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CHAPTERR 1 

Introductio n n 
Obstructivee atheroslerotic vascular disease is a systemic progressive disorder. 

Despitee progress in both medical and invasive {angioplasty, bypass surgery) treat-

mentt modalities, the group of patients that remains symptomatic is still growing. 

Onee focus of this thesis was to examine the natural course and modulation of the 

processs of collateral artery growth (arteriogenesis) in an experimental setting as 

aa novel treatment for symptomatic patients without options for current revascu-

larizationn therapies. Second, the role of intracoronary Doppler parameters on the 

prognosiss of patients with coronary artery disease undergoing elective angiopla-

styy has been investigated. 
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Vascularr dynamics in arteriogenesis 
ArteriogenesisArteriogenesis in obstructive arterial disease 
Inn patients with obstructive arterial disease, collateral arterioles enlarge to com-

pensatee for perfusion reduction due to arterial narrowing or total occlusion.1 The 

functionall  significance of this natural compensatory mechanism has been exten-

sivelyy demonstrated.2 Recently, it has been shown that in subjects with angio-

graphicallyy normal coronary arteries, one fift h to one quarter of them do not 

showw signs of myocardial ischemia during brief coronary balloon occlusions, indi-

cativee of the presence of functional collateral arteries.3 Although the growth of 

collaterall  arteries can become angiographically visible already after approximate-

lyy two weeks of arterial occlusion, there is a large heterogeneity in arteriogenic 

responsee among patients.4 The reason for the heterogeneity in arteriogenic 

responsee between patients with obstructive artery disease is unclear. Presumably, 

differentt genetic or metabolic factors influence the process of arteriogenesis. 

Symptomaticc cardiac patients can initiall y be treated using anti-ischemic medica-

tionn (e.g. ls-blockade, nitrates), while exercise training is the cornerstone of treat-

mentt in patients with peripheral artery disease. In case of refractory complaints, 

bloodd flow to the distal vascular bed can be restored using percutaneous translu-

minall  (coronary) angioplasty (PT(C)A) or bypass surgery. However, an increasing 

numberr of patients is not eligible for revascularization therapy. This subgroup of 

patientss may benefit from a potential new therapeutic modality, using growth 

factorss that stimulate the process of arteriogenesis.5 

PathophysiologyPathophysiology of arteriogenesis; a potential novel therapeutic 
modality modality 
Inn general, three forms of vascular growth are acknowledged to be present 

(Figure(Figure I).6 Vasculogenesis is the embryonal form of vascular development. 

Thee growth of a primary vascular network initiates from mesodermal hemo-

poieticc stem cells. Subsequently, these primitive blood vessels remodel under the 

influencee of vascular endothelial growth factor (VEGF) and platelet derived 

growthh factor (PDGF) to a mature vascular system.7 The question whether 

vasculogenesiss also occurs in adulthood is still a topic of discussion. Strong 

evidencee for the stimulation of this process using stem cells is still warranted. 

Postnatal,, two types of compensatory vessel growth are observed; angiogenesis 

andd arteriogenesis. Angiogenesis is referred to as the sprouting of new capillaries 

throughh activation and proliferation of endothelial cells.8 This process is 

initiatedd by the presence of ischemia and mediated through hypoxia inducible 

factorr 1 (HIF-1) and the subsequent release of factors like VEGF. Arteriogenesis is 

thee remodeling of pre-existing arterioles to mature arteries. After occlusion of a 

largee feeding artery, blood flow wil l be redistributed via arterioles that inter-

connectt the different vascular territories. This causes a local increase in shear 

stresss in arteriolar connections, initiating a local activation of endothelial cells. 
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CHAPTERR 1 

Thee activated endothelial cells express intercellular and vascular cell adhesion 

moleculee (ICAM, VCAM) and chemotactic cytokines like monocyte chemoattrac-

tantt protein 1 (MCP-1), regulating the local attraction, adhesion and subsequent 

diapedesiss of monocytes into the perivascular space.9'11 After transformation 

intoo macrophages, these cells start producing metalloproteinases, for the 

creationn of space for the growth of the arterioles, pro-inflammatory cytokines 

likee tumor necrosis factor alfa (TNF-alfa) monocyte survival factors like 

Granulocytee Macrophage-Colony Stimulating Factor (GM-CSF) and pro-arterio-

genicc factors like basic fibroblast growth factor (b-FGF) and transforming growth 

factorr 15 1 (TGF-fs l ) .1 2" 14 Thus, increased shear stress and not ischemia is the 

initiatingg factor for the development of true collateral conductance arteries. 

Althoughh some factors that are involved in the process of arteriogenesis have 

beenn identified, the full cascade still has to be elucidated. 

teryy formation 

ThreeThree forms of vascular growth: (a) 

vasculogenesis,vasculogenesis, the primary process 

thatthat is responsible for the develop-

mentment of the vascular network during 

embryogenesisembryogenesis (b) angiogenesis, the 

formationformation of a capillary network as 

aa result of activation and prolifera-

tiontion of endothelial cells in ischemic 

tissue,tissue, and (c) arteriogenesis, the 

remodelingremodeling of pre-existing arterioles 

toto functional collateral arteries." 
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Therefore,, the goal of the first part of the thesis concerned the use of genetic 

alteredd mice strains to study the arteriogenesis process in the absence of several 

(mediating)) factors. The process of arteriogenesis has already been studied exten-

sivelyy in the rabbit model.15 In this model, both the molecular mechanisms of 

arteriogenesiss as well as the stimulating effects of several growth factors on the 

processs of collateral artery growth have been investigated (Figure 2). However, 

forr  an appropriate extrapolation of the current knowledge to the clinical setting, 

informationn regarding the efficacy of the mentioned factors in a large sized ani-

mall  model is lacking. Therefore, the second goal was to develop a novel porcine 

modell  of arteriogenesis for the evaluation of efficacy of growth factors. 

Figuree 2 

RabbitRabbit hind limb model. Post-mortem angiography seven days after ligation of the femoral artery 

(panel(panel A, treated with PBS; panel B, treated with MCP-lj. 

Vascularr dynamics after elective coronary angioplasty 

Thee correlation between angiographical (reflected in the percentage diameter ste-

nosis;; %DS) and functional (reflected in the coronary flow reserve; CFR) severity 

off  an arterial narrowing is generally acknowledged to be poor (Figure 3). Recent 

technicall  developments allow assesment of the physiological severity of a steno-

siss during cardiac catheterization using guide wires, that are equipped with 

Dopplerr sensors on it's t ip.16 Using this technique, blood flow velocity and/or 

pressuree can be assessed before and after administration of a vasodilator. Several 

parameterss can be assessed using this method. The ratio between blood flow 

velocityy during maximal vasodilatation (hyperemic average peak flow velocity) 

andd the resting situation (baseline average peak flow velocity) is defined as CFR 

(Figure(Figure 4). In the presence of a severe stenosis maximal blood flow wil l be redu-
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eedd causing an impaired CFR. In the absence of an epicardial stenosis CFR may still 

bee abnormal due to microvascular abnormalities. In this situation, the relative CFR 

(ratioo between CFR of the culprit artery and an angiographical normal artery) can be 

usefull  to assess the functional significance of an (intermediate) coronary lesion.17 A 

normall  reference vessel is a prerequisite for the assessment of relative CFR and, hence, 

thiss parameter cannot be used in patients with three-vessel disease. Furthermore, 

pressure-basedd fractional flow reserve (FFR) can also be used for functional evaluation 

off  coronary lesion severity in patients with one- and multivessel coronary artery 

diseasee (Figure 5).18'19 Validation studies have shown an excellent agreement between 

thee results of Doppler flow parameters, fractional flow reserve and non-invasive stress 

testss such as exercise electrocardiography, stress echocardiography and myocardial 

perfusionn scintigraphy.20'28 These validation studies were performed to determine 

cut-offf  values of the different parameters for clinical decision making to perform or 

deferr from FTCA . The cut-off values of CFR, relative CFR and FFR that were determi-

nedd in patients with single vessel coronaryartery disease were similar to the cut-off 

valuess in patients with multi-vessel disease. For CFR, a cut-off value of 1.7-2.0 (i.e. that 

thee blood flow velocity increases with 170-200% during pharmacological induced 

vasodilatation)) has been reported. For relative CFR, a cut-off value of 0.60-0.75 (i.e. CFR 

inn the diseased artery varies between 60-75% of CFR in an angiographical normal 

artery)) is used in clinical practice. For FFR, a value below 0.68-0.75 (i.e. pressure distal 

fromm the stenosis is less than 68-75% of the aortic pressure) is considered as abnor-

mal.29-300 Subsequently, several small sized single center studies and more recently a 

largee multicenter study evaluated the clinical course of patients with an (intermedia-

te)) lesion with a CFR above 2.0, in who was refrained from an intervention. They 

showedd a very low incidence of major adverse events during long-term follow-up.31" 
333 It was concluded that deferral of FTCA is safe in this subset of patients with single-

andd multivessel disease. Similar results were obtained for clinical decision-making, 

basedd on FFR below or above the threshold of 0.75.18 
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PoorPoor correlation between the angio-

graphicalgraphical severity of a stenosis and 

CFR.CFR. Particularly in the segment of 

thethe intermediate stenosis (DS 40-

70%)70%) a large range in values of CFR 

isis observed, as depicted in the gray 

box. box. 
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A A 

Befor e e 
PTCA A 

B B 

Afte r r 
balloo n n 

Afte r r 
sten t t 

b-APVV = 12 h-APV = 23 

b-APVV = 11 h-APV = 24 

b-APVV = 15 h-APV = 56 

CFRR = 1.9 

CFRR = 2.1 

CFRR = 3.7 

Coronaryy blood flow velocity reserve (CFRj, defined as the ratio between the maximal hyperemic 

averageaverage flow velocity (h-APV) and baseline average flow velocity (b-APV) before PTCA (panel A), 

afterafter balloon angioplasty (panel B) and after stent implantation (panel C). 
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Adenosinn i.e. 

PP distal 58 mm Hg 
FFRR = = * = 0.65 

rr  aorta 90 mm Hg 

IllustrationIllustration of an intracoronary pressure derived fractional flow reserve (FFR) of 0.65, that was 

assessedassessed distal from a stenosis in the left anterior descending coronary artery (LAD). This indicates 

thatthat the narrowing in the LAD is hemodynamically significant (< 0.75). 
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Thee described parameters can also be of use in the evaluation of the hemodyna-

micc result of a percutaneous coronary intervention. The results of the Doppler 

Endpointss Balloon Angioplasty Trial Europe (DEBATE) I study showed that 

patientss with single vessel disease and a good angiographical (DS < 35%) result 

afterr balloon angioplasty in combination with a good hemodynamic result (CFR 

>2.5)) have a good clinical outcome at six months follow-up.34 This finding was 

confirmedd in the DESTINI, FROST and DEBATE II trials, that showed that a strate-

gyy of provisional stent implantation (i.e. only perform stent implantation in case 

off  a suboptimal result after balloon angioplasty) results in a similar outcome as 

comparedd to the patients who had an elective stent implantation.35" 37 

Nevertheless,, an impaired CFR is a frequent finding after PTCA that occurs in 

approximatelyy 50% of the patients, despite a good angiographical result. Several 

mechanismss have been postulated for this finding such as temporary disturbed 

autoregulation,, distal embolization of microparticles or microvascular abnormali-

tiess (due to diabetes mellitus, left ventricular hypertrophy or diffuse atheroscle-

roticc disease).38 Several additional treatment options (e.g. upsized balloon dilata-

tion,, stent implantation and / or pharmacological intervention using Ilb/III a inhi-

bition,, clopidogrel or statins) can be considered depending on the origin of the 

impairedd CFR. In the DEBATE II study an aggressive approach was pursued to 

obtainn an optimal angiographical result after balloon angioplasty, as defined in 

thee DEBATE I study (DS < 35%). Although approximately 50% of the patients in 

thee provisional stent arm of the DEBATE II study showed to have an unsatisfacto-

ryy result after balloon angioplasty, this also indicates that the remaining 50% of 

thee patients showed a good "stent-like" clinical outcome after optimal balloon 

angioplasty.. Therefore the current clinical trend towards elective stenting becau-

see of its many benefits (i.e. ease of stent placement, less restenosis) is not sup-

portedd by the data from the aforementioned trials, which provide alternative 

optionss for treatment. Intracoronary Doppler parameters may provide informa-

tion,, beyond that obtained by the eyes of experienced angiographers, that is rele-

vantt for clinical decision-making during coronary interventions.39 Theoretically, 

hyperemicc blood flow velocity or hyperemic resistance (based on flow and pres-

sure)) are more sensitive parameters for the evaluation of the hemodynamic result 

afterr PTCA, as compared to hyperemic intracoronary pressure (Figure 6). 

Therefore,, the aim of the second part of the thesis was to assess the prognostic 

valuee of intracoronary Doppler parameters in a large patient population under-

goingg elective angioplasty. 
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RelationRelation between the difference in aortic 

andand distal pressure (AP; Y-axis) and the 

hyperemichyperemic instant peak flow velocity 

(1PV;(1PV; X-axis) in a patient example before 

PTCAPTCA (circles), after balloon dilatation 

(rectangles)(rectangles) and after stent implantation 

(triangles).(triangles). Note that at a small change of 

APP (from 4 to 13 mm Hg), a large difference 

inflowinflow velocity (from 27 to 60 cm/sec) 
00 20 40 60 

Hyperemicc IPV (cm/sec) is present. 

Outl inee of the thesis 
Thee first part of the thesis concerns the evaluation of several factors involved in 

thee process of arteriogenesis. The process of arteriogenesis in the absence of 

MCP-11 is studied upon in genetic knockout mice in Chapter 2. Chapter 3 describes 

thee effects of the TR3 receptor on vascular dynamics. In Chapter 4 the role of the 

CD444 pathway in collateral artery development is studied in an experimental as 

welll  as a clinical setting. Chapter 5 describes a newly developed large animal 

ligationn model for peripheral arterial obstructive disease. In Chapter 6 the effica-

cyy of MCP-1 is tested in that porcine model. 

Thee second part of the thesis concerns the evaluation of the value of intracorona-

ryy derived Doppler parameters in the guidance of elective percutaneous angiopla-

styy and the prognosis of after the intervention. The potential influences of sever-

all  clinical parameters on the value of CFR are studied in Chapter 7. Chapter 8 

describess the mechanisms and clinical outcome of an impaired CFR after balloon 

angioplasty,, while Chapter 9 deals with the intracoronary hemodynamic changes 

aroundd stent implantation after suboptimal and optimal balloon angioplasty. In 

Chapterr 10, clinical outcome is evaluated after angiographic and hemodynamic 

optimall  stent implantation. Finally, Chapter 11 evaluates the predictive value of 

CFRR after stent implantation for clinical outcome. 
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