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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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I N T R O D U C T I O NN A N D O U T L I N E 

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. 

n n 



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." 



I N T R O D U C T I O NN A N D O U T L I N E 

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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CHAPTERR 1 

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 

6 - i i 

100 30 50 70 

Diameterr stenosis (%) 

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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I N T R O D U C T I O NN A N D OUTLINE 

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). 

'mi 'mi 

'V.i.'>,,V,v»'wv;v,,..v.-.- .. . 
I , . , I I <MMMIJ . | , | , I «»M«U{«»J» I I I I I I | | 

a^U^Lla^U^Ll - — ^ ; / , , ,ao: 

; ; .. " 

t t t t 
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. 

16 6 



I N T R O D U C T I O NN A N D O U T L I N E 

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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Abstract t 
Background Background 

Monocytee chemoattractant protein 1 (MCP-1) has been shown effective for the 

stimulationn of collateral artery formation in small and large animal models. The 

availabilityy of a genetic knockout mouse enables the evaluation of the impor-

tancee of the role of MCP-1 in the natural course of collateral artery growth. 

MethodsMethods and results 

AA total of 21 MCP-1 -/- as well as 13 of the appropriate genetic background con-

trolss ({129Sv/J X C57B1/6}F1), a femoral artery ligation was performed. 

Subsequently,, a polyethylene catheter, connected to an osmotic minipump, was 

insertedd retrogradely in the femoral artery with the tip pointing upstream. Using 

thiss technique, PBS (MCP-1 -/-: n=13 and C57BL/6J: n=13) or MCP-1 (JE)(MCP-1 -/-: 

nn = 8) was delivered intra-arterially. Seven days after ligation, determination of 

hindd limb flow was assessed by controlled tissue perfusion using different labe-

ledd fluorescent microspheres. MCP-1 -/- mice exhibited a reduction of hind limb 

floww of % of normal, compared to % in C57BL/6J mice (p<0.01). 

MCP-11 -/- mice that underwent a subsequent "rescue" treatment with MCP-1 

showedd a restoration of flow to a level of % (p=NS compared to PBS tre-

atedd C57BL/6J). Specific immunohistochemical staining for monocytes (MOMA-2; 

MCP-11 -/- n = 5 and C57BL/6J: n = 5) showed a reduced number of monocytes 

aroundd developing collateral arteries in the MCP-1 -/- mice. 

Conclusions Conclusions 

Ourr data show that the absence of MCP-1 causes a strong reduction in flow resto-

rationn after femoral artery occlusion, coinciding with a reduced momocyte attrac-

tion,, emphasizing the central role of the chemokine in the multifactorial process 

off  collateral artery formation. 
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Introduction n 
Thee development of a collateral circulation is a natural escape mechanism to 

compensatee for the loss of perfusion capacity after obstruction of a main feeding 

artery.. It has been shown extensively that an adequate collateral response pro-

tectss against ischemic damage in case of plaque rupture and subsequent closure 

off  the vessel.1,2 Monocyte recruitment has been shown to play a central role in 

thee establishment of an inflammatory environment around pre-existing arterio-

les,, creating space for these vessels to remodel towards a mature collateral circu-

lation.3,44 Furthermore, exogenous application of several growth factors and che-

motacticc cytokines as monocyte chemoattractant protein 1 (MCP-1) can stimulate 

thee process of collateral artery formation in both small and large animal models 

off  peripheral arterial obstructive disease.5"9 Also, a decreased local monocyte 

recruitmentt has been demonstrated in the absence of MCP-1 or its primary recep-

torr CCR-2.10'11 Refinements in the hemodynamic evaluation of collateral depen-

dentt flow in the murine hind limb has enabled us to precisely examine the role of 

differentt mediators in genetically altered mice strands.12 The purpose of the pre-

sentt study was to evaluate the influence of a deficiency of MCP-1 on blood flow 

restorationn in this established murine ligation model and second, to assess the 

potencyy of a 'rescue' experiment. 

Materialss and methods 
Animals Animals 

AA total of 21 MCP-1-/- mice on a (129Sv/J X C57B1/6)F1 background, that were 12 

too 14 weeks of age, were used. Mice were constructed as described previously 

{kindl yy provided to us by Prof. Barrett J. Rollins, Dana-Farber Cancer Institute, 

Boston,, Massachusetts).11 Wild type (MCP + / + ; n=13) (129Sv/J X C57B1/6)F1 mice 

weree used as a control. In all experiments, sex and age matched controls were 

used.. All mice were kept in conventional housing with food and water ad libitum. 

Approvall  for the experiments was obtained from the institutional animal experi-

mentationn committee and experiments were performed according to the "Guide 

forr the Care and Use of Laboratory Animals" (NIH Publication No. 85-23, revised 

1996). . 

Animalss were anaesthetized using intraperitoneal injection of a solution of keta-

minn and xylazin. A skin incision was performed in the right upper limb to expose 

thee femoral artery. The femoral artery was then ligated using double sutures 

withh an approximate distance between the ligation sites of 3-5 mm. The accom-

panyingg femoral vein and nerve were kept intact. Osmotic minipumps (Alzet, 

Durectt Co, Cupertino, USA) were used for continuous infusion of the compound. 

Suchh an operation technique does not result in massive tissue necrosis in 
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C57BL/6JJ mice. These mice recover hind limb function within several days, lea-

dingg to practically normal physical function at day 7. Arteriogenesis is the predo-

minantt form of vessel growth in this model, due to the absence of severe ische-

miaa and the preserved architecture of the preexisting collateral circulation. 

TreatmentTreatment strategies 

Usingg the above-described technique, phosphate buffered saline (PBS) or 1 fxg 

monocytee chemoattractant protein-1 (JE) (PeproTech Ltd, London, England) was 

infusedd with a first pass effect over the collateral vascular bed over a period of 1 

week. . 

MeasurementsMeasurements of collateral perfusion 

Thee development of the collateral circulation was quantified at day 7 (MCP-1 -/-: 

nn = 8, C57BL/6J: n = 8). For this purpose, perfusion of the hind limbs was assessed 

ass described previously.12 In summary, a catheter was inserted in the abdominal 

aortaa and the isolated hind limbs were perfused using an exogenous pressure 

systemm with 4 differently coloured fluorescent microspheres (15 /xm; Molecular 

Probes,, Eugene, Oregon, USA), corresponding with a certain pressure level. These 

micropsheress were diluted in a buffer solution of NaCl 0.9%, adenosine (5 

mg/liter)) and Tween 20% (1 ml/liter). After the experiment, animals were killed 

andd tissue was harvested for further analysis. The collateral dependent tissue 

wass derived from the peripheral hind limb (m. gastrocnemius and m. peroneus). 

Afterr digestion of the tissue, microspheres were counted using FACS analysis and 

perfusionn was expressed as the percentage of micropsheres in the ligated as com-

paredd to the non-ligated leg. 

Immunohistochemistry Immunohistochemistry 

Tissuee samples were collected from the proximal hind limb (m. quadriceps and m. 

adductor),, 7 days after femoral artery ligation (MCP-1 -/- : n = 5, C57BL/6J: n = 5) 

snap-frozenn at -150 to -160 °C in methyl butane, pre-cooled with liquid nitrogen. 

Forr histological examinations 5 /xm thick sections were made. Besides standard 

HEE staining, a mouse-specific monoclonal antibody against monocytes / macrop-

hagess was used in order to detect infiltrating leukocytes around collateral arte-

riess (MOMA-2; Research Diagnostics Inc, Flanders NJ, USA; 1:1600). After incuba-

tionn with the above-mentioned primary antibodies, a peroxidase staining was 

performedd (Dako). Quantitative analyses were performed in a blinded fashion. 

Thee total number of positive cells, as well as the percentage of total cells, was 

determinedd in predefined squares around muscular arteries. Negative controls 

weree performed for all immunological stainings by omission of the primary anti-

body. . 
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StatisticalStatistical analysis 
Dataa are expressed as mean  SD. An independent T-test was used for comparis-

onn of differences in monocyte accumulation. A multiple comparison was made 

betweenn the control and two treatment groups, using ANOVA with a Dunnett's 

(post)) test of SPSS version 11.0 (SPSS Inc, Arlington, USA). A p-value <0.05 was 

consideredd statistically significant. 

Result s s 
InfiltratingInfiltrating monocytes around developing collateral arteries 

Afterr 7 days of femoral artery ligation, monocytes / macrophages adhere to the 

vascularr wall (Figure la) and accumulate around collateral arteries in both quadri-

cepss and adductor muscles in littermate control mice (figure ld-e). Monocyte accu-

mulationn was also present around collateral arteries in MCP-1 deficient mice 

[Figure[Figure lf-g). However, the number of monocytes / macrophages was significantly 

reduced,, compared to wild-type mice. (C57BL/6J: 36%  11% compared to 15%

9%% positive cells/square in MCP-1 -/- mice; figure 2; p<0.01). 

HindHind limb perfusion after one week of arterial ligation 

Noo evident necrosis was present in the hind limbs of the MCP-1 -/- and their lit -

termatee control mice after one week of arterial ligation. Collateral dependent 

hindd limb flow was assessed at the seven days timepoint using controlled tissue 

perfusionn of a solution containing different labeled fluorescent microspheres. 

Collaterall  flow in MCP-1 -/- mice with PBS infusion was strongly reduced 

%% of the unobstructed leg, compared to % in PBS treated 

C57BL/6JJ mice; Figure 3; p<0.01). Subsequently, MCP-1 -/- mice that underwent a 

"rescue""  treatment with intra-arterial administration of MCP-1 showed an 

increasee of hind limb flow to 47.4 % of normal (p = NS compared to PBS 

treatedd C57BL/6J and p<0.01 compared to PBS treated MCP-1 mice). 
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ImmunohistochemicalImmunohistochemical staining of hind timb muscle. Example of adhering cells to the arteriolar 

endotheliumendothelium (A) that stain positive for MOMA-2 (monocytes / macrophages). Standard HE (B, D) 

andand MOMA-2 (C, E) staining of BUS control mice before ligation and 7 days after arterial ligation, 

respectively.respectively. Panel F and C depict HE and MOMA-2 staining ofMCP-1 -/- mice, 7 days after ligation. 
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Discussion n 
MouseMouse model of collateral artery formation 

Thee process of arteriogenesis has been studied extensively in the rabbit 

model.8,133 In this model, the molecular mechanisms of the natural course of col-

laterall  artery growth as well as the stimulating effects of several growth factors 

onn the process have been investigated. Furthermore, we have recently shown in a 

porcinee model of peripheral arterial ligation, that it is possible to positively modu-

latee the process of collateral artery growth using MCP-1.9-14 The latter experimen-

tall  model offers an appropriate extrapolation of the observed (dose-)effects to 

patientss with peripheral arterial obstructive disease (PAOD). However, the advan-

tagee of using mice instead of rabbits or pigs for the study of the collateral artery 

developmentt is the availability of a large variety of genetically altered mice 

strands.. This offers the opportunity to study the effects of the absence of a single 

genee on collateral arterial growth. Recently, a new model, based on a double-site 

ligationn of the femoral artery has been established.12,15 In this model the circum-

flexx and the profound femoral artery are left intact in order to serve as stem 

regionn for the collateral connections according to Longland's criteria.16 It has 

beenn shown previously, that this technique of arterial ligation does not induce 

ischemiaa leading to an increase of expression of markers of hypoxia (ADP, creati-

nee phosphate, lactate).17 Osmotic minipumps are implanted, delivering substance 

directlyy into the stem region, proximal to the occluded artery. This ensures a 

"firstt pass effect" of the compound over the pre-existing arteriolar connections, 

whichh is crucial since the effects of several growth factors rely on a concentra-

tionn gradient, particularly in the case of the cytokine MCP-1. 

MCP-1MCP-1 in col la: 

Inn case of an arterial obstruction, collateral arteries are formed, bypassing the 

narrowingg or occlusion in order to provide the distal muscle tissue with oxy-

gen.188 Due to the development of an arterial pressure gradient (low pressure dis-

tall  from the arterial stenosis), a redistribution of blood flow occurs via pre-exis-

tingg arterioles that interconnect the different vascular territories. The enhance-

mentt in blood flow in these arterioles causes a local increase in shear stress, acti-

vatingg the endothelial cell line. These activated endothelial cells start expressing 

intercellularr and vascular cell adhesion molecules and chemotactic cytokines like 

monocytee chemoattractant protein 1 (MCP-1).19,20 MCP-1 is a potent agonist for 

thee IS-chemokine receptors CCR-4 and in particular CCR-2 that are expressed on 

monocytes.111 This cascade regulates the local attraction, adhesion and subse-

quentt diapedesis of monocytes into the perivascular space. After transformation 

intoo macrophages, these cells create a (local) inflammatory environment, produ-

cingg metalloproteinases, pro-inflammatory cytokines like tumor necrosis factor 

alfa,, monocyte survival factors like granulocyte macrophage-colony stimulating 

factorr and pro-mitogenic factors like basic fibroblast growth factor and transfor-
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mingg growth factor Is l.4-7 The exogenous administration of several of the invol-

vedd factors has shown to be effective for the stimulation of the arteriogenesis 

processs in the peripheral circulation.5"9 In the present study, we have shown for 

thee first time that the absence of MCP-1 expression causes a reduced flow resto-

rationn after arterial obstruction in the murine hind limb. Moreover, the subse-

quentt intra-arterial administration of MCP-1 as a protein infusion in this femoral 

arteryy ligation model leads to a recovery of perfusion to levels not significantly 

differentt from (MCP-1+ / + ) littermate controls. This finding confirms that in 

thesee mice a targeted disruption of the genomic DNA fragment containing only 

SCYA22 (the gene encoding for MCP-1) has been performed, leaving the remaining 

genotypee intact.11 Furthermore, it has been shown previously that there is no 

compensatoryy upregulation of MCP-2, MCP-3, or MCP-5 in challenged MCP-1-/-

mice.211 Most likely, there is also no change in the expression of the (CCR-4 and/or 

CCR-2)) receptors and for these reasons, administration of the MCP-1 protein in 

thesee mice is sufficient to accomplish a (near to) normal phenotype. Similar to 

thee findings from the group of Rollins in their inflammation models, the obser-

vedd phenotype in the present study most likely can be explained by the shown 

decreasee of monocyte infiltration to the site of interest.11 

Conclusions Conclusions 

Thee course of arteriogenesis in the peripheral circulation can be studied approp-

riatelyy using the described murine hind limb ligation model. It is conceivable 

thatt intervening with this natural escape mechanism for arterial obstruction can 

resultt in new therapeutic strategies for atherosclerotic vascular disease in the 

nearr future. We have shown in the present study that the absence of expression 

off  the c-c-chemokine MCP-1 leads to a reduced collateral artery formation, sugge-

stingg an essential role of this protein in the cascade of events. Moreover, the 

observedd diminished recovery of hind limb perfusion could be restored as shown 

byy the approach of "rescue" treatment. Together with the previously obtained 

resultss of stimulation of arteriogenesis in small and large animal models, MCP-1 

appearss to be one of the preeminent candidates for a potential new therapeutic 

modalityy using growth factors.7"9 However, we need to bear in mind the recently 

demonstratedd potential deleterious effects of MCP-1 on atherosclerosis, if we 

wantt to consider this compound for future therapeutic purposes.22 
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Abstrac t t 
Background Background 

Smoothh muscle cell (SMC) function is important for physiological arterial respon-

sivenesss in normal vascular function and in vascular remodeling during collateral 

arteryy formation. In addition, SMCs are pivotal in intimal thickening in athero-

sclerosiss and restenosis. We have shown that TR3-like nuclear orphan receptors 

aree expressed in human atherosclerotic lesions and that TR3 nuclear orphan 

receptorr (TR3) inhibits SMC proliferation in the murine carotid artery ligation 

modell  of restenosis. In this study we assayed the effect of TR3 on vascular con-

tractionn and relaxation as well as a potential function in arteriogenesis. 

MethodsMethods and Results 

Responsivenesss to vasoconstrictor or vasodilator agents were determined in the 

aortass of both transgenic mice overexpressing TR3 or a dominant-negative 

variantt of TR3 (ATA) and wild-type mice. No differences in arterial contraction 

andd dilation between the different mice were established. To study the effect of 

TR33 on arteriogenesis, mice that express full-length TR3 (n = 13), or ATA (n = 

15)) and their wild-type littermates (n = 14) underwent femoral artery occlusion. 

Noo significant differences in hind limb perfusion were observed one week after 

arteriall  ligation, as assessed with fluorescent microspheres. 

Immunohistochemistryy revealed no obvious differences in the proliferative activi-

tyy of medial SMCs in TR3 or DTA transgenic mice after ligation. 

Conclusions Conclusions 

Neointimaa formation caused by intimal SMC hyperplasia is reduced upon overex-

pressionn of TR3, without negative effects on arterial responsiveness and vascular 

remodelingg during collateral artery formation. These findings are important 

whenn considering TR3 as a therapeutic target to limi t neointima formation in in-

stentt restenosis and atherosclerosis. 
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Introduction n 
Percutaneouss coronary intervention may cause early thrombus deposition, cellu-

larr inflammation, and ultimately intimal SMC proliferation, leading to 

restenosis.11 The introduction of stents has reduced the incidence of restenosis.2"4 

However,, the incidence of in-stent restenosis is increasing, related to the fre-

quentt use of stents.5 We have identified three transcription factors that are diffe-

rentiallyy expressed in SMCs treated with an atherogenic stimulus; TR3 orphan 

receptorr (TR3), Mitogen-induced nuclear orphan receptor (MINOR) and Nuclear 

receptorr of T-cells (NOT), which form a sub-family of the nuclear orphan receptors 

denotedd NGFI-B or NR4A.6-7 TR3, MINOR and NOT are expressed in human athe-

roslceroticc lesions in neointimal SMCs, endothelial cells and to lesser extent in 

macrophages.. TR3 inhibits SMC proliferation, whereas a dominant-negative 

variantt of TR3 (ATA) that lacks the transactivation domain and inhibits all three 

familyy members, enhances SMC growth. Transgenic mice were generated expres-

singg TR3 or the dominant-negative variant ATA in arterial SMCs. Vascular lesion 

formationn was studied in a murine carotid artery ligation model and TR3 was 

shownn to inhibit intimal SMC hyperplasia, whereas ATA aggravated lesion forma-

tion.77 It was hypothesized that TR3-like transcription factors are potential thera-

peuticc targets to prevent (in-stent) restenosis. However, this potential new treat-

mentt modality to inhibit SMC proliferation may involve an important adverse 

effect,, since SMC proliferation plays a key role in in processes of vasoconstriction 

orr -dilatation and in arterial remodeling during collateral artery formation.8-9 

Thee purpose of this study was to evaluate the effect of modulation of TR3 expres-

sionn on in-vitro arterial responsiveness to vasoactive substances and on in-vivo 

collaterall  artery growth. 

Methods s 
Animals Animals 

Animall  care and experimental procedures were approved by the Animal 

Experimentall  Committee at our institution. Transgenic mice expressing ATA or 

full-lengthh TR3 cDNA under the control of a specific part of the SM22alfa promo-

ter,, which directs transgene expression to SMCs of the arterial vascular wall, 

weree generated in an FVB-background, as described before.7 The animals were 

housedd in standard cages and fed water and chow ad libitum. 

Chemicals Chemicals 

Thee following drugs were used: (acetyl-b)methacholine chloride, 9a-epoxymet-

hanoprostaglandinn F2a (U46619), isoprenaline HC1, and L-phenylephrine HC1 

whichh were obtained from Sigma Chemical (St. Louis, Mo., USA). All drugs were 

dissolvedd in distilled water and kept frozen at -20°C prior to use, except for isop-

renaline,, for which solutions were freshly prepared prior to the experiments. 
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Thee direct vasocontrictor and relaxant effects of phenylephrine (n = 3), throm-

boxanee (U46619) (n = 5), methacholine (n = 5) and isoprenaline (n = 3) on aorta seg-

mentss of transgenic and wild-type mice of eight weeks of age were investigated 

usingg an isometric wire myograph. After decapitation, the thoracic cavity was 

openedd and, after removal of the heart and lungs, the thoracic aorta was dissec-

tedd free from its connective tissue and transferred to physiological Tyrode's solu-

tionn of the following composition (mM) NaCl 118.5, KC1 4.7, MgC12 1.2, CaCl2 2.5, 

KH2P044 1.2, NaHC03 25, glucose 5.5 and EDTA 0.024. The organ bath contained 

Tyrode'ss that was oxygenated by carbogen (95% 02 + 5% C02) and kept at room 

temperature.. Rings of thoracic aorta were prepared and mounted between stain-

lesss steel hooks in an organ bath (5 ml). The initial resting tension was set at 10 

mNN and was readjusted throughout the experiment. The upper hook was connec-

tedd to an isometric force transducer (KyowaTM, Tokyo, Japan). The signal was 

amplifiedd (KyowaTM, Tokyo, Japan) and recorded by means of a thermal pen 

recorderr (WKKTM, Kaltbrunn, Germany).10 A contraction with Tyrode's containing 

400 mM KCl (equimolar substitution for NaCl) was generated to serve as a referen-

cee to quantify the contractions provoked by the alphal-adrenoceptor agonist, L-

phenylephrinee and the thromboxane analogue U46619. Vascular wall relaxation 

off  the aortic preparations was assessed after precontraction with phenylephrine 

(100 mM) and cumulative concentration-response curves were then made for the 

effectt of metacholine and isoprenaline. Using a computer program (GraphPad, 

Institutee for Scientific Information, San Diego, Calif., USA), concentration-respon-

see curves for the different agonists were fitted to concentration-response data for 

3-55 individual experiments. 

AA total of 20 transgenic mice expressing ATA, 18 mice expressing full-length TR3 

ass well as 19 age- and gender-matched FVB control mice were used for this study. 

Animalss weighed between 20 and 25 gram and were 10 to 12 weeks of age. 

Anesthesiaa was performed using Midazolam (12.5 mg/kg body weight) and 

Hypnormm (0.01 ml/mouse). A skin incision was performed and the right A. femo-

raliss was exposed using a sterile surgical technique and ligated immediately dis-

tall  from the bifurcation with the A. femoris profunda. A double ligation was per-

formedd with a 5 mm distance in-between the two ligation sites, leaving the 

accompanyingg femoral vein and nerve intact. Because of the preserved anatomy 

off  the preexisting arteriolar connections, no ischemia or necrosis occurs and arte-

riogenesiss is shown to be the predominant form of vessel growth in this in-vivo 

murinee model.11 
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Hindd limb blood flow was quantified after 7 days of ligation (ATA: n = 15; full-

lengthh TR3: n = 13 and WT: n = 14). For this purpose, a pressure-controlled per-

fusionn of the isolated hind limbs was performed, using fluorescent 

microspheres.111 Briefly, a catheter was inserted in the abdominal aorta for perfu-

sionn of the hind limbs with 4 differently fluorescent labeled microspheres 

(Molecularr Probes, Eugene, Oregon, USA). These microspheres were put in a 

bufferr solution of NaCl 0.9%, adenosine (5 mg/liter) and Tween 20% (1 ml/liter). 

Eachh differently colored microsphere was infused at a specific pressure level (70, 

80,, 90 and 100 mm Hg) that was generated via an automated, computer driven 

exogenouss perfusion system. Hereafter, the tissue from the peripheral hind limb 

(m.. gastrocnemius and m. peroneus) was harvested for digestion of the tissue, 

andd subsequent counting of the microspheres using FACS analysis. Perfusion was 

expressedd as a percentage of the ligated compared to the non-ligated hind limb. 

uu hybridization of collateral arteries 
Proximall  hind limb muscle tissue (m. quadriceps and m. adductor) were harves-

tedd 7 days after femoral artery ligation (ATA: n = 5; full-length TR3: n = 5 and 

WT:: n = 5) and snap-frozen in methylbutane that was cooled with liquid nitr-

ogenn at -150 to -160 °C. Finally, the tissue was stored at -80°C until further pro-

cessing.. Some samples were embedded in paraffin. For all histological examina-

tionss 5 yu.m sections were used. Micrographs were taken with a Leica microscope 

(Leica,, Wetzlar, FRG) equipped with a Sony DXC-950 3CCD digital video camera. 

TR33 and ATA are expressed under control of the SM22alfa-promoter and to evalu-

atee transgene expression in this model we assessed expression of endogenous 

SM22alfaa by radioactive in situ hybridization assays that were performed as 

described.12,133 The following probe were synthesized for in situ hybridization: 

SM22alfa,, Genbank NM_011526, bp 330-582. A matching sense riboprobe was 

assayedd and was shown to give neither background nor an aspecific signal. The 

sectionss were exposed for 5 days. Antibody 1A4 (DAKO) that recognizes SM alfa-

actinn was used to detect vascular SMCs. An antibody directed against PCNA 

(DAKO)) was used to detect proliferating SMCs in the vascular wall. For pretreat-

ment,, the sections were rehydrated, incubated with 0.3% hydrogen peroxide to 

blockk endogenous peroxidase activity, and blocked with 10% vol/vol preimmune 

goatt serum (DAKO) in Tris-buffered saline (TBS; 10 mmol/L Tris (pH 8.0), 150 

mmol/LL NaCl). Subsequently, the sections were incubated with specific antibodies, 

followedd by incubation with biotinylated secondary antibodies, which were 

detectedd with streptavidin-horseradish peroxidase conjugates (DAKO). Peroxidase 

activityy was visualized with aminoethylcarbazole and hydrogen peroxide. After 

counterstainingg with hematoxylin, the sections were embedded in glycergel 

(Sigma). . 
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StatisticalStatistical analysis 

Dataa are expressed as mean  SD. Continuous variables were compared using a 

Studentt T-test using SPSS version 11.0 (SPSS Inc, Arlington, USA). A multiple com-

parisonn was made between the control and two treatment groups, using an 

ANOVA-testt with a Dunnett's (post) test. A p-value <0.05 was considered statisti-

callyy significant. 

Result s s 
InIn vitro vasodilation and vasoconstriction 

Thee increase in wall tension (N/m) of isolated thoracic aorta segments in respon-

see to a high potassium chloride concentration (40 mM) was similar in prepara-

tionss obtained from TR3, ATA and control groups. 

Phenylephrine Phenylephrine 

Thee maximal al-adrenoceptor-mediated response to phenylephrine was not signi-

ficantlyy different in aortas taken from TR3, DTA or wild-type mice as shown in 

Figuree la. Moreover, the sensitivity of the thoracic aorta preparations to pheny-

lephrinee was not altered in the TR3, ATA or wild-type mice. 

Thromboxane-analogueThromboxane-analogue (U46619) 

Thee increase in wall tension (N/m) after exposure to the thromboxane A2-agonist 

U466199 was not statistically significantly different for the TR3, ATA and wild-

typee mice (Figure lb). 

Methacholine Methacholine 

Endothelium-dependentt vasodilator responses of thoracic aorta preparations to 

methacholinee proved not to be significantly altered in the TR3, ATA and wild-

typee animals (Figure 1c). After precontraction with phenylephrine (10 p.M) the 

relativee relaxant responses were the same in these three groups. The methacho-

line-inducedd responses of the thoracic aorta preparations appeared not to be inf-

luencedd by TR3. 

Isoprenaline Isoprenaline 

Concentration-responsee curves for isoprenaline showed no difference in maximal 

vasodilatorr response or sensitivity of thoracic aorta of the different mice (Figure 

Id). Id). 

Ourr results indicate that TR3 or ATA do not induce major changes in the sensiti-

vityy of isolated aorta segments to different vasoactive substances. 
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Figuree 1 

TheThe relaxant and vasoconthctor effects of phenylephrine (n = 3; A), thromboxane (U46619; n = 5; 

B),B), methacholine (n = 5; C) and isoprenaline (n = 3; D) on aortas of transgenic and wild-type 

mice.mice. Cf indicates contractile force. 

illntornl illntornl yy.ry.ry dependent hind limb perfusion 

Too assess the effect of TR3 overexpression or inhibition of all three TR3-like fac-

torss by ATA overexpression, we challenged the transgenic mice with a femoral 

arteryy ligation. None of the mice showed a macroscopically visible loss of func-

tionn or overt necrosis of the foot. Microsphere measurements revealed no statisti-

call  differences of hind limb perfusion between mice expressing ATA, full-length 

TR33 and the WT mice after 7 days of femoral artery ligation (ATA: 54.6%  16%; 

full-lengthh TR3: 58.8%  17% and WT: 58.5%  14%; Figure 2; p = NS). 
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pp = NS 

TR3 3 deltaa TR3 WT T 

MicrosphereMicrosphere perfusion measurements 7 days after femoral artery ligation of mice that express the 

micemice expressing the full-length TR3 (n = 13), dominant-negative variant ofTR3 (n = 15) and wild-

typetype littermates (n = 14), respectively. Quantification of blood flow of the occluded leg is expressed 

asas a percentage  from the non-occluded leg. 

Inn the transgenic mice applied in this study the transgenes were under control of 

thee SM22alfa promoter to direct expression specifically to arterial SMCs. To exclu-

dee the possibility that the absence of significant differences in collateral forma-

tionn were observed due to downregulated expression of the transgenes in this 

ligationn model, we evaluated the expression of SM22alfa expression in collateral 

vesselss one week after ligation. Radioactive in situ hybridization showed clear 

expressionn specifically in all SMCs of the arterial vessel wall of the collateral arte-

riess (Figure 3a). Consequently, we assume that the transgenes are continuously 

expressedd during collateral artery remodeling 

Too further substantiate similarity of medial SMC proliferation in collaterals in 

responsee to ligation in the different (transgenic) mice, we assayed for prolifera-

tingg cell nuclear antigen (PCNA) in sections of ligated hind limbs. 

Immunohistochemistryy showed no differences in PCNA expression in TR3, ATA or 

wild-typee mice after femoral artery ligation [Figure 3b and 3c). 

44 4 



ARTERIALL REACTIVITY A N D R E M O D E L I N G I N TR3 T R A N S G E N I C MICE 

Inn situ hybridization 

Si-Si-
Figuree 3 

InIn situ hybridization of 

SM22alfaSM22alfa (a). 

ImmunohistochemistryImmunohistochemistry of 

PCNAPCNA expression in collateral 

arteriesarteries obtained from ATA 

(b)(b) and TR3 (cj mice after 

femoralfemoral artery ligation. 

Discussion n 
Inn the present study we have shown that vascular responsiveness, as assessed in 

vitroo using different vasoactive substances, was normal in aorta rings derived 

fromm transgenic mice in which the nuclear receptor TR3 was either overexpressed 

orr fully inhibited by overexpression of its dominant-negative variant ATA, compa-

redd to aorta rings of wild-type mice. Furthermore, modulation of TR3 activity did 

nott cause a (pathological) effect on vascular remodeling in the process of collater-

all  artery formation. 

ponses ponses 

Inn several physiological (vasoconstriction, vasodilation) as well as pathological 

processess (e.g. atherosclerosis, (in-stent) restenosis, vein-graft disease, transplan-

tationn arteriosclerosis) SMCs play a key role. In previous studies we have shown 

thatt TR3 (and possibly also MINOR and NOT) inhibit SMC proliferation in vitro as 

welll  as in an in vivo restenosis model and proposed that TR3-like transcription 

factorss exhibit an inhibitory role in atherogenesis. More specifically, it was 

shownn that TR3 affects protein expression levels of the cyclin-dependent kinase 

inhibitorr p27KipI and thus promotes arrest of the cell cycle at Gl.7-14 However, 

sincee SMCs are pivotal in the process of physiological vasoconstriction and vaso-

dilationn as well as in arteriogenesis, the inhibition of SMC proliferation may 

theoreticallyy influence the functionality of these cells. This may create significant 

adversee effects, when considering the stimulation of TR3 expression as a novel 

Immunohistochemistry y 
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therapeuticc modality for the treatment of neointima formation, in-stent resteno-

siss and/or atherosclerosis. For this reason, the influence of changes of TR3 expres-

sionn on the vasoconstrictor and vasodilator arterial activity was evaluated in an 

in-vitroo setup. The vasoconstrictor responses to high potassium concentrations 

(400 mM) as well as phenylepinephrine and thromboxane and the vasodilator 

responsess to metacholine and isoprenaline appeared to be uninfluenced by TR3 

overexpressionn or inhibition of all three endogenous TR3-like factors. 

CollateralCollateral artery formation after modulation of TR3 expression 

Arteriogenesiss is the process of remodeling of pre-existing arterioles to mature 

collaterall  arteries. This natural compensatory mechanism has been shown to 

limi tt the damage in patients with an acute myocardial infarction.15 In case of 

arteriall  obstruction, these collateral arteries are recruited, bypassing the vessel 

narrowingg or occlusion.16 The redistribution of blood flow via arterioles that 

interconnectt the different vascular territories causes a local increase of shear 

stress,, initiating an activation of the endothelium. Subsequently, the endothelium 

startss the production of adhesion molecules and chemotactic cytokines like 

monocytee chemoattractant protein 1, regulating the local attraction, adhesion 

andd subsequent transendothelial migration of monocytes.1 7'19 After  transforma-

tionn into macrophages, these cells create an inflammatory environment (invol-

vingg metalloproteinases and pro-inflammatory cytokines like tumor necrosis fac-

torr alfa) enabling the expansion of these pre-existing arterioles. Subsequently, 

perivascularr macrophages generate mitogenic factors like basic fibroblast growth 

factorr and transforming growth factor fsl that stimulate proliferation of SMCs 

aroundd the remodeling arterioles.20,21 Ultimately, this results in an increase in 

lumenn size of the arterioles and an increased number of perivascular SMC 

layers.166 As already discussed, the intracellular transcription factor TR3 inhibits 

SMCC proliferation.7 Therefore, it was postulated that overexpression of TR3 or 

inhibitionn of all three TR3-like transcription factors in arterial SMCs may poten-

tiallyy influence the natural course of remodeling of arterioles in the process of 

arteriogenesis.. However, in the present study no effects were observed in our 

establishedd murine ligation model of arterial obstructive disease. These data cle-

arlyy demonstrate that neointimal SMC hyperplasia as observed in restenosis is an 

intrinsicallyy different process as the medial SMC expansion during arteriogenesis. 

Inn this respect it is of interest to mention that even though substantial functional 

involvementt of FGF-2 in neointimal SMC hyperplasia as well as in arteriogenesis 

hass been proposed, it has recently been shown that targeted disruption of FGF-2 

genee does not affect collateral remodeling.22 

TR3TR3 activity in the vascular wall 

Sincee no effects were observed on the contractile and vasodilator responses of 

thee normal arterial wall neither as on the natural course of the arteriogenesis 
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processs in response to modulation of TR3 activity, it seems likely that these pro-

cessess do not utilize the transcription factor TR3. The rationale behind these fin-

dingss remains speculative. One explanation may be the fact that the driving force 

off  the process of intimal thickening is caused by a combination of thrombus 

deposition,, cellular inflammation, and ultimately intimal SMC proliferation and 

migration.. Moreover, progression of atherosclerotic lesion formation is sustained 

byy the local transition of macrophages into lipid laden foam cells that are trap-

pedd in the vessel wall.1 This is substantially different from the driving force in 

vasoconstrictionn and vasodilation in our in-vitro setup (pharmacologically indu-

ced)) and in the model of arteriogenesis (enhanced shear forces and lack of the 

presencee of foam cells).8 The transcriptional activity of TR3-like factors is modu-

latedd by co-activators and co-repressors, as well as by the extent of hetero-dime-

rizationn with rexinoid receptors (RXR). The expression of each of these regulating 

proteinss may be modulated distinct in the different processes involving SMC 

hyperplasia.. Consequently, differences in gene expression profiles downstream of 

TR3-likee factors may vary between these processes and experimental models. 

Second,, no expression of TR3 is observed in the normal arterial wall. We have 

previouslyy shown that TR3 (and MINOR and NOT) mRNA was exclusively expres-

sedd in neointimal SMCs and not in normal medial SMCs.7 Although the modified 

TR33 construct was also embedded in the medial layer of the arterial wall of the 

createdd mice, the site specific expression of TR3 in case of pathological condi-

tionss like intimal thickening may explain the ineffectivity of modulation of TR3 

expressionn in the in-vitro and in-vivo experimental procedures. In both condi-

tions,, SMC activation takes place in the (normal) medial layer of the vascular wall 

ratherr than in the subendothelial compartment where intimal hyperplasia takes 

place.. Furthermore, it is conceivable that the extent and spatio-temporal expres-

sionn of multiple other genes, of which the exact function in vascular wall func-

tionn may still be unknown, are involved in the development and progression of 

atherosclerosis,, restenosis and also in arteriogenesis. Consequently, a compensa-

toryy mechanism of other (unknown) genes may disguise the alteration of TR3 

expressionn in the presented models. 

Conclusion s s 
Inn conclusion, the efficacy of the inhibition of SMC-rich lesion formation using 

over-expressionn of the TR3 receptor is associated with normal arterial responsive-

nesss and vascular remodeling. TR3-like factors are members of the Nuclear 

Receptorr superfamily, which comprises proteins of which the transcriptional acti-

vityy in general is regulated by small, non-protein ligands. At present, traditional 

ligand(s)) of the orphan TR3-like receptors are still unidentified. Our current fin-

dingss are important when considering TR3-like factors as therapeutic targets in 

thee treatment of atherosclerosis and/or restenosis. 
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Abstrac t t 
Arteriogenesiss refers to the development of collateral conductance arteries and is 

orchestratedd by circulating monocytes, which invade growing collateral arteries 

andd act as suppliers of cytokines and growth factors. Here we explored the role 

off  CD44 glycoproteins, which are involved in leukocyte extravasation but also in 

thee regulation of growth factor activation, stability and signaling, in this process. 

Wee show that the expression of CD44 increases dramatically during collateral 

arteryy growth in a murine hind limb model of arteriogenesis. This CD44 expres-

sionn is of great functional importance since arteriogenesis is severely impaired in 

CD444 null mice. This defective arteriogenesis is accompanied by reduced leukocy-

tee trafficking to sites of collateral artery growth. Moreover, in these mice the 

expressionn of fibroblast growth factor (FGF)-2 and platelet derived growth factor 

(PDGF)-BB protein is clearly reduced, while the mRNA levels of FGF-2 and PDGF-B 

aree not, implying decreased stability of the FGF-2 and PDGF-B proteins in the 

absencee of CD44. Finally, we show a strong correlation between the expression of 

CD444 on activated monocytes and the collateral flow index in patients with sing-

le-vessell  coronary artery disease. Our data show for the first time that CD44 defi-

ciencyy leads to an impaired arteriogenic response in mice, by reducing FGF-2 and 

PDGF-BB stability and decreasing leukocyte extravasation. The correlation between 

collaterall  flow index and CD44 expression on activated monocytes in patients 

withh coronary artery disease suggests clinical relevance for CD44 signaling in col-

laterall  artery formation. 
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Introductio n n 
Arteriogenesis,, the development of a collateral circulation, is a natural escape 

mechanismm to overcome the negative effects of arterial obstruction on tissue per-

fusionn and performance.1-2 Collateral arteries protect against ischemic damage 

afterr myocardial infarction or stroke and alleviate symptoms like angina pectoris 

andd ischemic leg pain.3-4 However, the innate response to arterial obstruction in 

patientss is very heterogeneous, partly depending on the duration of symptoms 

and/orr the duration of coronary artery disease. In order to better understand this 

heterogeneityy as well as to design strategies for the treatment of patients with 

arteriall  occlusive disease, the consecutive steps in the process of arteriogenesis 

needd to be elucidated. 

Moleculess that might play a key role in this multifactorial process are the CD44 

transmembranee glycoproteins, a family of cell-surface receptors expressed on a 

widee variety of cell types, including leukocytes, endothelial and smooth muscle 

cells.. The CD44 gene comprises 10 constant exons and, depending on the species, 

99 to 10 variable exons. The inclusion of different combinations of variable exons 

inn the mature mRNA gives rise to multiple splice variants (isoforms), while the 

complexityy of CD44 is further increased by posttranslational modifications, inclu-

dingg N- and O-Iinked glycosylation and the decoration with glycose aminoglycan 

sidee chains (reviewed in 5-7). The functions of these different isoforms may affect 

arteriogenesiss at several levels. First, CD44 serves as a homing receptor for leuk-

ocytes,8"111 by virtue of its ability to bind to hyaluronic acid.12 Leukocytes, espe-

ciallyy monocytes, play a key role during collateral artery formation.13"15 

Monocytess accumulate around proliferating arteries where they produce matrix 

metallo-proteinases,, pro-inflammatory cytokines, as well as growth factors, 

whichh orchestrate the remodeling of collateral vessels to high capacity arte-

ries,16"188 Secondly the biological activity of several pro-arteriogenic factors can 

potentiallyy be regulated by CD44 isoforms carrying heparan sulfate (HSPG) side 

chains.. These HSPG isoforms of CD44 can bind and present growth factors like 

FGF-2,, PDGF-B and hepatocyte growth factor (HGF) to their high affinity receptors 

too promote signaling and, in addition, their stability by protecting them from 

degradation.19"211 As shown recently, FGF-2 and PDGF-B stimulate arteriogenesis 

inn a synergistic fashion and are required for sustained vessel stability,22 

Finally,, it was shown that CD44 is involved in angiogenesis,23-24 a process that 

differss from arteriogenesis in several aspects, but shares the common feature of 

endotheliall  cell proliferation. 

Inn the present study, we determined whether CD44 is indeed involved in arterio-

genesis,, by exploring whether the targeted disruption of the CD44 gene influen-

cess the development of a collateral circulation upon arterial occlusion. 
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Methods s 
Animals Animals 

Specifiedd pathogen-free 8 to 10 week old CD44 deficient (CD44-/-) mice on a 

C57BL/6JJ background were as described.38 Wild type (CD44 + / + ) C57BL/6J mice 

weree purchased from Iffa Credo, L'Arbresle, France. In all experiments, sex and 

agee matched controls were used. A priori approval for the experiments had been 

obtainedd from the institutional animal experimentation committee and experi-

mentss were performed according to the "Guide for the Care and Use of 

Laboratoryy Animals" (NIH Publication No. 85-23, revised 1996). 

AA total of 37 CD44 null male mice as well as 38 age-matched C57BL/6J control 

micee were used for this study. Animals weighed between 25 and 35 gram and 

weree 8 to 10 weeks of age. Animals were operated upon as previously descri-

bed.28 8 

Immunohistochemistry Immunohistochemistry 

Tissuess were harvested from the proximal hind limb (m. Quadriceps and m. 

Adductor),, 7 days after femoral artery ligation (CD44-/-: n=9, C57BL/6J: n=9). For 

alll  histological examinations a total of 5 sections (7  thick and with 50 /xm 

distance)) per animal was analyzed. Micrographs were taken with a fluorescence 

microscopee (DMR, Leica) equipped with a digital camera (DC 300F, Leica). 

Quantitativee analyses were performed in a blinded fashion. Following mouse-spe-

cificc antibodies were used; CD44 (IM7, Pharmingen, San Diego, CA, 1:200). CDllb 

(Serotec,, Oxford, UK, 1:150) to detect infiltrating leukocytes, CD31 (Serotec, 1:200) 

forr quantification of capillaries, FGF-2 (1:200, Santa Cruz Biotechnology) and 

PDGF-BB (1:100, Oncogene Science, Cambridge, MA). In addition to immunohisto-

chemistry,, quantitative analysis was performed on HE stained sections of quadri-

cepss and adductor muscles. The ratio of arterial lumen area and tissue area, as 

welll  as mean arterial wall thickness were quantified. 

Real-timeReal-time RT-PCR of Laser-dissected collateral vessels 

Cryo-preservedd specimens from hind limb tissue (CD44-/-: n = 6, C57BL/6J: n = 6) 

weree cut into serial 5-/xm sections. Using a Leica AS LMD microscope (Leica, 

Wetzlar,, Germany), 12 to 20 collateral arteries per animal were harvested and 

collectedd in Tris-EDTA buffer solution. Lysis buffer (Qiagen, Hilden, Germany) was 

addedd and samples were incubated at 42°C for 30 minutes. RNA was isolated 

withh Qiagen-Minispin columns and DNA was digested according to the manufac-

turer'ss instruction (Qiagen). Reverse transcriptase was performed using 

PowerScriptt Reverse Transcriptase (Clontech, Palo Alto, USA) with 500 ng of ran-

domm primer (Promega, Madison, WI). Nine /xl cDNA (1:50 diluted) was transferred 

intoo a single well of a 96-well reaction plate (Applied Biosystems, Weiterstadt, 

Germany)) for realtime PCR with the Prism 7700 (Applied Biosystems). SYBR Green 
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PCRR Master Mix (11 /xl, Applied Biosystems) and 1 /il of each of the gene specific 

primerr pairs (5 pM) were added. Primers were designed with Primer326 to gene-

ratee products of approximately 80 bp in size and with a melting temperature of 

59°C.. A typical PCR protocol included a 10 min denaturation step followed by 50 

cycless (95°C denaturation for 1 min, 60°C annealing and extension step for 1 

min).. Data were analyzed with sequence detection software (ABI PRISM 7700 

Versionn 1.7) according to the user bulletin. Expression levels of target sequences 

weree normalized against fê-actin and expressed as ratios. 

Thee development of the collateral circulation was quantified either acutely after 

ligationn (CD44-/- : n=6, C57BL/6J : n = 6), at day 3 (CD44-/- : n=7, C57BL/6J : n=7) 

orr at day 7 (CD44-/- : n = 9, C57BL/6J : n = 8). For this purpose isolated hind limbs 

weree perfused with fluorescent microspheres as described earlier.28 

Wee prospectively included a total of 14 consecutive patients who were referred 

forr percutaneous transluminal coronary angioplasty (PTCA) of a single coronary 

lesionn (> 80% on QCA). Baseline characteristics are shown in the table of figure 6. 

Pressuree based collateral flow index (CFI) was measured as previously descri-

bed.277 Briefly, CFI, defined as the ratio between coronary wedge and aortic pres-

suree (Pw/Pao), was determined during balloon inflation using a guidewire, equip-

pedd with a pressure sensor on the tip (Wavewire; JOMED, Rancho Cordova, CA). 

Mononuclearr cells of patients were isolated over a Ficoll-gradient according to 

standardd procedures. Approximately 5*105 cells/ml were incubated with a mouse 

anti-humann CD44 antibody (Hermes 3, 1:1000, PE as a secondary linked fluores-

centt label) and a FITC-labeled mouse anti-human CD14 antibody (Becton-

Dickinsonn Biosciences, San Jose, CA, 1:500) for detection of monocytes. Using 

FACS-analysiss (FACSCalibur System; Becton-Dickinson, San Jose, CA) mean fluores-

cencee intensity (MI) for CD44 was measured on CD14 positive monocytes after 

backgroundd substraction. Stimulation of isolated monocytes with LPS at different 

concentrationss during the entire protocol did not further increase the expression 

off  CD44 on isolated cells, indicating that the Ficoll-isolation and staining proce-

duress already maximally stimulate CD44 expression on CD14 positive monocytes 

inn each individual case (data not shown). This was an important finding since we 

weree not primarily interested in the level of CD44 expression on circulating 

monocytes,, which potentially is influenced by several confounding factors, but 

ratherr in the CD44 expression response by monocytes upon stress. 
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StatisticalStatistical analysis 

Resultss are presented as mean  standard deviation. Significant differences 

betweenn sample means were determined with an independent-samples T-test. 

Differencess with a p-value <0.05 were classified as significant. For the 

correlationn between CD44 expression and CFI, we performed a linear regression 

analysis. . 

Result s s 
CD44CD44 expression is strongly increased during arteriogenesis 

Uponn femoral artery ligation in wild-type C57BL/6J mice, we observed a very 

strongg increase in the expression of CD44 on collateral arteries in the quadriceps 

andd adductor muscles of the hind limb (Figure 2a,b). CD44 was localized on the 

luminall  surface of the endothelial cells (co-localized with CD31) and on the cells 

constitutingg the media, as well as on perivascularly accumulated monocytes (co-

localizedd with CDllb). Expression of CD44 in arteries from the non-ligated contra 

laterall  limb, which were used as control, was very low and limited to the adven-

titi aa (Figure lc). CD44 expression on skeletal muscle of the ligated hind limb was 

nott increased. Capillaries stained positive for CD44 in both the control and liga-

tedd hind limb (Figure ld,e). The complete absence of staining in tissues derived 

fromm CD44 null mice confirmed the specificity of the monoclonal rat anti-mouse 

CD444 antibody IM7 {Figure If). 
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CD44CD44 expression is increased during arteriogenesis. a.b, Strong expression of CD44 on collateral 

arteriesarteries at different stages of maturation, c, In control arteries, from the non-ligated leg, CD44 

expressionexpression is limited to the adventita. d,e, Capillary endothelium in the normal hindlimb muscula-

tureture (d) as well as in the hindlimb musculature from the ligated limb fe) expresses CD44. f The spe-

cificitycificity of the CD44 antibody is illustrated by the total absence of staining in collateral arteries of 

CD44CD44 null mice. 

Inn order to determine whether the increased expression of CD44 on proliferating 

collaterall  arteries has a functional impact on the development of the collateral 

circulation,, we compared the restoration of tissue perfusion upon femoral artery 

ligationn in C57BL/6J wildtype and CD44 null mice. Perfusion was quantified using 

fluorescentt microspheres and subsequent FACS-analysis as described previously 

25.. Femoral artery ligation led to a strongly reduced tissue microsphere perfusion 

directlyy after the procedure in both wild-type mice and CD44 null mice (wild-

type:: 6.2%  2.5% vs. CD44-/-: 8.2%  0.9%, p = ns). The restoration of flow over 
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aa period of 7 days was clearly impaired in the CD44 null mice as compared to the 

wildtypee mice (day 3; wild-type: 14.2  5% vs. CD44-/-: 10.8%  2.1%, p = 0.06, 

dayy 7; wild-type: 54.5%  14.9% vs. CD44-/-: 24.1%  9.2%, p<0.001. Figure2a). 

Consistentt with these findings, the mean arterial wall thickness as well as the 

ratioo of arterial lumen area and tissue area were significantly reduced in the liga-

tedd hind limb musculature of CD44 null mice as compared to wild-type mice 

(Figure(Figure 2b,c). 

PerivascularPerivascular leukocyte accumulation and protein expression of 

growthgrowth factors are reduced in CD44 null mice 

Perivascularr leukocyte accumulation and the expression of growth factors like 

FGF-22 and PDGF-B are central events during arteriogenesis. The defective arterio-

genicc response in CD44 null mice prompted us to determine whether leukocyte 

traffickingg and growth factor expression are disturbed in the absence of CD44. 

Uponn femoral artery ligation, CDllb positive leukocytes accumulated around col-

laterall  arteries in both quadriceps and adductor muscles of wild-type mice. 

Althoughh leukocyte accumulation was also present around arteries in CD44 null 

mice,, it was strongly reduced, indicating a role for CD44 in leukocyte trafficking 

inn these CD44 null mice under conditions of collateral artery growth (wild-type : 

29%%  12% vs. CD44-/- : 18%  7% CDllb positive cells/square, p<0.01) (Figure 

3)--
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Figuree 2 

^rten'ogenesiss is impaired in CD44 null mice a, Fluorescent microspere-based perfusion measure-

mentsments of collateral flow. Flow restores rapidly upon femoral artery ligation in wildtype mice over a 

7-day7-day period. In CD44 null mice the restoration of flow is strongly reduced (wildtype: 54.5%

14.9%14.9% vs. CD44-I-: 24.1%  9.2%, p<0.001). b, Wall thickness of collateral arteries is reduced in 

CD44CD44 null mice as compared to wildtype mice, 7 days after femoral artery ligation (wildtype: 6.9

2.55 fim vs. CD44-/-: 5.3  fim, p<0.001). c, The ratio of arterial lumen area and tissue area is 

lowerlower in the ligated hind limb derived quadriceps muscle ofCD44 null mice as compared to wildty-

pepe mice (control: 0.030%  0.016% vs. CD44-/-: 0.017%  0.009% , p<0.05). 
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PerivascularPerivascular leukocyte accumulation is reduced in CD44 null mice. a,b, Leukocytes accumulate in 

thethe perivascular space during arteriogenesis. c,d, Leukocyte accumulation is strongly impaired in 

CD44CD44 null mice, e, Reduction of perivascular leukocytes as a percentage of the total cell population 

(wildtype:(wildtype: 29%  12% vs. CD44-!-: 18%  7% CDllb positive cells/square, p<0.01). 

Thee expression and distribution of FGF-2 and PDGF-B protein during arteriogene-

siss was determined immunohistochemically. Expression of FGF-2 protein in colla-

terall  arteries of different sizes was strongly reduced in CD44 null mice as compa-

redd to wild-type animals [Figure 4a-d). Similarly, we observed only a very weak 

expressionn of PDGF-B protein in CD44 null mice as compared to the expression in 

littermatee controls (Figure 4e-h). In control mice, endothelial as well as smooth 

musclee cells expressed FGF-2 and PDGF-B protein, whereas perivascular cells and 

skeletall  muscle expressed only minimal amounts of FGF-2 and PDGF-B. Expression 

off  PDGF-B protein in CD44 null mice was limited to endothelial cells. The expres-

sionn levels of FGF-2 and PDGF in the control sections of the non-ligated hind 

limbss were very low as compared to those in growing collateral arteries. 
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ExpressionExpression ofFGF-2 and PDGF-B protein during arteriogenesis is reduced in CD44 null mice. a,b, At 

sevenseven days after femoral artery ligation, developing collateral arteries at different stages of matu-

rationration strongly express FCF-2. This expression is mainly limited to the vessel wall. c,b, FCF-2 

expressionexpression is almost undetectable in size-matched collateral arteries derived from CD44 null mice. 

e,fe,f Collateral arteries strongly express PDGF-B during arteriogenesis. g,h, PDGF-B is only weakly 

expressedexpressed in CD44 null mice. 

Usingg quantitative real-time RT-PCR, we also assessed the expression of mRNAs of 

thee aforementioned growth factors. To specifically measure expression in the ves-

sell  wall, collateral arteries were harvested with a laser micro-dissection micro-

scope.. In contrast to the decreased protein expression in CD44 null mice, we 

observedd an increased mRNA content for both FGF-2 and PDGF-B (Figure 5). The 

observedd decreased FGF-2 and PDGF-B protein expression in the presence of an 

increasedd mRNA expression suggests that the stability of the FGF-2 and PDGF-B 

proteinss is diminished in the absence of CD44. 
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FGF-22 POGF-B 

Figuree 5 

PDGF-BPDGF-B and FCF-2 mRNA expression is increased during arteriogenesis in CD44 null mice, a, A col-

laterallateral artery is identified (black arrow) b, The vessel is isolated from the surrounding tissue by 

laserlaser microdissection, c, The isolated vessel is stored in buffer solution d, Between \2 and 20 colla-

teralteral vessels of each animal are isolated and collected for quantitative RT-PCR analysis, e, The figu-

rere shows the mRNA expression ratios for FGF-2 and PDGF-B normalized against the values from 

thethe wildtype mice. 

Sincee a role of CD44 in angiogenesis (i.e. capillary sprouting) has been reported, 

thee number of capillaries in the hind limb muscles of the mice was also compa-

red.. We observed no statistically significant difference, when comparing capillary 

countingg between CD44 null mice and wild-type mice, neither in the adductor 

(wild-typee : (6.9  1.8)*102 capillaries/mm2 vs. CD44-/- : (6.8  1.9)*102 capilla-

ries/mm2,, p = ns) nor in the quadriceps muscle (wild-type : (7.2  2.9)'102 capilla-

ries/mm22 vs. CD44-/- : (7.6  3.3)"102 capillaries/mm2, p = ns). 

MaximalMaximal CD44 expression on isolated and stimulated monocytes cor-

relatesrelates with collateral flow index in patients with coronary artery 

Finally,, we addressed the question whether CD44 might also be involved in colla-

terall  artery growth in men. Therefore, we invasively measured the pressure-deri-

vedd collateral flow index in 14 patients with single-vessel coronary artery disea-

se.. The results were correlated to the maximal CD44 expression on stimulated 

monocytess of these patients, as a surrogate for the maximal in vivo CD44 expres-

sionn during collateral artery growth. We observed a strong correlation between 

thee maximal CD44 expression and the pressure-derived collateral flow index 

(RR = 0.76, R2 = 0.58, p = 0.002, Figure 6), suggesting that indeed CD44 is also invol-

vedd in collateral artery growth in patients with coronary artery disease. 
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Baselinee characteristics 

Male/Female e 
Maann age (years) 
DiaQetiss mellitus 
Hypertension n 
Hypercholesterolemia a 
Previouss or current smoking 
Previouss myocardial infarction 
Stentedd vessel 

LAD D 
LCX X 
RCA A 

0.000 0.10 0,20 0.30 0,40 0.50 0,60 

Collaterall flow index 

CD44CD44 expression on activated monocytes of patients with single vessel coronary artery disease cor-

relatesrelates with the pressure derived collateral flow index a, Baseline characteristics of patients. All 

patientspatients had single-vessel coronary artery disease with a stenosis of at least 80%. b, A positive cor-

relationrelation is present between pressure derived collateral flow index and CD44 expression on activated 

monocytesmonocytes in patients with single-vessel coronary artery disease. 

Discussio n n 
Thee present study provides direct evidence for a pivotal role of CD44 in collateral 

arteryy development after arterial obstruction. Under  physiological conditions, 

normall  endogenous expression of CD44 in the hind limb musculature is limited 

too capillaries. In larger sized arterioles and arteries, expression is minimal and 

onlyy found in the adventitia. Upon femoral artery ligation, we observed a drama-

ticc increase in expression of CD44 in collateral arteries in the quadriceps and 

adductorr muscles. CD44 was strongly expressed on the endothelium, within the 

vascularr wall, as well as on perivascularly accumulated leukocytes. The specific 

deletionn in mice of the CD44 receptor impaired leukocyte trafficking to perivascu-

larr sites of collateral arteries and, moreover, led to a reduced protein expression 

off  PDGF-B and FGF-2. Most importantly, restoration of flow upon femoral artery 

ligationn was severely impaired in CD44 null mice. Finally, we show that the deve-

lopmentt of a collateral circulation in patients with single-vessel coronary artery 

diseasee is correlated to maximal CD44 expression on monocytes. 

Currentt understanding of the complex process of arteriogenesis is that the initial 

stepp in the development of a collateral circulation is a change in flow pattern 

uponn arterial obstruction. Due to the obstruction, the blood flow partially redis-

tributess over pre-existent collateral arteriolar pathways. This increase in flow 

activatess the endothelium of these collateral arterioles via shear stress which 
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leadss to upregulation of adhesion receptors like intercellular adhesion molecule-1 

(ICAM-1)) on endothelial cells and to the release of cytokines like monocyte che-

moattractantt protein-1 (MCP-1) and transforming growth factor-isl (TGF-El). As a 

result,, leukocytes adhere to the endothelium and migrate towards the perivascu-

larr space, creating an inflammatory environment that appears to be a prerequisi-

tee for collateral artery growth.29 CD44 mediates several functions that are crucial 

inn collateral artery development. First of all, the adhesion molecule CD44 is a 

homingg receptor for leukocytes.8"11 Indeed, in the present study, we could show 

thatt the number of perivascular leukocytes was decreased significantly in CD44 

nulll  mice. In previous studies, we have demonstrated that the majority of peri-

vascularr leukocytes accumulating along developing collateral arteries are mono-

cytes/macrophages.. Interestingly, defective monocyte-trafficking has also been 

implicatedd in the strong inhibitory effect of CD44 deficiency on plaque formation 

inn atherosclerosis prone apolipoprotein-E deficient mice crossbred with CD44 null 

mice,300 and in the increased sensitivity of CD44 null mice to M. Tuberculosis 

infection.31 1 

Monocytes/macrophagess produce cytokines like tumor necrosis factor-a (TNF-alfa) 

thatt are required for the perpetuation of a local inflammatory environment 

duringg the initial phase of arteriogenesis.18-28 Such an environment is a prerequi-

sitesite for the production of metalloproteinases, which degrade perivascular tissue 

thatt would otherwise restrict the collateral arteries in their outward growth.16,32 

Moreover,, macrophages produce growth factors like FGF-2 and PDGF-B which 

inducee the growth of collateral arteries via direct mitogenic and motogenic 

effectss on endothelial- and vascular smooth muscle cells.18-22-33"36 In the present 

model,, FGF-2 and PDGF-B were predominantly localized to the media of collateral 

vesselss and we observed that their levels were strongly reduced in CD44 null 

mice.. Interestingly, these decreased protein levels in CD44 null mice were accom-

paniedd by increased mRNA levels. Since it has been shown that certain CD44 iso-

formss can bind growth factors and protect them from proteolysis by extracellular 

proteinases,19"21-377 this finding suggests that decreased growth factor stability 

contributess to the deficient arteriogenic phenotype of CD44 null mice. 

AA third level at which CD44 might contribute to arteriogenesis is via the TGF-/sl 

cascade.. We recently observed an increase in the active 25 kDa form of TGF-lsl in 

aa rabbit model of arteriogenesis and, moreover, demonstrated that exogenous 

supplyy of TGF-1S1 in this model strongly increases collateral conductance.38 TGF-

lsll  exerts its arteriogenic effects via monocytes, by increasing their migration 

ratee and cytokine production. Recently, Yu et al reported that CD44 can facilitate 

thee activation of TGF-lsl by localizing MMP-9 to the plasma membrane.39 Since 

thee expression of this metalloproteinase is increased during collateral artery 

growth.16-400 it is conceivable that this pathway of TGF-lsl activation is disturbed 
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inn the present CD44 deficient model. Further studies are needed to test this hypo-

thesis. . 

Thee precise role of CD44 during angiogenesis remains to be elucidated. Our data 

showedd no difference in number of capillaries between CD44-/- and wild-type 

mice,, indicating that CD44 deficiency does not affect angiogenesis or is compen-

satedd for in the present model. It should be noted, however, that our model focu-

sess on arteriogenesis rather than angiogenesis and a model of more severe arte-

riall  obstruction, leading to profound tissue ischemia, would be more appropriate 

too address the role of CD44 in ischemia-induced angiogenesis. 

Ourr study in patients with single-vessel coronary artery disease demonstrates a 

correlationn between the pressure-derived collateral flow index and CD44 expres-

sionn on stimulated monocytes. This correlation suggests that CD44 is also of 

importancee for the development of a collateral circulation in men. Further stu-

diess are needed to explore whether CD44 fulfill s an equally crucial role in clinical 

arteriogenesiss as it does in experimental murine arteriogenesis, or that it serves 

merelyy as a marker of the development of collateral growth in patients with 

coronaryy artery disease. 

Inn conclusion, we show for the first time the important role of CD44 during arte-

riogenesis.riogenesis. CD44 is required for both leukocyte trafficking to the perivascular 

spacee of growing collateral arteries as well as for maintaining the protein expres-

sionn of FGF-2 and PDGF-B. In patients with single-vessel coronary artery disease, 

aa correlation exists between the degree of development of a collateral circulation 

andd the maximal expression of CD44 by monocytes. 
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Abstrac t t 
Ourr current knowledge regarding the efficacy of factors stimulating collateral 

arteryy growth in the peripheral circulation primarily stems from models in small 

animals.. However, experimental models in large sized animals are a prerequisite 

forr extrapolation of growth factor therapy to patients with peripheral atheroscle-

roticc obstructive disease. Therefore we have developed a novel porcine femoral 

arteryy ligation model using non-invasive and invasive evaluation techniques. In 

122 young farm pigs and 9 older minipigs a ligation of the superficial femoral 

arteryy was performed. Using an intra-arterial catheter, phosphate buffered saline 

(PBS)) was administered with a first-pass over the collateral vascular bed. Directly 

afterr ligation as well as after 2 weeks of continuous infusion of PBS, perfusion of 

thee leg was measured using various flow and pressure parameters. Using a pump 

drivenn extracorporal system, collateral conductance was determined under maxi-

mall  vasodilatation. Conductance decreased after acute ligation to similar levels in 

bothh young farm pigs as well as the older minipigs (both 9.3% of normal perfu-

sion)) and recovered after two weeks to a higher value in farm pigs compared to 

minipigss (22.4% versus 12.7% of normal; p < 0.05). Angiography using both X-

rayy and magnetic resonance imaging was performed to visualize the formed col-

laterall  arteries. To the best of our knowledge this is the first in vivo pig model 

forr hemodynamic assessment of growth of collateral arteries in the peripheral 

circulation,, that is suitable for evaluation of arteriogenic effects of growth fac-

torss or genes. 
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Introductio n n 
Inn the last decades, the treatment of patients with obstructive coronary and/or 

peripherall  artery disease has made significant improvement using novel selective 

pharmacologicall  and invasive techniques such as angioplasty and stenting as 

welll  as bypass surgery. Nevertheless angioplasty and bypass surgery, the primary 

interventionall  invasive therapies for the treatment of atherosclerosis, are itself 

limitedd by the development over time of native vessel restenoses and graft occlu-

sions.. Moreover these therapies are not options for a significant number of 

patientss with diffuse atherosclerotic disease.1,2 

Thee human circulation has a preexisting collateral vascular system, which in case 

off  slowly progressive atherosclerotic narrowing may circumvent the stenosis and 

ensuree blood flow to endangered ischemic territories. The growth of these small 

arterioles,, that are only partially recruited under resting conditions, can be thera-

peuticallyy enhanced. This process of active proliferation is termed arteriogenesis 

andd results, in contrast to angiogenesis (the sprouting of capillaries) in true func-

tionall  arteries.3"7 Several cytokines such as basic fibroblast-growth-factor, mono-

cytee chemoattractant protein-1, granulocyte and macrophage colony stimulating 

factorr and transforming growth factor Is are known for their stimulatory effect 

onn arteriogenesis.3,8"16 The vast majority of experimental angio- or arteriogene-

siss data is based on studies in small animal species such as rabbits or mice.13,17 

Thesee data only partially reflect the situation in humans, since the total amount 

off  new tissue necessary for the morphogenesis of developing collateral arteries is 

ann order of magnitude smaller in mice versus man. This suggests that the time 

intervall  needed to transform a recently recruited collateral into a functional arte-

ryy will take much longer in larger species. Thus, larger animal models are needed 

too study the time course of arteriogenesis anticipated in humans. Furthermore, 

animall  models for pre-clinical testing of growth factors should provide a similar 

collaterall  vascular growth as compared to the human situation. The dog heart for 

instancee provides a very well developed collateral circulation, whereas the pig 

andd rabbit heart are only poorly equipped with an efficient collateral circulatory 

system,, similar to the human condition.5-18"23 

Sincee current animal models for peripheral atherosclerotic obstructive disease are 

limitedd to the mouse, rat or rabbit hind limb, and peripheral vascular data from 

largerr species are not available, we now tested the hypothesis, whether the pig 

hindd limb might provide a model for peripheral collateral artery growth that is 

moree suitable for extrapolation to the human situation with peripheral vascular 

disease. . 
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Materialss and Methods 
PreparationPreparation of animals 
Alll  animal procedures described in this study were approved by the Bioethical 

Committeee of the District of Baden-Wurtemberg, Regierungsprasidium Stuttgart 

andd Freiburg. The animals were handled in accordance with the American 

Physiologicall  Society guidelines for animal welfare. Animals were housed in stan-

dardd cages and fed water and chow ad libitum. 

ArterialArterial ligation 
Forr this study 12 farm pigs (Winter, Assmannshardt, Germany) weighing 25-35 kg 

withh a mean age of 3  1 months, and a second group of 9 Göttinger Minipigs 

(Ellegaard,, Dalmose, Denmark) weighing 20-25 kg, with a mean age of 19  3 

monthss were used. After sedation with 5ml azaperon (40 mg/ml), 3 ml Dormicum 

andd 2 ml ketamine hydrochloride (100 mg/ml), the pigs were intubated and venti-

latedd with a respirator (Engström 300, Engström Medical AB, Solna, Sweden). 

Generall  anesthesia was maintained using isoflurane (1 vol% in 02). Using sterile 

surgicall  technique, the femoral artery was exposed and ligated just distal from 

thee bifurcation with the deep femoral artery. A double ligation was performed, 

consideringg a 4-cm distance between the two ligation sites. Furthermore, the 

laterall  femoral circumflex artery was ligated. 

Pump-drivenPump-driven infusion 

Fourr groups of animals were chosen in total: acute ligation in farm pigs (n = 7) 

andd minipigs (n = 4); and 2 weeks of ligation in farm pigs (n = 5) and minipigs 

(nn = 5). In animals that underwent a chronic 2 weeks treatment with phosphate 

bufferedd saline (PBS), the femoral artery was cannulated with a 1.6 mm silicon 

catheter.. The tip of the catheter was placed in the occluded femoral artery, 5-10 

mmm distal to the bifurcation of the superficial and deep femoral artery Hereafter, 

thee catheter was subcutaneously tunneled to the animal's back and connected to 

aa portable elastomeric infusion system (Multiday Infusor 2.0 ml/hour; Baxter 

Healthcaree Corp., Deerfield). This infusion pump was placed at the back of the 

pigg and secured with an elastic cotton jacket. After suture of the overlying mus-

culature,, the skin was closed. Hereafter, the skin was cleaned with cod-liver oil 

andd Nobecutan spray®. A depot of 3 ml penicillin / streptomycin was injected 

intramuscularr as an antibiotic prophylaxis. All 21 pigs were operated following 

thiss protocol. 

HemodynamicHemodynamic measurements 

Thee pigs were given premedication following the same protocol as described 

abovee and anesthesia was subsequently maintained using pentobarbital sodium 

100 mg/kg/hour intravenously. The animals were monitored during the experiment 

usingg electrocardiography and non-invasive measurement of heart rate and arte-
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riall  oxygenation using a transcutaneous tail probe. Mean systemic arterial pres-

sure,, distal pressure and perfusion pressure were measured using an amplifier fil-

terr (IFD, Mühlheim/Ruhr, Germany). For the continuous measurement of systemic 

arteriall  pressure, a solid-state pressure gauge manometer was placed in the left 

carotidd artery. The mesenteric artery was canulated - close to the level of the 

aortaa - with a polyethylene heparinized catheter (1.0 mm) for the measurement 

off  the perfusion pressure after installation of the extracorporal system. The 

saphenouss arteries were exposed at the level of the ankle and cannulated with a 

polyethylenee catheter (0.58 mm). These tubings were connected to a pressure 

transducerr for the measurement of distal arterial pressure. For the measurement 

off  volume flow to the region of interest, flow probes (Transonic Systems Inc., 

Ithaca,, NY) were placed from an abdominal approach just proximal from the 

bifurcationn of the superficial and deep femoral artery. Continuous hemodynamic 

recordingss were made using the data acquirement software Notocord-Hem 

3.3.1.977 (Notocord systems SA, Croissy, France). To achieve maximum vasodilata-

tion,, papaverine (Sigma clinical co., St Louis, MO) 10 mg/ml was infused with a 

pumpp at 120 ml/hour (see figure 1). 

Figuree 1 

SchematicSchematic drawing of the extracorporal circulation. Sites of volume flow and intravascular pres-

suresure measurements are depicted. 
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ExperimentalExperimental protocol 

Att the different time-points the animals were anesthetized again according to the 

above-describedd protocol and monitored with electrocardiography and systemic 

pressuree measurement. After cannulation of the saphenous arteries, the abdomen 

wass opened. Both external iliac arteries were exposed just proximal to the liga-

tionn site and flow probes were applied on both sides. The mesenteric artery was 

cannulatedd with a heparin filled polyethylene catheter for measurement of perfu-

sionn pressure. Consequently, the abdominal aorta was exposed and the lumbosa-

crall  spinal arteries were ligated to prevent retrograde bleeding. After systemic 

infusionn of 10.000 IE of heparin, proximal (distal from the renal artery) and distal 

(justt proximal from the mesenteric artery) atraumatic clamps were inserted. 

Hereafter,, two cannulas were interposed in the abdominal aorta for the appliance 

off  a pump driven extracorporal circulation as depicted in Figure 1. The cannulas 

insertedd in the abdominal aorta were connected to a tubing pump (MCP V5.10, 

Ismatec,, Glattbrugg-Zürich, Switzerland) to control perfusion pressures. After sta-

bilizationn of the animal, the pump speed was adjusted to systemic pressure. 

Subsequently,, perfusion pressure was enhanced in four-six steps to under maxi-

mall  vasodilatation using a continuous infusion of papaverine. Simultaneously, 

bothh femoral artery flow and peripheral pressures of the ligated and unligated 

legg were assessed. 

Post-mortemPost-mortem angiography 

Afterr performance of the hemodynamic measurements, the animals were sacrifi-

cedd using 10 ml potassium chloride intravenously. Subsequently, a buffer  of sodi-

umm chloride with papaverine was infused into the peripheral circulation to achie-

vee maximal vasodilatation. Hereafter, a contrast medium consisting of a solution 

off  60mg barium sulfate (Riedel-de Haën laboratory chemicals, Seelze, Germany) 

andd 10 mg gelatin in 100 ml aquadest (18.2MW) was infused at a pressure of 

approximatelyy 50 mmHg to preclude pressure derived vascular damage. The 

angiogramss were obtained immediately after the experiment in 11 animals using 

aa radiography apparatus (DX-15HF; Acoma) at a distance of 110 cm at 74 kV and 

3.22 mAS. A Kodak XDA plus film (30 x 40 cm; Eastman Kodak Company, Rochester, 

NY)) was used. 

InIn vivo angiography 

Animalss were anaesthetized as described above and monitored with electrocar-

diographyy and systemic pressure measurement. Angiographies were obtained 

usingg MRA technique or clinical angiography. 

InIn vivo magnetic resonance angiography 

Thee purpose of these scans was to visualize the femoral artery architecture and 

too obtain a cross-sectional view perpendicular to the direction of flow. This pilot 
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experimentt was performed in two minipigs after two weeks of PBS infusion. 

Animalss were anaesthetized as described above and monitored with electrocar-

diographyy and systemic pressure measurement. Magnetic resonance imaging 

(MRI)) was performed on a 1.5-T whole-body imaging system (Sonata, Siemens). A 

standardd quadrature head coil (20 x 26 cm) was used for signal detection. After 

placementt of ECG monitoring leads the subject was imaged in supine position 

withh its hindlimbs placed inside the head coil. Scout views were acquired in 

axial,, coronal, and saggital orientation to localize the arteries of interest. For 

selectivee depiction of the arteries we applied a contrast-enhanced magnetic reso-

nancee angiography (MRA) technique. MRA was performed during the first-pass of 

aa gadolinium-based contrast agent (Magnevist, Schering, Berlin) in combination 

withh a high resolution, Tl-weighted gradient echo sequence. The total acquisi-

tionn time for the 3D scan was 25 - 30 s using a repetition time of TR = 3.1 ms, 

ann echo time of TE = 1.2 ms, and a fli p angle of 20°. The in-plane resolution was 

1.22 mm x 1.1 mm at a slice thickness of 1.6 mm. The final images were recon-

structedd from the 3D data set using a double oblique, targeted maximum intensi-

tyy projection. 

PercutaneousPercutaneous angiography 

Inn a total of 3 pigs, a 7F or an 8F sheath was inserted directly into the right 

carotidd artery. Electrocardiography was monitored and recorded. A 7F diagnostic 

catheterr was positioned in the left proximal part of the femoral artery, and a 

singlee 20-50 ml bolus of nonionic contrast agent (Imeron, Byk Gulden) was selec-

tivelyy injected in either the proximal stump of the superficial artery or the proxi-

mall  profound femoral artery. 

CalculationCalculation of conductance indices 

Inn the present model, pre-existing arterioles develop after occlusion of the (super-

ficial)) femoral artery from the deep femoral artery (stem region) into mature col-

laterall  vessels (mid region) connecting distally to the suraleous artery (arteria 

suralis)) and the medial saphenous artery (re-entrant region). Perfusion pressure 

(Pperfusion),, measured in the distal aorta, and peripheral pressure (Pdistal), 

measuredd in the saphenous artery are considered equal to the pressures in the 

stem-- and re-entrant region, respectively. The change of flow to the region of 

interest,, measured at the level of the external iliac artery (Q distal vascular bed), 

iss considered to be the result of a change in flow over the developed collateral 

vessels.. Resistance of the distal and collateral artery network was defined as the 

followingg equation: 

PP perfusion - P distal 

RR distal vascular bed = 

QQ distal vascular bed 
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Conductancee is defined as the reciprocal value of the vascular resistance. All con-

ductancee indices were calculated from the equation of the pressure-flow relation 

ass the flow level of the distal vascular bed at a pressure difference (P perfusion -

PP distal) of 100 mmHg. 

Histology Histology 

Afterr intraoperative identification of collateral vessels - based on identification 

off  the stem, midzone and reentry region and a corkscrew appearance - samples 

off  arteriolar conduits were taken and frozen at -60°C in 4 pigs. Sections were 

immunohistochemicallyy evaluated for morphological appearance (HE staining). 

Furthermore,, in 4 Balb-C Mice the femoral artery was ligated. Directly after liga-

tion,, in 2 mice a postmortem angiography with a bismuth-gelatine mixture was 

performedd and the midzones of small-preexisting visible collaterals was excised 

andd transferred to further histological analysis (see above). In the 2 other mice, 

collateralss were excised after 14 days and identically prepared as ascribed above. 

StatisticalStatistical analysis 

Continuouss variables are expressed as mean  standard deviation. A 2-tailed 

unpairedd t test was used to assess differences in continuous variables. Data ana-

lysiss was performed using the SPSS 11.0 software package for Windows (SPSS 

Inc.,, 1999, Arlington, Virginia). For all tests, a p-value <0.05 was considered sta-

tisticallyy significant. 

Results s 
GeneralGeneral observation 

Overall,, no macroscopic necrosis was observed. No signs of clinical infection 

couldd be observed (increased body temperature, wound swelling or redness). 

Alll  animals survived the initial surgery and the follow-up period. 

MeanMean arterial blood pressures 

Systemicc arterial pressures remained unchanged in both farm pigs and minipigs 

throughoutt the study (Table 1). However, mean arterial blood pressure was 10-20 

mmHgg lower in Göttinger minipigs than in the farm pigs. Blood pressures in the 

unligatedd right hindlimb were similar to systemic pressures. Peripheral blood 

pressuree as measured in the saphenous arteries {Figure 3) showed a reduction 

afterr occlusion that was higher in farm pigs (pressure fall: - 73.4%) as compared 

too minipigs (pressure fall: -52.1% of normal blood flow; p < 0.05). Two weeks 

afterr ligation of the femoral artery blood pressure restoration reached a value of 

64.9%% of initial blood pressure in farm pigs as compared to 69.0% in minipigs 

{Figure{Figure 2A; p = NS). 
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Tablee 1 

HemodynamicHemodynamic data in minipigs and farm pigs 

Befor e e 

ligatio n n 

Afte r r 

ligatio n n 

Twoo week s 

Farmm  pigs 

Pressuree systemic (mmHg) 

Pressuree dista l -unl igated leg (mmH 

Pressuree distal- l igated leg (mmHg) 

Floww dista l -unl igated leg (ml /min) 

Floww distal- l igated leg (ml /min) 

Min ip igs s 

Pressuree systemic (mmHg) 

Pressuree dista l -unl igated leg (mmH 

Pressuree distal- l igated leg (mmHg) 

Floww dista l -unl igated leg (ml /min) 

Floww distal- l igated leg (ml /min) 

g) ) 

g) ) 

(n(n = 7) 

1 1 

0 0 

94+9 9 

187129 9 

189129 9 

(n=(n=44) ) 

82123 3 

76110 0 

7 H i 8 8 

9 9 

91130 0 

(n(n = 7) 
10717 7 

10317 7 

2519* * 

202153 3 

101+24* * 

(n(n = 4) 
81122 2 

" " 

* * 

92125 5 

31110* * 

(n=5) (n=5) 

94118 8 

5 5 

6119* * 

210180 0 

158125 5 

(n=5) (n=5) 

3 3 

1 1 

4918* * 

98123 3 

66129 9 

""  p < 0.05 compared to value before ligation. Values are mean  SD. 

VolumeVolume blood flow 

Thee reduction in blood flow in the iliac artery following occlusion of the femoral 

arteryy was higher in minipigs (-53.4%) versus farm pigs (-34.1%, p < 0.05). Two 

weekss after femoral artery ligation, iliac blood flow returned to a value of 83.6% 

off  the normal value in farm pigs and 72.5% in minipigs; (Figure 2B). 

RatioRatio of peripheral / systemic pressure ("ABI-index") 

Thee difference in the arteriogenic response was also reflected via the ankle-bra-

chiall  index, which in the experimental setting was calculated from the ratio 

betweenn the peripheral postocclusive pressure and the systemic (pump driven) 

pressure.. In farm pigs this ratio was reduced by 75% (1.0 to 0.25) as compared to 

minipigss with a ratio-fall of 52%. The ratio of recovery of this index in farm pigs 

wass significantly higher (46%) as compared to minipigs with 19% (p < 0.05) at 

thee 2 weeks time period. 

Conductance Conductance 

Thee calculation of maximal conductance values revealed, that despite significant 

differencess in change of blood flow and blood pressure, the overall initial 
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reductionn in conductance acutely after femoral occlusion was the same in farm-

andd minipigs. However there was a significant difference in the degree of restora-

tionn of perfusion (ml/min/lOOmmHg) at two weeks: farm pigs reached a conduc-

tancee level of 22.4% as compared to minipigs, reaching a conductance level of 

12.7%% (Figure 4). A moderate correlation was found between the collateral con-

ductancee and the ratio of the peripheral / systemic pressure in the ligated leg in 

bothh the farm pigs and the minipigs (r2 = 0.37; p = 0.006; Figure 5). 

75000 -

50000 -

25000 -

00 -

P<00 05 

< < 

u u 

100% % 

1 1 
P=P= NS 

(( \ 

9,3%% 12.7% 

^^  - ' , 

Farmm pigs Minipig s 

DD norma l  acut e ligatio n  2 weeks 

Figuree 4 
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VisualizationVisualization of collateral arteries via angiography 
Directlyy after occlusion of the femoral artery interconnecting collateral vessels 

couldd rarely be observed in the farm pigs between the arteria profunda femoris 

andd the distal part of the superficial femoral artery (see figure 6A and 6B). Only 

collaterall  connections consisting of a stem, midzone and a re-entry (using 

Longland'ss definition of collateral arteries) were considered to be "true" collater-

als.. Two weeks after occlusion typical corkscrew collaterals could be observed in 

thee aforementioned region [Figure 6B and 7A and B). Selective injection into the 

proximall  arteria profunda femoris with contrast agent however visualized sever-

all  interconnecting collateral vessels between the profound and superficial femor-

all  artery {see f gure 7A and 7B). After selective injection of contrast agent into the 

proximall  stump of the femoral artery a second group of collateral vessels could 

bee made visible, directly bypassing the site of occlusion and thereby bridging 

fromm the proximal superficial arteria femoralis to the distal part. 

Usingg magnetic resonance angiography collateral arteries could be visualized in 

minipigs,, two weeks after femoral artery ligation (figure 8). 

A A 

4c4c Arteria Femoralis 
Superficalis s 

 Arteria Femoralis 
Profunda a 

B B 

Figuree 6 

PostmortemPostmortem angiographies wit-

houthout ligation (A). Postmortem 

angiographiesangiographies with femoral 

ligationligation (B). 

normall condition without ligation of the 
Arteriaa Femoralis Superficial 

doublee ligation of the 
Arteriaa Femoralis Superficialis 

OO douole ligation 

 colbteral artery 
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A A 

OO double ligation 

collaterall artery: 

OO aoubie ligation 

 bridging collateral artery 

InIn vivo angiography. Selective injection into the profound arteria femoralis (A). 

SelectiveSelective injection into the superficial arteria femoralis (B). 

earlyy phase after 
intravenouss contrast 

;; cation 

ao„b>ee iigoTon 

collaterall artery 

Jnn vivo angiography - NMR technique. 
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HistologyHistology mice and pigs 

Histologicall  examination of non-recruited collaterals, after intraoperative exci-

sionn revealed, that the initial size of the arteriolar conduits is between 10-30 /xm 

inn Balb-C mice as well as minipigs. However the increase in diameter and the 

numberr of smooth muscle cell layers were significantly different. The inner dia-

meterr of mature mouse collaterals showed values of 160  18 ^m (figure 9 A) ver-

suss 620  150/xm in minipigs (figure 9B). 

AA B 
nonn recruited collateral artery (mouse hindlimb) non recruited collateral artery (pig hindlimb) 
afterr angiographic dissection of the midzone after angiographic dissection of the midzone 

maturee collateral artery after 14 days (mouse hindlimb) mature collateral artery after 14 days (pig hindlimb) 
afterr angiographical dissection of the midzone after angiographical dissection of the midzone 

Figuree 9 

HistologyHistology of collateral arteries in mice (A) and minipigs (B). 
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Discussion n 
Thee present study describes for the first time, a femoral arterial ligation model in 

thee pig, that is suitable for evaluation of arteriogenesis using both non-invasive 

andd invasive evaluation techniques. 

MechanismMechanism of arteriogenesis 

Accordingg to Poiseuille's law, large conductance arteries are a prerequisite for tis-

suee perfusion making blood flow restoration to ischemic tissues dependent on 

thee development of large conductance vessels rather than new capillary netw-

orks.244 Since vascular resistance is inversely proportional to the fourth power of 

thee radius, small changes in collateral diameter can be responsible for large 

changess in collateral conductance. When a hemodynamically relevant stenosis 

developss in a main artery, it causes a fall in intravascular pressure in the depen-

dentt vasculature. Consequently, blood flow is re-distributed from a neighboring 

arteryy through pre-existing arterioles interconnecting the two vascular territo-

ries.. Shear stress in these arterioles increases significantly, which in turn leads to 

thee activation and morphological change of the endothelium, upregulation of cell 

adhesionn molecules, invasion of circulating monocytes and their precursors and, 

finally,, into formation of functional arteries.23 This process, termed arteriogene-

sis,, is an efficient rescue system to bypass the site of stenosis or occlusion and 

thuss restore blood flow to ischemic tissues. 

ImportanceImportance of animal size and species 

Numerouss experimental techniques have been developed to assess the effects of 

arteriogenesiss on tissue perfusion. Experimental models in small animals such as 

inn mice are useful to study molecular aspects of arteriogenesis for example in 

geneticc knockouts, but may not be sufficient to predict the time course of the 

arteriogenicc response of collaterals in larger species. Therefore, these small ani-

mall  models may not represent accurately the process of arteriogenesis in human 

subjects.255 Since collateral vessels in mice require only a few cell cycles of 

smoothh muscle and endothelial cell proliferation to reach their final effective dia-

meter,, collateral arterioles in larger sized animals such as the pig closely approxi-

matee the growth dynamics to be expected in humans. Due to the larger size of 

thee pig compared to the previous animal models, proliferating collaterals can be 

visualizedd more easily using clinical diagnostic techniques such as magnetic reso-

nancee imaging and percutaneous transluminal angiography. Furthermore the pig 

hindd limb model provides a broad spectrum of functional hemodynamic parame-

terss and allows the assessment of vascular conductance under conditions of 

maximall  vasodilatation. As shown in previous studies in the heart, the pig has a 

veryy limited innate coronary collateral circulation, with only sparse endocardial 

connections,, whereas the dog is endowed with numerous, generally epicardial, 

innatee anastomoses, that are thought to have greater potential for development 
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thann those of the pig.26 This apparent difference has been responsible for gene-

rallyy greater acceptance of the pig as an animal to study angiogenic/arteriogenic 

interventionss in the heart, and for criticism of the dog model. For the hind limb 

collaterall  circulation, these potential differences between species has not been 

elucidatedd up til l now. A coincidental finding of the present study was that farm 

pigss showed a significantly faster recovery of hemodynamics as compared to 

minipigs.. This may be explained by the differences in animal strain and / or age, 

whichh have shown to be influential on the arteriogenic response after femoral 

arteryy ligation.27" 29 However, we could not detect proliferation activity of the 

growingg collateral vessels with Ki-67 (data not shown). This could be due to the 

fact,, that our histological observation was performed two weeks after femoral 

ligation,, while the highest proliferative status may already be reached already 2-

55 days after femoral ligation. 

Forr the peripheral circulation only limited data exist, that adequately reflect the 

situationn in human vascular disease. The porcine hind limb provides a similar 

anatomyy as compared to humans, as shown by our study. In case of stenosis or 

occlusionn of the arteria femoralis, preexisting collateral vessels are being recrui-

tedd from the deep femoral artery (arteria femoralis profunda), connecting to the 

distall  zone of the superficial femoral artery (arteria femoralis superficialis). 

HemodynamicsHemodynamics of arteriogenesis 

Thee described technique of a pump driven shunt in this study allows a pressure 

andd flow controlled perfusion of the vascular bed under conditions of maximal 

vasodilationn (continuous administration of papaverine). Moreover, our conductan-

cee measurements revealed the typical positive pressure intercept. Using this pres-

suree intercept at different pressure gradients, maximal collateral flow and thus 

collaterall  conductance (i.e. reciprocal value of resistance) of the collateral vessels 

cann be assessed.30 The resistance of the collateral vessels wil l decrease over time, 

resultingg in a lower pressure gradient. When the collateral resistance becomes 

veryy small, indicating that collaterals become now nearly as efficient as the nati-

vee arterial system before the ligation, the peripheral pressure wil l equal aortic 

pressuree and the ratio P aorta / P periphery becomes close to the value of 1, as 

alsoo shown in the present study. After femoral occlusion this ratio decreased to 

valuess of 0.2-0.4. However, these ratios only moderately corresponded with colla-

terall  vascular perfusion as reflected by the collateral conductance. Furthermore, 

thee hemodynamic data of this study show, that an increase or decrease in resting 

bloodd flow must not necessarily correlate with the conductance per se. Our flow 

parameterss revealed restoration of more than 30% of resting blood flow after two 

weekss in both pig strains, whereas the conductance value only showed a very 

loww improvement in minipigs as compared to a significant increase in farm pigs. 

Hence,, a reliable evaluation of changes in the arteriogenic response depends on a 

completee vasodilatation of the collateral circulation and, secondly, should include 
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bloodd flow values plus the corresponding blood pressure ratios at different pres-

suree levels expressed as conductance. 

Inn conclusion, our study provides a basis for future efforts to evaluate the arte-

riogenicc effects of different growth factors or genes in a large animal model that 

iss better suitable for extrapolation to the human situation of patients with perip-

herall  arterial obstructive disease than the existing small animal models. 
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Abstrac t t 
Forr an appropriate extrapolation to patients with peripheral arterial obstructive 

diseasee we tested the efficacy of monocyte chemoattractant protein 1 (MCP-1) 

treatmentt in a porcine hind limb ligation model. In 40 minipigs, a femoral artery 

ligationn was performed. Control animals was examined immediately after liga-

tionn {n = 4), or after two weeks of intra-arterial infusion of phosphate buffered 

salinee (PBS; n = 11). A second group of animals was evaluated after intra-arterial 

infusionn of 2.0 jig/h of MCP-1 for 48 hours {followed by 12 days of PBS; n = 13) or 

twoo weeks continuously (n = 12). In the terminal experiment after two weeks, 

restingg flow to the leg and peripheral arterial pressures were assessed, without 

vasodilatation.. Subsequently, vascular conductance was determined using a 

pumpp driven extra corporal circulation, during maximal vasodilatation. The 

resultss showed that resting blood flow to the hind limb was 53% of normal after 

twoo weeks of infusion of PBS, compared to 81% in both MCP-1 treatment groups 

(pp < 0.05). Collateral conductance was 645  346 ml/min/mmHg after two weeks 

off  infusion with PBS, compared to 1070  530 and 1158  535 ml/min/mmHg 

afterr 48 hours and two weeks treatment with MCP-1, respectively {p < 0.05). 

Modulationn of the process of arteriogenesis is feasible in this large animal model 

viaa intra-arterial infusion of the c-c-chemokine MCP-1. 
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Introduction n 
Patientss with obstructive peripheral or coronary disease may benefit from the 

progresss made during the last decades in both medical and invasive treatment 

modalitiess focusing on the restoration of blood flow. Nevertheless, the group of 

patientss that remains symptomatic, despite these currently available treatment 

options,, is still growing and therefore constitutes a major clinical problem in the 

westernn world.12-28 The potential stimulatory effect of growth factor administra-

tionn on vessel formation has created a possible new treatment option for this 

patientt group.7'17 It is important to distinguish two different forms of compensa-

toryy vessel growth, angiogenesis and arteriogenesis, as has recently been recog-

nizedd by several other groups.4 '1 0-1 1'1 9'33 Angiogenesis refers to the formation of 

neww small capillaries in response to ischemia. Arteriogenesis refers to the remo-

delingg of pre-existing arterioles to mature collateral arteries. In this process, not 

ischemia,, but increased shear stress due to redistribution of blood over these 

arterioless is the driving force for the remodeling of these vessels into true colla-

terall  arteries.24'32 Most likely, the therapeutic stimulation of arteriogenesis is to 

bee preferred over angiogenesis, since arteriogenesis is more efficient to compen-

satee flow reduction due to the larger diameter and better functionality of the for-

medd vessels, compared to capillary networks in angiogenesis.28 

AA number of experimental peripheral ligation models in mainly small animals 

havee been used to study the stimulation of these processes with growth fac-

tors.13-155 In these studies, monocyte chemoattractant protein 1 (MCP-1) has been 

shownn to be one of the strongest stimulators of the arteriogenesis process. The 

purposee of the present study was to evaluate the potency of MCP-1 for the stimu-

lationn of collateral artery growth in a porcine hind limb ligation model that may 

bee more suitable for extrapolation of the observed effects to patients with 

peripherall  arterial obstructive disease (PAOD). 

Methods s 
SurgicalSurgical preparation 

Forr this study 40 Gottinger Minipigs of either sex and weighing 28  6 kg 

(Ellegaard,, Dalmose, Denmark) were used. The animals were handled in accordance 

withh the American Physiological Society guidelines for animal welfare. Animals 

weree housed in standard cages and fed water and chow ad libitum. The pigs were 

sedatedd using a combination of azaperone (5ml; 40 mg/ml), midazolam (3 ml, 5 

mg/ml)) and ketamine hydrochloride (2 ml; 100mg/ml), and were subsequently intu-

batedd and ventilated with a respirator (Engstróm 300, Engstrom Medical AB, Solna, 

Sweden)) with N20 : 02 in a ratio of 2 : 1. General anesthesia was maintained using 

isofluranee (0.8 to 2.0 vol% in 02). The left arteria femoralis was exposed using a 

sterilee surgical technique and ligated immediately distal from the bifurcation with 

thee arteria. profunda femoris. A double ligation was performed with a 4-cm distan-

cee in-between the two ligation sites. Also, the arteria circumflexa femoris lateralis 
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wass ligated to prevent 'bridging' collateral artery formation. 

Intra-arterialIntra-arterial infusion 

AA 1.6 mm silicon infusion catheter was retrogradely inserted with the tip placed 

justt distal to the bifurcation to ensure a first-pass effect of the compound over 

thee collateral vascular bed. The catheter was subcutaneously tunneled to the ani-

mal'ss back, externalized and connected to a portable elastomeric infusion system 

(Multidayy Infusor 2.0 ml/hour; Baxter Healthcare Corporation, Deerfield). The ani-

malss were examined acutely after ligation (n = 4), after two weeks infusion with 

vehiclee (phosphate buffered saline, PBS; n = 11) or after treatment with 2.0 /xg/h 

monocytee chemoattractant protein 1 (recombinant MCP-1, Boehringer Ingelheim, 

Austria)) for 48 hours, followed by 12 days of vehicle (n = 13) or two weeks conti-

nuouss infusion of MCP-1 (n = 12). 

ExperimentalExperimental design 

Forr the terminal study after two weeks of ligation the animals were anesthetized 

againn using to the above-described doses of azaperone, ketamine and midazolam. 

Anesthesiaa was subsequently maintained using administration of sodium pento-

barbitall  (60 mg/animal bolus, followed by a continuous intravenous infusion in a 

dosee of 10 mg/kg/h). The jugular vein was cannulated for the maintenance of the 

anesthesia.. Heparin was injected in a dose of 20.000 IU/animal. The animals were 

monitoredd during the experiment using ECG and measurement of heart rate and 

arteriall  oxygenation using pulse-oximetry. A solid-state pressure gauge manome-

terr was placed in the left carotid artery for the continuous measurement of syste-

micc arterial pressure. The saphenous arteries were exposed at the level of the 

metatarsuss and cannulated with fluid-fille d polyethylene catheters. These 

tubingss were connected to pressure transducers for the measurement of distal 

arteriall  pressure. With the use of a laparotomy, the abdominal aorta and both 

arteriaa iliacae externae were isolated. For the measurement of volume flow to the 

regionn of interest, flow probes (Transonic Systems Inc., Ithaca, NY) were placed 

aroundd each of the arteria iliacae externae just proximal of the bifurcation of the 

arteriaa femoralis and the arteria profunda femoris. The mesenteric artery was 

cannulatedd with a polyethylene-heparinized catheter for the measurement of the 

perfusionn pressure after installation of an extracorporal circulatory system. For 

thiss extracoporal system, the aorta was dissected and specially designed glass 

cannulass were inserted proximally and distally into the aorta, immediately before 

thee aortic bifurcation. The glass cannulas were connected at both ends to a silico-

nee tube (aortic bypass). The silicone tube was inserted into an electronic roller 

pumpp (ISM 726, Ismatec GmbH, Wertheim, Germany) for controlled perfusion of 

thee hind limbs. After a steady state was reached papaverine-HCl (Sigma 

Chemicalss Co.; St. Louis, MO) was continuously infused in a dose of 20 mg/min 

intoo the perfusion line to achieve a stable maximal local vasodilatation. The 
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pumpp speed was then stepwise increased until the systemic blood supply was 

exhausted.. Each step was maintained until a stable flow was achieved. 

Continuouss hemodynamic recordings were made using the data acquirement soft-

waree Notocord-Hem 3.3 (Notocord systems SA, Croissy, France). 

InIn vivo angiography 

Inn a total of 4 minipigs (2 PBS treated and 2 two weeks MCP-1 treated animals), a 

sheathh was inserted directly into the right carotid artery and a 7F diagnostic 

catheterr was positioned in either the distal iliac artery or the arteria profunda 

femoriss for the selective injection of a single 20-50 ml bolus of nonionic contrast 

agentt (Solutrast 300, Byk Gulden, Konstanz, Germany). Images were digitally 

recordedd on a desktop personal computer. 

Beforee the insertion of the extra corporal circulatory system, values of mean left 

andd right resting blood flow through the arteria iliaca externa and mean left and 

rightt peripheral and central blood pressures were assessed, without the use of 

vasodilatation.. Subsequently, the pump driven extra corporal circulatory system 

wass applied to control perfusion pressures to the legs. Using this technique, per-

fusionn pressure was enhanced in several steps under continuous maximal vasodi-

latation,, using papaverine. Both femoral artery volume flow and pressure gra-

dientt over the ligated and unligated arteria Femoralis were assessed for the cal-

culationn of arterial conductance. 

Histology Histology 

AA contrast medium, based on barium sulfate, was infused into the donor artery 

(arteriaa profunda femoris) for macroscopical detection of the collateral arteries (n 

== 4; 2 PBS treated and 2 two weeks MCP-1 treated animals). Tissue samples were 

takenn after identification of the formed collateral arteries, based on recognition 

off  the typical stem, midzone and reentry region and corkscrew appearance. 

Histologicall  sections (5/xm) were prepared from paraffin-embedded tissue samples 

andd were evaluated for morphological appearance with hematoxylin-eosin (HE) 

staining.. For detection of proliferating vascular wall cells, frozen sections (5 mm 

thick)) were placed on gelatine-coated slides and fixed for 10 min in aceton. 

Tissuee sections were then exposed for 10 min in 0.1% carboxylated bovine serum 

albuminn in PBS, followed by incubation overnight at 4°C with a primary mono-

clonall  antibody against Ki-67 (clone MIB-1). After repeated washes in PBS, the 

sectionss were then incubated for 1 hour at RT with goat anti-mouse IgG conjuga-

tedd with FITC. Specificity of the labeling was confirmed by omission of the prima-

ryy antibody. Nuclei were stained with Hoechst 33342. 
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DataData analysis 

Valuess of volume flow and pressure were obtained during the plateau of each 

perfusionn level and were averaged. The assessed flows and pressure gradients 

weree subsequently fitted in a linear regression. All conductance indices were cal-

culatedd from the equation of the pressure-flow relation as the flow level of the 

distall  vascular bed at a pressure gradient (P perfusion - P distal) of 100 mmHg. 

Animalss were excluded if the linear fit  of the conductance calculation did not 

resultt in a regression coefficient (r2) > 0.94 in one of the legs. Results are expres-

sedd as means  SD. Differences between sample means were determined with an 

ANOVAA with a Dunnett's (post) test and were considered statistically significant 

whenn the p-value was < 0.05. 

Result s s 
Noo differences were present regarding age and body weight between the diffe-

rentt treatment groups [Table 1). 

Tablee 1 

Age,Age, body weight and number of animals per treatment group 

Age,, months  SD 16.1 1 6 16.9 + 7 19-5  5 18.1  6 

Bodyy weight, kg  SD 28.518 22.813 8  7 27.418 

nn 4 9 73 w 

Angiography Angiography 

Exampless of in vivo angiographies of animals that received PBS for 2 weeks or 

thatt were treated for two weeks with MCP-1 are shown in Figure 1. Collateral 

arteries,, connecting the arteria profunda femoris (stem-zone) and the distal zone 

off  the femoral artery (reentry-zone), could be observed. 
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Figuree 1 

Inn vivo angiography. A: No arterial ligation. B. 2 weeks of PBS infusion after ligation of the femor-

alal artery. C. 2 weeks of continuous MCP-1 infusion. The arrows depict several visible collateral con-

nections. nections. 
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RestingResting blood flow and pressures 

Thee resting blood flow and peripheral pressures of all treatment groups are 

depictedd in Table 2. 

Tablee 2 

HemodynamicHemodynamic data of the four treatment groups 

Vehicl e e 

Acut e e 22 week s 

MCP-i i 

22 days 22 week s 

Pressuree (mmHg) 

Systemic c 

Ligatedd leg 

Unl igatedd leg 

Volumee f l ow (ml /m in ) 

Ligatedd leg 

Unl igatedd leg 

Heartt rate (bpm) 

n n 

1088  24 

433 8 

944 + 16 

288 7 

n oo  58 

1133 1 

4 4 

788 2 

555 * 

722 3 

544  30* 

988 7 

844  21 

9 9 

822  17 

577 * 

766 3 

1055  6 o * t 

1266 3 

877 4 

'3 3 

800  18 

577 * 

755 5 

888  3 8 ' t 

1077  39 

977 5 

w w 

Heartt rate, systemic pressure and distal pressure and blood flow in the unligated 

legg remained similar in all animal groups. Blood flow and distal pressure in the 

ligatedd leg increased after two weeks of vehicle infusion. While distal pressure 

didd not show a significant increase (55  12, 57  11 and 57  11 mmHg after 2 

weekss of PBS, 2 days and 2 weeks of MCP-1, respectively; p = NS), blood flow 

increasedd after treatment with MCP-1 (from 54  30 to 105  60 and 88  38 

ml/minn after 2 weeks of PBS, 2 days and 2 weeks of MCP-1, respectively; p<0.05). 

FigureFigure 2 shows that resting blood flow to the leg increased from 27% of the con-

traa lateral leg after acute ligation to 53% after two weeks of treatment with vehi-

clee (p < 0.05). This is in contrast with a marked increase of flow after two days 

off  treatment with MCP-1 (81%; p < 0.05), although this flow did not further 

increasee if MCP-1 administration was extended to two weeks (81%). Distal pres-

suress increased from 45% of normal directly after ligation to 73%, 75% and 76% 

afterr two weeks of vehicle infusion, two days and two weeks of treatment with 

MCP-1,, respectively (p = NS). Likewise, no statistically significant differences 

weree present regarding the calculated ratio of the systemic and peripheral pres-

suree ("ankle-brachial index") between the groups of animals that were treated 

withh either vehicle or MCP-1. 
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Figuree 2 

RestingResting volume flow, peripheral pressure and the ankle-brachial index (all expressed as a percenta-

gege of the unligated hind limb) of the different treatment groups. ' p < 0.05 compared to value acu-

telytely after ligation, j p < 0.05 compared to value after 2 weeks of vehicle infusion. 

ConductanceConductance measurements 

FigureFigure 3A shows that acutely after ligation, conductance over the distal vascular 

bedd decreased to a value of 158  112 ml/min/lOOmmHg. After two weeks of 

infusionn with PBS, conductance increased to 645  346 ml/min/mmHg, compared 

too 1070  530 and 1158  535 ml/min/mmHg after 48 hours and two weeks tre-

atmentt with MCP-1, respectively (PBS compared to both MCP-1 groups; p < 0.05). 

Similarr differences were observed when the conductance was corrected for the 

conductancee in the unligated leg {Figure 3B). 

Histology Histology 

Ann increased number of inflammatory cells (monocytes/neutrophils) were present 

inn the perivascular space around developing collateral arteries (Figure 4). 

Furthermore,, Ki67 staining for proliferating cells revealed dividing smooth mus-

clee cells in the tunica media of the developing collateral arteries (Figure 5). Ki67 is 

aa nuclear antigen expressed by proliferating cells but down-regulated in cells re-

enteringg the GO phase.25 However, no quantitative differences in the number of 

infiltratingg cells or dividing smooth muscle cells could be observed between the 

MCP-11 treated and control animals. 
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Figuree 3 A 

ConductanceConductance measurements ofligated hind limb under maximal vasodilatation. Absolute values of 

conductanceconductance of the ligated hind limb in ml/min/WOmmHg. 

Acute e 22 weeks 22 days 22 weeks 

Vehicle e MCP-1 1 

ConductanceConductance measurements ofligated hind limb under maximal vasodilatation. Percent conduc-

tancetance of the ligated hind limb, corrected for the conductance of the unligated hind limb. ' p < 0.05 

comparedcompared to value acutely after ligation. tp< 0.05 compared to value after 2 weeks of vehicle 

infusion. infusion. 
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Figuree 4 

ParaffinParaffin sections of collateral arteries with HE staining. A: section of pre-existing arteriolar con-

nection.nection. B. Remodeled collateral artery after 2 weeks of treatment with MCP-I. C: section of pre-

existingexisting arteriolar connection. D: Remodeled collateral artery after 2 weeks of PBS infusion. Arrows 

allocateallocate perivascular cell infiltration. Black bars depict 50fim. 
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Figuree 5 

FrozenFrozen sections of remodeled collateral arteries with Ki67 staining of a PBS (A) and a MCP-1 treated 

animalanimal (B and CJ. Arrows allocate dividing cells, as shown by green fluorescence of (blue) cell 

nucleus.nucleus. D: magnification of selected rectangle of panel C. White bars depict 50 p.m. 

Discussion n 
Thee present study demonstrates the efficacy of stimulation of collateral artery 

growthh in a porcine hind limb ligation model using exogenous administration of 

thee c-c-chemokine MCP-1. Blood flow was increased two-fold after two days of 

treatment,, whereas extension of treatment to two weeks did not further increase 

thiss positive effect on hind limb perfusion. 

CollateralCollateral artetv arowth in the oerii- <n oias 

Itt is has been shown previously that the pig has limited potential for the deve-

lopmentt of (endocardial) collateral arteries in the coronary circulation, compared 

too the extensive (epicardial) coronary collateral vascular bed in the dog.8 , 2 1 , 30 

Forr the hind limb circulation, the development of collateral arteries in pigs has 

nott been studied until now. The efficacy of different growth factors has been 

shownn in the rabbit hind limb model.2,13,15,31 However, for the extrapolation of 

thee effects of growth factors on arteriogenesis to the clinical situation of perip-

herall  arterial obstructive disease the present animal model is valuable, since it 

enabless the assessment of dose-effect relationships on arterial remodeling in a 

largee animal. This effect may be markedly different in larger sized animals, consi-
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deringg the number of cell divisions required for maturation of the collateral ves-

sels.. As shown in the present study, no overt ischemic damage to the femoralis-

perfusedd tissue was observed. Moreover, a spontaneous increase of blood flow 

afterr two weeks ('natural course') was demonstrated. Angiography showed that 

thee porcine hind limb collateral circulation has a similar anatomy compared to 

thee human situation according to Longland's classification.20 The pig hind limb 

thuss provides an excellent large animal model for the evaluation of collateral 

arteryy growth in the peripheral circulation, that provides a broad spectrum of 

functionall  hemodynamic parameters and allows the assessment of vascular con-

ductancee under conditions of maximal vasodilatation. 

MCP-iMCP-i in arteriogenesis 

Afterr obstruction of a main feeding artery a redistribution of blood flow occurs 

overr pre-existing arterioles. The subsequent presence of increased intravascular 

shearr stress, due to the enhanced blood flow, causes a local activation of the 

endothelium.14 ,18>233 This activated endothelium causes an up regulation of 

monocytee adhesion receptors such as intercellular and vascular cell adhesion 

moleculee and endogenously produces factors such as transforming growth factor 

Betaa and MCP-1.6-25,27 MCP-1 is a potent agonist for the të-chemokine receptors 

CCR-22 and CCR-4 that are expressed on monocytes.22 The presence of a gradient 

off  MCP-1 induces chemotaxis of monocytes via this pathway. The attraction of 

monocytes,, their diapedesis through the vessel wall, transformation into macrop-

hagess and finally, their local production of a cocktail of factors is generally belie-

vedd to be the primary stimulatory mechanism for collateral vessel growth.1 , 16 

Thee cocktail of factors that is produced by the monocyte (i.e. matrix metallopro-

teinases;; MMP's, tumor necrosis factor alfa; TNF-alfa, basic fibroblast growth fac-

tor;; b-FGF, platelet derived growth factor; PDGF) facilitates a locally active pro-

cesss of mitosis of endothelial and smooth muscle cells.5'29 TNF-alfa and MMP's 

inducee an inflammatory environment and the degradation of existing structures, 

whilee b-FGF and PDGF stimulate mitogenesis of endothelial and smooth muscle 

cells.. This remodeling process leads to the development of functional arteries 

withh multiple smooth muscle layers that are capable to carry substantial volumes 

off  blood due to their relatively low resistance and responsiveness to vasoactive 

substancess (i.e. during exercise). This in contrast to the development of small 

capillariess during angiogenesis, consisting exclusively of endothelial cells.3 This 

iss important with respect to the functionality and capacity of these vessels, since 

thesee vessels have to compensate for a substantial amount of loss of blood flow 

afterr obstruction of a large feeding artery, as also depicted in the current study 

(floww decrease of 75%). In the present study, the accumulation of monocytes 

aroundd the formed collateral arteries was confirmed histologically and it was 

shownn that the process of arteriogenesis in the porcine hind limb could be positi-

velyy modulated using an intra-arterial administration of MCP-1. This effect (lea-
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dingg to approximately a doubling of the spontaneous increase of conductance) 

seemss to be less pronounced, compared to the strong effects that were observed 

inn the rabbit model (MCP-1 treated 3-8 fold increase of conductance compared to 

PBS).13'155 The total dose that was used in the 2 weeks treated pigs is about 5-6 

foldd the dose (corrected for weight and treatment period) as used in the rabbit 

studies.. However, in the animals that were treated for only 48 hours, the total 

amountt of MCP-1 per kg body weight that was administered was similar to the 

amountt used in the rabbit model. No further improvement of hind limb perfusion 

wass observed after a prolonged duration (two weeks) of treatment with MCP-1. 

Thiss finding may be explained by the fact that local attraction and extravasation 

off  monocytes around a developing collateral artery merely occurs within the first 

dayss after acute arterial occlusion.1'16 Hence, a short duration of MCP-1 infusion 

mayy be sufficient for the attraction and activation of the monocytes, which are 

requiredd for collateral artery growth. 

EndEnd points 

Inn the current study assessment of hind limb perfusion was performed after two 

weekss of femoral artery ligation, irrespective of the treatment period. Although 

angiographyy and histology were performed, hemodynamic parameters were used 

ass primary endpoint to evaluate the effects of MCP-1 on hind limb perfusion, 

sincee the correlation between the number of visible arteries and the grade of per-

fusionn is generally believed to be doubtful.9 Relative small positive effects were 

observedd on resting blood flow. However, no (statistical significant) effects were 

seenn on resting peripheral pressures and the calculated ankle-brachial index (that 

iss an endpoint in many clinical studies), which may be due to the high level of 

'spontaneous'' recovery of the resting distal pressure to approximately 75% of 

normal.. This reduces the therapeutic window for growth factor therapy for these 

endpoints.. After induction of increasing perfusion pressures using the pump dri-

venn system under maximal vasodilatation, the positive effects of MCP-1 treat-

mentt were detected more clearly. This result reflects the importance of the use of 

vasodilatorss and the testing of the maximal capacity of the vascular system, 

ratherr than only measuring at resting conditions. 

Inn summary, our results have shown that collateral arteries develop in the pig 

hindd limb and that an improvement of perfusion can be achieved using intra-

arteriall  administration of MCP-1. Moreover, our data show that a two days of 

infusionn of MCP-1 is sufficient to induce a significant arteriogenic response, 

whereass a longer duration of therapy did not further increase this pro-arterio-

genicc effect. 
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Abstract t 

Thiss study was performed to evaluate clinical and hemodynamic factors, poten

tiallyy influencing the value of coronary flow reserve (CFR). 

CFRR is considered to be markedly influenced by parameters affecting the coronary 

microvascularr resistance. 

CFRR was assessed in an angiographically normal artery in 514 patients scheduled 

forr angioplasty of one or two-vessel disease. Maximal hyperemia was induced 

withh an intracoronary bolus or intravenous infusion of adenosine. Independent 

predictorss of the value of CFR were identified by linear regression analysis. 

Bivariatee analysis revealed that female gender, diabetes and high systemic blood 

pressuree were positively associated with baseline APV. However, CFR was not sta

tisticallyy different between these patient subgroups. In univariate linear analysis, 

age,, female gender, hypercholesterolemia, aspirin and statin use, heart rate and 

meann arterial pressure were identified to influence the value of CFR. Multivariate 

analysiss revealed age (slope -0.006; 95% CI -0.012 to 0.000; p = 0.041) and heart 

ratee (slope -0.008; 95% CI -0.013 to -0.002; p = 0.005) as independent predictors 

off CFR. The correlation between age or heart rate and CFR appeared to be very 

weak. . 

Agee and heart rate were independent determinants of CFR in angiographically 

normall coronary arteries, although the relationship was very weak. Therefore, it 

iss concluded that the value of CFR is only moderately influenced by clinical and 

hemodynamicc variables. 
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Introductio n n 
Itt has been shown that coronary flow reserve (CFR) is useful for clinical decision 

makingg during cardiac catheterization.1-2 Also, these parameters are used for gui

dancee of percutaneous interventions, providing prognostic information for short 

andd long-term clinical outcome.3"5 CFR, defined as the ratio between peak hype-

remicc coronary blood flow (after administration of a coronary vasodilator) to res

tingg coronary blood flow, depends on the resistance of both the epicardial cond

uitt artery and distal microvascular resistance. The hyperemic response is reduced 

inn the presence of an epicardial stenosis, while microcirculatory disturbances 

mayy influence baseline and also hyperemic flow velocity6 Several variables, that 

havee an influence on the value of CFR, have been identified in small single center 

studies.7"100 This is important for the interpretation of the results of Doppler flow 

measurementss in individual patients. Measurement of CFR in arteries in the 

absencee of an epicardial obstruction permits the evaluation of clinical and hemo

dynamicc factors influencing CFR. Therefore, the purpose of the present study was 

too investigate parameters that could potentially influence the value of CFR in 

angiographicallyy normal coronary arteries. 

Method s s 
Patients Patients 
Thee study population of this post-hoc analysis consisted of 514 patients with sta

blee or unstable angina pectoris (class 1 to 3 according to the Canadian 

Cardiovascularr Society; CCS or Braunwald's classification I or II) and with a nor

mall left ventricular function, who were scheduled for percutaneous coronary 

interventionn in one or two-vessel disease. These patients were examined in the 

settingg of two multi-center studies (ILIAS and DEBATE II study)1 '11 Common 

exclusionn criteria of both studies were: acute myocardial infarction less than 1 

weekk prior to angioplasty, total coronary occlusion, left ventricular hypertrophy 

orr cardiomyopathy. All patients gave written informed consent to participate in 

thee study. 

Coronaryy cine-angiography was performed under maximal vasodilatation using 

intracoronaryy nitroglycerin (0.1-0.3 mg) or isosorbide dinitrate (1-3 mg). At least 

twoo cine-angiograms, in orthogonal projections, were obtained before coronary 

angioplastyy and at the end of the procedure. 

Dopplerr flow velocity measurements were performed distal to the lesion under 

baselinee and hyperemic conditions using a 0.014-inch Doppler tipped guide wire 

(FloWire;; JOMED, Rancho Cordova, CA, USA). Maximal hyperemia was induced by 

ann intracoronary bolus injection of adenosine of 12-15 /xg for the right coronary 
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arteryy and 18-20 /xg for the left coronary artery or as an intravenous infusion 

(1400 (Ltg/kg/min). Distal Doppler flow velocity signals were processed by real-time 

spectrall analysis. The blood flow velocity measurements were used to compute 

thee distal coronary blood flow velocity reserve, defined as the ratio between ade

nosinee induced hyperemic average peak flow velocity (APV) and the baseline APV. 

Hyperemicc microvascular resistance (MRv) was determined as the ratio of mean 

aorticc pressure (being considered similar to mean distal coronary pressure, since 

noo significant epicardial was present) to hyperemic APV 

StatisticalStatistical  analysis 

Statisticall analysis was performed using SPSS version 11.0.1 for Windows. 

Continuouss variables were expressed as mean  standard deviation. An indepen

dentt t-test was performed for determination of clinical factors influencing the 

valuee of CFR All relevant clinical and hemodynamic variables were entered in a 

univariatee linear regression analysis to determine predictors of CFR. Contributing 

factorss were subsequently entered into a multivariate linear regression analysis 

too identify independent predictors. For all tests, a p-value <0.05 was considered 

statisticallyy significant. 

Result s s 
PatientPatient  population 

Thee patients included in this study have been described previously1 '11 

TableTable 1 shows the baseline characteristics of the evaluated study population. 

Tablee 1 

BaselineBaseline Characteristics of the 514 Study Patients 

Age,years  SD 59  11 

Menn 380 (74) 

Systemicc hypertension 189 (37) 

Cigarettee smoking 235 (46) 

Totall cholesterol > 6.5 mmol /L 237 (46) 

Diabetess mel l i tus 57 (n) 

Previouss myocardial infarct ion 167 (32) 

Familyy history 225 (44) 

Unstablee angina pectoris 140 (27) 

Medicat ion n 

Aspir in n 

ft-blocker ft-blocker 

Stat in n 

Calciumm antagonist 

4622 (90) 

3655 (7i) 

1777 (34) 

2711 (53) 

ContinuesContinues next page >> 
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Nitrate e 

Meann arter ia l pressure, mm Hg 

Heartt rate, beats/min 

3355 (65) 

944 M 

699  11 

DataData are mean  SD or number of patients 

Tablee 2 

DopplerDoppler Parameters in Patient Subgroups of All Patients (n = 514) 

Age e 

Gender r 

Hypertension n 

Smoking g 

Cholestero l l 

Diabetes s 

Ml l 

Apir in n 

fs-blocker r 

Statin n 

Calciumm antagon 

Nitrate e 

Meann arter ia l 

pressure e 

Heartt rate 

>599 years (n = 2 

<599 years (n = 2 

Femalee (n = 134 

Malee (n = 380) 

Yess (n = 191) 

N o ( nn = 323) 

Yess (n = 235) 

Noo (n = 279) 

>6.55 mmol /L (n 

<6.55 mmol /L (n 

Yess (n = 57) 

Noo (n = 457) 

Yess (n = 167) 

Noo (n = 347) 

Yess (n = 462) 

Noo (n = 52) 

Yess (n = 365) 

Noo (n=i49) 

Yess (n = 177) 

Noo (n = 337) 

istt Yes (n = 271) 

Noo (n = 243) 

Yess (n = 335) 

Noo (n = 179) 

>944 mm Hg (n 

<944 m m Hg (n 

>6gg beats/min 

<6gg beats/min 

60) ) 

54) ) 

) ) 

== 237) 

== 277) 

== 242) 

== 272) 

(n=242) ) 

nn = 272 

188 ' 

188  7* 

199  8* 

177 + 7* 

200  8 ' 

177 * 

188 * 

188 * 

188 * 

188 * 

211  9* 

188 * 

188  9* 

188 * 

188 * 

188  9* 

188 * 

199  8* 

199 * 

188  7* 

188  7* 

188 * 

188 * 

188 * 

199 * 

177 * 

200  8* 

188 * 

477  17* 

511 * 

499  16* 

488  19* 

511 * 

477  18* 

500 * 

488  17* 

499  18* 

499  18* 

522  17* 

488  19* 

499 * 

488  17* 

499  18* 

466  20* 

499  18* 

499 * 

511  17* 

488  18* 

499  18* 

488  18* 

499  18* 

499  18* 

511  18* 

477  18* 

499  18* 

500  18* 

2.822  0.81* 

2.944  0.65* 

2.788  0.72* 

2.922  0.74* 

2.822  0.80* 

2.922  0.70* 

2.899  0.74* 

2.877  0.74* 

2.822  0.72* 

2-933  0.74* 

2.766  0.69* 

2.899  0.74* 

2.933  0.69* 

2.866  0.76* 

2.900  0.73* 

2.711  0.74* 

2.900  0.74* 

2.844  0.72* 

2.966  0.70* 

2.844  0.75* 

2.866  0.71* 

2.900  0.76* 

2.899  0.75* 

2.844  0.71* 

2.844  0.75* 

2922  0.73' 

2-799  0.77* 

2.966  0.70" 

Dataa are mean  SD; 'p < 0.05 compared to measurement in other subgroup. b-APV indicates baseline 

averageaverage peak flow velocity: h-APV, hyperemic average peak flow velocity; CFR, coronary flow reserve. 

119 9 



HOOFDSTUKK 7 

ClinicalClinical parameters influencing hemodynamics 

Thee potential influence on the value of CFR of the baseline clinical parameters 

wass evaluated using an independent T-test. Of these variables, female gender, 

diabetess and high systemic blood pressure appeared to influence the value of 

baselinee APV positively, as depicted in Table 2. Also, there was a trend towards a 

higherr hyperemic blood flow velocity in female and diabetic patients, while hype-

remicc APV was statistically significant higher in patients with hypertension, com

paredd to non-hypertensive patients (p = 0.01). As a result, CFR was not signifi

cantlyy different in female patients or patients with and without diabetes or 

hypertension.. Furthermore, patients with diabetes mellitus showed a trend 

towardss a lower MRv (1.96  0.85 mm Hg/cm/s compared to 2.20  1.04 mm 

Hg/cm/ss in non diabetics; p = 0.09). No statistical difference in MRv was present 

betweenn the patients with and without hypertension (2.14  0.87 mm Hg/cm/s 

versuss 2.22  1.23 mm Hg/cm/s; p = 0.45). In the subpopulation of patients with 

bothh diabetes and hypertension (n = 29) no additional effects on hemodynamic 

parameterss were observed. These patients also exhibited an increased baseline 

bloodd flow velocity (20  9 cm/s versus 17  7 cm/s; p = 0.04), but did not differ 

fromm patients without diabetes and hypertension (n = 296) regarding hyperemic 

bloodd flow velocity (50  17 cm/s versus 47  18 cm/s), CFR (2.82  0.64 versus 

2.922  0.63) or MRv (2.18  0.88 mm Hg/cm/s versus 2.24  1.00 mm Hg/cm/s; p 

== NS).Of all clinical parameters, only the use of b-blockers appeared to (negative

ly)) influence the value of heart rate (67  11 compared to 71 3 in patients wit

houtt b-blockers; p < 0.01). 

UnivariateUnivariate and multivariate analysis of parameters influencing CFR 

Thee variables that were predictive for CFR after univariate and subsequent multi

variatee analysis are depicted in Table 3. Only age and heart rate remained as inde

pendentt predictors of CFR, although value of the slope was not high. The varia

bless that did not reach statistical significance after univariate analysis, such as 

hypertension,, diabetes, previous myocardial infarction, medication (b-blocker, 

nitrate,, calcium-antagonist), unstable anginal complaints, smoking and MRv are 

nott shown at the left panel of Table 3. The correlation between heart rate or age 

andd baseline average peak flow velocity, hyperemic average peak flow velocity 

andd CFR is shown in Figure 1 and 2. There appeared to be an (inverse) correlation 

betweenn age or heart rate and CFR, although both correlations were weak (Figure 2). 
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Tablee 3 

HemodynamicHemodynamic and clinical predictors of coronary flow reserve in angiographically normal 

coronarycoronary arteries (n = 514) 

Femalee gender 

Hypercholesterolemia a 

Aspir inn use 

Stat inn use 

Meann arter ia l 

pressuree (mm Hg) 

Agee (years) 

Heartt rate (beats/min) 

Univariat ee analysi s 

Slop ee 95% CI 

-0,132 2 

-0.116 6 

0.172 2 

0.126 6 

-0.005 5 

-0 .006 6 

-0 .008 8 

-0.2777 to 0.013 

-0.2444 to 0.011 

-0.0177 t o 0.361 

-0.0077 to 0.260 

-0 .0099 to 0 .000 

-0.0122 t o 0 .000 

-0.0133 t o -0.002 

pp Valu e 

0.074 4 

0.079 9 

0.093 3 

0.064 4 

0.039 9 

0.064 4 

0.008 8 

Multivariat ee analysi s 

Slop ee 95% CI 

-0 .0066 -0.012 t o - o . o o i 

-0 .0088 -0.014 t o - 0 . 0 0 2 

pp Valu e 

0.041 1 

0.005 5 

Intercept t 3.800 3.25 to 4.35 

CICI indicates confidence interval. 

•• » • • • 
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Figuree 1 

CorrelationCorrelation between age and baseline average peak flow velocity (panel A; R = 0,069; p=NS), 

heartheart rate and baseline average peak flow velocity (panel B; R = 0,009; p = NS), age and hyperemic 

averageaverage peak flow velocity (panel C; R = 0,115; p = 0.02) and heart rate and hyperemic average 

peakpeak flow velocity (panel D; R2 = 0,020; p = 0.69). 
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Figuree 2 

InverseInverse correlation between age and CFR (panel A; R = 0,082; p = 0.06) and heart rate and CFR 

(panel(panel B; R = 0,118; p<0.01). 

Discussion n 
Thiss post hoc analysis from a large group of patients from two multi-center stu

diess shows that the value of CFR in angiographical normal arteries is influenced 

byy age and heart rate. Female gender, diabetes and high blood pressure were 

associatedd with an enhanced baseline APV. However, this coincided with an 

enhancedd hyperemic blood flow, resulting in a mildly reduced to normal CFR. 

Clinicall factors influencing Doppler flow parameters. Our study showed that age, 

femalee gender, hypercholesterolemia, aspirin and statin use, heart rate and mean 

arteriall pressure influenced the value of CFR after univariate regression analysis. 

However,, only age was an independent clinical predictor of CFR after multivaria

tee analysis. This suggests that the other clinical parameters did not markedly inf

luencee CFR in this cohort of patients. The influence of age on CFR has been dis

cussedd previously.9 '12 '13 In our study the impaired CFR in older patients was due 

too a reduced hyperemic response that contrasts with the afore-mentioned pre

viouss reports.9 '13 They showed that the age-related reduction of CFR was prima

rilyy due to an enhanced blood flow (and increased cardiac work load) at rest, rat

herr than to reduced hyperemic flow. Our study shows that a correlation between 

agee and baseline blood flow is absent, while the (inverse) correlation between 
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hyperemicc response and age is significant (although this correlation was weak). 

Inn the studies of Uren and Czernin, myocardial blood flow reserve was assessed 

usingg positron emission tomography (PET) in contrast to the flow velocity based 

CFRR in our study. Moreover, various differences in patient selection (i.e. healthy, 

youngg volonteers without prior cardiac events) may explain the dissimilar outco

mee of the studies. Gender and hypercholesterolemia have been identified to influ

encee the value of myocardial flow reserve previously.13"16 Other clinical parame

terss that have been described to influence CFR are hypertrophic cardiomyopathy 

andd smoking.10-17-18 Also, it has been shown that the use of Beta-blockers increa

sess CFR, most likely due to a reduction in vascular resistance.19 To correct for 

somee of these confounding factors, Wieneke et al developed the concept of cor

rectedd coronary flow reserve.12 The presence of diabetes was associated with an 

increasedd baseline blood flow velocity in our study population, in conjunction 

withh a trend towards an increased hyperemic response. This enhanced baseline 

bloodd flow velocity in patients with diabetes was also reported by previous stu

diess and may be due to abnormalities of myocardial metabolism.20"22 However, it 

hass also been stated that this impaired CFR is related to a reduced coronary hype

remicc response in diabetics, secondary to an endothelial metabolic dysfunction or 

structurall anatomical changes of the microcirculatory vasculature.23"25 Besides a 

reducedd CFR in diabetics, CFR has also been described to be lower in patients 

withh hypertension.26 '27 In our patient population, hypertensive patients appe

aredd to have an increased baseline flow velocity. Hoffman postulated that an 

increasedd baseline flow in patients with hypertension is due to an increased myo

cardiall oxygen demand.28 However, hypertension did not have an effect on the 

valuee of CFR in the present study, similar to the effects seen in diabetic patients. 

Thiss may be explained by a simultaneous increase of maximal hyperemic flow 

thatt is proportionally with the increase of basal flow and as a result, CFR will be 

normal.28 8 

HemodynamicHemodynamic factors influencing CFR 

Thee groups of Kern and Baumgart already identified a wide range of reference 

CFRR values (1.9-4.5 and 1.7-4.7, respectively), which was assessed in angiographi-

call normal arteries in patients without coronary artery disease.14-29 In trans

plantt recipients, CFR even varied between 1.6 and 6.9. It has been shown that 

heterogeneityy of flow reserve exists between patients and also across the diffe

rentt perfusion territories.30 Recently, our group has showed a similar heteroge

neityy for CFR values in patients with intermediate coronary narrowings.31 

Furthermore,, several hemodynamic parameters have been shown to influence 

CFRR in the absence of an epicardial obstruction. The present study revealed that 

ann increased heart rate is associated with a low CFR. In an experimental setting 

itt was already shown that heart rate influences the value of CFR.32 The decrease 

inn CFR due to an increase in heart rate has been shown in small patient popula-

123 3 



HOOFDSTUKK 7 

t ions.7 , 3 33 It was shown that CFR was reduced by 10% at heart rate intervals of 15 

beats/min.. An increase in heart rate causes an increase in resting blood flow 

secondaryy to an increased oxygen demand, while the hyperemic response may be 

reduced,, due to a shortened diastolic perfusion time. However, a reduced hypere

micc response is usually only shown at vary rapid heart rates.7 

CFRCFR for clinical decision-making 

Accordingg to the results of the present study, age and heart rate should be taken 

intoo account for the interpretation of CFR measurements in the cardiac catheteri

zationn laboratory. However, the relation between age or heart rate and CFR was 

weak.. Also, an enhanced baseline APV can be expected in female patients, in 

patientss with diabetes and patients with a high systemic blood pressure, alt

houghh an simultaneous increased hyperemic blood flow velocity causes CFR to be 

nott statistically different. These results suggest that CFR measurements during 

cardiacc catheterization are not markedly influenced by clinical and hemodynamic 

variabless in patients with one- and two-vessel disease selected for elective angio

plasty. . 

Limitations s 
Thiss study concerns a post-hoc analysis of two multi-center studies.1-11 Inclusion 

criteriaa were not fully uniform, although both studies contained patient with 

one-- and two-vessel disease. Furthermore, no echocardiography was performed 

forr the evaluation of the presence of left ventricular hypertrophy, which has been 

shownn to influence the value of CFR.10 Also, the potential influence of medica

tionn use cannot be excluded in this post hoc analysis. The flow measurements 

weree performed in vessels without angiographically evident stenoses. However, 

sincee these patients suffer from long-standing atherosclerotic disease, these ves

selss most likely contain plaques that cannot be appreciated angiographically. 

However,, no intravascular ultrasound evaluation or pullback fractional flow 

reservee measurement of the arteries was performed to exclude this potential con

foundingg factor.34 Finally, the results were obtained in a selection of patients 

withh 1- or 2-vessel disease, precluding a direct extrapolation of the results of this 

studyy to patients with coronary artery disease in general. 
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CHAPTERR 8 

Abstrac t t 
Background Background 

Theree are limited data regarding the immediate and long-term effect of balloon 

angioplastyy on the coronary flow reserve (CFR) evaluated in a multi-center set

ting. . 

MethodsMethods and Results 

AA total of 86 patients with 1-vessel disease and a normal left ventricular function 

weree analyzed before and after optimal balloon angioplasty (diameter stenosis 

<35%)) and at 6-month follow-up. CFR was assessed with a Doppler guide wire. A 

loww CFR (<2.5) after PTCA, due to an increased baseline blood flow velocity, was 

encounteredd in 42 of the 86 patients (49%). Recurrence of angina and target 

lesionn revascularization were more frequent in these patients than in patients 

withh a CFR >2.5 (46% versus 23% and 36% versus 16%, respectively; p<0.05) 

duee to a trend towards restenosis (29% versus 16%; p = 0.15) or a low CFR at fol

low-upp due to persistent elevated baseline blood flow velocity. Patients without 

restenosiss showed a decrease or increase of CFR during follow-up, determined by 

alterationss of hyperemic blood flow velocity. 

Conclusions Conclusions 

Patientss with an impaired CFR directly after optimal balloon angioplasty showed 

aa higher target lesion revascularization rate compared to patients with a CFR 

>2.5.. This patient group consists of patients prone to develop restenosis, while 

otherr patients are characterized by a persistent low CFR, probably secondary to 

disturbedd autoregulation and/or diffuse mild coronary atherosclerosis. Coronary 

floww reserve alterations in patients without restenosis were related to changes in 

hyperemicc blood flow velocity, suggesting that this phenomenon relates to epi-

cardiall remodeling. 
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Introduction n 
Theree is controversy regarding the effect of balloon angioplasty on the distal 

coronaryy flow reserve (CFR). Several studies have indicated that balloon angiopla

styy results in a direct normalization of distal CFR, while other studies reported a 

temporaryy impaired CFR after balloon angioplasty.1"6 It has been hypothesized 

thatt this spontaneous improvement of CFR after balloon angioplasty may be rela

tedd to remodeling of the epicardial segment and/or slow recovery of autoregula-

tionn of microvascular bed.3"6 Recent insights from single-center studies suggest 

thann an impaired CFR after balloon angioplasty may be due to a residual luminal 

obstructionn resulting in a reduced hyperemic response or secondary to an eleva

tedd baseline blood flow velocity as a result of disturbed autoregulation of the 

microvascularr bed.3-7 '8 A recently published multi-center trial (Doppler Endpoints 

Balloonn Angioplasty Trial Europe, DEBATE) evaluated the effect of balloon angio

plastyy on distal CFR in relation to the clinical outcome during a 6-month follow-

upp period.9 The aim of this sub-study was to evaluate the effect of balloon angio

plastyy on epicardial remodeling and adaptation of microvascular bed in a selected 

cohortt of patients with optimal angiographical result after percutaneous translu

minall coronary angioplasty (PTCA). These phenomena were studied by analysis of 

arteriall dimensions assessed by quantitative coronary angiography and baseline 

andd hyperemic blood flow velocity alterations before and after PTCA and at 6-

monthh follow-up. 

Methods s 

Thee study population consisted of 86 out of 225 patients undergoing PTCA for 

chestt pain and/or documented signs of myocardial ischemia (electrocardiograp

hic,, scintigraphic or echocardiographic) in the setting of a multi-center study 

(DEBATE).. The details of this multi-center study have been described elsewhere.9 

Briefly,, patients scheduled for PTCA of one major native coronary artery and a 

normall left ventricular function were included. Exclusion criteria were: multives-

sell disease, previous transmural myocardial infarction in the territory distributed 

byy the vessel to be dilated, acute myocardial infarction less than 1 week prior to 

PTCA,, previous PTCA of the actual coronary segment, total or functional coronary 

occlusion,, presence of left bundle branch block, second or third degree atrioven

tricularr block, open bypass graft distal to the lesion to be treated, extreme tor

tuosityy of the vessel to be dilated and intended alternative or additional inter

ventionall treatments such as directional and rotational atherectomy or stent-

implantation.. The study protocol was approved by the institutional review 

boardss of the participating centers. All patients gave written informed consent. 

Patientss were included in this analysis in case of an optimal result of balloon 

angioplasty,, defined as a diameter stenosis <35% after PTCA determined by off-
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linee quantitative coronary angiography. 

AngioplastyAngioplasty procedure and blood flow velocity assessment 

Thee study protocol included premedication of patients before angioplasty with 

heparinn and acetylsalicylic acid. A 0.014" Doppler tipped guide wire was used as 

thee primary angioplasty guide wire (FloWire; Endosonics, Rancho Cordova, CA, 

USA).100 The Doppler guide wire was advanced distal to the lesion and blood flow 

velocityy recordings were obtained under baseline and hyperemic conditions. A 

distancee from the stenosis greater than 5 times the vessel diameter was maintai

nedd in order to avoid post-stenotic turbulent flow. Maximal hyperemia was indu

cedd by an intracoronary bolus injection of adenosine, 12 fxg for the right corona

ryy artery and 18 fig for the left coronary artery. The Doppler guide wire was left 

inn place and blood flow velocity was continuously monitored throughout the pro

cedure.. Only angiographic criteria (diameter stenosis <50% in any angiographic 

view)) were used to determine the endpoint of the angioplasty procedure. The site 

off the blood flow velocity measurements was recorded on cinefilm. 

QuantitativeQuantitative coronary angiography 

Cine-angiographyy was performed after the administration of 0.1-0.3 mg nitrogly

cerinn or 1-3 mg isosorbide dinitrate intracoronary to achieve maximal coronary 

vasodilation.. At least two cine-angiograms, in orthogonal projections, were obtai

nedd before coronary angioplasty and repeated at late follow-up. All cinefilms 

weree analyzed by an independent core laboratory without knowledge of the clini

call information and the Doppler flow data. Matched views and frames were selec

tedd for off-line quantitative computer-assisted analysis (CAAS II system, Pie 

Medicall Data, Maastricht, the Netherlands). Automatic edge-detection of the 

luminall dimensions (minimum lumen diameter, reference diameter) was perfor

medd using the guiding catheter filled with contrast as a scaling device. 

Duringg the angioplasty procedure, the Doppler flow velocity signals were recor

dedd continuously on videotape using a Doppler flow spectral analyzer (FloMap; 

Endosonics,, Rancho Cardova, CA, USA). The blood flow velocity measurements 

weree used to calculate, by means of the time-averaged peak velocity (normalized 

too the cardiac cycle), the distal blood flow velocity reserve, defined as the ratio 

betweenn maximal blood flow velocity after administration of adenosine and the 

baselinee blood flow velocity. The appropriateness of the Doppler flow measure

mentss was verified by an independent core laboratory. 

Follow-upFollow-up procedures 

Patientss were followed during six months 4 weeks) for documentation of 

majorr adverse cardiac events, defined as cardiac death, myocardial infarction or 
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thee need for target lesion revascularization in case of recurrent angina and/or 

objectivee signs of myocardial ischemia due to coronary renarrowing with a dia

meterr stenosis greater than 50%. Quantitative coronary angiography was perfor

medd at six months in the same views as during the initial procedure. The base

linee average peak blood flow velocity (b-APV) and hyperemic average peak blood 

floww velocity (h-APV) recordings were obtained in the same position as before 

PTCA. . 

StatisticalStatistical analysis 

Continuouss variables are expressed as mean  standard deviation. Chi-square 

analysiss was used to detect a difference in categorical patient characteristics. A 

2-tailedd paired t test (or Wilcoxon test for parametric data) was used to identify 

variationn within subjects. A 2-tailed unpaired t test (or Mann-Whitney test for 

non-parametricc data) was used to assess differences in continuous variables. 

Thesee variables were subsequently entered in a univariate linear regression ana

lysiss to determine significant predictors for changes in CFR at follow-up. 

Contributingg factors were entered into a multivariate linear regression analysis 

too determine independency. For all tests, a p-value <0.05 was considered statisti

callyy significant. 

Result s s 
AA total of 86 patients of the 225 patients, enrolled in the DEBATE-study, showed a 

percentagee diameter stenosis <35% after balloon angioplasty and were analyzed 

inn this study. Hemodynamic and angiographical data were complete in all 86 

patients.. Doppler data were complete in 86 patients before PTCA and in 83 

patientss at follow-up. A total of 19 of the 86 patients (22%) showed restenosis at 

follow-upp angiography. 

ImpairedImpaired  coronary  flow  reserve  directly  after  optimal  balloon  angio-

Baselinee Characteristics 

AA total of 42 of the 86 study patients (49%) showed an impaired CFR after PTCA, 

whilee the remaining 44 patients (51%) demonstrated a CFR >2.5. The baseline 

characteristicss of both patient groups are depicted in Table 1. Patients with an 

impairedd CFR were older and showed a significant difference with respect the use 

off nitrates. 
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Tablee 1 

BaselineBaseline characteristics of the 86 study patients 

Characteristi c c CFR<2.5 5 CFR>2.5 5 

Age,years  SD 

Male e 

Systemicc hypertension 

Cigarettee smoking 

Totall cholesterol > 6.5 mmol /L 

Diabetess mel l i tus 

Previouss myocardial infarct ion 

Unstablee AP 

Medicat ion n 

ls-blocker r 

Calciumm antagonist 

Nitrates s 

6019 9 

299 (69) 

14(33) ) 

9(21) ) 

200 (48) 

6(14) ) 

9(21) ) 

211 (50) 

22(52) ) 

44 (10) 

322 (76) 

o o 

366 (82) 

111 (25) 

144 (32) 

14(32) ) 

2(5) ) 

99 (20) 

211 (48) 

288 (64) 

44 (9) 

222 (50) 

0.02 2 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

0.005 5 

Coronaryy artery di lated 

LAD D 

RCA A 

LCx x 

199 (45) 

111 (26) 

122 (29) 

288 (64) 

8(18) ) 

8(18) ) 

NS S 

NS S 

NS S 

Typee of lesion (ACC/AHA) 

A A 

B B 

C C 

Lengthh of lesion > 10 mm 

7(17) ) 

355 (83) 

0 ( 0 ) ) 

6(14) ) 

5(H) ) 

399 (89) 

0 ( 0 ) ) 

6(14) ) 

NS S 

NS S 

NS S 

NS S 

CFRR indicates coronary flow reserve; AP, angina pectoris; LAD, left anterior descending coronary 

artery;artery; RCA, right coronary artery; LCx, left circumflex coronary artery; ACC, American College of 

Cardiology;Cardiology; AHA, American Heart Association. Values are n (%). 

Hemodynamic ,, angiographi c and Dopple r flo w variable s 

Theree were no significant differences in heart rate, mean aortic pressure and 

angiographicall variables between both patient groups before and after PTCA 

(Table(Table 2). CFR before PTCA was lower in patients with an impaired CFR after PTCA 

77 versus ; p<0.05). An impaired CFR after PTCA was associated 

withh a significant increase in b-APV 7 to 2 cm/s; p<0.05), while the 

increasee in h-APV was similar in both patient groups (26 6 to 45 6 cm/s ver

suss 2 to 5 cm/s). At 6-months follow-up b-APV in patients with an 

impairedd CFR normalized to a value of 7 cm/s (p<0.05), while the b-APV of 
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thee patients with an unimpaired CFR remained constant 6 cm/s). A multiva

riatee analysis of clinical, angiographic and hemodynamic variables revealed CFR 

beforee angioplasty as the only independent predictor of CFR directly after PTCA 

(pp = 0.03). 

Tablee 2 

QCAQCA and coronary blood flow velocity data of the 86 study patients 

'' p<0.05 vs paired data of previous measurement 

fp<0.05fp<0.05 vs patients with a CFR< 2.5 after balloon angioplasty 

BABA indicates balloon angioplasty; HR, heart rate; MAP, mean arterial pressure; DS, diameter steno-

sis;sis; MID, minimum lumen diameter; b-APV, baseline average peak velocity; h-APV, hyperemic aver-

ageage peak velocity; CFR, coronary flow reserve 

ImpairedImpaired  CFR after  optimal  balloon  angioplasty  in  relation  to  the 

clinicalclinical  outcome 

Deathh or myocardial infarction did not occur during the 6-month follow-up 

period.. The patients with an impaired CFR after PTCA showed to have more recur

rencee angina at follow-up compared to the patients with a CFR >2.5 (17 of 37 

patients,, 46% versus 10 of 44 patients, 23%; p<0.05). Second, the incidence of 

targett lesion revascularization in patients with an impaired CFR after PTCA was 

higherr than in patients with a CFR >2.5 after PTCA (15 of 42 patients, 36% ver

suss 7 of 44 patients, 16%; p<0.05). Furthermore, there was a trend towards hig

herr restenosis rate in patients with an impaired CFR after PTCA (12 of 42 

patients,, 29% versus 7 of 44 patients, 16%; p = 0.15). The angiographic and 

Dopplerr flow data of the patients with an impaired CFR directly after PTCA and a 

targett lesion revascularization at follow-up were divided into the two groups of 
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patientss with and without restenosis (Table 3). Patients with a target lesion revas

cularizationn but without restenosis showed to have a low CFR due to an incre

asedd baseline APV directly after PTCA, that remained elevated during follow-up. 

Inn contrast, elevated baseline APV directly after PTCA of the patients with reste

nosiss decreased at follow-up. 

Tablee 3 

QCAQCA and coronary flow velocity of the patients with an impaired CFR and a target lesion revascu-

larizationlarization at follow-up 

w i t hh resten 

Beforee BA 

osiss (n=io) 

Afterr BA Fol low-up p 

w i t h o u tt restenosis (n=s) 

Beforee BA After BA Fol low-up p 

HR,, bpm 

MAP,, mmHg 

%DS S 

MLD,, m m 

b-APV,, cm/s 

h-APV,, cm/s 

CFR R 

i i 

8 8 

8 8 

1.0910.34 4 

6 6 

24*14 4 

1.3310.4 4 

2 2 

o o 

* * 

1.9210.31* * 

22111 1 

* * 

2.0210.4* * 

72110 0 

" " 

* * 

1.1410.35* * 

1615* * 

25112* * 

15010.3* * 

71112 2 

87111 1 

" " 

1.2710.49 9 

22112 2 

34118 8 

I.5HO.4 4 

7219 9 

88110 0 

3014* * 

1.9710.56* * 

24111 1 

45120 0 

1.8910.5* * 

7118 8 

85+15 5 

4 2 i 6 * t t 

1.7610.58*1 1 

2 8 n o t t 

5012 l t t 

1.8210.6 6 

'' p<0.05 vs paired data of previous measurement 

TT p<0.05 vs patients with restenosis 

CFRCFR alterations during follow-up in patients without restenosis 

Baselinee Characteristics 

Off the total of 86 patients, 67 patients did not show restenosis at 6 months fol

low-up.. Angiographic and Doppler flow data were complete in 64 patients. 

Thirty-eightt patients (59%) showed an increase of CFR at follow-up. The remai

ningg 26 patients (41%) showed a decrease of CFR at follow-up. This analysis was 

performedd independent of an initial cut-off value of CFR. There were no signifi

cantt differences in baseline characteristics between patients showing an increase 

orr decrease of CFR at follow-up (Table 4). 
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BaselineBaseline characteristics of the patients without restenosis 

Characteristi c c 

Age,y  SD 

Male e 

Hypertension n 

Cigarettee smoking 

Totall cholesterol > 6.5 mmol /L 

Diabetess mel l i tus 

Previouss myocardial infarct ion 

Unstablee AP 

Medicat ion n 

fs-blocker r 

Calciumm antagonist 

Nitrates s 

Coronaryy artery di lated 

LAD D 

RCA A 

LCx x 

CFRR increas e 

9 9 
277 (7i) 

144 (37) 

133 (34) 

155 (39) 

2(5) ) 

100 (26) 

199 (50) 

222 (58) 

6(16) ) 

266 (68) 

166 (42) 

111 (29) 

" ( 2 9 ) ) 

CFRR decreas e 

n n 

222 (85) 

6(23) ) 

5(19) ) 

111 (42) 

2(8) ) 

6(23) ) 

133 (50) 

144 (54) 

11 (4) 

155 (58) 

166 (62) 

6(23) ) 

4d5) ) 

P P 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

N5 5 

N5 5 

Typee of lesion (ACC/AHA) 

A A 

B B 

C C 

Lengthh of lesion > 10 mm 

6(16) ) 

322 (84) 

0 ( 0 ) ) 

7(18) ) 

4d5) ) 
222 (85) 

0 ( 0 ) ) 

44 05) 

NS S 

NS S 

NS S 

NS S 

AbbreviationsAbbreviations as in table 1. 

Hemodynamic ,, angiographi c and Dopple r f lo w variable s 

Theree was an inverse relationship between CFR immediately after PTCA and the 

alterationss of CFR at follow-up (Figure 2), i.e. initially high CFR values showed a 

decreasee at follow-up (n = 26) and initial low CFR values showed an increase at 

follow-upp (n = 38). A multivariate analysis of all clinical, angiographic and hemo

dynamicc variables revealed the distal CFR after PTCA to be the only explanatory 

variablee for the alterations of CFR at follow-up. There were no significant diffe

rencess in hemodynamic and angiographical data before and after PTCA and at 

latee follow-up in patients showing an increase or decrease of CFR at follow-up. 
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Patientss showing an increase of CFR at follow-up were characterized by an initial 

loww CFR due to an impaired h-APV that increased at follow-up (43  16 versus 

99 cm/s; p<0.05). In contrast, patients with an initial high CFR directly after 

PTCAA showed a decrease in CFR at follow-up due to a reduction of h-APV (51 5 

versuss 8 cm/s; p<0.05). These findings correspond to alterations in MLD, ie. 

MLDD decreased in patients with a CFR decrease during follow-up, while in 

patientss who showed an increase of CFR, MLD did not show a statistically signifi

cantt change (Table 5). 

< < 
O O 
h--
CL L 

(D D 
03 3 

u_ _ 
O O 

1,00 , 
-2To o -1,55 -1,0 -,5 0,0 ,5 1,0 1,5 2,0 2,5 3,0 

Changee of CFR at follow-up 

RelationshipRelationship between CFR immediately after PTCA and alterations of CFR at follow-up in the 

patientspatients without restenosis (r=-0.67, p<0.0001). 
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Tablee 5 

QCAQCA and coronary flow velocity data of patients without restenosis 

HR,, bpm 

MAP,, m m H g 

%DS S 

MLD,, mm 

b-APV,, cm/s 

h-APV,, cm/s 

CFRR increas e (11=38) 

2 2 

5 5 

o o 

1.0510.27 7 

1617 7 

26116 6 

n n 

89113 3 

2816* * 

1.9310.28* * 

2 2 

43+i6* * 

7 7 

n n 

* * 

1.8510.36 6 

1817 7 

* * 

CFRR decreas e (n=26) 

721122 70+11 

911100 91113 

99 3014* 

1.1610.333 2.0210.39* 

15166 1616 

271122 5Hi5*+ 

72111 1 

89113 3 

* * 

1.8510.49* * 

1718 8 

t t 

CFR R 1.8710.66 3.5010.9*+ 2.7310.6 *t 

'' p<0.05 vs paired data of previous measurement 

tp<0.05tp<0.05 vs patients with an increase of CFR at follow-up 

AbbreviationsAbbreviations as in Table 2. 

Discussio n n 
Thee present study demonstrates that an impaired CFR (< 2.5) is a frequent finding 

afterr optimal balloon angioplasty due to an increased b-APV as compared to 

patientss with a CFR >2.5. An impaired CFR directly after PTCA is associated with 

aa higher incidence of recurrence angina and target lesion revascularization 

duringg 6-month follow-up period. In patients without restenosis, there is an 

inversee relationship between CFR directly after PTCA and alterations of CFR at fol

low-up,, i.e. initial high CFR values decrease while low CFR values increase. This 

phenomenonn is associated with changes in h-APV suggesting that it relates to 

epicardiall remodeling. 

TheThe direct effect of optimal balloon angioplasty on distal CFR and its 
relationrelation to clinical outcome 

Theree is controversy in the literature regarding the effect of PTCA on CFR. Several 

studiess reported a direct normalization of CFR after coronary intervention,1-2 

whilee other studies reported a temporary decrease of CFR after PTCA followed by 

normalizationn within weeks after the procedure.3"6 The initial report of the 

DEBATE-studyy indicated that an optimal angiographical result (diameter stenosis 

<355 %) as assessed by off-line quantitative coronary angiography in combination 

withh a CFR >2.5 is associated with a low target revascularization and restenosis 

rate.99 The present study shows that approximately 50% of the patients with an 
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optimall angiographical result in this selected cohort of patients do not reach this 

arbitraryy level of 2.5 due to an elevated b-APV. Multivariate analysis revealed CFR 

beforee PTCA as the only independent predictor of CFR direct after PTCA, sugge

stingg that hemodynamic factors before the intervention are responsible for the 

impairedd CFR after PTCA rather than procedure related factors such as particulate 

embolization.4-11'12-133 An enhanced baseline flow velocity normalizes at late fol

low-upp in patients without target lesion revascularization, suggesting that an 

impairedd CFR directly after PTCA is due to temporary disturbed autoregulation. 

Thee incidence of an impaired CFR after PTCA is in accordance with a recent study 

off van Liebergen et al.3 The study of van Liebergen et al. was not designed to 

evaluatee the relationship between the hemodynamic findings after PTCA and cli

nicall outcome of the patients. The present study is the first clinical report 

showingg that patients with an impaired CFR, due to an elevated b-APV after opti

mall balloon angioplasty show an increased incidence of recurrence of angina, a 

higherr target lesion revascularization rate and a trend towards a high restenosis 

ratee during a 6-month follow-up period. The higher target lesion revasculariza

tionn rate in this patient cohort is partly due to patients developing restenosis. 

Thee association between enhanced baseline APV directly after optimal balloon 

angioplastyy and the development of restenosis is speculative. Vascular shear 

stresss is directly proportional to blood flow velocity and inversely proportional to 

vessell diameter,14'15 indicating that patients with an impaired CFR due to a hig

herr b-APV are exposed to increased shear stress. The present findings suggest 

thatt shear stress is a relevant hemodynamic factor in the remodeling process fol

lowingg balloon angioplasty. A recent study by Dirksen et al. evaluated cell type 

distributionn of the atherosclerotic plaque in relation to shear stress.16 This study 

showedd that smooth muscle cell proliferation predominantly occurs at the down

streamm part of the plaque exposed to low shear stress in contrast to proliferation 

off macrophages that occurs in the upstream regions exposed to high shear stress. 

Onee may speculate that turbulent flow across a residual stenosis after PTCA 

resultss in low shear stress at the distal site of the lesion and, hence, preferential 

inductionn of smooth muscle cell proliferation. Several recent clinical studies have 

demonstratedd that a reduced CFR after balloon angioplasty may increase after 

stentt implantation towards values of the reference artery CFR.7-8 It has been pos

tulatedd that this improvement in CFR is a result of an increase in h-APV due to a 

reductionn in the residual obstruction after stent implantation. Recent reports by 

vann Liebergen et al. and Kern et al. showed that a coronary flow reserve remains 

unalteredd after stent implantation in those patients with a reduced CFR after bal

loonn angioplasty due to an elevated b-APV,3-17 

Anotherr category of patients warranting an intervention without angiographical 

restenosiss show a low CFR due to a persistent high baseline blood flow velocity, 

probablyy secondary to disturbed autoregulation and/or diffuse mild coronary 

atherosclerosis.188 It is conceivable that patients with an impaired CFR following 
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optimall balloon angioplasty may benefit from stent implantation in order to 

reducee the incidence of angiographical restenosis at follow-up. However, it is 

doubtfull whether the clinical outcome of patients with a disturbed autoregula-

tionn and/or diffuse mild coronary atherosclerosis, as underlying mechanism of a 

reducedd CFR, may be improved by stent implantation. This hypothesis needs to 

bee verified in recently completed multi-center studies regarding optimal balloon 

angioplasty,, guided by Doppler flow measurements, versus stent implantation 

(DESTINI,, DEBATE-2).19-20 

TheThe long-term effect of optimal balloon angioplasty on distal CFR 

Severall previous clinical studies have demonstrated that balloon angioplasty may 

resultt in a temporary reduced CFR that normalizes within several weeks to 

monthss after the procedure. It has been suggested that this phenomenon relates 

too either epicardial remodeling and/or slow adaptation of the microvascular bed 

afterr balloon angioplasty3"6 This phenomenon was studied in more detail in a 

recentt report from van Liebergen et al. showing that a reduced CFR after PTCA is 

relatedd to an initial high b-APV that reduces at follow-up in association with a 

normalizationn of the CFR of the target vessel.3 These findings were observed 

afterr both balloon angioplasty and stent implantation in patients without reste

nosiss suggesting that this phenomenon does not relate to epicardial remodeling, 

butt rather to slow adaptation of the microvascular bed. The present study was 

performedd in a selected cohort of patients with optimal balloon angioplasty in 

orderr to minimize the confounding effect of residual lumen obstruction after 

PTCA.. The findings in the present study are in accordance with the report of van 

Liebergenn et al., i.e. initial high CFR values decrease, while low CFR values increa

see within 6 months after procedure in patients without restenosis. Moreover, 

stepwisee linear regression analysis revealed in both studies the distal CFR direct

lyy after PTCA as the only independent explanatory variable for the alterations of 

CFRR at follow-up. In contrast to the study of van Liebergen et al., the present 

studyy demonstrates that the changes of CFR after balloon angioplasty were posi

tivelyy associated with alterations in h-APV. A reduction in CFR was observed in 

patientss showing a significant decrease in h-APV, while an increase in CFR was 

notedd in patients with a significant increase in h-APV. These findings could not 

bee attributed to differences in hemodynamic variables or medication, indicating 

thatt this phenomenon presumably relates to a variable response in epicardial 

remodelingg known to occur after coronary angioplasty.21 The hypothesis that the 

hyperemicc average peak velocity is related to epicardial remodeling is strengthe

nedd by the angiographical data in this study. Namely, MLD decreased in patients 

withh a CFR decrease during follow-up, while in patients who showed an increase 

off CFR, MLD did not show a statistically significant change. There are several 

reportss showing that an impaired CFR after stenting is associated with an enhan

cedd baseline blood flow velocity similar to the result after balloon angioplasty3-17 
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AA residual obstruction after balloon angioplasty, as compared to stent-implanta-

tion,, is expected to be identified by a difference in hyperemic blood flow velocity. 

Itt can be anticipated that the dynamic changes in hyperemic blood flow velocity, 

probablyy related to epicardial remodeling in the present study, alter following 

stentt implantation that is associated with less remodeling as compared to bal

loonn angioplasty. The study of van Liebergen et al. and the present study indicate 

twoo distinct hemodynamic responses during follow-up after balloon angioplasty, 

i.e.. an increase of an impaired CFR directly after PTCA due to normalization of 

autoregulationn or epicardial remodeling. A recent study by Dangas et al. demon

stratedd that the clinical outcome after balloon angioplasty depends in part on 

positivee or negative remodeling of the atherosclerotic plaque as determined by 

intravascularr ultrasound imaging before coronary intervention.22 The present 

studyy adds to these findings showing that the clinical outcome after balloon 

angioplastyy may also be predicted using the information obtained on coronary 

hemodynamicss directly after PTCA. 

Limitations Limitations 
Thiss study concerns a post-hoc analysis of a multi-center study. Since this was a 

prospectivee observational study with investigators not being blinded to the 

Dopplerr flow velocity and QCA derived results, the incidence of target lesion 

revascularizationn could be driven by these measurements. However, the indica

tionn for target lesion revascularization was predefined based on patients angina 

statuss and/or the objective documentation of ischemia during a stress test at fol

low-up.. The clinical significance of the present findings on coronary hemodyna

micss following balloon angioplasty warrants evaluation in a prospective trial. 

Patientss requiring stent implantation following balloon angioplasty were exclu

dedd from the trial. This restriction of study protocol did not facilitate an analysis 

off coronary hemodynamics after PTCA with minimal influence by epicardial remo

deling.. The changes in arterial dimensions were assessed by quantitative corona

ryy angiography without intravascular ultrasound imaging mandatory for approp

riateriate evaluation of epicardial remodeling, estimation of coronary volume flow 

changess or shear stress analysis. Blood flow velocity changes before and after 

PTCAA and at follow-up were determined by repeated measurements at the same 

sitee of the Doppler guide wire tip assessed by coronary angiography. It cannot be 

excludedd that changes in medication, hemodynamic differences and variations in 

guidewire-tipp position at the time of the initial procedure and at 6-month follow-

upp may have contributed to variations noted in coronary blood flow velocity 

parameters.. Finally, this study involved a selected cohort of patients with 1-ves-

sell disease and a normal left ventricular function limiting extrapolation of the 

presentt findings to other patient groups. 

142 2 



CFRR AFTER O P T I M A L BALLOON A N G I O P L A S T Y 

ClinirnlClinirnl imnliratinns 

Thee present study shows that an impaired CFR (< 2.5) is a frequent finding after 

optimall balloon angioplasty related to an elevated b-APV. On the other hand, an 

impairedd CFR may improve during follow-up in those patients with a normal b-

APVV following optimal balloon angioplasty. The present findings indicate that the 

evaluationn of coronary hemodynamics following balloon angioplasty is relevant 

forr clinical decision making regarding adjunctive stent implantation. Recent 

insightt from clinical trials indicate that a strategy of aggressive balloon angiopla

styy and bail-out stenting or optimal balloon angioplasty using IVUS, yields a 

similarr clinical outcome as elective stent-implantation.23 The present study adds 

too these findings showing that intracoronary physiological parameters are useful 

too avoid unnecessary stent-implantation. However, these diagnostic techniques 

prolongg procedure time in addition to the equipment costs that may explain the 

rapidd increase in elective or direct stent implantation instead of provisional sten

ting.244 The results of the DEBATE- trial led to conduction of several multi-center 

studiess (DEBATE 2, DESTINI, FROST) evaluating the cost-effectiveness of provi

sionall stent implantation guided by analysis of coronary hemodynamics follo

wingg balloon angioplasty. 19,20,25 T^e resu\ts 0 f these studies are awaited for 

moree accurate interpretation of the role of intracoronary physiological parame

terss for evaluation of clinical outcome following percutaneous coronary interven

tions. . 
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Abstract t 

Thiss study was performed to evaluate hemodynamic alterations after stent 

implantationn following Doppler flow guided balloon angioplasty (BA). 

Theree is controversy regarding the effect of stent implantation on coronary 

hemodynamicss following suboptimal and optimal balloon angioplasty. 

AA total of 523 out of 620 patients underwent Doppler guided balloon angioplasty 

inn the setting of a multi-center study and were analyzed before and after addi

tionall stent implantation. Balloon angioplasty was considered optimal in case of 

diameterr stenosis (DS) < 35% and coronary flow reserve (CFR) >2.5 and subopti

mall if these two criteria were not met. CFR was also measured in an angiographi-

callyy normal artery to determine relative CFR. Patients were followed during 

twelvee months for documentation of major adverse cardiac events (MACE). 

Thee main difference between patients with a suboptimal BA (n = 195; 51%) and 

ann optimal BA (n = 184; 49%) consisted of a more pronounced increase in base

linee blood flow velocity (15  8 to 22  11 cm/s versus 14  8 to 16  10 cm/s; 

pp < 0.01). CFR improved after stent implantation in both patient groups due to a 

reductionn in residual lumen obstruction, as determined by angiographical (%DS) 

andd Doppler flow criteria (hyperemic blood flow velocity, relative CFR), associated 

withh a decrease in MACE (16% versus 7% in the optimal group; p = 0.08 and 27% 

versuss 11%; p = 0.007 in the suboptimal group). 

Stentt implantation enhances CFR after suboptimal and optimal Doppler guided 

balloonn angioplasty due to a reduction in residual lumen obstruction, determined 

byy angiographical and Doppler flow criteria, as the underlying mechanism for 

improvedd clinical outcome. 
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Introduction n 
Thee result of balloon angioplasty is hampered by the relative high incidence of 

restenosis.. The introduction of stents in the beginning of the 90's for treatment 

off procedural complications has led to a reduction of coronary renarrowing follo

wingg percutaneous transluminal coronary angioplasty PTCA.1-2 The exponential 

growthh in the use of stent implantation has resulted in an increasing number of 

patientss with in-stent restenosis, that is difficult to treat with current percutane

ouss techniques except for brachytherapy.3 It has been suggested that an optimal 

resultt after balloon angioplasty results in a similar clinical outcome compared to 

stenting.44 The results of the Doppler Endpoints Balloon Angioplasty Trial Europe 

(DEBATE)) I study support this hypothesis.5 Patients with both a diameter stenosis 

(DS)) < 35% and a coronary flow reserve (CFR) >2.5 after balloon angioplasty 

showedd a "stent-like" clinical outcome. Other studies confirmed these findings 

thatt optimized balloon angioplasty using angiography 6 or vascular ultrasound 

imaging,7 '' 8 results in a similar clinical outcome as stent implantation. These stu

diess suggest that a substantial number of patients fare well without stent 

implantation.. In the DEBATE II study, the cost-effectiveness of provisional balloon 

angioplasty,, guided by Doppler flow velocity and angiography, was compared to 

thatt of elective stent implantation. The unique design of this study allowed a 

moree detailed evaluation of hemodynamic alterations after stent implantation 

followingg suboptimal or optimal balloon angioplasty. 

Methods s 

Thee study population, included in this subanalysis, consisted of 523 out of 620 

patientss undergoing guided balloon angioplasty (with angiography and Doppler 

flowflow velocity measurements) for stable or unstable angina pectoris (excluding 

Braunwaldd classification III), documented myocardial ischemia due to a single de 

novoo coronary stenosis potentially amenable to stent implantation, or both, in 

thee setting of a multi-center study (DEBATE II). The details of this multi-center 

studyy have been described elsewhere.9 Briefly, patients scheduled for PTCA of one 

majorr native coronary artery and a normal left ventricular function were inclu

ded.. Exclusion criteria were: multivessel disease, previous Q-wave myocardial 

infarctionn in the territory distributed by the vessel to be dilated, acute myocar

diall infarction less than 1 week prior to PTCA, total or functional coronary occlu

sion,, lesions >25mm long, extreme tortuosity of the vessel to be dilated or ves

selss that were previously bypassed or containing thrombus. The study protocol 

wass approved by the institutional review boards of the participating centers. The 

studyy was performed according to the principles in the Declaration of Helsinki. 

Alll patients gave written informed consent. 
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AngioplastyAngioplasty procedure and blood flow velocity assessment 

Inn the DEBATE II study 620 patients were first randomized to guided balloon 

angioplastyy (n = 523) or direct stent implantation (n = 97). In the guided balloon 

angioplastyy arm, the operators were urged to obtain an optimal result defined as 

aa DS < 35% and a CFR >2.5. A result was considered suboptimal when these two 

criteriaa were not met (DS < 35% and CFR < 2.5 or DS >35% and / or CFR < 2.5). 

Thiss approach resulted in bail-out stenting in 129 patients, that was allowed 

accordingg to the protocol in the presence of residual stenosis >50%; dissection 

typess D, E, or F; persistent myocardial ischemia with dissection type C; reduction 

off TIMI flow by 1 grade; or the existence of TIMI grades 0 or 1. A total of 15 

patientss were excluded because of technical reasons. The study population con

cernedd the remaining 379 patients who underwent a second randomization 

towardss stent implantation or completion of the procedure. Briefly, the study pro

tocoll included Doppler flow measurements distal to the lesion under baseline 

andd hyperemic conditions using a 0.014" Doppler tipped guide wire (FloWire; 

Endosonics,, Rancho Cordova, CA, USA). Maximal hyperemia was induced by an 

intracoronaryy bolus injection of adenosine, 12 /xg for the right coronary artery 

andd 18 tig for the left coronary artery or as an intravenous infusion (140 

tig/kg/min). . 

QuantitativeQuantitative coronary angiography 

Cine-angiographyy was performed after the administration of 0.1-0.3 mg nitrogly

cerinn or 1-3 mg isosorbide dinitrate intracoronary to achieve maximal coronary 

vasodilation.. At least two cine-angiograms, in orthogonal projections, were obtai

nedd before coronary angioplasty and at the end of the procedure. All cinefilms 

weree analyzed by an independent core laboratory without knowledge of the clini

call information and the Doppler flow data. Matched views and frames were selec

tedd for off-line quantitative computer-assisted analysis. 

BloodBlood flow velocity analysis 

Duringg the angioplasty procedure, the Doppler flow velocity signals were recor

dedd continuously on videotape using a Doppler flow spectral analyzer (FloMap; 

Endosonics,, Rancho Cardova, CA, USA). The blood flow velocity measurements 

weree used to calculate, by means of the time-averaged peak velocity (normalized 

too the cardiac cycle), the distal blood flow velocity reserve, defined as the ratio 

betweenn adenosine induced hyperemic blood flow velocity and the baseline blood 

floww velocity. Relative coronary flow reserve was defined as the ratio between 

thee coronary flow reserve in the target and the reference vessel. The appropriate

nesss of the Doppler flow measurements was verified by an independent core 

laboratory. . 
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EndEnd points 

Patientss were followed during twelve months for documentation of major adver

see cardiac events, defined as death from any cause, nonfatal myocardial infarc

tionn or the need for target lesion revascularization. Myocardial infarction was 

definedd as the development of a new Q-wave or a rise of serum creatinine kina

sess with an abnormal plasma concentration of myocardial isoenzymes. Enzymes 

weree sampled twice in the first 24 hours. Patients visited the outpatient clinic 1, 

6,, and 12 months after hospital discharge. At each visit, records were kept of ang

inall status, cardiac medication, 12-lead ECG, and complete physical examination. 

Noo follow-up angiogram was performed unless clinically indicated. 

StatisticalStatistical analysis 

Continuouss variables are expressed as mean  standard deviation. Chi-square 

analysiss was used to detect a difference in categorical patient characteristics. A 

2-tailedd unpaired t test (or Mann-Whitney test for non-parametric data) was used 

too assess differences in continuous variables. The Holms-Sidak method was per

formedd to control the family error rate. All relevant clinical and hemodynamic 

andd flow velocity variables were subsequently entered in a univariate binary 

logisticc regression analysis to determine predictors for CFR <2.5 after balloon 

angioplasty.. Contributing factors (p < 0.1) were entered into a multivariate 

regressionn analysis to determine independency. A p-value < 0.05 was considered 

too be statistically significant. 

Result s s 
AA total of 523 out of 620 patients, who underwent guided balloon angioplasty in 

thee setting of the DEBATE II trial, were included in this sub-analysis. Fifteen 

patientss (3%) were excluded because of technical and logistical problems. A total 

off 129 patients (25%) underwent bailout stenting. Consequently, 379 patients 

(73%)) of the patients remained for analysis. Of these 379 patients, 184 patients 

(49%)) appeared to have an optimal result (DS < 35% and CFR >2.5) after PTCA. 

AA total of 195 patients (51%) did not meet these criteria. The majority of the 

patientss with a suboptimal result were characterized by a CFR < 2.5 and %DS 

<< 35 (178 patients; 91%), while 14 patients (7%) had a CFR < 2.5 and %DS >35 

andd 4 patients (2%) had a CFR >2.5 and %DS >35. The baseline characteristics of 

bothh groups are depicted in Table 1. The group of patients with an optimal result 

afterr PTCA appeared to be younger, predominantly male and less frequently diag

nosedd with unstable angina pectoris, compared to the group of patients with a 

suboptimall result. 
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Tablee 1 

BaselineBaseline characteristics of the 379 study patients 

Optimal l Suboptimall p-value 

Age,, years  SD 

Male e 

Systemicc hypertension 

Cigarettee smoking 

Totall cholesterol > 6.5 mmol /L 

Diabetess mel l i tus 

Previouss myocardial infarct ion 

Unstablee angina pectoris 

Medicat ion n 

Aspir in n 

fs-blocker r 

Calciumm antagonist 

Nitrates s 

o o 

1499 (81) 

622 (34) 

555 (30) 

108(59) ) 

12(7) ) 

15(8) ) 

522 (28) 

162(88) ) 

1211 (66) 

922 (50) 

1211 (66) 

6 00  11 

1366 (69) 

77(39) ) 

511 (26) 

1099 (56) 

211 (11) 

222 (11) 

744 (38) 

1699 (87) 

125(64) ) 

944 (48) 

1233 (63) 

o.ooi i 

0.008 8 

NS S 

NS S 

NS S 

NS S 

NS S 

O.05 5 

NS S 

NS S 

NS S 

NS S 

Coronaryy artery di lated 

LAD D 

RCA A 

LCx x 

96(52) ) 

577 (3i) 

3ii (17) 

988 (50) 

566 (29) 

4 00 (21) 

NS S 

NS S 

NS S 

CCSS classif ication 

1 1 

2 2 

3 3 

4 4 

7(4) ) 

588 (32) 

488 (26) 

5(3) ) 

9 (5 ) ) 

588 (30) 

311 (16) 

4 (2 ) ) 

NS S 

NS S 

NS S 

NS S 

LADLAD indicates left anterior descending coronary artery; RCA, right coronary artery; LCx, left cir-

cumflexcumflex coronary artery; CCS, Canadian Cardiovascular Society classification. Values are n (%). 

Hemodynamic,Hemodynamic, angiographic and Doppler flow variables in subopti-

malmal and optimal group before and after balloon angioplasty 

Heartt rate was slightly higher before (70  12 versus 67  12 bpm; p < 0.05) 

andd after (72  12 versus 67  11 bpm; p < 0.05) the procedure in the patients 

withh a suboptimal result. In the suboptimal and optimal group, diameter stenosis 

improvedd after guided balloon angioplasty from 70  11% and 68  11% to a 

similarr value of 23  10% and 22  8%, respectively {Table 2). Baseline blood 

floww velocity increased after balloon angioplasty in the suboptimal group, while 
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itt remained unchanged in the optimal group (15  8 to 22  11 cm/s versus 14 

 8 and 16  10 cm/s, respectively; p < 0.01). An increased hyperemic blood 

floww velocity was observed in both groups after balloon angioplasty. CFR was 

alreadyy lower before the procedure in the patients who showed to have a subop-

timall result after balloon angioplasty compared to the patients with an optimal 

resultt (1.47  0.5 versus 1.72  0.6; p < 0.01), while relative CFR was equal in 

bothh patient groups. An impaired relative coronary flow reserve was observed 

afterr balloon angioplasty in the suboptimal group, compared to the patients with 

ann optimal result (0.80  0.2 vs. 1.06  0.4; p < 0.01). 

Tablee 2 

QCAQCA and coronary blood flow velocity data of the patients with an optimal and suboptimal result 

afterafter balloon angioplasty 

Optima l l 

(nn = 184) 

Suboptima l l 

(nn  = 195) 

p-valu e e 

preGBA A Gain * * 

%DS S 

b-APV,, cm/s 

h-APV,, cm/s 

CFR R 

relCFR R 

preGBA A 

postGBA A 

postStent t 

preGBA A 

postGBA A 

postStent t 

preGBA A 

postGBA A 

postStent t 

preGBA A 

postGBA A 

postStent t 

preGBA A 

postGBA A 

postStent t 

688  11 

222  8 

8 8 

144  8 

166  10 

177 7 

233 5 

466  18 

522 4 

1.722  0.6 

3.100  0.6 

3.300  0.7 

0.599  0.3 

1.066  0.4 

1.122  O.4 

700  n 

233  10 

8 8 

155  8 

222  10 

222  11 

222  12 

411  18 

499  26 

1.477 5 

1-955 4 

2.366  0.7 

0.599  0.2 

0.800  0.2 

0.955 3 

0.15 5 

0.49 9 

0.21 1 

<o.oi* * 

0.97 7 

0.95 5 

0.60 0 

<o.oi* * 

0.20 0 

0.20 0 

0.28 8 

<o.o i* * 

0.56 6 

<o.o i* * 

0.11 1 

ff The upper p-value is for the comparison of the gain ofGBA (relative to preGBA) between patients 

withwith an optimal (n = 184) and suboptimal (n = 195) result. The lower p-value is for the comparis-

onon of the gain of stent implantation (relative to postGBA) between patients with optimal (n = 77) 

andand suboptimal result (n = UO). ' Statistically significant according to the Holm-Sidak method. 

DSDS indicates diameter stenosis; GBA, guided balloon angioplasty; b-APV, baseline average peak 

velocity;velocity; h-APV, hyperemic average peak velocity; CFR, coronary flow reserve; relCFR, relative 

coronarycoronary flow reserve. 

ValuesValues are mean  SD. 
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iographiciographic and Doppler flow variables in subopti-

andand  optimal group  after  stent implantation 

Percentagee diameter stenosis further diminished from 22  9% to 7  8% and 22 

 8% to 8  8%, respectively, after stent implantation in both the suboptimal 

andd optimal group (Table 2). Baseline blood flow velocity remained elevated (22

111 cm/s) in the suboptimal group, while it remained lower in the optimal group 

afterr stent implantation (17  7 cm/s). Hyperemic blood flow velocity further 

increasedd after stent implantation towards a value of 49  26 cm/s in the subop

timall group and 52  24 cm/s in the optimal group. In the suboptimal as well as 

inn the optimal group CFR in the target artery further improved after stent 

implantationn to a value of 2.36  0.7 and 3.30  0.7, respectively. After stent 

implantation,, also relative CFR remained low in the suboptimal group, compared 

too the optimal group (0.95  0.3 versus 1.12  0.4). 

itivariateitivariate analysis of predictors of post-procedural 

AA binary logistic regression analysis of all relevant clinical, hemodynamic and 

floww velocity variables revealed baseline CFR in the target vessel, baseline CFR in 

thee reference vessel, family history, male gender, lesion length, lesion eccentrici

ty,, height, weight, age, baseline percentage diameter stenosis and smoking as 

predictorss of CFR <2.5 after PTCA. A multivariate analysis of these variables reve

aledd CFR before angioplasty (OR 2.32; p = 0.001), reference CFR (OR 2.59; p < 

0.001)) and family history (OR 2.36; p = 0.002) as the only independent predictors 

off CFR <2.5 directly after PTCA. 

withwith an optimal  and  suboptimal result 

Inn Table 3 the frequency of all major adverse cardiac events are shown. The inci

dencee of major adverse cardiac events at follow up after one year was lower in 

thee total patient group (disregarding a suboptimal or optimal result) with a stent 

implantationn on top of guided balloon angioplasty, compared to patients who 

underwentt solely a balloon angioplasty (9% versus 21%; p = 0.002). The inciden

cee of major adverse cardiac events in the suboptimal patient group after stent 

implantationn on top of guided balloon angioplasty was 11%, compared to 27% in 

patientss who had solely a guided balloon angioplasty (p = 0.007). A similar trend 

wass seen in the patients with an optimal result after PTCA (7 versus 16%; p = 

0.08). . 
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Tablee 3 

Frequencyy of major adverse cardiac events 

Optimals s 

(nn = 184) 

Suboptimals s 

(nn = 195) 

Balloonn Stent Balloonn Stent 

Deathh 1 (1) 

Myocardiall Infarction 2 (2) 

TLRR rate 14 (13) 

Totall MACE 17 (16) 

2(3) ) 
0 ( 0 ) ) 

3(4) ) 

5(7) ) 

2 ( 2 ) ) 

3(4) ) 
188 (21) 

233 (27) 

1(1) ) 

4(4) ) 

7(6) ) 

12(11) ) 

TLRTLR indicates target lesion revascularization; MACE, major adverse cardiac events. 

ValuesValues are n (%) 

Discussio n n 
Thee results of this analysis of the DEBATE II study demonstrate that the clinical 

benefitt of stent implantation following suboptimal and optimal balloon angiopla

styy is related to a reduction of residual lumen obstruction as determined by 

angiographicc and Doppler flow indices. 

SuboptimalSuboptimal guided balloon angioplasty and additional stent implan-
tation tation 

Thee unique design of the DEBATE II study allowed the evaluation of the effect of 

stentt implantation following balloon angioplasty on coronary hemodynamics in a 

largee number of patients. The data show that a suboptimal result of balloon 

angioplasty,, defined by angiographical and Doppler flow criteria is due to both 

ann enhanced baseline blood flow velocity and presumably a residual lumen 

obstruction,, as reflected by impaired relative CFR, compared to the group with an 

optimall result after balloon angioplasty. In the group of patients who did not 

meett the criteria for optimal balloon angioplasty baseline blood flow velocity 

appearedd to be elevated post procedural, which confirms earlier studies.10"12 

Coronaryy flow reserve was already impaired before PTCA in the subgroup of 

patientss with a suboptimal result directly after PTCA in concert with a normal 

relativee CFR (and an equal angiographical severity of the epicardial stenosis in 

bothh groups). Moreover, multivariate analysis showed CFR before the intervention 

andd reference CFR to be predictors of CFR after PTCA, suggesting that hemodyna-
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miee factors before the intervention are responsible for the impaired CFR after 

PTCAA rather than procedure related factors such as particulate embolization or 

reactivee epicardial vasoconstriction at the site of the guidewire t ip . 1 3 , 1 4 Several 

otherr mechanisms have been suggested to explain an impaired CFR, due to an 

enhancedd baseline flow velocity directly after guided balloon angioplasty, inclu

dingg a temporary disturbed autoregulation, microvascular stunning or diffuse 

disease,, as stated in earlier studies.10"12-15 The baseline flow velocity remained 

unchangedd after stent implantation, while CFR improved, due to a reduction in 

residuall lumen obstruction as determined by angiographic (diminished %DS) and 

Dopplerr (enhanced hyperemic blood flow velocity and relative CFR) criteria. This 

improvedd hemodynamic status following stent implantation was associated with 

ann improved clinical outcome, as shown in previous studies, and already repor

ted.9 9 

OptimalOptimal guided balloon angioplasty and additional stent implanta-

tion tion 

Ann optimal result after balloon angioplasty was achieved in approximately half of 

thee patients. These patients were characterized by a baseline blood flow velocity 

thatt remained unchanged after guided balloon angioplasty, while the hyperemic 

bloodd flow velocity increased significantly as a result of the diminished residual 

lumenn obstruction. This optimal result after balloon angioplasty led to a low inci

dencee of MACE (16%; table 5) during follow-up, which is in accordance with the 

DEBATEE I, DESTINI and FROST trials. This indicates that potentially half of the 

patientss show a good clinical outcome after optimal balloon angioplasty (inciden

cee of MACE varying between 15% and 19%). This treatment strategy to refrain 

fromm additional stent implantation avoids the risk of the development of an in-

stentt restenosis, that is currently still difficult to treat.5 ,16>17 Nevertheless, addi

tionall stent implantation in this subgroup of patients resulted in a further increa

see in CFR and relative CFR, due to an enhancement of hyperemic blood flow velo

city.. The incidence of MACE in the group of patients with an additional stent 

implantationn after optimal balloon angioplasty was 7%, while the incidence of 

MACEE after primary stent implantation in the main study was 13% (p = 0.08). 

Thiss trend towards significance suggests that physiological guided stent implan

tation,, either based upon intracoronary blood flow velocity or pressure measure

ments,1 88 may be better than primary stent implantation. However, this hypothe

siss should be tested in a larger group of patients. Furthermore, it should be noted 

thatt the excellent clinical outcome following Doppler guided stent implantation 

couldd also be related to a selection bias of the study patients, consisting predomi

nantlyy of patients with single-vessel disease and a presumably normal or mildly 

diseasedd microvasculature. 
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Thiss study concerns a post-hoc analysis of a multi-center study. The changes in 

arteriall dimensions were assessed by quantitative coronary angiography without 

intravascularr ultrasound imaging mandatory for appropriate evaluation of epicar-

diall remodeling, estimation of coronary volume flow changes or shear stress ana

lysis.. Furthermore, a substantial group of patients was excluded from this analy

sis,, because of a "bail-out" stent implantation. Finally, this study involved a selec

tedd cohort of patients with 1-vessel disease and a normal left ventricular func

tionn limiting extrapolation of the present findings to other patient groups. 

Thee operators pursued an aggressive approach to obtain an optimal angiographic 

resultt as demonstrated by the percentage diameter stenosis after balloon angio

plasty.. The present study shows that intracoronary hemodynamic guidance of a 

coronaryy intervention on top off angiography results in an additional improve

mentt of clinical outcome. Approximately 50% of the patients in the provisional 

stentt arm of the DEBATE II study showed to have an unsatisfactory result despite 

Dopplerr guided balloon angioplasty, which is in accordance with the DESTINI and 

FROSTT trials. This subset of patients requires stent implantation to improve the 

directt hemodynamic and late clinical outcome. However, this indicates that the 

remainingg 50% of the patients showed a good "stent-like" clinical outcome after 

optimall balloon angioplasty. From a clinical point of view this is an essential 

observation,, since a restenotic lesion can be treated easily with a stent, while the 

treatmentt of in-stent restenosis is still cumbersome.3 The provocative low per

centagee of target lesion revascularization in the subgroup of patients with an 

optimall result after balloon angioplasty followed by additional stent implanta

tionn suggests the usefulness of hemodynamic guidance of stent implantation, 

thatt contrasts to the current clinical practice of direct stenting. 
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Introductio n n 
Thee introduction of guide wires, equipped with sensors for measurement of intra-

coronaryy Doppler flow and pressure allows direct evaluation of the result of per

cutaneouss transluminal coronary angioplasty (PTCA) on coronary hemodynamics. 

Singlee center studies have shown that stent implantation can be optimized using 

intracoronaryy measured blood flow velocity (coronary flow reserve; CFR) and 

pressuree (fractional flow reserve; FFR) parameters.1-2 Furthermore, recent studies 

havee shown that an optimized stent implantation according to Doppler flow 

parameterss (CFR. relative CFR) yields an excellent clinical outcome.3-4 In the 

Dopplerr Endpoints Balloon Angioplasty Trial Europe (DEBATE) II study, optimized 

balloonn angioplasty using angiographical and Doppler flow parameters was follo

wedd by stent implantation in a subset of patients.5 This post hoc analysis exami

ness optimal cut-off values for angiographical and Doppler flow parameters in 

orderr to predict long-term {12 months) clinical outcome following stent implanta

tion. . 

Method s s 
Thee study population of this post hoc analysis consisted of 187 patients with sta

blee or unstable angina pectoris undergoing Doppler guided stent implantation in 

thee setting of a multi-center study for the treatment of a single de novo coronary 

stenosiss (DEBATE II).5 Briefly, patients with one major native coronary artery and 

aa normal left ventricular function that were eligible for PTCA were included in 

thiss study. In the DEBATE II study 620 patients were first randomized to guided 

balloonn angioplasty (n = 523) or direct stent implantation (n = 97). In the gui

dedd balloon angioplasty arm, the operators were urged to obtain an optimal 

resultt predefined as a diameter stenosis < 35% and a CFR >2.5. Bail-out stenting 

wass performed in 129 patients and a total of 15 patients were excluded because 

off technical reasons. The patient population of this sub-study concerned 187 of 

thee remaining 379 patients who underwent stent implantation after a second 

randomization,, irrespective of the result after balloon angioplasty. Coronary cine

angiographyy was performed using standard procedures. All cinefilms were analy

zedd by an independent core laboratory without knowledge of the clinical and the 

Dopplerr flow data. Doppler flow velocity measurements were performed distal to 

thee lesion under baseline and hyperemic conditions using a 0.014" Doppler tip

pedd guide wire (FloWire; JOMED, Rancho Cordova, CA, USA). The Doppler flow 

velocityy signals were recorded on videotape using a Doppler flow spectral analy

zer.. Distal blood flow velocity reserve was defined as the ratio between adenosi

nee induced hyperemic blood flow velocity and the baseline blood flow velocity. 

Relativee coronary flow reserve was defined as the ratio between the coronary 

flowflow reserve in the target and an angiographical normal vessel. The appropriate

nesss of the Doppler flow measurements was verified by an independent core 

laboratory.. Primary endpoint of the study was the occurrence of major adverse 
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cardiacc events (MACE) defined as death from any cause, nonfatal myocardial 

infarctionn or the need for target lesion revascularization, during a 12 month fol

low-upp period. Chi-square analysis was used to detect a difference in categorical 

patientt characteristics. Receiver operating curve analysis was performed to deter

minee the best cut-off points for percentage diameter stenosis, CFR and relative 

CFRR that were predictive for MACE at 12 months follow-up, defined as the hig

hestt sum of sensitivity and specificity of these parameters. A 2 by 2 table analy

siss was performed to calculate the percentage of MACE for each subgroup of 

patients,, determined by the cut-off values. All angiographic and flow velocity 

variabless were subsequently entered in a univariate binary logistic regression 

analysiss to determine predictors for MACE during follow-up. Contributing factors 

(pp <0.1) were entered into a multivariate regression analysis to determine inde

pendency.. For all tests, a p-value <0.05 was considered statistically significant. 

Result s s 
Thee baseline characteristics of the study group of 187 patients, who underwent 

additionall stent implantation following balloon angioplasty, are depicted in Table 1, 

Tablee 1 

BaselineBaseline characteristics of the 187 study patients 

Event ss + Event ss  -

Age,, years  SD 

Men n 

Totall cholesterol > 6.5 mmol /L 

Diabetess mel l i tus 

Systemicc hypertension 

Smokingg history 

Never r 

Previously y 

Current t 

Previouss myocardial in farct ion 

Medicat ion n 

Aspirin n 

(s-blocker r 

Calciumm antagonist 

Nitrates s 

Coronaryy artery di lated 

Leftt anter ior descending 

Rightt coronary artery 

Leftt circumflex 

Continuess next page > > 

577 " 

1388 (74%) 

966 (51%) 

200 (n%) 

699 (37%) 

644 (34%) 

688 (36%) 

555 (30%) 

199 (10%) 

1622 (87%) 

1288 (68%) 

900 (48%) 

1155 (62%) 

555 2 

111 (73%) 

66 (40%) 

22 (13%) 

66 (40%) 

66 (40%) 

44 (27%) 

55 (33%) 

55 (33%) 

111 (73%) 

66 (40%) 

99 (60%) 

99 (60%) 

977 (52%) 

599 (32%) 

311 (16%) 

100 (67%) 

44 (27%) 

11 (7%) 

588  10 

1277 (74%) 

900 (52%) 

188 (10%) 

633 (37%) 

588 (34%) 

644 (37%) 

500 (29%) 

144 (8%)* 

1511 (88%) 

1222 (71%)* 

811 (47%) 

1066 (62%) 

877 (5i%) 

555 (32%) 

300 (17%) 
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Canadiann Cardiovascular Society class 

1-22 64 (34%) 

3-44 58 (31%) 

Unstablee angina pectoris 65(35%) 

55 (33%) 

55 (33%) 

77 (47%) 

599 (34%) 

533 (3i%) 

588 (34%) 

'' p <0.05 compared to value of patients with events 

Percentagee diameter stenosis decreased after stent implantation, that was reflec

tedd by an improvement of CFR and relative CFR. This improvement of CFR was 

duee to an increase of hyperemic average peak flow velocity (APV). After the inter

ventionn an enhanced baseline flow velocity was observed (Table 2). 

Tablee 2 
QuantitativeQuantitative coronary angiography and coronary blood flow velocity data of patients with balloon 

angioplastyangioplasty and subsequent stent implantation (n = 187) 

Diameterr stenosis (%) 

Baselinee average peak 

f l oww velocity (cm/s) 

Hyperemicc average peak 

f l oww velocity (cm/s) 

Coronaryy f low reserve 

Relativee coronary f low reserve 

Baseline e 

Afterr Balloon 

Afterr Stent 

Baseline e 

Afterr Balloon 

Afterr Stent 

Baseline e 

Afterr Balloon 

Afterr Stent 

Baseline e 

Afterr Balloon 

Afterr Stent 

Baseline e 

Afterr Balloon 

Afterr Stent 

699 n 

222  9* 

88 * 

155  8 

211  10* 

211  IO 

4 4 

455  21' 

50125* * 

1.577 1 0.6 

2.322 i 0.7* 

2.755  0.8* 

0.600 1 0.3 

0.900 1 0.3* 

1.022 i 0.3* 

21 1 

23 3 

45 5 

11 10 

+ + 
14 4 

21* * 

ValuesValues are mean  SD. ' p <0.01 compared to previous measurement 

AA total of 15 patients had an adverse cardiac event during 12 months follow-up. 

Off these patients, 2 patients died, 3 patients had a myocardial infarction (1 Q-
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andd 2 non-Q myocardial infarction), 1 patient underwent bypass surgery and 9 

patientss underwent re-PTCA during follow-up. Table 3 depicts the determined 

angiographicc and Doppler flow velocity cut-off values for prediction of MACE at 

follow-upp as determined by receiver operating curve analysis. A CFR < 2.5, relati

vee CFR < 0.89 and hyperemic APV < 41 cm/s were predictive for MACE in a univa

riatee analysis. After subsequent multivariate analysis, CFR < 2.5 and hyperemic 

APVV < 41 cm/s remained as the only independent hemodynamic predictors [Table 4). 

Tablee 3 

ReceiverReceiver operating characteristic curves of the angiographical and hemodynamic variables in rela-

tiontion to the occurrence of major adverse cardiac events 

Cut-off f AUC C 95%% CI Sensitivit yy  Specificit y 

Coronaryy f l ow reserve 

Relativee coronary 

f l oww reserve 

Baselinee average peak 

f loww velocity (cm/s) 

Hyperemicc average 

peakk f low velocity (cm/s) 

Diameterr stenosis (%) 

2-5 5 

0.89 9 

21 1 

41 1 

11 1 

76 6 

69 9 

53 3 

66 6 

59 9 

61-92 2 

53-84 4 

51-81 1 

36-70 0 

43-74 4 

74 4 

72 2 

57 7 

70 0 

48 8 

75 5 

68 8 

61 1 

64 4 

72 2 

AUCAUC indicates area under the curve; CI, confidence interval 

Tablee 4 

UnivariateUnivariate and multivariate logistic regression analysis for predictors of major adverse cardiac 

eventsevents during follow-up 

Univariate e Multivariatee OR 95%% CI 

Coronaryy f low reserve <2.5 

Hyperemicc average peak 

f l oww velocity <4i cm/s 

Relativee coronary 

f loww reserve <o.8g 

Baselinee average peak 

f l oww velocity >2i cm/s 

Diameterr stenosis >n% 

0.003 3 

0.028 8 

0.011 1 

0.202 2 

0.135 5 

0.017 7 

0.039 9 

0.166 6 

--
--

6.9 9 

4-3 3 

--

--
--

OROR indicates odds ratio; CI, confidence interval 
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Thee number of adverse events in all patients with a diameter stenosis < 11% are 

depictedd in Figure 3, subdivided for the patients below or above the different 

determinedd Doppler flow cut-off values. This analysis showed that the number of 

eventss decreased in all patients with a CFR, relative CFR and hyperemic APV 

abovee or baseline APV below the determined cut-off value. 

onaryflov v 
Hypere e 
peakk fli 

422 79 

PercentagePercentage of major adverse events during follow-up in the subgroup of patients with a diameter 

stenosisstenosis <U%(n = 132), subdivided for the patients above or below the different Doppler flow 

cut-offcut-off values. The number of patients per group is depicted in the bar diagram. 

Discussion n 
Optimizationn of the angioplasty result, using hemodynamic parameters has beco

mee possible due to the rapid development of techniques for intracoronary asses

smentt of CFR, relative CFR, FFR and intravascular ultrasound.1-6-7 In the present 

study,, the Doppler parameters improved after stent implantation following opti

mizedd balloon angioplasty, as reported before.8 The impaired CFR that was obser

vedd in a subgroup of patients can be caused by an increased baseline blood flow 

velocityy or an impaired hyperemic flow velocity. This increased baseline flow 

velocityy after the intervention has been reported previously and has been sugge

stedd to be due to a temporary disturbed autoregulation, microvascular stunning, 

particulatee embolization or reactive epicardial vasoconstriction at the site of the 

guidewiree tip.9"12 In the DEBATE II study it has also been shown that particulate 

embolizationn probably plays a role in postprocedural hemodynamics, as sugge

stedd by the rise in creatinine kinase MB levels in patients with a CFR < 2.5 after 

angioplasty133 An impaired hyperemic response may be due to a functional resi

duall stenosis or microcirculatory abnormalities and / or diffuse coronary artery 
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diseasee which cannot be appreciated angiographically. Most probably, both the 

mentionedd microcirculatory disturbances after the procedure as well as an epicar-

diall residual lesion play a role in the short and long term result of the interven

tion,, as also stated in a recent editorial by Brener et al.14 

Clinicall outcome after stent implantation can be markedly improved using gui

dancee with hemodynamic parameters as FFR, CFR or relative CFR, as described in 

previouss reports.3-15 These findings are confirmed in the present study, showing 

similarr excellent clinical outcome after a follow-up period of 12 moths in a large 

patientt population of a multicenter trial. Hemodynamic and angiographical cut

offf values predictive of adverse events during follow-up that are currently used 

(CFRR < 2.5 and a diameter stenosis >35%) were derived from the DEBATE study.16 

Thee post hoc determined cut-off values of post-procedural CFR and relative CFR in 

thee present study are similar to the values that were reported before by Haude et 

al.33 After multivariate analysis only CFR < 2.5 and hyperemic APV < 41 remained 

ass independent predictors of MACE during 12 months follow-up. The observed 

incidencee of adverse events in the patients with an optimal angiographical result 

(residuall diameter stenosis < 11%) in combination with an optimal hemodynamic 

statee is remarkably low. This excellent clinical outcome after optimal stent 

implantationn appears similar to the outcome that was observed in a recent study 

usingg drug eluting stents.17 Thus, besides the impression that a large subgroup 

off patients may not need a stent implantation at all,18 a substantial number of 

patientss may have an excellent clinical outcome after physiological guided stent 

implantation.. Moreover, Doppler parameters after stent implantation have impor

tantt prognostic information as shown in the present study and may identify sub

setss of patients that may benefit form additional treatment after suboptimal 

stentt implantation (e.g. upsized balloon dilatation and / or pharmacological 

interventionn using Hb/HIa inhibition, clopidogrel or statins) to improve long-term 

clinicall outcome. However, these issues need to be addressed in future prospecti

vee studies. 

Inn summary, an angiographical optimal stent implantation in conjunction with 

ann hemodynamic state is associated with an excellent clinical outcome. 

Furthermore,, angiographical and Doppler derived parameters yield important 

prognosticc information for the occurrence of adverse cardiac events following 

stentt implantation. 
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Abstract t 

Sincee heterogeneous results have been reported, we assessed coronary flow velo

cityy changes in individuals who underwent percutaneous transluminal coronary 

angioplastyy (PTCA) and examined their impact on clinical outcome. 

Ass part of the DEBATE II study, 379 patients underwent Doppler flow guided 

angioplasty.. All patients were evaluated according to their coronary flow velocity 

reservee (CFR) results (> 2.5 or <2.5) at the end of the procedure. A CFR <2.5 after 

PTCAA was associated with an elevated baseline blood flow velocity in both the 

targett artery and reference artery. CFR before angioplasty and CFR in the referen

cee artery were independent predictors of an optimal CFR after balloon angiopla

styy (odds ratio (OR) 2.26, 95% confidence interval (CI) 1.57 to 3.24; and OR 1.90, 

95%% CI 1.21 to 2.98, respectively; both p<0.001] and stent implantation (OR 2.54, 

95%% CI 1.47 to 4.36 and OR 1.97, 95% CI 1.07 to 3.87, respectively; both p<0.05). 

AA low CFR at the end of the procedure was an independent predictor of major 

adversee cardiac events (MACE) at 30 days (OR 4.71, 95% CI 1.14 to 25.92; 

pp = 0.034) and at 1 year follow-up (OR 2.06, 95% CI 1.16 to 3.66; p = 0.014). After 

excludingg 30 days MACE, no difference in MACE at 1 year follow-up was observed 

betweenn the patients with and without a CFR <2.5 at the end of the procedure. 

AA low post-procedural CFR was associated with a worse peri-procedural outcome, 

relatedd to microcirculatory disturbances, while there was no significant differen

cee at late follow-up. 
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Introduction n 
Coronaryy flow velocity reserve (CFR) has been used in the catheterization labora

toryy to assess the physiological stenosis significance and the changes in coronary 

bloodd flow after balloon angioplasty.1 The Debate I trial has recently demonstra

tedd that the recurrence of clinical events following percutaneous transluminal 

coronaryy angioplasty (PTCA) was markedly larger in patients with CFR < 2.5 

(24%% versus 12%).2 

Thee Debate II clinical trial was designed to test the value of a stategy of provi

sionall stenting, defined as stenting only when suboptimal angiographic and CFR 

resultss were observed after angioplasty, as compared to a strategy of elective 

stenting.. In patients of the DEBATE II study, in whom the CFR had been monito

redd throughout the procedure, we analyzed the clinical predictive value of the 

CFRR for major adverse cardiac events (MACE) at short and long-term follow-up. In 

addition,, we evaluated the mechanisms and predictors of an optimal CFR result 

afterr percutaneous interventions. 

Methods s 
PatientPatient selection and study objectives 

Inn summary, patients scheduled to undergo single native coronary angioplasty 

amenablee for stent implantation were eligible for the DEBATE II trial. Patients 

withh total coronary occlusion, ostial, bifurcated or tortuous lesions were excluded 

fromm the study, as were patients with previous Q-wave infarction in the myocar

diall territory supplied by the target vessel or evolving myocardial infarction in 

thee previous week. Every patient provided written informed consent 

AA total of 618 patients recruited in DEBATE II were randomized to elective sten

tingg (n = 97) and CFR and quantitative coronary angiography (QCA) guided coro

naryy angioplasty (n=521). Patients without Doppler flow data available (n = 13) 

orr undergoing bailout stenting (n=129) were excluded from the guided-angiopla-

styy group. 

Regardlesss of the CFR results after balloon angioplasty, these remaining 379 

patientss underwent a second randomization to additional stenting (n=187) or no 

furtherr treatment (n=192). For the present study, the guided-angioplasty group 

(nn = 379) was divided according to the absolute CFR results at the end of the per

cutaneouss intervention: optimal (CFR > 2.5; n = 240) and suboptimal (CFR <2.5; 

n=139).. In contrast to the DEBATE II study protocol, in the present study, QCA 

dataa following PTCA were not used to define optimal and suboptimal groups. 
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GuidedGuided balloon angioplasty 

Inn all patients, QCA and CFR measurements were performed throughout the pro

ceduree to achieve an optimal result according to the above-mentioned pre-set cri

teria. . 

Optimall CFR and QCA were defined as > 2.5 and a percentage diameter stenosis 

<35%,, respectively. An 'optimal (QCA and CFR) result' was expected to be achie

vedd by upsizing the balloon and/or increasing the inflation pressure. Bail-out 

stentingg was allowed in the following situations: a residual stenosis of more than 

500 percent, dissection type D, E or F, persistent myocardial ischemia along with a 

dissectionn type C, drop in Thrombolysis in Myocardial Infarction (TIMI) flow 

gradee of at least 1 grade, or TIMI grade 0 or 1. After an optimal result was achie

vedd or when further attempts to improve the result were deemed unsafe by the 

operator,, the final diameter stenosis and coronary flow velocity reserve were 

assessed.. Hereafter, and irrespective of these measurements, the second randomi

zationn was performed. 

QuantitativeQuantitative coronary angiography 

Att least two cine angiograms were performed before and repeated in the same 

projectionss at the end of the procedure. Quantitative angiography was performed 

usingg edge detection contour (CAAS II system) as described previously. 

CFRCFR measurement 

AA 0.014" Doppler guide wire (Cardiometrics FloWire®; EndoSonics, Rancho 

Cordoba,, CA, USA) was used.3 The Doppler wire was advanced distal to the lesion 

andd velocity recordings were obtained under basal and hyperemic conditions. 

Maximall hyperemia was induced by an intracoronary bolus injection (12 /xg for 

thee right coronary artery and 18 /xg for the left coronary artery) or intravenous 

infusionn (140 /xg/kg/min) of adenosine. Target vessel Doppler measurements were 

performedd prior to and after angioplasty and again following stent implantation. 

Inn addition, Doppler measurements of an adjacent angiographically normal vessel 

(lesss than 30% diameter stenosis) were performed. Absolute CFR was calculated 

ass the ratio of hyperemic to baseline time-averaged peak velocity. Relative CFR 

wass calculated as the ratio of the absolute CFR in the target vessel to the absolu

tee CFR in the reference artery CFR.4 The CFR was considered normalized when 

thee relative CFR > 0.8.5-6 

EndEnd points 

ForFor the Debate II study, the efficacy endpoint was a composite of major adverse 

cardiacc events within twelve months of the procedure and included: death from 

anyy cause, non-fatal myocardial infarction and percutaneous or surgical target 

lesionn revascularization. Myocardial infarction was defined as the development of 
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aa new Q-wave or a 2-fold rise of serum creatinine kinases together with an 

abnormall plasma level of myocardial isoenzymes. Enzymes were systematically 

sampledd twice within the first 24 hours. After hospital discharge, patients were 

seenn at the outpatient clinic at 1, 6 and 12 months. Each visit included the recor

dingg of the angina status, the cardiac medications, a twelve-lead electrocardio

gramm and a complete physical examination. No follow-up angiogram was perfor

medd unless clinically indicated. 

StatisticalStatistical analysis 

Continuouss variables are expressed as mean  standard deviation, and differen

cess between groups of patients were studied using the unpaired Student's t-test 

orr one-way analysis of variance, whichever was appropriate. Categorical varia

bless are presented as percentages and differences between groups are evaluated 

usingg the Fisher's exact test, Chi Square or long-rank test whenever appropriate. 

Oddss ratio and 95 percent confidence intervals are presented. A 2-tailed paired T 

testt was used to detect variation within patients. Multivariate logistic regression 

analysiss was used to study the diagnostic value of the clinical, angiographic wit

houtt or with Doppler-derived data to predict an optimal CFR result. In addition, 

multivariatee regression analysis was performed to examine the predictive value 

off the final absolute and relative CFR for MACE at 30 days and 1-year follow-up. 

Alll statistical tests were 2-tailed and significance was stated at the 0.05 level. 

Result s s 

TableTable 1 illustrates the baseline characteristics of the overall study population. 

Fromm the overall population (n = 379), 240 patients appeared to have an optimal 

CFRR after the intervention, defined as a CFR > 2.5, whereas 139 patients did not 

meett this criterion. Patients with an optimal CFR result appeared to be slightly 

younger,, with a lower percentage of female patients. No significant differences in 

drugg treatment prior to the procedure (aspirin, beta blockers, nitrates and calci

um-channell blockers) were found between patients with and without an optimal 

CFRR at the end of the procedure. Heart rate and double product values were not 

significantlyy different when comparing patients with and without an impaired 

CFR.. A total of 308 patients underwent CFR measurements of a reference artery 

(1500 and 158 patients in the optimal and suboptimal group, respectively). 
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Table e 

Baselinee characteristics of the patients with a CFR > 2.5 and <2.5 at the end of the procedure. 

CFRR >2.5 CFRR <2.5 P-valu e e 

Age,, years 

Femalee gender 

Diabetess Mel l i tus 

Hypertension n 

Hypercholesterolemia a 

Previouss myocardial infarct ion 

Previouss angioplasty 

Smoking g 

CCSS clas s 

l/ll l 

l l l/I V V 

Unstablee angina 

57+10 0 

500 (21) 

20(8 ) ) 

83(35) ) 

1222 (57) 

66(28) ) 

233 (lO) 

1666 (70) 

877 (36) 

611 (25) 

711 (30) 

n n 

444 (32) 

155 (11) 

566 (40) 

677 (48) 

499 (35) 

177 (12) 

1055 (76) 

455 (32) 

277 (19) 

555 (40) 

<o.oi i 

0.03 3 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

NS S 

0.05 5 

Medicat ion n 

Lipidd lower ing 

Aspiri n n 

Beta-blockade e 

Ca-antagonist t 

Ni t rate e 

Hemodynamics s 

Heartt rate 

Doublee product 

666 (28) 

2122 (88) 

1588 (66) 

1155 (48) 

157(65) ) 

2 2 

642011623 3 

311 (22) 

1199 (86) 

888 (63) 

711 (5i) 

877 (63) 

69112 2 

621911511 1 

NS S 

NS S 

NS NS 

NS S 

NS S 

NS S 

NS S 

CFRCFR indicates coronary flow velocity reserve; CCS, Canadian Cardiovascular Society 

CoronaryCoronary flow data in the optimal and suboptimal CFR groups 

Ass shown in Table 2, patients with a CFR > 2.5 following PTCA had a lower base

linee average peak flow velocity (b-APV; 9 versus 9 cm/s; p<0.05) and a 

higherr hyperemic peak flow velocity (h-APV; 8 versus 8 cm/s; p<0.05) 

inn the target artery. In addition, patients with a CFR > 2.5 had higher CFR values 

inn the reference artery than patients with a CFR <2.5 7 versus 

;; p<0.001), due to a lower b-APV in the reference artery 7 versus 

211 9 cm/s; p<0.05). Relative CFR was lower in patients with a CFR <2.5 after 

completionn of the procedure (0.81 5 versus 1.01 ; p<0.001). No differen

cee was seen in the angiographical result of the intervention between the two 
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groups.. Patients with UA had lower CFR values in the reference and target 

arteryy after PTCA than patients with stable anginal complaints 8 versus 

77 and 9 versus , respectively; both p<0.05). A total 

off 144 patients (75%) of the patients with a CFR > 2.5 and 52 (45%) of the 

patientss with a CFR <2.5 had a relative CFR > 0.8 after the intervention 

(p<0.001).. Figure 1 illustrates the significant linear relationship observed 

betweenn the CFR after PTCA and the reference artery CFR (p<0.001). 

Tablee 2 

Doppler-derivedDoppler-derived data of the patients with and without an optimal CFR after PTCA 

DSS (%) 

Relativee CFR 

CFR R 

b-APV V 

h-APV V 

CFRR >2.5 

(n=24o ) ) 

^^•••••••••9 9 

t t 

t t 

48118 8 

• • • • • M A A S f t t 

68111 1 

0.6010.27 7 

1.7110.641 1 

7 7 

4 4 

15111* * 

i . o i i o .34* t t 

3.1210.62*1 1 

i 8 i g * t t 

48n8*t t 

CFR<2.5 5 

(n=i39) ) 

2.4510.60 0 
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Referencee CFR 

LinearLinear relationship between reference CFR and CFR in the target artery after stenting (R = 0.495; p<0.002) 
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CardiacCardiac enzyme analysis after the intervention 

Thee level of total Creatine Kinase (CK) was increased in the patients with a CFR 

<2.55 after PTCA, compared to patients with a CFR > 2.5 3 versus 61 8 

IU/L;; p = 0.03). Likewise, levels of CK-MB were increased in patients with a subop-

timall result (11 5 versus ; p = 0.011). 

PatientsPatients with prior myocardial infarction 

AA total of 37 patients with a Q-wave MI in the non-target vascular territory and 

788 patients with previous non-Q-wave myocardial infarction (MI) in the target or 

non-targett vascular territory were included. These patients with a history of MI 

hadd a slightly lower CFR at the end of the procedure, compared to patients wit

houtt prior MI 7 versus ; p<0.05). Nevertheless, the percentage 

off MACE in the patients with prior MI was similar to the patients without a his

toryy of MI during twelve months follow-up [18 out of 115 patients (16%) versus 

366 out of 264 patients (14%); p = NS]. Furthermore, patients who had a history of 

MII in combination with a decreased CFR (<2.5) at the end of the intervention did 

nott show to have an increased percentage of MACE compared to patients with a 

decreasedd CFR without prior MI [10 out of 49 patients (20%) versus 18 out of 90 

patientss (20%); p = NS]. 

MultivariateMultivariate predictors of an optimal CFR after balloon angioplasty 

Thee patients with optimal CFR results after balloon angioplasty were younger 

00 vs. 61 1 years; p<0.05), had a lower female gender proportion (20% 

versuss 33%; p = 0.005) and baseline heart rate 1 versus 2 bpm; 

pp = 0.001) as well as higher diastolic blood pressure 6 versus 3 mmHg; 

pp = 0.022) than the suboptimal CFR group. The optimal group presented with a 

higherr baseline CFR in the target 2 versus ; p<0.0001) and at 

thee reference artery 2 versus ; p<0.0001) compared to the 

suboptimall group. 

Byy multivariate analysis, an elevated diastolic blood pressure and the absence of 

unstablee angina were found to be the independent clinical predictors of an opti

mall CFR result after balloon angioplasty (Table 3). However, after including 

Doppler-derivedd data, an elevated diastolic blood pressure and the CFR values 

beforee angioplasty and at the reference artery were found to be the only indepen

dentt predictors of an optimal balloon CFR. 
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Tablee 3 

MultivariateMultivariate predictors of an optimal CFR following balloon angioplasty 

Variables * * 

Clinica ll  dat a alon e 

Oddss rati o 

(95%% CI) 

Clinica ll  and Oopple r dat a 

Oddss rati o 

p-valu ee (95% CI) p-valu e 

Unstablee angina 0.45 (0.23 t o 0.90) 

Diastolicc blood pressure 1.02 (1.01 to 1.04) 

Baselinee CFR 

0.023 3 

0.002 2 1.044 ( i .o i to 1.08) 0.012 

2.266 (1.57 to 3.24) < 0.001 

Gender,Gender, diabetes, hypertension, previous myocardial infarction or revascularization, baseline heart 

rate,rate, systolic blood pressure and diameter stenosis, lesion characteristics (angulation, calcifica-

tion.bifurcation,tion.bifurcation, contour) were not independent predictors. Abbreviations as in Table II. 

MultivariateMultivariate  predictors  of  an optimal  CFR after  stent  implantation 

Patientss with optimal CFR results following stent implantation were younger 

00 versus 1 years; p = 0.024), had a lower smoker proportion (53% ver

suss 70%; p = 0.017) and presented with higher diastolic blood pressure 3 

versuss 71 2 mmHg; p = 0.024) than the suboptimal group. Moreover, a higher 

CFRR at baseline 8 versus ; p<0.0001), following angioplasty 

11 versus ; p<0.0001) and at the reference artery (3.11 3 

versuss 2.41 ; p<0.0001) was consistently found in the optimal when compa

redd to the suboptimal stent CFR group. 

Inn addition, the optimal stent group had a greater proportion of eccentric lesions 

thann in the suboptimal group (45% versus 26%; p = 0.011, respectively). After 

adjustingg for clinical variables, an elevated diastolic blood pressure and the 

absencee of eccentric lesions were found to be associated with an optimal CFR 

resultt following stent implantation (Table 4). After including Doppler-derived 

variables,, the absence of eccentric lesions, elevated values of diastolic blood pres

sure,, CFR values before angioplasty and at the reference artery were found to be 

independentt predictors of an optimal stent CFR result. 
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Tablee 4 

MultivariateMultivariate predictors of an optimal CFR following stent implantation 

Clinica ll  dat a alon e 

Oddss rati o 

Variables ** (95% CI) p-valu e e 

Clinica ll  and Dopple r dat a 

Oddss rati o 

(95%% CI) p-valu e 

Diastolicc blood pressure 1.04 (1.01 t o 1.06) 

Eccentricc Lesion 0.39 (0.20 to 0.76) 

Baselinee CFR 

Baselinee reference CFR 

0.009 9 

0.006 6 

1.066 (1.02 t o i.io) 

0.311 (0.13 to 0.77) 

2.544 (1.47 to 4.36) 

1.977 O.07 to 3.87) 

0.004 4 

0.012 2 

0.001 1 

0.024 4 

'Age,'Age, gender, history of diabetes, hypertension, smoking, previous myocardial infarction or revas-

cularization,cularization, Functional angina class, baseline heart rate, systolic blood pressure and diameter ste-

nosis,nosis, lesion characteristics (angulation, calcification, bifurcation, contour) were not independent 

predictors.predictors. Abbreviations as in Table II. 

IndependentIndependent predictors of early and late clinical outcome 

Duringg the first 30 days, the event-free survival was 98% for all patients, 99% (1 

event)) for those with a CFR > 2.5 and 96% (7 events) for those with a CFR <2.5 

(pp = 0.024). All these early events occurred during the first 24 hours (1 patient 

died,, 4 patients underwent a repeat angioplasty and 3 patients had a periproce-

durall myocardial infarction). 

Thee odds ratio for MACE at 30 days and at one year for a CFR <2.5 as compared 

withh a CFR > 2.5 was 9.2 (95% confidence interval (CI): 1.1 to 75) and 1.9 (95% CI: 

1.11 to 3.4), respectively. 

Afterr 30 days, no significant difference in event-free survival was observed 

betweenn patients with and without an optimal CFR at the end of the procedure 

(90%% versus 85%; p = 0.139). 

Thee one-year event-free survival was 86% for all patients, 90% for those with a 

CFRR > 2.5 and 82% for those with a CFR <2.5 at the end of the procedure 

(pp = 0.014 by log-rank test). Figure 2 shows the estimated event-free survival dis

tributionn according to the CFR results at the end of the intervention. 
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Dayss since Randomization 
Figuree 2 

KaplanKaplan Meier curve of the percentage event free survival in the patients with a CFR > 2.5 and 

CFRCFR <2S after PTC A 

Byy multivariate logistic analysis, a final CFR <2.5 was an independent predictor 

off MACE at 30 days [odds ratio (OR) 4.71; 95% CI 1.14 to 25.92; p = 0.034] and 1 

yearr follow-up (OR 2.06; 95% CI 1.16 to 3.66; p = 0.014). In addition, final DS was 

foundd to be an independent predictor of MACE at 1-year follow-up (OR 1.04; 95% 

CII 1.01 to 1.06; p = 0.03). 

Discussion n 
Thee results of this study show that a suboptimal result after angioplasty (CFR 

<2.5)) is associated with a high risk of early cardiac event. A low CFR after PTCA 

iss determined by the CFR before PTCA and CFR in the reference artery, suggestive 

off pre-existing microvascular disturbances as a cause of the low CFR. 

Furthermore,, the association with elevated CK and CK-MB values suggest that 

micro-embolizationn may also be operative to explain a low CFR at the end of the 

intervention. . 

DeterminantsDeterminants of impaired CFR after anaioplastv 

Inn agreement with several studies,5"7 we found an elevation of the b-APV as a 

contributingg factor for a low post-procedural CFR. Several mechanisms have been 

postulatedd for this finding such as: 1) epicardial vasoconstriction8 2) delay in the 

recoveryy of autoregulation1 3) distal embolization of microparticles9 4) post-

occlusivee hyperemia. Our data show that a low CFR after PTCA is determined by 

thee CFR before PTCA and CFR of the reference artery. This phenomenon may be 
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relatedd to several clinical conditions associated with microvascular abnormalities 

(e.g.. diabetes mellitus, left ventricular hypertrophy, and diffuse atherosclerotic 

disease).. Furthermore, our results show elevated CK and CK-MB levels in patients 

withh an impaired CFR after PTCA. This suggests that micro-embolization may 

servee as an alternative explanation for the observed microcirculatory disturban

ces. . 

Animall and human data have shown an enhanced coronary flow following mio-

croembolization.10-111 This phenomenon appears to be due to adenosine-induced 

hyperemiaa of the myocardium surrounding the embolized microregions.12 This 

interpretationn is further supported by a study reporting that patients who expe

riencedrienced a prolonged hyperemic response after a percutaneous intervention have 

beenn associated with higher CPK values than patients without hyperemia.13 

Equivalentt with those findings, we found a significant difference of cardiac enzy

mee levels between the patients with an optimal and suboptimal post-procedural 

CFRR value, as stated. 

Inn our study, also a low hyperemic response was also responsible for a subopti

mall CFR after balloon angioplasty. The latter has been previously reported, 

underscoringg the important role of luminal enlargement for the achievement of 

ann adequate CFR after balloon angioplasty.6-14 

Wee found a significant relationship between the target and the reference artery 

CFRR after stent implantation, further supporting the concept of a strong influen

cee exerted by the microcirculation on the post-procedural CFR results. Therefore, 

aa combination of microvascular dysfunction and the severity of the residual ste

nosiss appear to explain a post-angioplasty suboptimal CFR result. Following stent 

implantation,, normalization of the CFR appears to be primarily dependent on the 

integrityy of the microcirculatory function. 

Determinationn of left ventricular ejection fraction was not performed prior to the 

inclusionn of the DEBATE II trial. Patients were excluded if they were known with 

ann ejection fraction of less than 30%. Furthermore, patients were excluded in 

casee of a Q-wave myocardial infarction (MI) in the target vascular territory. 

However,, it is conceivable that the cohort of patients with a Q-wave MI in the 

non-targett vascular territory or with previous non-Q-wave MI in the target or 

non-targett vascular territory consisted of patients with a mildly impaired left 

ventricularr function. Analysis showed that these patients with a history of MI 

{andd probably a mildly impaired left ventricular function) had a slightly lower 

CFRR at the end of the procedure, compared to patients without prior MI. 

Nevertheless,, the percentage of MACE in the patients with prior MI was similar 

too the patients without a history of MI. 

182 2 



CFRR AS A PREDICTOR OF OUTCOME 

ImpairedImpaired CFR following angioplasty in relation to clinical outcome 
Inn the present study, we observed that the early risk of MACE among the patients 

withh a CFR <2.5 at the end of the intervention was 9 times as high as that 

amongg the patients with an optimal CFR. After excluding 30 days MACE, no diffe

rencess in MACE at 1-year follow-up was observed between the patients with and 

withoutt a CFR <2.5 at the end of the procedure. Thus, low post-procedural CFR 

wass associated with a worse peri-procedural outcome, while there was no signifi

cantt difference at late follow-up. 

Althoughh the methods used for the evaluation of the clinical outcome was diffe

rentt between our study and DEBATE I, an agreement in acute results was obser

vedd between both studies. In DEBATE I, a post-procedural CFR <2.5 was associa

tedd with a higher recurrence of angina (25% vs. 12%; p = 0.19) and a greater pro

portionn of patients with objective evidence of ischemia (21% vs. 8%; p = 0.018) at 

one-monthh follow-up compared to their counterparts. 

Itt is conceivable that the elevated risk of early events observed in patients with 

ann impaired post-procedural CFR was not only related to the residual stenosis 

geometryy but to microvascular alterations. A low CFR after PTCA, as an indepen

dentt predictor of clinical outcome, was determined by the CFR before PTCA and 

CFRR of the reference artery, as stated before. This suggests that the pre-existing 

microcirculatoryy disturbances of both the target and reference artery may influ

encee clinical outcome after PTCA. Furthermore, the observed elevated cardiac 

enzymee levels in patients with an impaired CFR after PTCA suggest that micro-

embolizationn may serve as an alternative explanation for the observed microcir

culatoryy disturbances and consequent worse clinical outcome. 

Recentt data showed that the relative CFR appears to be a more specific index of 

persistentt conduit obstruction, which may have a role in the postprocedural stra

tificationn of the coronary blood flow impairments.4-5 A good long-term outcome 

hass recently been reported after stent implantation in patients with a relative 

CFRR >0.88 and minimal luminal diameter >2.77 1 5 Moreover, relative CFR may 

identifyy patients with global microcirculatory disease. However, relative CFR was 

nott a predictor of CFR after balloon angioplasty or stent implantation using a 

univariatee analysis. A suboptimal result after PTCA (CFR <2.5) was associated 

withh a lower relative CFR, compared to patients with an optimal result after 

PTCA.. Nevertheless, relative CFR was not an independent predictor of clinical out

comee after PTCA in a multivariate analysis. These contrasting results might be 

explainedd by differences in population size. In the latter study, the authors inclu

dedd 150 patients, whereas a total of 308 patients with available relative CFR 

measurementss were included in the present study. Stratification of coronary flow 

impairmentss according to relative CFR results assumes a uniform microcirculato-
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ryy function.16 However, this might not be the case even in patients with single 

vessell disease patients.17 

Limitation s s 
Limitationss in Doppler measurements have been extensively described.18 In the 

presentt study, transtenotic guidewire pressure-derived fractional flow reserve 

(FFR)) was not routinely performed. In patients with a low relative CFR, FFR could 

havee helped us verify the presence of a significant residual conduit obstruction 

andd further understand the role of the post-procedural relative CFR in the gui

dancee of a percutaneous intervention. 

Thee post-hoc nature of our analysis prevents us from drawing definitive conclu

sionn and a prospective evaluation is warranted to further confirm our results. 

Furthermore,, this study only included patients with one vessel disease and nor

mall left ventricle function. 

Clinica ll  Implication s 
Afterr angioplasty, an impaired absolute CFR was mainly due to microcirculatory 

abnormalitiess that may be either pre-existing or caused by peri-procedural micro-

embolization.. The presence of an impaired post-procedural CFR warrants more 

closelyy monitoring of patients as it is associated with a worse short-term clinical 

outcome,, in particularly during the first 24 hours after the procedure. 
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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. 

>/5 5 

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 

1 9 0 0 



S U M M A R YY A N D INTERPRETATION OF THE RESULTS 

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. 

Interpretation ss and conclusion s 
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 will 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.2 6 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 

195 5 



CHAPTERR 12 

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 will 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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Samenvatt ing g 
Inn dit proefschrift zijn experimentele alsmede klinische aspecten bestudeerd van 

collaterall en epicardiale bloedstroom in obstructief vaatlijden. Het eerste deel 

(Hoofdstukk 2 tot en met 6) behandelt experimentele studies naar het beïnvloe

denn van arteriogenese in verschillende proefdiermodellen. Het tweede gedeelte 

(Hoofdstukk 7 tot en met 11)) beschrijft klinische studies naar de rol van intracoro-

nairee Doppler parameters als leidraad voor percutane angioplastiek en de voor

spellendee waarde van die parameters voor de uitkomst na de interventie. 

ExperimenteleExperimentele studies naar de beïnvloeding van arteriogenese 

Gedurendee de laatste decennia zijn talrijke studies uitgevoerd naar de moleculai

ree achtergrond van collateral vaatgroei (arteriogenese) en de stimulatie van dit 

process als een mogelijke nieuwe behandelingsmethode voor patiënten met 

obstructieff perifeer- of kransslagaderlijden.1-3 Alhoewel verschillende belangrijke 

onderdelenn van dit proces in kaart zijn gebracht, is nog steeds de volledige casca

dee van factoren niet bekend die in arteriogenese betrokken is. Daarom zijn gene

tischh veranderde muizen in dit proefschrift gebruikt om het arteriogenese proces 

tee bestuderen in de afwezigheid van verschillende betrokken factoren. Verder is 

hett zo dat de huidige kennis met name voortkomt uit experimentele modellen 

mett kleine proefdieren.4'5 Voor een goede extrapolatie naar de klinische setting 

zijnn grote proefdiermodellen nodig. Om die reden is de stimulatie van arterioge

nesee bestudeerd in een nieuw ligatie model in varkens. 

Hett belang van de c-c-chemokine monocyt chemo-attractief proteïne 1 (MCP-1) in 

arteriogenesee is uitgezocht in Hoofdstuk 2, waarin MCP-1 knock-out muizen een 

ligatiee van de arteria femoralis ondergingen. Daarbij is aangetoond dat de afwe

zigheidd van MCP-1 een sterke afname in het herstel van de perfusie veroorzaakt, 

naa het afsluiten van de arteria femoralis. Dit is te wijten aan een verminderd 

transportt van monocyten naar de zich ontwikkelende collateral vaten. 

Vervolgenss is aangetoond dat bij muizen die een "rescue" behandeling ondergaan 

mett MCP-1, een herstel van bloedstroom te zien is tot een niveau dat niet signifi

cantt verschilt van het niveau in controle muizen. Deze resultaten benadrukken de 

centralee rol van deze chemokine in het multifactoriële proces van collateral 

vaatgroei. . 

Hett is reeds eerder aangetoond dat de TR3 orphan receptor wordt geëxprimeerd 

inn humane atherosclerotische lesies en in-stent restenose en dat TR3 gladde 

spiercell proliferatie remt in een experimenteel model van restenose. Hoofdstuk 3 

beschrijftt de evaluatie van de rol van TR3 in arteriële reactiviteit op vasoactieve 

substantiess en in collateral vaatgroei. Er zijn geen significante veranderingen 

gezienn in arteriële reactiviteit op verschillende vaso-contractiele dan wel -dilata-

toiree agentia tussen muizen die de dominant negatieve variant van TR3 hadden, 

muizenn die TR3 tot overexpressie brachten en controle muizen. Ook is bij die 

muizenn een ligatie van de arteria femoralis uitgevoerd. Na een week ligatie 
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warenn er geen verschillen in perfusie van de achterpoot, zoals bepaald met de 

techniekk van fluorescerende microspheren. De conclusie is dat de vorming van 

neointimaa door gladde spiercel proliferatie kan worden gereduceerd door overex-

pressiee van de TR3 orphan receptor, zonder dat dit negatieve (bij)werkingen heeft 

opp arteriële reactiviteit en collateral vaatgroei. Deze bevindingen zijn belang

rijk,, wanneer TR3 wordt overwogen als een therapeutisch doel voor de behande

lingg van atherosclerose of neointima formatie in in-stent restenose. 

Inn Hoofdstuk 4 is de belangrijke rol van de trans membraan receptor CD44 tijdens 

arteriogenesee beschreven. Deze studie laat zien dat de arteriogene respons ver

minderdd is in CD44 knock-out muizen tot een niveau dat zelfs onder het niveau 

vann MCP-1 knock-out muizen ligt, zoals beschreven in Hoofdstuk 2. Deze geredu

ceerdee respons is het resultaat van een combinatie van een verminderd aantal 

leukocytenn rondom de zich ontwikkelende vaten, alsmede een verlaagde expres

siee van de groeifactoren FGF-2 en PDGF-B. Met behulp van de techniek van laser 

microdissectiee zijn afzonderlijke collateral vaten verzameld uit weefsel coupes 

enn geanalyseerd voor hun RNA inhoud. Er bleek een toegenomen hoeveelheid 

mRNAA voor FGF-2 alsook PDGF-B aanwezig te zijn. De aangetoonde afgenomen 

eiwitt expressie van FGF-2 en PFGF-B samen met de verhoogde mRNA expressie 

suggereertt dat de stabiliteit van die groeifactoren is verminderd in de afwezig

heidd van CD44. Als laatste is er een correlatie aangetoond tussen collaterale flow 

indexx en CD44 expressie op geactiveerde monocyten in patiënten met kransslag

aderlijden,, wat de klinische relevantie van de rol van CD44 in collaterale vaatvor-

mingg weergeeft. 

Hoofdstukk 5 beschrijft een recent ontwikkeld model voor perifeer obstructief 

vaatlijdenn in varkens. In dit model zijn invasieve alsook niet-invasieve evaluatie 

methodenn gebruikt om het natuurlijk beloop van collaterale vaatontwikkeling te 

bestuderen.. Hemodynamische metingen zijn uitgevoerd onder gecontroleerde 

conditiess van druk en flow door het instrumenteren van het dier met een pomp 

aangedrevenn extracorporele circulatie. Dit model in grote proefdieren is ontwik

keldd voor de extrapolatie van experimentele resultaten, die in muizen en konij

nenn zijn verzameld, naar de kliniek. 

Inn het hierboven beschreven model is vervolgens de effectiviteit van behandeling 
mett MCP-l getest in de studie van Hoofdstuk 6. Dit stelt ons in staat om een 
redelijkee extrapolatie te maken van de dosiseffect relatie en het te verwachte 
effectt in patiënten met perifeer vaatlijden. In deze studie is aangetoond dat de 
capaciteitt van het collaterale vaatbed ongeveer verdubbelde na een behandeling 
mett MCP-l gedurende twee dagen. Een langere behandelingsduur (twee weken) 
verhoogdee dit pro-arteriogene effect niet. Stimulering van het arteriogenese pro
cess is dus mogelijk in dit model in grote proefdieren door intra-arteriële toedie
ningg van MCP-l. 
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KlinischeKlinische studies naar intracoronaire hemodynamiek gedurende elec-

tievetieve angioplastiek 

Percutanee angioplastiek is een behandelingstechniek die in toenemende mate 

wordtt toegepast in patiënten met kransslagaderlijden.6 Als leidraad voor percuta

nee angioplastiek en het optimaliseren van het resultaat van de interventie kun

nenn Doppler parameters veel meer informatie opleveren, vergeleken met het 

varenn op informatie die door angiografie wordt gegeven.7 Bloedstroomsnelheid 

tijdenss hyperemie is een gevoeligere parameter voor het evalueren van het hemo-

dynamischee resultaat na PTCA, vergeleken met hyperemische druk. Daarom was 

hett doel van het tweede deel van dit proefschrift om de prognostische waarde te 

onderzoekenn van intracoronaire Doppler parameters in patiënten die een electie-

vee angioplastiek ondergingen. 

Coronairee flow reserve (CFR) wordt beschouwd onder invloed te staan van (klini

sche)) parameters, die de microvasculaire weerstand aantasten. Om die reden heb

benn we in Hoofdstuk 7 hemodynamische en klinische variabelen onderzocht die 

mogelijkerwijss de waarde van CFR beïnvloeden in angiografisch normale vaten 

vann patiënten die een electieve angioplastiek ondergingen in (een ander) ziek vat. 

Leeftijdd en hart frequentie bleken onafhankelijke voorspellers te zijn van CFR, 

alhoewell de correlatie zeer zwak was. Deze resultaten suggereren dat CFR metin

gen,, die worden gedaan gedurende hartkatheterisatie voor klinische besluitvor

ming,, niet enorm worden beïnvloed door klinische en hemodynamische variabe

lenn in patiënten met een- en tweevatslijden. 

Err zijn tegenstrijdige rapportages verschenen over het effect van ballon angio

plastiekk op de distale CFR. Het doel van de studie die is beschreven in Hoofdstuk 

88 was om te evalueren wat het effect zou zijn van ballon angioplastiek op epicar-

dialee remodeling en de aanpassing van het microvasculaire vaatbed in een gese

lecteerdee groep patiënten met een angiografisch optimaal resultaat na PTCA. 

Patiëntenn met een gereduceerde CFR (< 2.5) direct na (angiografisch) optimale 

ballonn angioplastiek kwamen vaker terug voor een Dotter behandeling, vergele

kenn met de patiënten met een CFR >2.5. Deze groep patiënten bestond uit een 

patiëntenn subgroep die aanleg had voor het ontwikkelen van restenose, terwijl 

dee andere patiënten werden gekenmerkt door een persisterend lage CFR, waar

schijnlijkk secundair aan een verstoorde autoregulatie en/of diffuus milde coronai

ree atherosclerose. In deze laatste groep patiënten met een afgenomen CFR zonder 

dee ontwikkeling van restenose, waren de veranderingen in CFR gerelateerd aan 

veranderingenn in hyperemische bloedstroom snelheid. Dit suggereert, dat dit 

fenomeenn te verklaren is door epicardiale remodeling. 

Dee studie van Hoofdstuk 9 is uitgevoerd om de hemodynamische veranderingen 

naa stent implantatie volgend op Doppler flow gestuurde ballon angioplastiek te 

bestuderen.. Stent implantatie verbeterde de CFR na ballon angioplastiek met een 

suboptimaal,, maar ook met een optimaal resultaat (50% van de gevallen), als 

gevolgg van een reductie in residuele lumen obstructie als het onderliggend 
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mechanismee voor de betere klinische uitkomst, dat in deze patiënten wordt 
gezien. . 

Dee post hoc analyse die is beschreven in Hoofdstuk 10 onderzocht optimale 

afkapwaardenn van angiografische en Doppler flow parameters voor het voorspel

lenn van de klinische uitkomst op de langere termijn (12 maanden) volgend op 

stentt implantatie. We hebben daarbij laten zien dat een angiografisch optimale 

stentt implantatie (diameter stenose < 11%) samen met een goede hemodynami-

schee toestand (CFR >2.5 of een relatieve CFR >0.89) resulteert in een exceptio

neell goede klinische uitkomst. Ook hebben we aangetoond dat angiografische en 

Dopplerr afgeleide parameters belangrijke prognostische waarde hebben voor het 

optredenn van complicaties na stent implantaties. 

Dee prognostische waarde en de determinanten van postprocedure^ CFR zijn 
onderzochtt in Hoofdstuk 11. Een CFR <2.5 na PTCA was bepaald door een ver
hoogdee basale bloedstroom snelheid in zowel het vat waar de interventie was 
gedaan,, alsook in het (angiografisch normale) referentie vat. Ook was een lage 
CFRR na de interventie gecorreleerd met een lage CFR voor de interventie en een 
lagee CFR in het referentie vat. Tevens voorspelde die het optreden van complica
tiess op 30 en 360 dagen follow-up. Hieruit is geconcludeerd dat een lage CFR na 
eenn angioplastiek procedure, gerelateerd aan microvasculaire disfunctioneren, is 
geassocieerdd met een slecht direct resultaat, terwijl er geen significant verschil is 
opp de langere duur. 

Interpretatie ss en conclusie s 
Mett arteriogenese wordt de ontwikkeling van ware musculaire conductantie 
vatenn bedoeld die om een arteriële vernauwing of occlusie heen lopen.8 Het 
lichaamm gebruikt dit mechanisme om de schade als gevolg van ischemie van het 
distalee been of myocardweefsel te beperken.9'11 De studies betreffende de experi
mentelee beïnvloeding van arteriogenese, die in dit proefschrift zijn beschreven, 
leidenn tot de volgende conclusies: 

1.. MCP-1 en CD44 blijken belangrijke factoren te zijn in de formatie van collateral 

vaatvorming.. De afwezigheid van een van deze factoren leidt tot een verminder

dee perfusie herstel in het arteriogenese model in muizen. Dit is te wijten aan 

afgenomenn hoeveelheid accumulerende monocyten (in MCP-1-/- en ook in CD44-/-

muizen)) en een verminderde groeifactor stabilisatie (in CD44-/- muizen). 

2.. Verandering van de expressie van de transcriptie factor TR3 beïnvloedt de 
arteriëlee respons op vasoactieve substanties en de coltaterale vaatvorming niet 
negatief. . 

3.. Het arteria femoralis ligatie model in varkens is een bruikbaar model in grote 
proefdierenn voor het bestuderen van collaterale vaatgroei, die gebruikt kan 
wordenn voor de extrapolatie van de effecten van pro-arteriogene factoren naar de 
klinischee situatie. 
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4.. Stimulatie van arteriogenese is mogelijk in het ligatie model in varkens met 

gebruikk van MCP-1. Deze pro-arteriogene effecten waren echter minder uitge

sproken,, vergeleken met de effecten die zijn beschreven in het konijnen model. 

Concluderendd is het zo dat de moleculaire achtergrond van het arteriogenese pro

cess bestaat uit een enorme cascade van {bekende en onbekende) factoren. Toch is 

hett mogelijk om het proces te stimuleren in kleine alsook in grote proefdier 

modellenn van obstructief vaatlijden. Dit vormt de basis voor het brengen van the

rapeutischee arteriogenese van de experimentele naar de klinische setting. 

Dee conclusies van het tweede deel van het proefschrift betreffende de prognosti-

schee waarde van intracoronaire Doppler parameters in patiënten, die een electie-

vee angioplastiek ondergaan, zijn: 

1.. Leeftijd en hart frequentie zijn onafhankelijke voorspellers van de waarde van 

CFR.. De grootte van de veranderingen van CFR zijn echter nogal klein, suggere

rendd dat CFR metingen gedurende hartkatheterisatie voor klinische besluitvor

mingg nauwelijks worden beïnvloed door deze (of andere klinische of hemodyna-

mische)) variabelen. 

2.. Een (angiografisch en hemodynamisch) optimaal resultaat na ballon angioplas

tiekk komt voor in ongeveer 50% van de gevallen. Toch is het zo dat stent implan

tatiee CFR verbetert na Doppler geleide ballon angioplastiek met een suboptimaal, 

maarr ook met een optimaal resultaat. 

3.. Angiografische (diameter stenose van 11%) en hemodynamische (CFR van 2.5 of 

relatievee CFR van 0.89) afkapwaarden voorspellen de lange termijn uitkomst na 

stentt implantatie. Verder is het zo dat een angiografisch optimale stent implanta

tiee in combinatie met een goed hemodynamisch resultaat is geassocieerd met een 

opvallendd goede klinische uitkomst. 

4.. Een lage postprocedurele CFR is geassocieerd met een slechte periprocedurele uit

komst,, gerelateerd aan microvasculair disfunctioneren, terwijl er geen verschillen 

zijnn op de lange termijn uitkomst. 

Dezee bevindingen suggereren een rol voor Doppler afgeleide parameters voor het 

optimaliserenn van een electieve angioplastiek en voor risicostratificatie na de 

interventiee in patiënten met stabiel een- of tweevats kransslagaderlijden. 

Aanbevelinge nn en toekomstperspectieve n 

Temiddenn van de hypes rondom angiogenese, en meer recent ook rondom de sti

mulatiee van vasculogenese en myogenese, zijn de moleculaire achtergrond en 
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therapeutischee stimulatie van arteriogenese de afgelopen decennia onderzocht in 

eenn experimentele set t ing.1 2 '1 5 Deze inspanningen hebben geresulteerd in kennis 

overr verschillende factoren, die betrokken zijn in arteriogenese.3 Vanuit een theo

retischh oogpunt is de stimulering van de groei van echte conductantie vaten voor 

hett herstel van perfusie in obstructief vaatlijden te prefereren, daar de capaciteit 

vann deze vaten veel groter is, vergeleken met de toename van het aantal capillai-

renn in therapeutische angiogenese.3 De recente negatieve resultaten van de eer

stee gerandomiseerde placebogecontroleerde klinische trials voor de stimulatie 

vann angiogenese met behulp van VEGF hebben het enthousiasme voor dit doel 

nogg verder verminderd.16-17 Buiten conceptuele moeilijkheden, zijn er nog ver

scheidenee andere onopgeloste zaken, die de negatieve resultaten van deze angio

genesee studies zouden kunnen verklaren, zoals de gebruikte dosering, de toedie

ningsweg,, het soort groeifactoren en de patiënten selectie. Therapeutische arte

riogenesee is recent beschreven preferentieel te zijn boven therapeutische angio

genese.188 We hebben reeds aangetoond, dat arteriogenese gestimuleerd kan wor

denn in acute perifere ligatiemodellen in kleine alsook in grote proefdieren.4-19 

Verderr liet de eerste klinische studie in patiënten met kransslagaderlijden, waar

bijj gebruik is gemaakt van arteriogene groeifactoren, bemoedigende resultaten 

zien.200 Momenteel wordt er een dubbelblinde gerandomiseerde placebogecontro

leerdee studie uitgevoerd in patiënten met perifeer vaatlijden, waarbij de effectivi

teitt van subcutaan toegediende GM-CSF wordt getest.21 Het is echter zo dat al 

hett klinisch onderzoek naar therapeutische arteriogenese gebaseerd moet zijn op 

eenn solide experimentele kennis, voordat de sprong van "bench to bedside" kan 

wordenn gemaakt. Meer specifiek is het zo dat ontbrekende kennis moet worden 

vergaardd voordat de stap van acute perifere ligatie modellen, zoals beschreven in 

ditt proefschrift, naar een gebruik in patiënten met chronisch kransslagaderlijden 

(samenn met co-morbiditeit zoals hyperlipidemie en diabetes mellitus) gemaakt 

kann worden. We zijn momenteel bezig met de ontwikkeling van coronaire ligatie 

modellenn in grote proefdieren. Met behulp van die modellen kunnen we de meest 

effectievee cocktail van factoren, de beste toedieningsweg (bijv. gen therapie, 

gecoatee stents), dosiseffect relaties en de gevoeligste evaluatie techniek bepalen. 

Dezee kennis is een voorwaarde voor een toepassing van therapeutische arterioge

nesee in patiënten met kransslagaderlijden. 

Dee resultaten van dit proefschrift benadrukken de bruikbaarheid van Doppler 

afgeleidee parameters tijdens percutane coronaire interventies en voor de voor

spellingg van de klinische uitkomst erna, zoals ook aangetoond in de DEBATE II, 

DESTINII en FROST trials.22"24 Het is uitgebreid aangetoond dat intracoronaire 

Dopplerr en druk afgeleide parameters gebruikt kunnen worden voor diagnostiek 

gedurendee hartkatheterisaties.25 Technische verfijningen hebben geleid tot de 

introductiee van een guide wire, die is uitgerust met zowel een Doppler alsook 
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eenn druk sensor op de t ip.2 6 Een tweede techniek voor het simultaan bepalen 

vann intracoronaire druk en bloedstroomsnelheid maakt gebruik van het thermo-

dilutiee principe.27 Met behulp van intracoronaire bloedstroom en druk metingen 

kann een stenose weerstand worden bepaald, die beter de functionele ernst van 

eenn stenose voorspelt, zoals bepaald met SPECT, vergeleken met de conventionele 

parameters,, die alleen op druk of bloedstroomsnelheid zijn gebaseerd.28 Verder is 

hett zo dat met behulp van beide parameters een betere differentiatie kan worden 

gemaaktt tussen epicardiaal en distaal (microvasculair) vaatlijden. Dit is van 

belang,, omdat aanwijzingen voor epicardiaal alsook microvasculair lijden na een 

interventiee aanleiding kunnen geven tot additionele therapeutische consequen

tiess (optimalisatie van het resultaat of farmacologische interventie, respectieve

lijk).. Als laatste is het zo dat met de combinatie van beide parameters een druk-

bloedstroomm relatie kan worden bepaald voor een precieze evaluatie van het 

(hemodynamische)) resultaat na een percutane coronaire interventie.29 

ArteriogeneseArteriogenese en intracoronaire hemodynamiek 

Intracoronairr bepaalde hemodynamische parameters zullen hoogstwaarschijnlijk 

ookk van grote waarde zijn voor de evaluatie van toekomstige studies naar thera

peutischee arteriogenese in patiënten met kransslagaderlijden. Kwantificatie van 

dee coronaire collateral circulatie in patiënten is mogelijk met behulp van (intra

coronairee afgeleide) col lateral flow index (CFI), die goed correleert met de mate 

waarinn de collateral circulatie zich heeft ontwikkeld (figuur l ) . 3 0 - 3 1 Een recente 

Zwitsersee studie heeft aangetoond dat het mogelijk is om collaterale perfusie 

(uitgedruktt in CFI) in beperkte mate te verbeteren door toediening van GM-CSF in 

patiëntenn met kransslagaderlijden.20 Verder hebben we in een recente pilot stu

diee (beschreven in hoofdstuk 4) aangetoond dat er een positieve correlatie 

bestaatt tussen CFI en de expressie van de transmembraan receptor CD44 op geac

tiveerdee monocyten in patiënten met eenvats-kransslagaderlijden.32 Het is dus 

mogelijkk om de mate van collateral vaatvorming, uitgedrukt in CFI, te correleren 

aann een niveau van eiwit expressie. De respons van individuele patiënten op arte-

riëlee afsluiting is erg heterogeen. Waarschijnlijk is deze heterogene arteriogene 

responss tussen de verschillende patiënten te wijten aan een heterogene regulatie 

vann de factoren die betrokken zijn in arteriogenese (bijv. verschillen in de expres

siee van CD44 isoformen). Buiten het feit dat slechts een fractie van de betrokken 

factorenn in arteriogenese bekend is, is het ook zo dat het tijdspad van expressie 

vann de verschillende factoren in patiënten met kransslagaderlijden nooit is vast

gesteld.. Waarschijnlijk zijn bepaalde factoren betrokken bij de initiële fase van 

hett rekruteren van collaterale vaten, terwijl andere eiwitten belangrijk zijn voor 

dee instandhouding van de arteriogene respons. Proteomics kan worden gebruikt 

alss een techniek voor de identificatie van eiwit expressie patronen in bijvoor

beeldd serum samples van patiënten in verschillende fases van 

collateralee vaatontwikkeling. Het recent ontwikkelde SELDI-TOF systeem is een 

210 0 



SAMENVATTINGG EN INTERPRETATIE VAN DE RESULTATEN 

ergg gevoelige methode voor het ontdekken van biomarkers en is het meest effec

tieff bij de detectie van laag moleculair gewicht eiwitten.33-34 Om deze reden is 

dezee techniek theoretisch erg geschikt voor de identificatie van (onbekende) cyto

kiness en groeifactoren. Concluderend zal de combinatie van intracoronaire hemo-

dynamischee parameters en eiwit expressie analyse gedetailleerde inzichten bie

denn die van grote waarde zullen zijn voor het ontwikkelen van patiënt-specifieke 

arteriogenee therapieën in toekomstige studies. 

CFIp-(Pocd-CVP)/(P ao-CVP) ) 

C F , V - ( V o c c l ' V o c c | ) ) 

Druk-- of 
Dopplerr sensor 

( O O 

Microcirculatie e 

IllustratieIllustratie van de instrumentatie voor de berekening van CFI. Druk- en/of Doppler afgeleide CFI 

wordtwordt bepaald door het meten van de intracoronaire druk en/of bloedstroomsnelheid, distaal van 

eeneen ballon-geoccludeerde kransslagader. Voor druk gebaseerde CFI, wordt tegelijkertijd de aorta 

drukdruk bepaald en de veneuze druk wordt aangenomen ongeveer 5 mm Hg te zijn. Voor Doppler flow 

gebaseerdegebaseerde CFI is ook een bloedstroom snelheidsmeting nodig in een niet geocdudeerd vat na PTCA 

enen na het ophouden van de reactieve hyperemie, bepaald met een Doppler guide wire op dezelfde 

positiepositie (met toestemming van de auteurs).35 
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Dankwoor d d 
Binnenkortt ga ik de stap van "bench to bedside" maken, na ruim vier jaar met 

veell plezier in de wetenschap werkzaam te zijn geweest. Aan de totstandkoming 

vann dit proefschrift hebben veel personen (direct of indirect) bijgedragen, die ik 

graagg zou willen bedanken. 

Prof.Prof. Dr.}.}. Piek. Beste Jan, op de jou zo typerende wijze hebben we elkaar leren 

kennenn op de gang van de afdeling hartkatheterisatie. waar jij mij in de eerste 

(bij)zinn vroeg naar mijn plannen voor de nabije toekomst. Met een zelfde (bellen-) 

omwegg als Martijn en Niels, kwam ik op het traject van de bestudering van colla

terall vaatgroei terecht. Binnen afzienbare tijd leerde ik je als leermeester én per

soonn erg waarderen. Eigenschappen die in de academische wereld vaak onderge

sneeuwdd zijn (eerlijkheid, openheid, gezelligheid, snelheid, oog voor je familie), 

hebb jij gelukkig nog steeds hoog in het vaandel staan. Je kwaliteiten blijken ver

derr uit het feit dat drie van je promovendi opeenvolgend cum laude promoveer

den,, dan wel de Einthoven-prijs wonnen. Dit unieke gegeven is natuurlijk voor 

eenn groot deel op jouw conto te schrijven. Het plezier van het onderzoeksteam, 

datt je om je heen verzameld hebt, openbaarde zich niet alleen binnen de muren 

vann het AMC, maar zeker ook op de vele congresbezoeken (o.a. Anaheim, New 

Orleans,, Toscane, Berlijn), op het (zaal)voetbalveld en de tennisbaan. Het is te 

hopenn dat deze positieve werksfeer gecontinueerd wordt in de jaren die voor ons 

liggen. . 

Prof.Prof. Dr. W. Schaper. Geachte professor Schaper, het was een eer om met een van 

dee pioniers op het gebied van de collaterale vaatgroei te mogen samenwerken. Ik 

hebb hier op het AMC kunnen profiteren van het samenwerkingsverband dat u 

mett Jan Piek heeft opgezet. Dit proefschrift is mede ontstaan dankzij uw advie

zenn en door de expertise die u via uw laboratorium aan Niels en mij heeft meege

geven. . 

Prof.Prof. Dr. Jr. }.A.E. Spaan. Beste Jos, zoals geen ander weet jij vanuit een ontspan

nenn houding scherp uit de hoek te komen. In jullie laboratorium heb ik de eerste 

chirurgischee ervaring mogen opdoen onder begeleiding van Kor Brandsma en Dirk 

Fokkema,Fokkema, Verder kon ik altijd bij jou terecht voor lastige vragen van reviewers. 

ProfProf Dr. J.M.F.G. Aerts. Beste Hans, aan jouw afdeling hebben ik de eerste stappen 

gezett in de magische wereld van 'proteomics' onder de enthousiaste begeleiding 

vann Shreyas de Jong en Dave Speijer. Door technische handicaps heeft het tot nu 

toee helaas nog geen vruchten afgeworpen; hopelijk is mijn opvolger succesvoller 

hierin. . 
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Dee overige leden van de promotiecommissie: Prof. Dr. A.E. Becker, Prof. Dr. A.RM. 
MoormanMoorman en Prof. Dr. F. Zijlstra ben ik erkentelijk voor het kritisch doornemen van 
ditt manuscript. 

Prof.Prof. Dr. KA Lie wil ik bedanken voor het mogelijk maken van de grote hoeveelheid 
enn variatie aan wetenschappelijk onderzoek aan de afdeling. Samen met 
Dr.Dr. D. Duren heeft u het mij verder mogelijk gemaakt om aansluitend aan mijn 
promotiee de opleiding cardiologie te beginnen. 

Profj.G.P.Profj.G.P. Tijssen. Beste Jan, vol geduld en enthousiasme probeerde je iedere keer 
weerr de basale regels van de statistiek aan me duidelijk te maken. Verder heb je 
eenn enorm belangrijke functie gehad in het verzamelen en analyseren van de 
DEBATEE data. 

Prof.Prof. Dr. P.W. Serruys. Geachte professor Serruys, ik ben u dank verschuldigd voor 
hett beschikbaar stellen van de DEBATE data en het beoordelen van de daaruit 
voortgekomenn artikelen. 

Dee interventiecardiologen. Rob de Winter, Karel Koch, Matthijs Bax, Carl Schotborgh, 

DermotDermot Kearney, José Henriques en Joost Durrer wil ik bedanken voor hun medewer
kingg en geduld bij alle verzoeken tot het doen van metingen op het cathlab. Van 
groott belang bij de organisatie en de gezelligheid op de afdeling waren natuurlijk 
ookk alle verpleegkundigen van de hartkatheterisatie en de dagverpleging, de 
onderzoeksverpleegkundigen,, de medewerkers van het secretariaat en het onder
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altijdd de trouwe Jut&Jul geweest met wie ik de eerste jaren de kamer heb mogen 
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jee in onderzoeksland staande te houden. Martijn, de meest trouwe van alle 

onderzoekers.. Dankzij jou heb ik alle (kleuren-) mogelijkheden van Excel leren 

kennenn en heb ik pas echt leren golfen. Steven, nadat dat jij mij als rector hebt 
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workingg with you in the arteriogenesis field these last years. I hope we keep in 

contact,, despite the clinical workload that will come to me from October on. 

Ikk heb met veel afdelingen in het AMC mogen samenwerken. Het grootste project 
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doenn veel tijd en geduld vergt hoef ik jullie niet te vertellen! Juist daarom mogen 
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Mijnn ouders. Piet en Marijke. Lieve pap en mam, jullie onvoorwaardelijke liefde en 
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kind!! Lieve Marijn en Djoeke, jullie vriendschap en avondjes samen zijn onmis

baar.. Lieve Jackeline en Sjoerd, altijd trouw, oprecht en gezellig; daarom hopen we 
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Liefstee Elsje, van alle mensen hier genoemd heb jij mijn promotie periode natuur

lijkk het meest intens beleefd. De frustraties en nutteloze reizen naar Duitsland, 
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proefschrift.. Door jouw heb ik pas beseft wat liefde en volledige toewijding écht 
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