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CHAPTERR 12 

Summary y 
Thee purpose of this thesis was to evaluate experimental as well as clinical 

aspectss on collateral and epicardial flow in obstructive arterial disease. The first 

partt (Chapters 2 to 6) concerns experimental studies on the modulation of arte-

riogenesiss in different animal species. The second part (Chapters 7 to 11) descri-

bess clinical studies on the role of intracoronary derived Doppler parameters for 

guidancee and clinical outcome of elective angioplasty. 
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Duringg the last decades numerous studies have been performed regarding the 

molecularr background of collateral artery growth (arteriogenesis) and the stimu-

lationn of this process as a potential new treatment modality for patients with 

obstructivee peripheral or coronary artery disease.1"3 Although several crucial 

stepss in this process have been identified, the full cascade of factors involved in 

arteriogenesiss still has to be elucidated. For this reason, genetic altered mice 

strainss were used in this thesis to evaluate the process of arteriogenesis in the 

absencee of several mediating factors. Furthermore, current experimental know-

ledgee mainly stems from small animal models.4-5 For an appropriate extrapola-

tionn to the clinical setting large animal models are warranted. Consequently, the 

stimulationn of the arteriogenesis process was studied in a novel porcine arterial 

ligationn model. 

Thee importance of the c-c-chemokine monocyte chemoattractant protein 1 (MCP-

1)) in arteriogenesis was explored in Chapter 2, where MCP-1 knockout mice 

underwentt femoral artery ligation. It was shown that the absence of MCP-1 cau-

sess a strong reduction in flow restoration after femoral artery occlusion, due to a 

decreasedd monocyte accumulation around the developing collateral arteries. 

Subsequently,, MCP-1 knockout mice that underwent a "rescue" treatment with 

MCP-11 showed a restoration of flow to a level that was not significantly different 

fromm flow restoration that was observed in control mice. These results emphasize 

thee central role of this chemokine in the multifactorial process of collateral arte-

ryy formation. 

Itt has been shown previously that the TR3 orphan receptor is expressed in 

humann atherosclerotic lesions and in in-stent-restenosis and that TR3 inhibits 

SMCC proliferation in experimental restenosis. Chapter 3 describes the evaluation 

off  the role of TR3 in arterial responsiveness to vasoactive substances and the role 

inn vascular remodeling during collateral artery formation. No significant changes 

weree observed in arterial responsiveness to several contractile and dilator agents 

betweenn the different mice expressing the dominant-negative variant of TR3, 

micee expressing the full-length TR3 and their wild-type littermates. Furthermore, 

thesee mice underwent femoral artery ligation. No differences in hind limb perfu-

sionn were present after one week of arterial ligation, as assessed with tissue per-

fusionn measurements using fluorescent microspheres. It was concluded that 
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neointimaa formation due to SMC proliferation could be reduced using TR3 orphan 

receptorr over-expression, without negative effects on arterial responsiveness and 

vascularr remodeling during collateral artery formation. These findings are impor-

tantt when considering TR3 as a therapeutic target in atherosclerosis and neointi-

maa formation in in-stent restenosis. 

Inn Chapter 4, the important role of the transmembrane receptor CD44 during 

arteriogenesiss is described. This study showed that the arteriogenic response 

wass reduced in CD44 knockout mice to a level that is even below that of MCP-1 

knockoutt mice as described in Chapter 2. This reduced response was the result of 

bothh a defective leukocyte trafficking as well as a decreased protein expression of 

FGF-22 and PDGF-B. Using the technique of laser micro-dissection, individual colla-

terall  arteries were collected from tissue sections and analyzed for their RNA con-

tent.. This showed an increased mRNA content for both FGF-2 and PDGF-B. The 

observedd decreased FGF-2 and PDGF-B protein expression in conjunction with an 

increasedd mRNA expression suggests that the stability of these growth factors is 

diminishedd in the absence of CD44. Finally, a correlation between collateral flow 

indexx and CD44 expression on activated monocytes in patients with coronary 

arteryy disease was shown, indicative of the clinical relevance of CD44 signaling 

inn collateral artery formation. 

Chapterr 5 describes a newly developed large animal model of peripheral arterial 

obstructivee disease in pigs. In this model, invasive as well as non-invasive evalu-

ationn methods are used to study the natural course of collateral vascular develop-

ment.. Hemodynamic assessment was performed under controlled conditions of 

pressuree and flow via the instrumentation of the animal with a pump-driven 

extra-corporall  circulation. This large animal model was applied as a prerequisite 

forr extrapolation of the experimental findings in mice and rabbits towards the 

clinicall  situation in humans. 

Inn the above-described model, the efficacy of MCP-1 treatment was tested subse-

quentlyy in Chapter 6, enabling an appropriate extrapolation of the dose-effect 

relationshipp and expected efficacy to patients with peripheral arterial obstructive 

disease.. It was shown that collateral vascular conductance increased approxima-

telyy two-fold after two days of continuous infusion of MCP-1. A longer duration 

off  treatment (two weeks) did not increase this pro-arteriogenic effect. It was con-

cludedd that modulation of the process of arteriogenesis is feasible in this large 

animall  model via intra-arterial infusion of MCP-1. 

Percutaneouss coronary angioplasty is a treatment modality increasingly applied 

forr patients with obstructive coronary artery disease.6 For the guidance and opti-

malizationn of the result of coronary interventions, Doppler parameters may pro-

videe information, beyond that obtained by the eyes of experienced 
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angiographers.77 Hyperemic blood flow velocity is a more sensitive parameter for 

thee evaluation of the hemodynamic result after PTCA, as compared to hyper-emic 

pressure.. Therefore, the aim of the second part of the thesis was to assess the 

prognosticc value of intracoronary Doppler parameters in a patients undergoing 

electivee angioplasty. 

Coronaryy flow reserve (CFR) is considered to be markedly influenced by (clinical) 

parameterss affecting the coronary microvascular resistance. For that reason, we 

evaluatedd in Chapter 7 clinical as well as hemodynamic factors potentially influ-

encingg the value of coronary flow reserve in angiographically normal coronary 

arteriess in patients undergoing elective angioplasty in {an other) diseased vessel. 

Agee and heart rate appeared to be independent determinants of CFR, although 

thee relationship was weak. These results suggest that CFR measurements during 

cardiacc catheterization for clinical decision-making are not markedly influenced 

byy clinical and hemodynamic variables in patients with one- and two-vessel dise-

asee selected for elective angioplasty. 

Theree have been conflicting reports regarding the effect of balloon angioplasty 

onn the distal coronary flow reserve (CFR). The aim of the study, described in 

Chapterr 8, was to evaluate the effect of balloon angioplasty on epicardial remo-

delingg and adaptation of microvascular bed in a selected cohort of patients with 

optimall  angiographical result after PTCA. Patients with an impaired CFR directly 

afterr optimal balloon angioplasty showed a higher target lesion revascularization 

ratee compared to patients with a CFR >2.5. This patient group consisted of a 

patientt subgroup prone to develop restenosis, while other patients were charac-

terizedd by a persistent low CFR, probably secondary to disturbed autoregulation 

and/orr diffuse mild coronary atherosclerosis. In this last subset of patients with 

ann impaired CFR without restenosis, coronary flow reserve alterations were rela-

tedd to changes in hyperemic blood flow velocity, suggesting that this pheno-

menonn relates to epicardial remodeling. 

Thee study of Chapter 9 was performed to evaluate hemodynamic alterations after 

stentt implantation following Doppler flow guided balloon angioplasty. Stent 

implantationn enhanced CFR after Doppler guided balloon angioplasty with a sub-

optimall  as well as optimal result (50% of the cases), due to a reduction in residu-

all  lumen obstruction as the underlying mechanism for the improved clinical out-

comee that was observed in these patients. 

Thee post hoc analysis which has been described in Chapter 10 examined optimal 

cut-offf  values for angiographical and Doppler flow parameters in order to predict 

long-termm (12 months) clinical outcome following stent implantation. We showed 

thatt an angiographical optimal stent implantation (diameter stenosis < 11%) in con-

junctionn with a good hemodynamic state (CFR >2.5 or relative CFR >0.89) was 

associatedd with an exceptional good clinical outcome. Furthermore, we showed that 

angiographicall  and Doppler derived parameters yield important prognostic informa-

tionn for the occurrence of adverse cardiac events following stent implantation. 
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Thee prognostic value and determinants of the postprocedural CFR was investiga-

tedd in Chapter 11. A CFR <2.5 after PTCA was characterized by an elevated base-

linee blood flow velocity in both the target artery and the reference artery. 

Furthermore,, a low postprocedural CFR was correlated with a low pre-procedural 

andd reference CFR and predicted major cardiac events at 30 and 360 days follow-

up.. Thus, low post-procedural CFR was associated with worse peri-procedural 

outcome,, related to microcirculatory disturbances, while there was no significant 

differencee at late follow-up. 

Interpretationss and conclusions 
Arteriogenesiss refers to the development of true muscular conductance arteries, 

bypassingg an arterial narrowing or occlusion.8 Using this escape mechanism, the 

amountt of ischemic damage to the distal hind limb or myocardium can be limi-

ted.9"111 The studies concerning the experimental modulation of arterio-genesis 

thatt are described in this thesis lead to the following conclusions: 

1.. MCP-1 and CD44 appear to be important mediating factors in the signaling path-

wayy of collateral artery formation. The absence of these factors leads to a 

decreasedd perfusion restoration in the murine arteriogenesis model, due to a 

defectivee leukocyte accumulation (in MCP-1-/- and also in CD44-/- mice) and 

decreasedd growth factor stabilization (in CD44-/- mice). 

2.. Modulation of the transcription factor TR3 does not negatively influence arterial 

responsivenesss to vasoactive substances and vascular remodeling during 

collaterall  artery formation. 

3.. The porcine model of femoral artery ligation is a suitable large animal model for 

thee assessment of collateral artery formation, as an extrapolation of pro-arterio-

genicc effects of growth factors to the clinical situation. 

4.. Stimulation of arteriogenesis in the porcine ligation model is possible using 

MCP-1.. However, these pro-arteriogenic effects were less pronounced, compared 

too the effects that have been described previously in the rabbit model. 

Inn conclusion, the molecular background of the process of arteriogenesis seems 

too involve an enormous cascade of {known and unknown) mediating factors. 

However,, it is possible to stimulate the process in small as well as large animal 

modelss of obstructive arterial disease, which forms the basis for the pathway of 

therapeuticc arteriogenesis from bench to bedside. 
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Thee conclusions of the second part of the thesis concerning the prognostic value 

off  intracoronary Doppler parameters in patients undergoing elective angioplasty 

are: : 

1.. Age and heart rate are independent predictors of the value of CFR. However, the 

magnitudee of the changes of CFR is rather small, suggesting that CFR measure-

mentss during cardiac catheterization for clinical decision-making are not marked-

lyy influenced by these (or other clinical and hemodynamic) variables. 

2.. An (angiographic and hemodynamic) optimal result after balloon angioplasty 

occurss in about 50% of the cases. However, stent implantation improves CFR 

afterr Doppler guided balloon angioplasty with a suboptimal as well as optimal 

result. . 

3.. Angiographic (diameter stenosis of 11%) and hemodynamic (CFR of 2.5 or relative 

CFRR of 0.89) cut-off values predict long-term clinical outcome following stent 

implantation.. Furthermore, an angiographical optimal stent implantation in com-

binationn with a good hemodynamic state is associated with an excellent clinical 

outcome. . 

4.. A low post-procedural CFR is associated with worse peri-procedural outcome, 

relatedd to microcirculatory disturbances, while no differences are present at late 

follow-up. . 

Thesee findings suggest a role of Doppler derived parameters in the guidance of 

electivee angioplasty and prognosis after the intervention in patients with one- or 

two-vessell  coronary artery disease. 

Recommendationss and fu tu re directions 
Artetiogenesis Artetiogenesis 

Amidstt the hypes concerning angiogenesis, and more recently the stimulation of 

vasculogenesiss and myogenesis, the molecular background and therapeutic sti-

mulationn of arteriogenesis have been evaluated in an experimental setting during 

thee last decades.12-15 This effort has resulted in numerous factors that have been 

documentedd to be involved in arteriogenesis.3 From a theoretical point of view, 

thee stimulation of these conductance arteries for restoration of perfusion in 

obstructivee arterial disease surpasses the capacity of an increase in the number 

off  capillaries that is pursued in therapeutic angiogenesis.3 The recent negative 

resultss of the first randomized placebo-controlled clinical trials for the stimula-

tionn of angiogenesis using VEGF have tempered the enthusiasm for this target 

evenn more.16-17 Besides conceptual difficulties, several other unsolved issues may 

explainn the negative results of these angiogenesis trials, such as the dosage used, 

thee administration route, type of growth factor and patient selection. 

Therapeuticc arteriogenesis has been recognized to be preferential over the stimu-
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lationn of angiogenesis.18 We have already shown that arteriogenesis can be sti-

mulatedd in acute peripheral ligation models in small as well as in large sized ani-

mals.4-199 Moreover, the first trial concerning the use of arteriogenic growth fac-

torss in coronary artery disease showed promising results.20 Currently, a double-

blindd randomized placebo-controlled trial in patients with peripheral artery dise-

asee is performed, evaluating the effects of subcutaneously applied GM-CSF.21 

However,, all clinical exploration of therapeutic arteriogenesis should be based on 

aa solid experimental background, prior to the final leap from "bench to bedside". 

Inn particular, the step from the peripheral acute ligation models, described in 

thiss thesis, towards an application in patients with long-standing coronary artery 

diseasee (in conjunction with comorbidity like hyperlipedemia and diabetes melli-

tus)) involves analysis of several unresolved issues. We are currently developing 

coronaryy ligation models in large sized animals. Using these models, the most 

suitablee cocktail of factors, administration route (e.g. gene therapy, coated 

stents),, dose-responses and appropriate evaluation techniques wil l be assessed. 

Thiss knowledge is a prerequisite for clinical application of therapeutic arterioge-

nesiss in patients with coronary artery disease. 

IntraccIntracc lamics 

Thee results of this thesis underline the usefulness of Doppler flow parameters for 

thee guidance and clinical outcome of percutaneous coronary interventions, as 

alsoo demonstrated in the DEBATE II, DESTINI and FROST trials.22" 24 It has been 

extensivelyy shown that Doppler flow and pressure parameters can be used for 

diagnosticc purposes during cardiac catheterization.25 Technical refinements have 

ledd to the introduction of a guide wire that is equipped with both a Doppler and 

aa pressure sensor on the t ip.26 A second technique for the simultaneous asses-

smentt of intracoronary pressure and flow velocity uses the thermodilution prin-

ciple.277 Using both intracoronary flow and pressure measurements an index of 

stenosiss resistance can be assessed, that has a higher predictive power to assess 

functionall  lesion severity as determined by SPECT, than conventional parameters 

basedd on either intracoronary pressure or flow velocity.28 Also, the use of both 

parameterss allows a better differentiation between epicardial and distal (micro-

vascular)) vascular disease. This is important, since evidence for epicardial as well 

ass microvascular disease after the intervention may lead to additional therapeu-

ticc options (optimization of the result or pharmacological intervention, respecti-

vely).. Finally, the combination of both parameters allows the creation of pressure-

floww relationships for an accurate evaluation of the (hemodynamic) result after 

percutaneouss coronary intervention.29 
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ArteriogenesisArteriogenesis and intracoronary hemodynamics 

Intracoronaryy derived hemodynamic parameters may also be of great benefit for 

evaluationn of future studies on therapeutic arteriogenesis in patients with coro-

naryy artery disease. Quantification of the coronary collateral circulation in 

patientss is possible using (intracoronary derived) collateral flow index (CH: figure 

1)1) which is directly related to the extend to which the collateral circulation has 

developed.30'311 A recent Swiss study has shown that it is possible to improve col-

laterall  flow (expressed in CFI) to a limited extent in patients with coronary artery 

disease,, using administration of GM-CSF.20 Furthermore, we have recently shown 

inn a pilot study (described in chapter 4) that a positive correlation exists between 

collaterall  flow index and the expression of the transmembrane receptor CD44 on 

activatedd monocytes (using FACS analysis) in patients with single-vessel coronary 

arteryy disease.32 Thus, it is possible to correlate the amount of collateralization 

inn patients, expressed in CFI, to the level of protein expression. The innate 

responsee of individual patients to arterial obstruction has been shown to be very 

heterogeneous.. It is well conceivable that this heterogenic arteriogenic response 

withinn different individual patients can be deduced to a heterogenic regulation of 

thee factors involved in arteriogenesis (e.g. differences in the expression of CD44 

isoforms).. Besides the fact that only a fraction of the involved factors in arterio-

genesiss is known, the time window of expression of the different factors in 

patientss with coronary obstruction is still unidentified. Most likely, some factors 

aree involved in the initiation phase of the recruitment of collateral pathways, 

whilee other proteins are important for the maintenance of the arteriogenic 

response.. Proteomics can be used for this purpose as a technique for the identifi-

cationn of protein expression in for example serum samples of patients in different 

phasess of collateral development. The recently developed SELDI-TOF system is a 

veryy sensitive novel approach for biomarker discovery that is most effective at 

profilingg low molecular weight proteins.33-34 For this reason, this technique 

theoreticallyy is very suitable for the identification of cytokines/ growth factors. 

Thus,, the combined techniques of intracoronary hemodynamic parameters and 

proteinn expression analysis offer tools to get detailed insights, that wil l be of 

greatt value for the development of patient-specific arteriogenic therapies in futu-

ree studies. 
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CFIp-(Pe c c rCVP)/(Pa o-CVP) ) 

CF ' v - tVacc /Vocc l ) ) 

Microcirculation n 

Figuree 1 

IllustrationIllustration of instrumentation for calculation ofCFI. Pressure- and/or Doppler-derived CFI are 

determineddetermined by measuring IC pressure and/or blood flow velocity distal to balloon-occluded corona-

ryry artery. For pressure based CFI, aortic pressure is simultaneously obtained via angioplasty guide-

wire,wire, and venous pressure is assumed to be 5 mm Hg. For Doppler based CFI, nonocclusive ICflow 

velocityvelocity after PTCA and after cessation of reactive hyperemia is determined with Doppler guidewire 

atat same position (with permission of the authors).35 
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