOV A with repeated measures, followed by a 
pairwise comparison based on a Student-Newman-Keuls test. 

n WSpOS! and nSSpos t were evaluated as predictors of vascular remodeling 
and normalized wall change (Table 1) with a multi-regression analysis. Before the 
analysis each animal was encoded with two dummy variables. One dummy 
corrected for a difference in offset per animal and one dummy corrected for a 
difference in slope per animal. An F-test was applied to each set of dummies to 
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test if addition of the dummies reduced the unexplained variance of the model. 
The conh'ibution of each significant parameter was determined by its individual 
sensitivity to the total variation of nIlli1BAr"po". Furthermore, this sensitivity was 
made dimensionless by normalizing the total variation of nAMBA,,,po,, to unity. 

Normalization of shear stress and wall stress was determined by a two step 
approach. First, the normalized shear stress change over time (nASS",p,,) and the 
normalized wall stress change over time (nA WS f",,,",) were related to acute gain, 
applying a regression model which included a linear and a quadratic term and the 
two dummies per animal. Secondly, the individual model predictions per animal 
were averaged for acute gain at increments of 0.1 mm'- From these data the 
prediction interval and the statistical significance of the curve with respect to zero 
was calculated applying t-tests. 

All data are presented as mean±SD. P-values < 0.05 arc considered 
significant. All statistical analysis was perfOlmed in SPSS 8.0 (SPSS mc., 
Chicago, Illinois, USA) 

7.4.1 Animals 
We studied both the right and left external iliac arteries of 6 atherosclerotic 
Yucatan pigs, i.e. 12 arteries. One 3-D IVUS acquisition was excluded from the 
analysis due to technical failure and in one artery no balloon angioplasty was 
petformed. As in the present analysis, three measurements of a single artery were 
combined, this study therefore includes 10 artet}es and 30 3-D reconstructions. 

7.4.2 3-D blood vessel reconstruction; geometrical aspects 
The 3-D reconsh'ucted lumen of a single blood vessel with shear stress projected 
onto its surface is displayed in Figure I. It can be seen that the vascular lumen 
increased after PTA and returned close to its original geometry during the 6 week 
follow-up period. For the entire group, MLA and nMLA increased approximately 
by 44% after PTA (Table 2, p<0.05). While MLA returned to its baseline value 
during follow up, nMLA returned to the value of the reference segment (Table 2). 
Interestingly, the average lumen area at the reference segment significantly 
decreased by 30% during follow np period (Table 2, p<0.(5). MBA and nMBA, 
at the location of MLA, increased approximately by 32% (p<0.05) after PTA. 
During follow up MBA and nMBA followed a similar pattern as MLA and 
nMLA, as WA and nWA remained unchanged (Table 2). Furthermore, similar 
changes in the MBA at the reference segment were observed (p<0.05, Table 2). 
The acute gain and late loss, at the location of MLA, were 5.93±3.25 mm2 and 
6.16±3.80 mnl, respectively. 
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Figure 1: Example of 3-D reconstruction of the IUlTIen of an external iliac artery before, 
after PTA and at follow-up. Shear stress (N/nl) is projected on the surface of all three 3-D 
reconstructions. 

7.4.3 3-~ blood vessel reconstruction; biophysical aspects 
As can be deduced from the color map in Figure I , shear stress decreases after 
PTA and retums to baseline values during follow up. For the entire group, shear 
stress at the location of MLA was 1.9 times the reference value of 0.5 N/m2 

before angioplasty (Table 3). While SS and nSS decreased to almost 30% of 
baseline values immediately after PTA, SS returned to baseline values and nSS 
returned to the reference segment value at 6 weeks follow up (Table 3), despite of 
the change in shear stress at the reference segment (p<0.05, Table 3). Both 
absolute and normali zed wall stress increased by 43% after PTA. While absolute 
wa ll stress returned to baseline values, normal ized wall stress had returned to the 
reference segment value during follow up (Table 3). The wall stress at the 
reference was decreased during the follow up period by 27% (p<O.Os, Table 3). 

The relationship of nSSprc , nSSpost and nSSru versus acute gain (~Apostpre) 
are disp layed in Figure 2. It can be seen that most of the reduction in shear stress 
after balloon angioplasty occurs at high acute gains (Figure 2A and 2B). 
Remarkably, nSS ,u was close to unity over the entire range of acute gain values 
(Figure 2C). 
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Table 2: Geometrical parameters at the location of minimal area obtained from 3-D TVUS 
reconstruction of 10 external iliac artelies of 6 atherosclerotic Y lIcalan pigs. 

MLA (mm') 

WA 

MBA 

(mnl) 

(nml) 

LA ref (mul) 

W Arc[ (m1112) 

MBAl'cf(mmL
) 

nMLA 

nWA 

nMBA 

Pre Post Follow Up 
12A±3.2 18A±3.9+ 12.2±2.2° 

5.6H8 5A±1.2 5.2H2 

IS.O±4.5 

17.3±5.1 

5A±IA 

22.7±6.1 

O.77±O.30 

I.09±O.37 

0.S4±0.30 

23.8±3.9+ 

n,a. 

n.a. 

n.a. 

1.11±O.39+ 

1.09±OA2 

1.12±O.32+ 

17A±2.6° 

12A±4.5* 

5A±1.3 

17.8±5.3* 

I.08±0.2S* 

I.05± 0.29 

I.05±0.22" 

MLA: minimal lumen area; W A: wall area; MBA: media bounded area; nMLA: normalized 
rrUnimallumen area; normalization to reference segment; 11 W A: normalized wall area; nMBA: 
normalized media bounded area, LArd: lumen area at reference segcment, W Arer: wall area at 
reference segment, MBArcf : media bounded area at reference segment *p<O.OS pre vs. follow 
up; 0 p<O.OS post vs. follow up; + p<O.OS pre vs. post; n.a.: not available 

Table 3: Biophysical parameters at the location of minimal area obtained from 3-D IVU5 
reconstruction of 10 external iliac arteJies from 6 atherosclerotic Yucatan pigs. 

Pre Post Follo·w Up 

SS (N/m 2
) O.9±OA O.3±0.2+ 0.9±OAu 

WS (kPa) 

SS,,, CN/m') 

WS,d (kPa) 

nSS 

nWS 

69.1±18A 

O.6±0.3 

95±21 

1.92±O.Sl 

0.76±O.30 

99.6±27.1' 70.0±16.6° 

B.a. 1.0±O.8* 

l1.a. 69±22* 

0.62±OA6+ 1.01±OA3* 

1.11±0.3S+ 1.06± 0.27* 

5S: average cross sectional shear stress; WS: average cross sectional wall stress; nSS: shear 
stress normalized to reference segment; nW5: wall stress normalized to reference segment; 
SSrcf: shear stress at reference segment;WSrcr: Wall stress at reference segement; *p<O.OS 
pre vs. follow up; °p<O.OS post vs. follow up; + p< 0.05 pre vs. post; n.a.: not available 
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Figure 2: Shear stress before angioplasty (nSS prc ; panel A), after angioplasty (nSSpm;[; panel 
B) and at follow up (nSSf\!; panel C) versus acute gain. Indicated is the standard error of the 
mean for each point on the curve. 
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Figure 3: Wall stress before angioplasty (nWS pre ; panel A), after angioplasty (nWSpos t ; 

panel B) and at follow up (nWSru ; panel C) versus acute gain. Indicated is the standard error 
of the mean [or each point on the curve. 
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As a consequence, nf..SSr"p," was described by the following relatiouship: 
nf..SS,,,p,, = - (1.6S±0.SO) (f..LApo",,,e)2 (r=0.74; p<O.OS; Figure 4A). The constant 
and the linear term were not significant. The range over which nf..SS,op" was not 
different from zero was Ii'om 0 to 8.6 mm2

. nf..SS,u"" in contrast, was described 
by the relationship: nf..SSrm" = (22.7±8.2) (r=0.7S; p<O.OS; Figure 4C). The linem' 
and quadratic terms were not significantly different from zero. 

The relationship of nWSpcc, nWSpo" and nWS f" versus acute gain are 
displayed in Figure 3. The increase in wall stress after balloon angioplasty was 
most prominent at high acute gains (Figure 3A and 3B). Of interest is the finding 
that n WS'u, similm' to the findings of nSS,u, was close to unity over the entire 
range of acute gain values (Figure 3C). The nf.. WSr"P" versus acute gain 
relationship was non-significant for all the coefficients. Consequently, the 
n~ WSfupre values were equal to zero over the entire range of acute gain values 
(Figure 4B). The nf.. WS,",." versus acute gain relationship also produced a non
significant relationship versus acute gain (Figure 4D). None of the coefficients 
were statistically significant. Consequently, the nf.. WSrm" values were equal to 
zero over the entire range of acute gain values. 

7.4.4 Prediction of vascular remodeling and wall growth 
Post-angioplasty wall stress and post-angioplasty shear stress were both 
significant predictors of vascular remodeling as described by the following 
relationship: nf..MBA,upo" = (32.7±11.7)*nSS,M' - (34±6.8)*n WSpu" + (l9.6±11.4) 
(r = 0.9S; p<O.OS). The conh'ibution of nWSpo,,, for three different values of 
nSSpo" is displayed in Figure SA. In addition, the individual contribution of 
nSSp,," is displayed in Figure SB at three different constant values of n WS,M" 
The relative conh'ibution of nSSpo" and nWSpo" to the total variation of 
nf..MBApo" is 0.6 and 0.4, respectively. Normalized wall growth is not related to 
nSSposl,or n WSpOS! as derived frOlll the non-significant slopes obtained by 
univariate analysis (p=NS). 
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Figure 4: Shear stress (nilSSrllpre; panel A) and wall stress (nL1 WSfu [l110; panel B) difference 
between baseline and follow up versus acute gain. Shear stress (nLlSSfurcf; panel C) and wall 
stress (ni'!. WS rurer; panel D) differences between the reference value at follow up and actual 
value inside the balloon-dilated segment at follow up versus acute gain. 
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Figure 5: Vascular remodeling: Panel A: model predictions for the individual effect of 
nWSpOSh while nSSpust was set at 0.7, 1.4 and 2.1 N/m2

; Panel B; model predictions of 
nSSpost, while nWSpost was set at 0.6, 1.2 and 2.8 (kPa). These values signify the minimum, 
average and maximum of the parameter. 
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Balloon angioplasty has been successfully applied for the treatment of obstructive 
atherosclerotic disease. However, the amount of restenosis (30-50%) remains an 
important drawback in its applications (Glagov, 1994). Restenosis has long been 
considered a consequence of excessive neointimal formation (Bauters et al., 1996; 
Nikol et ai., 1996). Recently, animal (Kakuta et aI., 1998; Langille, 1993; 
Pasterkamp et aI., 1997; Post et ai, 1994) and human studies (Langille, 1993; 
Pasterkamp et aI., 1996) have shown that shrinkage in vessel geometry 
(,constrictive arterial remodeling') is the major chronic component of restenosis 
after balloon dilatation. The present study evaluated the role of both shear stress 
and wall stress in constructive vascular remodeling of atherosclerotic blood 
vessels in a well-accepted model of vascular remodeling (Post et aI., 1994). We 
will discuss the main findings of the present study separately. 

7.5.1 Wall stress control mechanism 
Wall stress has been studied extensi vely in hypertension and heart failure (Rachev 
et aI., 1998; Taylor, 1998; Humphrey, 1995; Williams, 1998). In those conditions, 
it has been shown that increments in blood pressure induce hypertrophy of the 
smooth muscle layer to restore wall stress to its baseline value. In atherosclerosis, 
the role of wall stress is less clear (Thubrikar and Robicsek, 1995) and especially 
after PTA a paucity of data exists to clarify its role in restenosis. We ordered the 
regional wall stress values according to the acute gain obtained after PTA, in 
order to detect relationships related to tissue injury. The ordered regional wall 
sh·ess values before PTA decreased monotonically with lumen gain due to larger 
plaque accumulation at high acute gain regions. Immediately after PTA, wall 
stress increased up to values of 40% above pre-PTA values at high acute gain. 
The latter finding seems plausible as at high acute gains regional wall thickness 
decreases the most and vessel radius increases the most and due to the Laplace 
law, wall stress then increases the most. Despite these changes in wall sh·ess 
immediately after PTA, regional wall stress returned to reference values at follow 
up. This restoration was independent of the acute gain and not related to baseline 
values. Hence, these findings are compatible with a wall stress control mechanism 
that is activated after PTA, without a memory for the condition before PTA. 

7.5.2 Shear stress control mechanism 
Shear stress has been involved in vascular remodeling, in primary atherosclerosis 
and after experimental conditions of increased How (Moore et aI., 1992; Ku et ai, 
1985; Sabbah et al., 1984), where it was aimed at restoring deviations of a normal 
value of 1-2 N/m2 Regional shear stress was approximately I N/m2 at the 
location of the minimal lumen area before balloon angioplasty, which is in the 
lower range of normal values reported in literature (1-2 N*mo2

) (Langille, 1993). 
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As MLA is the lowest lumen area of each blood vessel, the data indicate that we 
imposed a slightly low entrance velocity to our blood vessels, Despite this 
restriction, large spatial variations in regional shear stress with lumen gain before 
balloon angioplasty were noted. As we could exclude tapering as a source of tl,ese 
findings, these high shear stress regions may therefore signify those areas where 
the endothelium is dysfunctional or the diffusion distances of vasoactive 
substances, like NO, are too high. PTA reduces these high shear stress regions by 
a factor of 3-4. These induced changes in shear stress after PTA are probably 
large enough to induce changes in gene expression and protein composition of the 
(regenerated) endothelial layer and smooth muscle cells (Malek and Tzumo, 
1995). 

Shear stress at follow up was close to its own reference value, but differed 
from regional pre-PTA baseline values. This finding provides sh'ong evidenee for 
a control mechanism for shear stress activation after PTA. As our nonnalized 
data, including our wall sh'ess data, are sensitive to the reference segment values, 
we reanalyzed the diameter of the blood vessel at follow up by angiography 
performed before placement of the IVUS catheter. Diameters from IVUS (3.5 
mm) were not different from those obtained with angiography (3.7 1111n) 
excluding IVUS catheter related enors. 

7.5.3 Underlying mechanism (Figure 6) 
Wall stress, according to the law of Laplace, is int1uenced both by lumen 
diameter and by wall thickness. Consequently, normalization of wall stress may 
occur, in theory, at different vascular diameters. Shem' stress, on the other hand, is 
tightly coupled to lumen dimensions, but not to wall thickness. Hence, 
normalization of shear stress may lead, in theory, to lumen nonnalization with 
excessi ve increments in wall area. Hence, from a theoretical point of view both 
normalization of vascular lumen and normalization of wall thickness after balloon 
angioplasty can only be compatible with a regulation of both shear stress and wall 
stress (Figure 6). 

As the integrity of the endothelial layer is intelTUpted directly after PTA, 
we propose that the immediate response of the vessel wall to balloon angioplasty 
be aimed at reducing the high wall stress by vessel wall growth. As a 
consequence, an increase of the minimal lumen area (MLA) from 12.4 to 18.4 as 
found in the present study, compensates wall sh'ess with an additional increase of 
wall thickness of only 22% (according to Laplace). This increment in wall 
thickness is too small to compensate for the enlarged lumen area. Hence wall 
stress normalization will result in a blood vessel with increased wall thickness mld 
an enlm'ged vessel lumen. 

Endothelial regeneration during follow up allows shem' stress regulation to 
become more important over time. The remaining large lumen m'ea after wall 
stress normalization (see above) is accompanied by low shear stress regions. 
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FIgure 6: Proposed mechamsm underlYlllg the role of wall stress and shear stress 111 

vascular remodeling after balloon angioplasty. 

Due to the arrest of the atherogenic diet the newly formed endothelial cells that 
migrate into the balloon-dilated segment are relatively free of atherosclerosis. As 
a consequence, these endothelial cells trigger processes to increase shear stress 
and decrease vascular lumen towards the reference value during follow up. 

Now, if due to shear stress regulation the vessel lumen diameter decreases, 
the wall stress decreases and active regulation of wall stress is induced which 
reduces wall thickness. The interplay between these processes settles down at a 
wall thickness and a lumen diameter close to reference segment values. As this 
process leads to reduction in vessel area it predicts vascular remodeling to be 
coupled to wall stress and shear stress regulation. Indeed, the present experiments 
showed that both PTA induced changes in wall stress and in shear stress are 
predictors of vascular remodeling, supporting the present theory. 

The present analysis is closely coupled to two observations made in clinical 
research. Firstly, several parameters have already been identified that predict 
vascular remodeling, most of them based on geometrical parameters (Strauss et 
al., 1991; Serruys el aI., 1991). As regional wall stress and regional shear stress 
incorporate these geometric factors the present findings are not in disagreement 
with these earlier studies. Secondly, an acute gain late loss relationship has been 
identified in several studies after PTA (Kuntz et al., 1993). This relationship 
implies that the more that the geometry is changed after PTA, the larger the 
response. This finding is in full agreement with the existence of a wall stress and 
shear stress feedback mechanism. 
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7.5.4 Limitations of method 
A major assumption of our 3-D reconstruction is that we might apply a straight 
pull back to reconstruct external iliac arteries. To test this assumption we 
performed a full 3-D reconsh'uction, applying a modification of the ANGUS
method (Slager et aI., 1997; Krams et aI., 1998; Krams et aI., 1997) on 5 out of 
the 10 arteries. The 3-D curvature was 7.14 m". We have shown in a separate 
study that this curvature had negligible effect on the shear sh'ess distribution 
(Chapter 5). 

We applied a steady state, Newtonian fluid model in the present numerical 
analysis, while it is known that blood exerts non-Newtonian properties at low 
shear rate values and flow is pulsatile. In addition, the walls of the blood vessels 
are elastic. Several authors have shown that the combined effect or all these 
factors on average shear stress is relatively small in the shear rate range applied in 
the present study (Reuderink, 1991; Perktold e/ aI., 1994) 

The 3-D reconstruction technique docs not include studying side branches. 
We, therefore, excluded these regions in the present analysis. As these side 
branches immediately up and down stream of these regions might affect the local 
velocity field, the estimate of shear stress in those regions might be inaccurate. 

We applied a regional 2-D thick walled cylindrical geometry to calculate 
wall stress in our blood vessels. As the external iliac arteries exhibited only small 
curvature, the 2-D assumption seems justified. However, tissue anisotropy and 
local spots of very high wall sh'ess arc not accounted for in the present study. This 
may lead to an underestimation of the role of average wall sh'ess in vascular 
remodeling. 

In cone/usion, this is the first study evaluating the role of regional wall sh'ess and 
regional shear stress in vascular remodeling induced by balloon angioplasty. Both 
shear stress and wall stress appear regulated with respect to their reference values 
at follow up. In addition, both wall stress and shear stress immediately after 
angioplasty are predictors of vascular remodeling. We propose that wall stress 
initiates the repair processes and rClnains active during the rCIl10deling process, 
while shear stress regulation gains in importance with the regeneration of the 
endothelium. Shear stress normalizatiou finally anests the process. 
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Chapter 8, PTA in iliac artery 

Background 
It has been shown that vascular remodeling (VR) after percutaneous transluminal 
balloon angioplasty (PTA) is regulated by shear stress (SS) and wall stress (WS) 
and is inhibited hy blockade of the metalloproteinases. The aim of the present 
study is to investigate whether SS and WS regulation is still intact or is inhibited 
after PTA by administration of a MMP-inhibitor. 

Methods 
In the iliaca extern a of 12 atherosclerotic Yucatan pigs PTA was performed. 6 
pigs received Batimastat and 6 pigs served as Control. Before, after intervention 
and at 6 weeks follow up intravascular ultrasound pullback was performcd 
allowing 3-D rcconstruction of these arteries. Subsequently, these 3-D 
reconstructions were used to calculate SS by computational t1uid dynamics (flow: 
80 mllsec) and WS applying a thick wall cylinder model. After smoothing, 
aligning and resampling of these arteries, VR was related to SS and WS after 
PTA. Regulation was defincd as the condition that SS and WS at thc balloon 
dilated segment were equal to the SS and WS at the vessel segment outside the 
balloon dilated segment (reference segment) at follow up. 

Results 
Batimastat reduced the contribution of VR to the change in lumen area during 
follow up. However, the change in loss index induced by Batimastat versus 
control was not significant (l.02±0.11 vs. 0.81±0.05, p=0.087). For both groups, 
VR was predicted by both SS and WS, however the relative contribution of SS 
and WS was Changed by Batimastat. For the Control group, at follow up SS and 
WS in the balloon segment were closely returned to the reference segment, while 
for the Batimastat group both the SS and the WS were in general below the 
reference values (p<0.05). 

Conclusion 
Batimastat reduces the vascular remodeling thereby hampering the shear stress 
and the wall sh'e" control system 6 weeks after PTA. 
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Although balloon angioplasty (PTA) is a well accepted method to reduce arterial 
stenosis, an important disadvantage is that in 30-50% of the cases restenosis 
develops. Tissuc injury related intimal hyperplasia has long been proposed as the 
main cause of restenosis (Nobuyoshi et al., 1991). Recently, however, it became 
clear that restenosis after balloon angioplasty is mainly caused by shrinkage of the 
vessel wall (,constrictive vascular remodeling') and only to a minor extent by 
neointimal formation (Post et al., 1994). 

Consh'ictive vascular remodeling has been measured as a response to 
conditions of low shear stress, where it is aimed at restoring the original shear 
stress (Kamiya and Togawa, 1980). In addition, vascular remodeling has been 
observed in hypertension studies and the vessel wall presumably adapts to 
normalize the induced changes in wall stress (Bevan et al., 1975; Rachev et al., 
1998; Wolinsky, 1970). 

Recently, we showed that constrictive and expansive vascular remodeling 
induced by balloon angioplasty could be interpreted as a response to control both 
the shear stress ffild wall stress such that they became equal to the reference 
segments (Chapter 7). This study, therefore, implied that two negative feedback 
loops underly vascular remodeling. Hence, in order to prevent the artery from 
remodeling after PTA and keep the vascular lumen patent, these negative 
feedback loops should be studied and if possible inhibited. 

In a previous study, de Smet et aZ. showed a reduction in vascular 
remodeling after PTA by inhibition of Matrix Metalloproteinase (de Smet, 1998) 
(MMP inhibition). MMP inhibition reduces the break down of extra cellular 
matrix and thereby the migration of smooth muscle cells (Bendeck et al., 1996). 
Since the expression of MMP mRNA is coupled to both the shear sh'ess and wall 
stress changes (Bassiouny et aZ., 1998; Rohde et al., 1999), we hypothesized that 
a pharmacological MMP-inhibition is a method to inhibit the negative feedback 
loops that controls the shear stress and wall stress. Through this intervention 
negative vascular remodeling after PTA may be inhibited. 

To that end we calculated the shear stress and wall stress distributions with 
a newly developed technique before and after PTA and at 6 weeks follow up in 
the atherosclerotic Yucatan pig; a well accepted animal model for atherosclerosis 
(Post et aZ., 1997). In the present study a detailed analysis is performed on a group 
of animals receiving a MMP-inhibitor. The Control group (6 Yucatan pigs) has 
been described in Chapter 7 in detail. 
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8.2.1 General protocol 
In a fOlmer study the effect of wall stress and shear stress was evaluated in a 
group of pigs not receiving Batimastat (Chapter 7). Details of this Control group 
will be presented in relevance to the present study. 6 Yucatan mini-pigs with a 
final weight of 25 kg were used for this study. At the age of 7 months the animals 
started an atherogenic diet. Two weeks thereafter they underwent Fogarty 
denudation of the external iliac arteries and after an additional 4 months of diet 
the arteries were treated by balloon angioplasty (PTA). From that moment on the 
atherogenic diet was replaced by a regular diet and a matrix metalloproteinase 
inhibitor (Batimastat, supplied by British Biotech Pharmaceutical Limited, 
Oxford, U.K.) was administered and repeated at a two weeks interval. On the day 
of termination, six weeks after balloon angioplasty the animals were studied 
again. All animals were treated according to the Guide for the Care and Use of 
laboratory Animals published by the US National Institutes of Health (NIH 
Publication No. 85-23, revised 1985) and treatment was approved by the ethical 
committee on Animal Experiments of the Faculty of Medicine, Uh'echt 
University. 

8.2.2 Atherogenic diet 
In addition to essential nutrients, vitamins and salts, 1.5% cholesterol, 17.5% 
casein, 14% lard, and 6% peanut oil formed the basic atherogenic components of 
the diet that had a daily nutritional value equivalent to 2400 Kca!. In pilot 
experiments, it was shown that this regimen results in a sustained lO-fold increase 
in total cholesterol reaching a level of 14.9±4.4 mmol/I, and approximately a 3.5-
fold increase in HDL reaching a level of 2.2±0.3 mmolli. Water intake was not 
resh·icted. The diet during follow up was a regular, non-atherogenic chow with a 
nUh'itional value equal to the atherogenic diet. 

8.2.3 Catheterization protocol and anesthesia 
Before all interventions, the animals were anesthetized with inh'avenous 
metomidate (4 mg/kg) and ventilated (Servo, EM 902) with a mixture of 
O,:N,O=1:2 and halothane, 1-2%. 

For all interventions, the arterial h'ee was accessed through an excision of 
the carotid artery and an 8F sheath was positioned into the aortic bifurcation 
under fluoroscopic guidance. Through this sheath, contrast (Telebrix, Laboratoire 
Guerbet, France) was injected and angiography was performed using a 
t1uoroscopic unit (Philips, Eindhoven, The Netherlands). The image with the 
highest contrast was selected and recorded on DAT tape for further analysis. 
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Two weeks after the stmt of the artherogenic diet, a 4F Fogarty catheter was 
introduced into the right or left external iliac artery and segments of 3-4 em 
(measured by a radiopaque rnler) were denuded by triple withdrawal of the 
manually inflated Fogarty balloon with a 50/50 v/v water contrast mixture. 
Thereafter, the carotid artery was sutured and the pigs were allowed to recover. 
After an additional 4 weeks, the most prominent site of arterial narrowing was 
selected Ii'om the angiographic images in both the right and left external iliac 
m·teries as target area for balloon angioplasty (PTA). Before PTA, intravascular 
ultrasound (IVUS) using 2.9 and 4.3 F catheters (30 MHz; Du-MED, Rotterdam, 
the Netherlands) was used to investigate the target area (protocol see below). 
Using the IVUS derived vessel diameter, an angioplasty balloon (standard 
peripheral balloon: length 4-5 cm, diameter 6-7 mm) was selected to induce a 
dilatation ratio of 1.2. The balloon was inflated 3 times for I min at a pressure of 
10 atmosphere, which was documented by fluoroscopy. After PTA, the IVUS 
catheter was reintroduced and a continuous pull back as described below was 
performed. 

After 6 weeks follow up, the pigs were anesthetized again and angiography 
and IVUS as described elsewhere documented the treated area. Thereafter, the 
anilnals were terminated. 

8.2.4 Drugs 
One day before PTA, acetyl salicylic acid (125 mg) was given and continued for 
2 weeks after the intervention. During PTA and at the day of termination, a 
continuous infusion of nitroglycerin (20 fig/min) was given to prevent arterial 
spasm. During each procedure, hepm'in was administered (thromboliquine (100 
lu/kg), Organon Technika) to each animal. Every IS min, 0.25 mg Atropine was 
given intravenously. 

After PTA 6 animals were given BB-94 (Batimastat British Biotech 
Pharmaceuticals Limited, Oxford, U.K.), 64 mg/kg i.p. in a concentration of 20 
mg/ml. Batimastat, is a nonspecific synthetic MMP-inhibitor directed against 
MMP-I, MMP-2, MMP-3, MMP-8 mld MMP-9 matrilysin. This injection was 
repeated at two and at four weeks after PTA. The other 6 animals served as 
Control. 

8.2.5 Intravascular Ultrasound protocol 
Before, immediately after PTA and after 6 weeks follow up, the IVUS-catheter 
was placed at a side branch distal from the target m'ea mld a continuous pull back 
was stmted from the distal side branch to the stmt of the guiding catheter. In order 
to allow a 3-D reconstruction of the IVUS-data, a pull back distance measurement 
device was connected to the IVUS catheter and the IVUS images combined with 
the distance data were recorded on S-VHS videotape. To relocate the target area 
at different time points (before and after PTA and at follow up), the position of 
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the distal side branch was documented with the help of a radiopaque ruler that 
was placed parallel to the spine in a reproducible manner (de Smet e/ ai., 1997). 

8.2.6 3-D reconstruction 
3-D reconstruction of the right and left iliac arteries before and after PTA and at 
follow up was performed as follows. Firstly, the TVUS images were digitized 
from the videotape with a resolution of 800 x 600 pixels at intervals of 0.5 mm 
and stored in a computer. Lumen and media were traced semi-automatically by a 
well validated computer package (Li, 1997). The resulting lumen and media 
contours were serially positioned perpendicular to the IVUS catheter axis at 
intervals of 0.5 mm. After resampling and fitting a surface (Matlab@, Mathworks 
Inc., Mass, USA) through the lumen and media contours, a 3-D reconstruction of 
the lumen and wall of the iliac arteries was obtained. 

8.2.7 Computational fluid dynamics 

Mesh generation 
The lumen of the reconstructed artery was filled by 3-D finite elements in order to 
calculate a 3-D flow-velocity field using a finite element software package 
(Sepran, Sepra, Leiden, the Netherlands). In the axial direction maximally 100 
elements could be applied which slightly reduced the axial mesh resolution from 
0.5 mm (TVUS method) to 0.75±0.11 mm in the mesh. Each cross section 
consisted of 32 elements and each element contained 27 nodes. This results in a 
cross sectional resolution of 220 /.lm to 450 /.lm for the largest diameter and of 90 to 
J 90 /.lm for the smallest diameter. The range was a result of a purposely-induced 
increase in resolution towards the vessel wall. 

Boundary conditions and assumptions 
Tn order to solve the 3-D-Navier-Stokes equations it is necessary to supply, 
besides the mesh, boundary conditions, properties of the t1uid and method of 
solution. We assumed that blood behaves as a Newtonian t1uid with a viscosity of 
3 cP and a density of 1050 kg/m3 At the entrance a parabolic velocity profile was 
applied with a t10w of 80 ml/min (Bagshaw e/ ai., 1986). At the wall no-slip 
conditions and at the exit zero stress conditions were assumed. The solution 
method consisted of a linearization of the non-linear convective terms by a 
Newton-Raphson approach, while the matrix was solved by a direct profile 
method. 
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8.2.8 Matching wall and lumen of the iliac arteries before, after 
PTA and at follow up 

The media bounded area obtained from the IV US contours was processed similar 
to the lumen to obtain a I to I matching of lumen and wall with the resolntion of 
the mesh data. In this way a direct coupling between vascular remodeling, wall 
stress and shear stress is realized. 

Furthermore, each set of iliac arteries (before, after PTA and at follow up), 
was processed to enable comparison of similar locations of each artery at each 
time point. This processing consisted of selecting the previous selected side 
branch as the distal common end point. The shortest pull back of all three pull 
back's determined the length of each reconstruction at the three different time 
points. Differences in spatial resolution were adjusted for by a linear interpolation 
routine written in Matlab. The location of the balloon dilated segment was 
selected from the angiographic data and linearly extrapolated to the mesh data, 
using the same side branches as a landmark. 

8.2.9 Analysis 
From the matched contours we derived lumen area (LA), wall area (W A) and 
media bounded area (MBA) by numerical integration. Multiplying the shear rate 
with the constant viscosity delivered the shear stress (SS, Table I). The shear 
stress was averaged for each cross section, because the rotational orientation of the 
arteries at each time point could not be determined. Wall stress (WS, Table I) was 
derived, based on a thick wall cylindrical model, thereby assuming each cross 
section as a circle. This approach resulted in an average wall stress per cross section. 

Since, systemic factors conld aiTect our data, we defined relative parameters. 
These normalized parameters were calculated by dividing each above mentioned 
parameter by its conesponding value in the non-dilated reference segment (nLA, 
nWA, nMBA, nSS, nWS; Table I). The reference segments were defined as the 
average of the cross sections outside the balloon dilated segment. Since, arterial 
spasm might influence the reference segments after PTA, the reference segment 
before PTA was used to calculate relative values for the parameters immediately 
after PTA. 

Regulation of the shear stress and wall stress in the follow-up period was 
defined as the process of restoring the shear sh'ess or wall stress with respect to 
the non-dilated segment at follow up. 
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Table 1: Definition of the applied parameters 

MLA 
LA 
MBA 
WA 
nLA 

nMBA 

nWA 

&Afupust 

L'>.MBAtll1lO'l 
L'>.WAfupuSl 

8.nLAfup,,-,t 

D.l1NIBAfupml 

D.nWAfupml 

Acute lumen 
gain 
Late lumen 
loss 

SS 
nSS 

D.nSSfuref 
WS 

Formula Descriplion 

Geoln,etrica! parameters 
Minimal1umen area pre 
Lumen area 

MBA-LA 
LA/LA,er 

MBAJMBA,er 

WA/WA ref 

LAtu- LAp"s! 
MBArll - MBApr"l 
WAfu- WApml 

(nLA/iI-nLApo) *100% 

LAposr- LApre 

LApo,t-LAfu 

Media bounded area 
Wall area 
Lumen area normalized by lumen area at the 
reference segment 
Media bounded area normalized by media bounded 
area at the reference segment 
Wall area normalized by wall area at the reference 
segment 
Change in lumen area in the follow lip period 
Change in MBA in the follow up period 
Change in WAin the follow up period 

Change in normalized lumen area in the follow up 
pCJiod (illmen change) 
Change in normalized MBA in the follow up period 
(vasclIlar remodeling) 
Change in normalized wall area in the follow up 
period (vessel wall growth) 
Change in lumen area due to balloon angioplasly 

Change in lumen area 

Biophysical parmneters 
Shear stress 

SSISS rcf 

(I1SS,,-I)* 100% 
Normalized shear stress 
Shear stress normalization with ref at folluw up 
Wall stress 

l1WS WSIWSrer Normalized wall stress 
D.nWS fmet (nWSfll-I)*lOO% 

pre: before balloon angioplasty; post 
reference segment 

Wall stress normalization with ref at follow up 

after balloon angioplasty; fu: at follow up; ref: 

In our analysis only data of the balloon-dilated segments were used. Tn addition 
12.5% at each end was stripped off to reduce the influence of uncertainties in 
balloon location. If side branches were present within the balloon dilated 
segment, cross sections at the side branch aud adjacent cross sections up to a 
distance equal to the side branch diameter were excluded from the analysis. This 
reduction of the data set was introduced to account for undetermined influences of 
the side branches on the wall stress and shear stress distribution. 
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To minimize the effect of spasm after balloon angioplasty we included only the 
cross sections with a positive acute Imnen gain. 

For comparison of the MLA, MBA, W A, SS, WS and their normalized 
values and at different time points a repeated measures ANOV A was applied, 
followed by the Student-Newman-Keuls test for multiple comparisons, The 
Batimastat group and the Control group were compared by two way ANOV A, 

The contribution of vascular remodeling (LlMBA'ul'"") to changes in lumen 
area (LlLU,upo,,) and the relationship between acute lumen gain and late lumen loss 
was studied applying linear regression analysis, The loss index was derived from 
the slope of the regression line obtained from the relationship between acute 
lumen gain and late lumen loss (Table 1), In order to detect differences between 
the Control group and the Batimastat group two sets of dummies were added for 
detection of differences in offset and slope. 

The nOTInalized biophysical parameters predicting vascular remodeling and 
the vessel wall growth (Table I) after PTA were determined by multivariate 
regression analysis in a two step approach. Firstly, a univariate analysis was 
performed with nSSpu" and nWS pU,\' If a parameter became significant, it was 
incorporated into a multi-regression model. For the above mentioned regression 
analysis the data were pooled, thereby coding the individual pigs with two types 
of dmmnies. One dummy cOTI'ected for an offset per animal and one dnmmy 
corrected for differences in slope per animal. An F-test was applied to each set of 
dummies to test if addition of the dummies reduced the unexplained vmiance of 
the model. 

Shear stress and wall stress normalization were studied in relation to acute 
lumen gain. In order to do so, the data set was divided into three groups based on 
acute lumen gain. The borders of the groups were determined such that the acute 
lumen gain obtained for the Control group was equally distributed over the three 
groups. The average nLlSS,,,,,, and nLl WS,""" was calculated, correcting for 
multiple measurements per pig by applying dummies (Glantz and Slinker, 1990). 
Normalization of these parameters was defined as the absence of a statistical 
difference with zero applying t-tests. As side branches in between the balloon 
dilated segment and the reference segment artificially affected the reference value 
of shear stress and wall stress, we excluded these conditions !i'om the present 
analysis. Furthermore, for the remaining vessels the reference segment was 
chosen such that only the vessel segments adjacent to the balloon segment up to 
the next side branch were included. 

Finally, for the remaining comparisons t-tests were applied where 
appropriate. All values are expressed as mean ± SD. The statistically package 
SPSS 9.0 (SPSS Inc. Chicago, Illinois, USA) was used for all calculations. 
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8.4.1 Animals 
We studied the light and left iliac artery of 12 pigs, resulting in 24 arteries, 6 pigs 
received Batimastat, while the remaining 6 pigs served as the Control group, The 
Control group contained 10 arteries (30 3-D reconstruction's), since one artery 
was lost due to technical failure and in one artery no balloon was inflated, For the 
Batimastat group, one pig died during the follow up period and in 2 arteries no 
balloon was inflated. One 3-D reconstruction failed due to technical failure and 
since the analyses combines 3 complete 3-D reconstructions for each artery 
(before, after balloon angioplasty and at follow up) the Batimastat group includes 
7 arteries (21 3-D reconstructions). 

Selection of the balloon segment and stripping of 12.5% at each end 
resulted in 407 and 262 data points for the Control group and the Batimastat 
group respectively. Subsequently, after selection of the segments with positive 
acute lumen gain, 222 and 109 data points were included in the data set for the 
Control group and Batimastat group. Finally, in order to study the normalization 
of shear stress and wall stress, for which side branches could mtificially affect the 
data, vessel segments containing side branches in betwecn the balloon and the 
reference segment were excluded, resulting in 218 and 87 data points for the 
Control group and the Batimastat group, respectively. 

8.4.2 Geometrical parameters 
No differences in lumen area, media bounded area and wall area between the 
Control group and the Batimastat group could be observed at the location of 
MLA. However, statistical significant differences existed between the variables at 
the different time points (Table 2, and Table 3; two-way ANOV A). 

Table 2: Geometrical and biophysical parameters within the balloon dilated segment and 
located at MLA calculated from 3-D reconstructions of iliac arteries of atherosclerotic 
Yucatan i s receivin either lacebo (10 vessels) or Batimastat (7 vessels). 

Control Bafimostaf 
Pre Post Fu Pre Post Pu 

MLA(mlll') 12A±3.2 18A±3.9' 12.2±2.2' 11.3±3.7 16.6±S.i 11.K±3.1' 

MBA (mill') 18.0±4.S 23.8±3.9" 17.4±2.6' lS.1±3.6 22.3±7.9" 18.l±4.K 
Wall area (mm') S.6±1.8 S.4±1.2 5.2±1.2 H±l.O 5.8±3.2' 6.3±3.1' 
Shear stress (Nlm') O.9±OA O.3±O.2> O.9±O.4' l.l±O.S O.5±0.4' O.9±0.5 
Wall stress (kN/m 2

) 69+18 100+27" 70+1r 91+40 97+48 6R+36#+ 

Pre: before balloon angioplasty, Post: after balloon angioplasty, Pu: follow up, MLA: 
minimal lumen area, MBA: media bounded area, * p<O.05, pre vs post; +: p<O.05,post vs 
follow up; ':p<O.OS, pre vs follow up 
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Table 3: GeometJical and biophysical parameters within the balloon dilated segment and 
located at MLA calculated from 3-D reconstructions of il1ac arteries of atherosclerotic 
Yucatan i s receivin either lacebo (10 vessels) or Batimastat (7 vessels). 

Control BatinUistat 

Pre Post Fu Pre Post Fu 
nMLA O.8±O.3 1.1±O.4* I.l±O.3" O.7±O.2 I.2±O.S* O.9±O.4 

nMBA (l.8±().3 l.l±O.3* l.l±O.2 O.S±O.I 1.2±O.S* l.l±O.4 
IlWA I.I±O.4 l.l±O.4 l.l±O.3 O.Y±O.2 1.4±O.S* I.S±O.S' 
nSS 1.9±O.8 O.6±OS' l.O±O.4' 2.0±1.0 l.l±1.3* 1.4±1.0" 
nWS O.8±O.3 I. I ±().4* l.l±O.3' O.8±O.2 O.9±O.3 O.6±O.2''' 

Pre; before balloon angioplasty, Post: after balloon angioplasty, Pu: follow lip, MLA: 
minimal lumen area, MBA: media bounded area, *: p<O.05, pre vs post; +: p<O.05,post vs 
follow up; #:p<O.OS, pre vs follow up 

Nonetheless, Batimastat influenced the change in the lumen area and MBA at the 
reference segment (p<O.OS, Table 4). Only for the control group significant 
shrinkage in LA and MBA was observed (p<O.OS, Table 4). 

In contrast to this single point analysis, regression analysis on all data 
points revealed that the slope and intercept of the relationships between Lumen 
Area and Media Bounded Area during follow up were different for the Control 
group (MBAh,= 1.00*LU",+S.II; Figure IB) and for the Batimastat group 
(MBAfo= 2.IO*LU", -5.6; Figure IB). Before angioplasty they were not different 
(Control: MBAI,", = I.S*LUpcc-I.S; Batimastat: MBAp,,=1.3S*LUp,.,-0.33; Figure 
IA). As a consequence, Batimastat reduced the contribution of vascular 
remodeling to lumen decrement in the follow up period (Control: I1MBA,opo" = 
1.27"'L'lLU,opo;!+ 1.36, Batimastat: I1MBA,opo" =0.S6*L'lLUfopo;! -1.43 ,p<O.OS, 
Figure 1C). 

The relationships between Wall Area and Lumen Area before angioplasty 
were not different (Control: WAp," = I.SO*LUp,,-1 SI; Batimastat: WAr" = 
1.3S*LUI", -0.33; Figure 2A), while tbey were different at follow up (Contro!: 
WAfo = O.OOl*LU'o+5.1; Batimastat: WA,o = 1.1 *LU'o-S.6; Figure 2B). As a 
consequence, the degree of wall growth to lumen change alterated dramatically 
(Control: L'l W A",pm! = O.2S*L'lLU,opo" + 1.35; Batimastat: L'l W A,opo" = -0.44 
"'L'lLU'ol'"'! -1.43; p<O.OS, Figure 2C). Adminisrt'ation of Batimastat tended to 
reduce the loss index by 21 % (Conrt·o!: 1.02±O.1l, Batimastat: O.Sl±O.OS, 
p=O.(87). 

8.4.3 Biophysical parameters 
No differences in shear stress between the Control group and the Batimastat 
group could be observed at the location of MLA, however statistical significant 
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Table 4: Geometrical and biophysical parameters at the reference of iliac arteries of 
atherosclerotic Yucatan i s receivin either lacebo (10 vessels) or Batimaslat (7 vessels). 

Control Batimaslat 
Pre Fu Fu-Pre Pre Fu Fu-Pre 
17.3±5.1 12.4±4.S* A.9±3.5 lS.6±4.2 

22.7±6.l 17.8±5.3* -4.9±3.9 19.9±5.1 

5.4±1.4 5.4±1.3 O±O.9 4.2±1.3 

O.6±O.3 1.0±O.8* O.5±O.6 O.6±O.2 

Pre: before balloon angioplasty, Pu: follow up, MBA: media bounded area, Fu-pre: change 
dUling follow lip period # p<O.05: Batimastat vs Control; :;: p<O.05: pre vs Fu 

'" 

" " 

A 

Pre 
---

10 11l 30 

Lumen area (mm2) 

Fu 

B 

10 20 

Lumen area (nUIll ) 

Figure 1: The relationship between media bounded area and lumen area before (Pre) 
angioplasty and at 6 weeks follow up (Fu) for the Control group (0, .. ) and the Batimastat 
group (e, __ ). A) Mcdia bounded area VS. Lumen area before angioplasty B) Media bounded 
area vs. Lumen area at follow up C) Vascular remodeling vs. Lumen change during 6 weeks 
follow up. 

Pre Fu 
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Co 'Ii 
oS oS '" " 
0 " " ~ 

iS~i/8: 
0 h.// " ~ ~ 

:< w -- :< '" : ,,;l: *.000 -- . 

15 

C 

" '" '" " w '" '" 
-c;;-----c;.,o -10 -30 -20 -10 0 10 

Lumen area (mm2) Lumen area (mm2) Lumen change (mm2) 

Figure 2: The relationship between wall area and lumen area before (Pre) angioplasty and at 
6 weeks follow up (Fu) for the Control group (0, .. ) and the Batimastat group (.,--). A) Wall 
area vs. lumen area before angioplasty B) Wall area vs. lumen area at follow up C) Wan 
area growth vs. lumen change during 6 weeks follow up. 
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Figure 3: Normalization of shear stress (A) and wall stress (B) for the Balimastat group 
(dashed) and the Control group. related to the acule gain. *: p<O.05, value vs. 0; #: p<O.05, 
Batimastat vs. Control group, Errorbars: SEM 

differences existed between the variables at the ditferent time points (Table 2, and 
Table 3; two-way ANaYA). Thus, balloon angioplasty decreased both the SS and 
nSS to approximately 50% of baseline values for both groups (Table 2). At follow 
up, the shear stress returned to baseline values for both the Control and the 
Batimastat group. 

Observing the reference segments, the wall stress at follow up was 52% 
higher after administration of Batimastat than the eonh-ol group, caused by a 
lower change (90%) during the follow up period (Table 4). Consequently only the 
control group showed significant changes in wall stress during the follow up 
period (p<O.05, Tabel 4). Furthermore, a change in shear stress during the follow 
up period was observed for the control group, which was not statistically ditferent 
from the Batimastat group. 

Analysis revealed that for both groups the normalization of shear stress was 
inversely related to the acute lumen gain (Figure 3A). However, for the 
Batimastat group for acute lumen gain < 4mm2 the n""SS,""" did not become 
significantly different from zero (p=0.07). Normalization of shear stress was for 
the Control group observed for intermediate acute lumen gain (4-8mm2

) (p=O.99). 
The Batimastat group was statistically different from the Control group for acute 
lumen gains exceeding 4 mm2 (p<O.05). 

No ditferences in wall stress between the Control group and the Batimastat 
group could be observed at the location of MLA, however statistical significant 
differences existed between the variables at the different time points (Table 2, and 
Table 3; two-way ANaYA). Wall stress for the Control group increased by 
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balloon angioplasty by 43% and decreased to values equal to the reference 
segment at follow up. In contrast to the Control group, wall stress in the 
Batimastat group was not significantly raised by balloon angioplasty (Table 2), 
but decreased during follow up to 70% of the baseline values (p<O.OS). 
Considering all data points, for the Batimaslat group the wall stress was generally 
not normalized (Figure 3B), except for intermediate acute lumen gain value 
(p=0.S6) and was lower than the value of the reference segment. In contrast, for 
the Control group the wall stress was generally higher than the reference values 
(p<0.05). The wall stress for the Control group was statistically ditferent hom the 
Batimastat group for an acute lumen gain exceeding 4 Imn2 (p<O.05). 

8.4.4 Correlation between geometrical factors and biophysical 
factors 

For both groups, the univariate analysis revealed that vascular remodeling (Table 
I) was related to both n WSpo;t and nSS"", (Table 5). The multivariate models 
disclosed that both parameters were significant independent predictors for 
vascular remodeling for the Control group ("'nMBArap"" = (20±ll)+ (33± 
12)*nSS,M' - (34±7)*nWSpo", r2=0.90, p<O.OS) and for the Batimastat group 
("'nMBA,hpo;t = (-72±14)+ (22±6)*nSSpo.;t +( 43±12)*nWSpo;tr2=0.39, p <O.OS). 

Figure 4A shows the relationship between vascular remodeling and nSSpo" 
for both the Control group and the Batimastat group for n WSpo;t being equal to 
the average value. Batimastat tended to rotate the relationship between shear 
stress and vascular remodeling as derived from the slopes in the multivariate 
model, but this change was not significant (Control: slope: 33±12; Batimastat: 
slope: 22±6; t-test, p=NS; Figure 4A) More important, the inverse relationship 
between wall stress and vascular remodeling observed for the Control group was 
reversed after administratiou of Batimastat (Control: slope: -34±7; Batimastat: 
slope: 43±12, p<O.OS; Figure 4B). 
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Figure 4: Vascular remodeling related to the normalized shear stress (A) and to the 
normalized wall stress (B) after balloon angioplasty for the Control group (--) and the 
Batimastat group (-) derived from the multivariate prediction model. 
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Table 5: Univariate regression analysis of the relationship between normalized shear stress 
and normalized wall stress and vascular remodeling and vessel wall growth in the external 
iliac arteries of atherosclerotic Yucatan Pi rs. 

Parameter Vascular remodeling (%) 
Control group Batimastat group 

nSSpost 
nWSpost 

IlSSpost 
IlWS ost 

slope 
48±12 
-66±7 

slope 

20±18 
53+33 

p values 
<0.001 
<0.001 

slope p value 
16±6 0.008 
33±l2 0.007 

Vessel wall growth (%) 
p values slope p value 
0.271 -53±21 0.012 
0.103 124+49 0.013 

nSSpost (n WSpost) shear stress (wall stress) post balloon angioplasty normalized to the 
reference segment 

Consequently, adminish'ation of Batimastat changed the relative contribution of 
shear stress to vascular remodeling (Control:0.6, Batimastat: 0.4) and wall stress 
(Control: 0.4, Batimastat: 0.6). Vessel wall growth (lm W Ar"po,,) for the 
Batimastat group was related to both n WSp,," and nSSpo" (Table 5), however the 
multivariate model showed that n WSpo" was the only predictor of vessel wall 
growth (L'<n W Ar"po" = (l33.0±SO.9)*n WSpo,,, r2=0.53, p <0.(5). In contrast, in the 
Control group no predictor for vessel wall growth was found (Table 4: univariate 
analysis). 

Since restenosis is still an important draw back of the successful application of 
PTA and since constrictive vascular remodeling has been shown to be a major 
component of restenosis, the MMP-inhibitor Batimastat was introduced to prevent 
the artery l1'om constrictive vascular remodeling. In Chapter 7, we have shown 
that remodeling after balloon angioplasty in the atherosclerotic Yucatan pig is 
accompanied by shear stress and wall stress normalization. Data or this study 
served in the current study as a control to evaluate the effect of Batimastat on the 
shear stress and wall stress control mechanisms. We will first focus on the 
geometrical factors and finally on the control mechanisms. 

8.5.1 Geometrical factors 
As became apparent from studying the reference segment during follow up, some 
systemic change occurred, possibly induced by finishing the atherosclerotic diet, 
which led to constrictive remodeling of the reference segment. Batimastat clearly 
abolished this constrictive remodeling effect (Table 4). 
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As expected from a previous study (de Smet, 1998), Batimastat also reduced the 
contribution of vascular remodeling to the lumen shrinkage in the balloon dilated 
segment (Figure I C). However, at the same time the vessel wall growth was more 
pronounced counteracting the beneficial ellect of Batimastat. This may explain 
why the loss index only tended to be reduced after administration of Batimastat. 

The extra wall area at follow up after administration of an MMP-inhibitor, 
as derived from the relationship between wall area and lumen area at follow up 
(Figure 2B), seems an unexpected finding as MMP-inhibition prevents the 
degradation or the matrix components and thereby the SMC migration (Bendeck 
el al., 1996). However, Bendeck showed in rats with histology, that after 
administration of an MMP-inhibitor the neointimal thickness was not decreased 
(Bendeck et al., 1996). This observation was explained by an increase in 
proliferation of SMC's in the intima during the second week after balloon 
angioplasty. Similarly, Zempo found cellular proliferation to increase during the 
second week follow up period in the rat carotid artery (Zempo et al., 1996). Thus 
as none of these studies revealed that neointimal growth was ceased, the 
differences in observations between these experiments in rats and the present 
study might be explained by the difference in the duration of follow up period. 
Considering that the observed wall growth was beyond the estimated resolution of 
the inh'avascular ultrasound technique (200 11m) and the lumen and media 
contours were obtained by experienced TVUS analysts using a well-validated, 
semi-automatic software package (Li, 1997), for which the reproducibility and 
accuracy are high (von Birgelen et al., 1997), we do not expect that the different 
results can be due to different measurement techniques. 

8.5.2 Shear stress and wall stress control mechanisms 
Under physiological conditions and in experimental atherosclerosis the diameter 
of the arteries arc regulated by the local shear stress, so that for changes in shear 
stress the artery adapts its lumen diameter to keep the shear stre" constant 
(Kamiya and Togawa, 1980; Langille, 1993). Tn the control group it was shown 
that shear stress was almost regulated to the reference segments after balloon 
angioplasty (Chapter 7). In the present study the modulating effect of Batimastat 
on the shear stress regulation was studied in the balloon segment as well. Similar 
to the Control group, systemic changes are expressed in the reference segement, 
while the balloon dilated segment is affected by a combination of local and 
systemic factors. Interestingly, after Batimastat administration, the reference 
segment in the follow lip period showed less lumen decrement than the control 
group. In accordance with this findings the shear stress increase in the reference 
segment during follow up was less pronounced. This points to a beneficial effect 
of Batimastat in reducing constrictive vessel remodeling. For the Control group 
the shear stress, returned closely to reference values. 
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FIgure 5: proposed mechaI11sm of the the mfluence of Batlmastat on the changes m 
geometry and control mechanisms during the follow up period after PTA 

In contrast, for the Batimastat group, the shear stress at follow up was low with 
respect to reference values, As normalized shear stress is presumably not affected 
by systemic factors, Batimastat additionally inhibits the shear stress control 
system with in the balloon dilated segment So, Batimastat seems to influence the 
conh'ol system itself Figure 5 shows the proposed mechanisms of the 
involvement or shear stress and wall stress regulation in vascular remodeling and 
wall growth and the influence of Batimastat on these processes, Immediately after 
PTA, the endothelial layer is disrupted and shear stress is of minor importance. 
So the increased wall stress could initiate the wall growth (Figure 5; early 
response), thereby reducing the wall sh'ess to its baseline value. Note that a 
doubling of the wall thickness from 0.3 to 0.6 mm could compensate the 
increased wall stress induced by a doubling of the vessel diameter tl'om 3 mm to 6 
mm. This implies that for normalized wall stress the lumen diameter is still bigh 
and so the shear stress is still low. When after a few weeks the endothelial layer is 
regenerated, the shear stress control mechanism is activated due to the low shear 
stress conditions (Doornekamp et al., 1996). We implicitly assume that 
particularly the endothelial cells are responsible for the processes necessary to 
regulate the shear stress (Langille, 1993). Theoretically, this mechanism tries to 
restore the shear stress by either vascular remodeling or wall growth. Both 
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processes lead to reduction in wall stress. For the control group this reduction 
may be compensated by reduction in vessel wall thickness. 
However. for the Batimastat group the vascular remodeling is hampered. thereby 
influencing the late response. Now, the shear stress can ouly be restored by 
increasing wall thickness. Consequently, shear stress tended to be a less sensitive 
predictor for vascular remodeling (Figure 4A) and the wall stress became low. 
The hampered vascular remodeling is expressed by the positive relation between 
wall sh'ess and wall growth (Table 3). According to this theory it is beneficial to 
not only to inhibit vascular remodeling by Batimastat but also vessel wall growth. 

8.5.3 limitations 
Since the control study showed that the acute lumen gain was an important factor 
in both the shear stress and wall stress normalization, the shear stress and wall 
stress in this study were similarly related to acute lumen gain. In the current 
study, however, the distribution of data over the acute lumen gain was less 
homogeneous than in the control group. Therefore the data in the group with 
intermediate acute gain (4-8 mm2

) should be interpreted cautiously. In that group 
only 7 data points were included. 

To minimize the potential influence of arterial spasm after balloon 
angioplasty on our results, only the vessel segments showing a positive acute gain 
were included in the data set. As a consequence only a few data points were 
available for two vessels in the Batimastat group. 

We applied a steady state, Newtonian t1uid model in the present numerical 
analysis, while it is known that blood exerts non-Newtonian properties at low 
shear rate values and flow is pulsatile. In addition, the walls of the blood vessels 
are elastic. Several authors have shown that the combined effect of all these 
factors on average shear stress is relatively small in the shear rate range applied in 
the present study (Perktold et al., 1994; Reuderink, 1991). 

The 3-D reconsh'uction technique does not allow studying side branches. 
We, therefore, excluded these regions in the present analysis. As these side 
branches might affect local velocity field immediately up and down sh'eam of 
these regions, the estimate of shear stress in those regions might be less accurate. 

We applied a regional 2-D thick walled cylindrical geometry to calculate 
wall sh'ess in our blood vessels. As the external iliac arteries exhibited only small 
curvature, the 2-D assumption seems justified. However, tissue anisotropy and 
local spots of very high wall stress are not accounted for in the present study. This 
may lead to an underestimation of the role of average wall stress in vascular 
remodeling. 
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111 conclusion adnIinistration of Batimastat after balloon angioplasty reduced the 
vascular remodeling, thereby hampering both the shear stress and wall stress 
control system, 
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Chapter 9, summary and conclusion 

The development of atherosclerotic plaques and thickening of the vessel wall 
after ll1cchanical intervention occur at specific locations in the arterial SystClTI. 

These observations suggest that, beside the well-known systemic risk factors, like 
smoking, hypertension, diabetis, hypercholestermia, other more local factors must 
be involved in the development of atherosclerosis and restenosis. Previous studies 
showed that low shear stress or high wall stress regions were localizing factors in 
atherosclerosis and restenosis. 

As under normal physiological conditions shear stress and wall stress are 
regulated, it was hypothesized that changes in shear stress and wall stress induced 
by balloon angioplasty or stent implantation are local predictors for vascular 
remodeling and/or neointimal growth. 

In order to study the relationship between shear stress and the locations and 
the thickness of atherosclerotic or restenotic lesions in vivo, all those parameters 
had to be acquired in vivo. However, measurement of shear stress of blood at the 
vessel wall by intravascular devices is limited. In Chapter 2 the application of a 
new ultrasound based catheter is described which enables the local measurement 
of blood velocity profiles. Although this instrument is well suitcd to measure 
blood flow, its insertion in an mtery implies disturbance of the velocity profile as 
demonstrated by computational fluid dynamics. Therefore, its application for 
measuring shear stress is questionable. Based on arguments presented in Chapter 
I and 2, we developed a combination of techniques involving 3-D reconstruction 
of the arteries and computational fluid dynamics, to obtain shear stress at the 
vessel wall. 

3-D reconstruction of (coronary) arteries was based on a combination of 
angiography and intravascular ultrasound (IVUS). Intravascular ultrasound is a 
technique that provides cross sectional images in vivo of the vessel wall and 
lumen. Straight stacking of those images enables to 3-D reconstruct pmts of an 
artery, when the IVUS catheter travc1es along a straight line. Coronary arteries, 
however, are curved and since intravascular ultrasound in itself is a tOlnographic 
technique it does not provide any information about the spatial trajectory of the 
IVUS transducer. Therefore, the curved trajectory of the transducer was 3-D 
reconstructed, thereby using biplane X-ray images of the IVUS catheter. 
Combining the IVUS cross sections with the 3-D h'ajectory provided us with a 3-
D reconstruction of the coronary arteries ('ANGUS'). This 3-D reconstruction 
technique was successfully introduced into the catheterization laboratOlY and after 
clinical validation applied to study (human) coronary arteries in vivo (Chapter 3). 

Firstly, this 3-D reconstruction technique was applied to an atherosclerotic 
human coronary artery. Applying computational fluid dynamics to the 3-D 
reconstruction of this artery provided us with the local shear stress dish'ibution at 
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the vessel wall. This study coufirmed em-lier observations, mainly derived from 
post mortem studies, that the amount of atherosclerotic plaque is inversely related 
to shear stress, implying that at low shear stress regious, often observed in the 
inner curve of a coronary artery, atherosclerotic plaque is most prominent 
(Chapter 4)_ 

Subsequently, the influence of a Wallstent on the local shear stress 
distribution was investigated_ For that purpose Wallstents were implanted in 
curved parts of the coronary arteries of pigs_ This study showed that due to stent 
implantation the local curvature of the artery was increased near the stent edges 
thereby generating local low and high shear stress regions deviating from the 
normal shear stress distribution before stenting (Chapter 5). 

A next step was to study the int1uence of shear stress on neointimal growth 
after Walls tent implantation in human coronary arteries. Therefore, 3-D 
reconstructions of stented coronary arteries were successfully obtained in 14 
patients investigated in the catheterization laboratory. By applying computational 
t1uid dynamics to these 3-D reconstructed arteries, the shear stress distribution 
was obtained. Due to the IVUS technique wall thiclmess observation was present, 
which was related to the local shear stess. The neointimal thickness was inversely 
related to the shear stress, implying that at the low shear stress regions the 
maximal neointimal growth was observed. These observations make the role of 
shear stress in the neointimal growth after stent implantation likely. Interestingly, 
for a subgroup of patients entering the study with hypercholesteremia, the 
relationship between neointimal growth mld shear stress was totally abolished 
(Chapter 6). 

Subsequently, the int1uence of shear stress and wall stress control 
mechanisms on vascular remodeling and vessel wall growth after balloon 
angioplasty was evaluated. Therefore, the above described straight TVUS 3-D 
reconstruction technique was applied to the iliac arteries of 6 atherosclerotic 
Yucatan pigs. Due to balloon angioplasty an increase in lumen area was obtained, 
thereby reducing the local shear stress and increasing the local wall stress. Indeed, 
our results showed that both shear stress and wall stress regulated vessel 
shrinkage ('vascular remodeling'), such that after a period of 6 weeks both the 
shear stress and wall stress became equal to the reference segment (Chapter 7). 

Previously, it has been shown that inhibition of matrix metalloproteinases 
strongly reduces matrix degradation and therefore limits the vascular remodeling. 
We investigated in the external iliac arteries of 6 atherosclerotic Yucatan pigs the 
effect of the matrix metalloproteinase inhibitor Batimastat on the wall stress and 
shear stress control mechanisms. This study showed that both the wall stress and 
shear stress were not normalized at follow up compared to the reference values 
indicating a hampering effect of Batimastat on both control mechanisms (Chapter 
8). 
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The conclusions drawn from the presented studies may be summarized as 
follows: 

1. A high resolution 3-D arterial reconstruction technique combined with 
computational fluid dynamics provides a feasible method to study in, among 
others, coronary arteries of patients wall thickness and/or neointimal growth in 
relation to the local shear stress. 

2. Shear stress plays a role in neointimal formation after stent implantation. 
Furthermore, both shear stress and wall stress are factors regulating the 
vascular remodeling after balloon angioplasty. The MMP-inhibitor Batimastat 
int1uences both the shear stress and wall stress regulation. 
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Verdikkingen van de vaatwand, die ontstaan door atherosclerose of optreden na 
behandeling van een vemauwing (bijvoorbeeld door Dotter behandeling en/of 
stent plaatsing) worden waargenomen op specifieke plaatsen. Deze observatie 
suggereert, dat naast de bekende risico-factoren, zoals roken, diabetes, hoge 
bloeddruk, hypercholesteremie, die in het gehele lichaam aanwezig zijn, andere 
meer lokale factoren bij (her)vernauwing na behandeling en atherosclerose 
betrokken zouden moeten zijn. Eerdere studies toonden aan dat biofysische 
factoren zoals afschuifspanning uitgeoefend door de bloedstroom op de vaatwand 
en spanning in de vaatwand betrokken zouden kunnen zijn bij het ontstaan van 
atherosclerose en hervernauwing na behandeling (restenose). Afschuifspanning 
aan de vaatwand is de voor oppervlak genormaliseerde wrijfkracht, die het 
stromende bloed op de vaatwand uitoefent en deze kan heel lokaal varieren in het 
vaatbed. Wandspanning daarentegen is de spanmng in de vaatwand, die 
veroorzaakt wordt door de bloeddruk. 

Omdat onder normale fysiologische condities afschuifspanning en 
wandspanning worden gereguleerd, dat wil zeggen op een ingestelde waarde 
worden gehouden, werd de hypothese opgesteld dat veranderingen m 
afschuifspanning en wandspanning zoals die worden opgewekt door bijvoorbeeld 
een Dotter behandeling, lokale voorspeIIers zijn van de lokale (her)vernauwingen. 
Deze vernauwingen kunnen ontstaan doordat het gehele bloedvat krimpt 
(,negatieve vasculaire remodeIIering') en/of doordat er lokale weefselgroei 
optreedt ('neointima groei '). 

Om de relatie tussen de afschuifspanning en de lokatie en de dikte van 
atherosclerotische wandverdikking of hervernauwing il1 vivo te bestuderen, 
moeten deze beide il1 vivo gemeten worden. Echter, de mogelijkheden tot meting 
van de afschuifspanning van het bloed aan de vaatwand zijn beperkt. Dit geldt 
zowel voor technieken die van buiten af werken als voor een cathetertechniek, die 
iu het bloedvat aangebracht moet worden. Tn hoofdstuk 2 wordt de toepassing van 
een nieuwe, op ultrageluid gebaseerde, catheter beschreven, waarmee het 
mogelijk is om lokaal stromingsprofielen van bloed te meten. Hoewel dit 
instrument goed in staat is om het debiet van de bloedstroom te meten en de 
vaatwal1d te visualiseren, worden door het inbrengen van de catheter in eeo 
bloedvat de stromings profielen verstoord. De verstoring van de 
stromingsprofielen die door het inbrengen van een catheter oph·eedt, werd met 
behulp van numerieke stromingsberekeningen onderzocht. Uit deze stromings 
berekeningen moest geconcludeerd worden dat het toepassen van dit iustrumeut 
voor het meteu van afschuifspanning tot op heden niet mogelijk is. Omdat deze 
techniek (hoofdstuk 2) en andere in hoofdstuk 1 beschreven technieken niet 
toereikend waren, hebben we een combinatie van technieken ontwikkeld, waarbij 
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3-D reeonstructie van de bloedvaten (arterien) wordt gecombineerd met 
numerieke stromings berekeningen. 

De 3-D reconstructic van (coronair) arterien werd gebaseerd op een 
combinatie van angiografie en intravasculair ultrageluid. Intravasculair 
ultrageluid is een kijktechniek, die in vivo beelden Ie vert van de doorsneden van 
de wand en het lumen van een bloedvat. Als de geluidseatheter, tijdens een 
terugtrekproeedure door het bloedvat, zich langs een reehte lijn heeft voort 
bewogen, is het mogelijk om een 3-D reconstructie van de vaten te maken door de 
doorsnede beelden reeht op elkaar te stapelen. Echter, coronair arterien zijn 
gekromd en daarom moet het gekromde trajeet, dat de catheter aflegt, in 3-D 
worden gereconstrueerd. Dit kan door gebruik te maken van biplane riintgen
foto's van de ultrageluidscatheter. Door de doorsnedeplaatjes te combineren met 
het 3-D gekromde traject kan een 3-D reeonstructie van een coronair arterie 
verkregen worden. Deze 3-D reeonstructietechniek werd succesvol 
geintroduceerd in het eatherisatielaboratorium en na klinische evaluatie toegepast 
om (menselijke) coronair arterien in vivo te bestuderen (Hoofdstuk 3). 

Als eerste werd deze techniek toegepast op een atherosclerotische coronair 
arterie van cen patient. Numerieke stromingsberekeningen uitgevoerd in de 3-D 
reconstruetie van deze arterie leverden ons de lokale verdeling van de 
afschuifspanning aan de vaatwand. Deze studie bevestigde eerdere observaties, 
die hoofdzakelijk verkregen werden uit post mOl'tem materiaal, dat de 
hoeveelheid atherosclerotische plaque omgekeerd evenredig is met de lokale 
afschuifspanning van het bloed aan de vaatwand. Dit betekent dat 
atherosclerotisehe plaques voornamelijk in gebiedcn met lage afschuifspanning 
worden waargenomen, bijvoorheeld in de binnenbocht van een coronair arterie 
(Hoof"s!uk 4). 

Vervolgens werden de veranderingen in afschuifspanning na Wallstent 
implantatie onderzocht. Om die reden werden Walls tents ge'implanteerd in die 
delen van de coronair arterien van biggen, die gekromd zijn. Deze stu die toonde 
aan dat door het implanteren van stents de lokale kromming bij de uiteinden van 
de stent was toegenomen. Hierdoor werden lokale pieken en dalen in de 
afschuifspanning veroorzaakt, die niet aanwezig waren voor stent plaatsing 
(Hoofilstuk 5). 

Een volgende stap was om de invloed van afschuifspanning op de weefsel 
groei (neointima groei) na Wallstent implantatie in menselijke eoronair arterien te 
onderzoeken. Daarom werden 3-D reconstructies gemaakt van de gestente 
eoronair arterien van 14 patienten, die in het catheterisatielaboratorium 
onderzocht werden. Door numerieke stromingsberekeningen tae te passen op deze 
3-D gereconstrueerde vaten werd de distributie van de afschuifspanning 
verkregen, welke gerelateerd werd aan de neaintima groei. De neointima groei 
was omgekeerd evenredig met de afschuifspanning, wat betekent dat in gebicden 
met lage afschuifspanning de meeste neointima groei werd waargenomen. Deze 
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waarnennngen maken de rol van afschuifspanning bij neointima groei 
aannemelijk. Interessant genoeg werd voor een subgroep patienten, die bij 
aanvang van de studie hypercholesteremisch waren, geen relatie tussen neointima 
groei en afschuifspanning waargenomen (Hooldstuk 6). 

Vervolgens werd de invloed van het regelmechanisme met betrekking tot 
afschuifspanning en wandspanning op vaatwandkrimp (,vaseulaire 
remodellering') en vaatwandgroei na een Dotter behandeling bestudeerd. Dam'!oe 
werd de hiervoor beschreven 3-D reconstructietechniek voor reehte vaten 
toegepast op de iliaca arterien van 6 atherosclerotische Yucatan biggen. Door de 
Dotter behandeling werd een toename van het lumen oppervlak verkregen, dat 
zorgde voor een afname in de lokale afschuifspanning en toename in de lokale 
wandspanning. Onze resultaten toonden aan dat zowel de afschuifspanning als de 
wandspanning de vaatwandkrimp reguleert, zodanig dat na een peri ode van 6 
weken zowel de afschuifspanning als de wandspanning gelijk werden aan die van 
het niet behandelde referentie segment (Hoofdstuk 7). 

Eerdere studies toonden aan dat remming van de enzymen (,matrix 
metalloproteinases') die betrokken zijn bij het afbreken van de vaatwand, de 
vaatwandhimp na een Dotter behandeling limiteert. Wij onderzoehten het effect 
van zo'n mah'ix metalloproteinase remmer (Batimastat) op de regeicapaciteit van 
de afschuifspanning en de wandspanning in de iliaca externa van 6 
atherosclerotische Yucatan biggen. Deze studie toonde aan dat zowel de 
afschuifspanning als de wandspanning niet worden genonnaliseerd in vergelijking 
met de referentie segmenten, wat erop wijst dat beide regelmechanismcn worden 
geremd door Batimastat (Hoofds!"k 8). 

De conclusies die uit deze studies getrokken mogen worden, kunnen als voigt 
worden samengevat: 

I. Een 3-D bloedvat reconsh'uctietechniek met een hoog oplossend vennogen, 
gecombineerd met numerieke sh'01Tungsberekeningen, levert een methode op 
om onder andere in coronaire bloedvaten van patienten, wanddikte enlof 
neointima groei in relatie tot de lokale afschuifspanning te bestuderen. 

2. Afschuifspanning van het bloed aan de vaatwand speelt een rol bij neointima 
formatie na stentimplantatie. Verder zijn zowel de afschuirspanning als de 
wandspanning factoren die de vaatwand remodellering na ballonangioplastiek 
regelen. De matrix metalloproteinase relTUner Batimastat belnvloedt zowel de 
regeling van de afschuifspanning als van de wandspanning. 
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