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ABSTRACT T 

BACKGROUNDD Homogeneity of microvascular resistance in different perfusion areas of the 

samee heart is generally assumed, e.g. for the concept of relative coronary blood flow reserve. We 

investigatedd whether this assumption is true in patients with multi-vessel coronary artery disease. 

METHODSS Twenty-seven patients with stable angina and documented two-vessel coronary 

arteryy disease, who were referred for coronary angioplasty were analyzed. In all patients, an 

angiographicallyy normal coronary artery (Reference) and two diseased coronary arteries with a 

singlee lesion were present. Artery 1 and 2 groups refer to the lesions where the latter is the more 

severee one. In each patient, distal blood flow velocity and pressure were measured in all three 

mainn coronary vessels during baseline and maximal hyperemia (induced by i.c. adenosine), using a 

Dopplerr and pressure guidewire, respectively. The ratio of mean distal pressure to average peak 

bloodd flow velocity was used as an index for the microvascular resistance (MRv). 

RESULTSS The MRv was significantly lower during hyperemia as compared to baseline 

conditionss for all three vessels (median values for: Reference artery, 1.7 versus 6.5, p<0.001; 

Arteryy 1, 2.1 versus 6.4, p<0.001; Artery 2, 2.6 versus 4.9, p<0.001; respectively). A statistically 

significantt difference was found between the hyperemic MRv of the different arteries (p=0.0207). 

CONCLUSIONSS These results show that heterogeneity of resistances of the microcirculation 

existss during hyperemia between different perfusion areas in patients with multi-vessel coronary 

arteryy disease. This finding implies that hemodynamics of a reference vessel has a limited value in 

definingg the diseased state of different vessels in the same patient. 

68 8 



HeterogeneityHeterogeneity of coronary microvascular resistance 

INTRODUCTIO N N 

Inn recent years, research on the clinical aspects of the coronary microcirculation has made 

substantiall  advances, due to developments in non-invasive and invasive diagnostic techniques.' It 

hass been proposed that the severity of coronary artery disease can be more accurately described 

byy maximal flow capacity and coronary flow reserve, rather man angiographic findings.2 Apart 

fromm stenosis characteristics, these indices are influenced by the behaviour of the downstream 

microvascularr resistance.3 

Severall  intracoronary derived physiological parameters have been introduced to 

characterizee functional stenosis severity in patients with coronary artery disease, allowing clinical 

decision-making.. These parameters are based on intracoronary pressure measurements (fractional 

floww reserve, FFR) or intracoronary derived Doppler flow velocity measurements (coronary flow 

velocityy reserve, CFVR).4 For these concepts, particularly for the rCFVR, homogeneity in the 

behaviorr of the myocardial resistance beds of the major perfusion areas within the same heart is 

assumed.. This assumption conflicts with the heterogeneity of myocardial blood flow found in 

differentt coronary perfusion areas in healthy volunteers.5 Recently, a paradoxical increase of 

microvascularr resistance downstream of a severe coronary narrowing during tachycardia was 

reported,, that was abolished after angioplasty.6 It is therefore questionable whether the diagnosis 

off  stenosis-impeded perfusion is improved by incorporating data obtained distal to an 

angiographicallyy normal artery in the same heart. 

Thee ratio of mean distal pressure to average peak blood flow velocity can be used as an 

indexx of microvascular resistance (MRv).7'8 In the present study, the MRv of the three main 

coronaryy perfusion territories was determined in 27 patients with two-vessel coronary artery 

disease,, using intracoronary derived pressure and Doppler flow velocity measurements. The 

purposee of this study was to investigate the spatial distribution of the resistance in the coronary 

microcirculationn in patients with coronary artery disease. 

METHOD S S 

StudyStudy population 

Patientss with two-vessel coronary artery disease and angina (class 1 -4 according to the Canadian 

Cardiovascularr Society; CCS) were eligible for inclusion in this study. All patients were referred to 

ourr center for a PTCA procedure. Both intracoronary pressure and Doppler flow velocity data 

weree obtained in all three main coronary arteries. Exclusion criteria were: factors precluding 

assessmentt of intracoronary measurements (e.g. occlusions, coronary anatomy); factors 

influencingg coronary hemodynamic parameters (left ventricular hypertrophy, severe valvular heart 
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disease,, cardiomyopathy, insulin dependent diabetes, Q-wave myocardial infarction, previous 

coronaryy bypass grafting). 

StudyStudy protocol 

Twenty-sevenn patients underwent routine coronary angiography, during which intracoronary 

measurementss were performed. Coronary lesion severity was determined by quantitative coronary 

angiographyy (QCA). Main coronary arteries (i.e. right coronary artery, RCA; left anterior 

descendingg coronary artery, LAD ; and the left circumflex artery, LCx) were functionally divided 

perr patient into: an angiographically normal reference artery (Reference); an artery with the less 

severee narrowing (Artery / ); and an artery with the more severe narrowing (Artery 2). Thus, 

measurementss in each artery represented a different myocardial perfusion area. Both blood flow 

velocityy and pressure derived hemodynamic parameters were measured sequentially distal to the 

coronaryy narrowings and in the reference artery in all patients. The study protocol was approved 

byy the Medical Ethics Committee of our institution; all patients gave written informed consent. 

QuantitativeQuantitative coronary angiography (QCA) 

Coronaryy angiography was performed according to standard procedure, as previously described.9 

Coronaryy lesion severity was measured by QCA, using the CMS-QCA software version 3.32 

(MEDIS,(MEDIS, Leiden, The Netherlands).™ Coronary lesion severity was expressed as the percent 

diameterr stenosis (%DS) and minimal lumen diameter (in mm; MLD ) using an automated 

contourr detection algorithm, and the reference diameter was measured (in mm). Coronary lesion 

severityy was assessed on a end-diastolic frame in two, if possible, orthogonal views. The 

projectionn showing die most severe coronary narrowing in %DS was used. 

IntracoronaryIntracoronary hemodynamic measurements 

Measurementss were performed in all patients in the LAD , LCx and RCA. An intracoronary bolus 

off  0.1 mg nitroglycerin was administered every 30 minutes to ensure maximal epicardial 

vasodilation.. Al l measurements were performed at baseline and during hyperemia. Hyperemia 

wass induced by administering an intracoronary bolus of adenosine (15 ug in the right coronary 

arteryy and 20 ug in the left coronary artery). 

Translesionall  blood flow velocity was measured with a 0.014" Doppler guidewire 

(FloWire(FloWire ,JOMED, Rancho Cordova, CA, USA). The Doppler guidewire was advanced distal to 

thee stenosis; care was taken to avoid post-stenotic turbulent flow and the distal tip was not placed 

adjacentt to side branches. Distal baseline and hyperemic blood flow velocity data were obtained 

andd the Doppler signals were processed by a real time spectral analyzer.11 CFVR was computed 

ass the ratio of hyperemic to basal average peak blood flow velocity.12 CFVR was also obtained in 

ann angiographically normal reference coronary artery. Relative CFVR (rCFVR) was defined as the 

ratioo of CFVR of a narrowed vessel and CFVR of the reference coronary artery. 

70 0 



HeterogeneityHeterogeneity of coronary microvascular resistance 

Intracoronaryy pressure was measured with a 0.014" pressure guide wire, connected to the 

pressuree console (RADI MedicalSystems, Uppsala, Sweden). After calibration with the pressure 

console,, the accuracy of the signal was verified using the aortic pressure as measured through the 

guidingg catheter. The wire was advanced with the pressure sensor at least 3 cm distal to the 

lesion.. During maximal hyperemia, FFR was calculated as the ratio of die mean distal and the 

meann aortic pressure. No pressure wire was introduced in the reference vessels; the pressure as 

measuredd with the guiding catheter was used to calculate the MRv in these vessels. 

Ann index of minimal microvascular resistance during maximum hyperemia (h-MRv, in 

mmHg/cm/sec)) was defined as the ratio of mean distal pressure to average peak blood flow 

velocity.88 Similarly, the baseline MRv (b-MRv) was defined as the ratio of the distal pressure to 

APVV during baseline conditions. Pressure and blood flow velocity data were obtained sequentially 

usingg two separate guidewires. The ability of the resistance vessels to dilate under maximal 

hyperemicc conditions (induced by the administration of adenosine) was expressed as b-MRv 

minuss h-MRv. An approach using volume flow calculations11 was discarded, as no QCA data 

weree available under hyperemic conditions. 

Thee coronary circulation was modeled as having three types of resistances: the stenosis 

resistancee (RJ, the resistance vessels (R^J, and the minimal microcirculation resistance (RmJ-1 

Ass indicated in Figure 1, b-MRv represents the sum of the latter two, whereas h-MRv is 

minimumm microvascular resistance during hyperemia (assuming that die resistance vessels are 

maximallyy dilated), and thus, b-MRv - h-MRv represents the resistance vessels during baseline 

conditions. . 

71 1 



ChapterChapter 5 

FIGUREFIGURE 1: Model of the coronary circulation with three resistances each reflecting a certain behavior: the stenosis resistance 

(RJ,(RJ, the arteriolar resistance vessels (R„,), and the minimal microcirculation resistance (R*m). As indicated, b-MKv 

representsrepresents the combination ofR„sandR„j„,  whereas b-MRti represents K„„  (assuming that the resistance vessels are 

maximallymaximally vasodilated), and thus, b-MRp - h-MKv represents R„,. P„  and P, refers to the arterial and venous pressure, 

respectively:respectively: Q indicates the flow. 

bMRvv - hMRv hMRv 

StatisticalStatistical considerations 

Dataa were expressed as mean + standard deviation (SD). Skewed data distributions were 

presentedd as median and range, and non-parametric statistical tests were performed: the 

Wilcoxonn signed ranks test was used for paired comparisons within patients; the Page test for 

orderedd alternatives was applied to compare the MRv value for the three different perfusion 

areass within patients, based on their division in Reference artery, Artery 1, and Artery 2. 

Regressionn analysis was performed to compare the results of CFVR, FFR and rCFVR. Data 

analysiss was performed using the SPSS 10.0.5 software package for Windows (SPSS Inc. 1999, 

Arlington,Arlington, VA). A p-value of less than 0.05 was considered statistically significant. 
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TABLETABLE 1: Baseline characteristics of the 27 patients. 

Patients s Male e 

Meann age in years (range) 

Heartt rate (beats/min) 

Meann systolic blood pressure (mmHg) 

Meann diastolic blood pressure (mmHg) 

18(67%) ) 

622 (43-78) 

9 9 

8 8 

2 2 

Histor y y Peripherall  vascular disease 

Previouss MI 

Previouss PTCA 

22 (7%) 

100 (37%) 

4(15%) ) 

Riskk factors Smokingg (current) 

Smokingg (previously) 

Hypertension n 

Hypercholesterolaemia a 

Non-insulinn dependent diabetes mellitus 

Positivee family history 

88 (30%) 

122 (44%) 

100 (37%) 

188 (67%) 

3(11%) ) 

177 (63%) 

Medication n Beta-blockers s 

Calciumm antagonists 

Nitrates s 

Acetylsalicyl-acids s 

ACEE inhibitors 

Lipidd lowering drugs 

233 (85%) 

111 (41%) 

200 (74%) 

277 (100%) 

66 (22%) 

188 (67%) 

Anginall  complaints CCSS class 1 

CCSS class 2 

CCSS class 3 

CCSS class 4 

0 0 

77 (26%) 

133 (48%) 

77 (26%) 

Dataa are expressed as n (%). CCS indicates Canadian Cardiovascular Society; MI , myocardial infarction; PTCA, 

percutaneouss transluminal coronary angioplasty. 
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FIGUREFIGURE 2: Box-W'bisher plots ofQCA data (top and bottom of box: 25 tb and 75th percentile; horizontal line in box: 

median;median; line outside the box: range). The significance of the changes was calculated using the Vage test. 
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RESULTS S 

Thee baseline characteristics of the 27 patients are depicted in Table 1. The division of 

RCA/LAD/LCxx was 2/7/18 for Reference vessels, 11/11/5 for Artery 1, and 14/9/4 for Artery 

2,2, respectively. In Figure 2, the classification in perfusion areas is expressed in terms of %DS, 

ML DD and diameter of the reference locations. The stenosis degree was most severe in Artery 2, 

ass illustrated by QCA analysis: median diameter stenosis for Reference vessels was 16% (range: 7-

35%);; for Artery 1, 54% (range: 39-68%), and for Artery 2, 70% (range: 54-85%). It should be 

notedd that there was some overlap in stenosis degree, especially between Artery 1 and Artery 2, 

becausee the most severe lesion of one heart (per definition in Artery 2) may be comparable in 

severityseverity with a stenosis in Artery 1 of a different heart. There was no difference between the 

averagee diameters of the reference locations between the three groups (median reference 

diameter:: 2.90, 2.76, and 2.94 mm, respectively) and therefore the groups are not differentiated 

byy this parameter. Accordingly, the MLD significandy decreased from the Reference vessel to 

Arteryy 1 to Artery 2 (median MLD: 2.33,1.37, and 0.85 mm, respectively). 

Hemodynamicc data of all patients during baseline and hyperemic conditions are 

summarizedd in Table 2. The MRv was significandy lower during hyperemia as compared to 

baselinee conditions for all three vessels (median values for: Reference artery, 1.69 versus 6.50, 

p<0.001;; Artery 1, 2.08 versus 6.38, p<0.001; Artery 2, 2.56 versus 4.94, p<0.001; respectively). 

MRvv data for Artery 1 and Artery 2 are compared to those of the respective Reference Artery in 

Figuree 3. No significant trend was detected between die baseline MRv of the three arteries (Page 

test:: Z score -1.225; p=0.1093). However, pair wise comparisons revealed that the baseline MRv 

off  Artery 2 was significandy lower than the MRv's of Artery 1 and Reference artery (Figure 3a). 

Inn contrast, a statistically significant difference was found between the hyperemic MRv's of the 

differentt arteries (Page test: Z score 2.041; p=0.0207), which was confirmed by pair wise 

comparisonss (Figure 3b). 

FIGUREFIGURE J (see next page): Results of of MRv depicted per vessel First, Box-Whisker plots are shown (left panel; top 

andand bottom of box: 25th and 75 th percentile; horizontal line in in box: median). Individual data are depicted in the right 

panel;forpanel;for the measured MRv in the reference vessel (x-axis), both the MRv in Artery andA.rtery 2 are depicted for the same 

heartheart (n—27). The latter plot also shows the line of identity. 
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(A)(A) There was no significant decrease of the of the b-MRv from Reference-Artery 1-Artery 2 (p—0.1093). However, it can 

bebe appreciated that the b-MRv of Artery 2 is lower than for Reference vessels (p=0.078) and for Artery 1 (p—0.022). 
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TABLETABLE 2: Physiological data of all patients (n=27) during baseline and hyperemic conditions. 

Arteryy Parameter Median (range) 

Baseline e 

Pd d 
APV V 
MRv v 

Pd d 
APV V 
MRv v 

Pd d 

APV V 
MRv v 

87 7 
18.0 0 
6.50 0 

91 1 
15.0 0 
6.38 8 

71 1 
14.0 0 
4.94 4 

(67 7 
(5.6 6 
(3.32 2 

(65 5 
(4.3 3 
(6.68 8 

(23 3 
(7.5 5 
(2.21 1 

-- 128) 
-- 26.0) 
-- 13.21) 

-- 113) 
-- 40.0) 
-- 17.91) 

-- 118) 
-- 37.0) 
-- 9.10) 

Hyperemia a 

Pd d 
APV V 
MRv v 

Pd d 

APV V 
MRv v 

Pd d 
APV V 
MRv v 

84 4 
49.0 0 
1.69 9 

78 8 
37.0 0 
2.08 8 

46 6 
21.0 0 
2.56 6 

(62 2 
(25.0 0 
(0.94 4 

(47 7 
(17.0 0 
(0.85 5 

(20 0 
(9.0 0 
(0.75 5 

-- 118) 
-- 84.0) 
-- 3.16) 

-- 102) 
-- 76.0) 
-- 4.24) 

-- 107) 
-- 56.0) 
-- 4.67) 

Pdd indicates distal pressure (mm Hg); APV, average peak velocity (cm/sec); MRv, microvascular resistance 
indexx (mmHg/cm/sec) 

Thee difference between b-MRv and h-MRv, representing the resistance of the arterioles at 

baselinee (R^, was significantly higher for the Reference vessels and Artery 1 than for Artery 2 

(Pagee test: Z score -3.402; p<0.0001), as illustrated in Figure 3c. Hence, the effect of the 

compensatoryy vasodilatation at baseline induced by the pressure drop resulting from a stenosis 

wass noticeable in this patient group. Furthermore, from Figures 3a, 3b and 3c it can be 

appreciatedd that the frequency distributions of the resistances in the different perfusion areas 

showw a considerable variation within each group but also between groups at the same conditions 

off  baseline versus hyperemia. 

Regressionn analyses of CFVR versus FFR, and rCFVR versus FFR are depicted in Figure 4. 

Noo improvement in correlation with the results of FFR was observed using rCFVR instead of 

CFVR R 
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DISCUSSION N 

Thiss study demonstrates diat 1) a strong heterogeneity was present between different perfusion 

areass in patients with multi-vessel disease and 2) despite this heterogeneity there was a statistical 

significantt increase of hyperemic MRv of the diseased arteries. The severity of coronary artery 

diseasee was associated with significantly higher values of the hyperemic resistance. Hence, 

coronaryy artery disease not only induces a reduction of tone at baseline, as is to be expected from 

aa normal physiological response, but also increases the hyperemic resistance. This finding implies 

thatt hemodynamics of a reference vessel has a limited value in defining the diseased state of 

differentt vessels in the same patient. 

TheThe autotegulatory mechanism 

Inn patients with coronary narrowings, autoregulation of coronary circulation compensates under 

baselinee conditions for the drop in pressure distal to a stenosis by decreasing the arteriolar 

coronaryy resistance through vasodilatation of the resistance vessels.15 It is known from earlier 

studiess diat this autoregulatory mechanism is operative in case of severe (>70-80%) coronary 

narrowings.33 This mechanism is nicely illustrated by our data. As shown in Figure 1, die 

resistancee vessels are represented by b-MRv minus h-MRv. It was shown that this value was 

significandyy lower for die most narrowed arteries (see Figure 3c), suggesting that, indeed, die 

autoregulatoryy mechanism resulted in a lowering of this resistance. The differences in MRv under 

baselinee conditions (see Figure 3a) were not seen because of die variability between patients, but 

pairr wise comparison showed a significant lower MRv for Artery 2 within patients than for the 

referencee group. 

SpatialSpatial heterogeneity of the resistance in the coronary microcirculation 

Thee present study showed spatial heterogeneity of die microvascular resistance index during 

hyperemicc conditions (see Figure 3b), representing R^. Despite the large variability between the 

groups,, the h-MRv downstream of the most severely diseased vessel (Artery 2) was demonstrated 

too be significandy higher. This suggests that the differences in h-MRv are modulated by the 

pressuree changes as a result of epicardial coronary artery disease. This finding is independent of 

thee autoregulatory mechanism that acts solely on the R^ represented by b-MRv — h-MRv, whose 

valuee was lower in the narrowed arteries (Figure 3c). Several explanations of the higher h-MRv 

foundd downstream of Artery 2 are possible. First, we hypothesize that regional differences of 

microvascularr disease can be present within die coronary artery tree. As endothelial disease is not 

aa local disease, we therefore cannot exclude the possibility that these findings are a result of 

differentt stages of atherosclerotic disease within a heart.16 Second, the pressure dependency of 

thee microvascular vessels could play a role 6'1719
5 as this pressure is different across a heart (see 

Tablee 2). Finally, it was suggested that diere is a possible role of several growth factors as 
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modulatorss of vascular tone, resulting in spatial heterogeneity.20 Further research is mandatory to 

elucidatee the underlying mechanism. 

ComparisonComparison with other studies 

Inn 1990, a study in dogs found that coronary flow reserve is spatially heterogeneous and 

determinedd by two distinct perfusion patterns: the resting (control) pattern and the maximal 

perfusionn pattern. Normal hearts, therefore, contain small regions that may be relatively more 

vulnerablee to ischemia. This may explain the patchy nature of infarction with hypoxia and at 

reducedd perfusion pressures as well as the difficulty of using global parameters to predict regional 

ischemia."1 1 

Recentiy,, Chareonthaitawee et al. showed that there is variability of myocardial blood flow 

ass measured with PET, both between and within 169 healthy volunteers.5 They demonstrated 

spatiall  heterogeneity between four perfusion regions (anterior, septal, inferior and lateral) within 

eachh individual during baseline and hyperemic conditions. These data are in accordance with 

previouss reports22 and partly match with our results, obtained in patients with multivessel 

coronaryy artery disease. Our data showed no difference in baseline APV between perfusion areas 

off  the same heart (p-0.5), in contrast to the hyperemic APV (p=0.00003), which was 

significandyy lower in more diseased vessels. 

PatientPatient studies for clinical decision-making 

Validationn studies for FFR and CFVR showed good agreement with the results of non-invasive 

stresss tests, which is important for clinical decision-making in the cardiac catheterization 

laboratory.44 Recently, the rCFVR was introduced as a new promising parameter, as it theoretically 

correctss for any possible microvascular disease within a heart.12,21,24 It was shown that relative 

coronaryy flow reserve was less dependent on aortic pressure and rate-pressure product, in 

comparisonn with absolute CFVR.1" However, we showed earlier in a large cohort of patients that 

thee agreement between invasively derived Doppler flow velocity parameters and the results of 

SPECTT did not improve using the rCFVR (78%) instead of the absolute CFVR (76%) or FFR 

(77%).''' Regression analysis did not show an improved correlation between Doppler derived 

parameterss and FFR using the rCFVR (correlation coefficient of 0.75 and 0.76, respectively; see 

Figuree 4). Heterogeneity of the microvascular resistances downstream of target and reference 

vesselss in patients with multi-vessel disease may explain why the relationship of hemodynamic 

parameterss with the results of SPECT did not improve using rCFVR instead of FFR or CFVR, 

sincee the concept of rCFVR is based on similarities between perfusion areas. 
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Limitations Limitations 

Floww velocity and pressure were sequentially measured after exchanging the Flowire for die 

pressuree wire. No significant hemodynamic changes in blood pressure and heart rate occurred 

betweenn die measurements. For practical reasons, we used the aortic pressure as measured with 

thee guiding catheter to determine MRv in the reference vessel. 

Ann apparently angiographically normal reference artery does not exclude presence of 

atheroscleroticc disease.16,25 Our QCA data showed a median diameter stenosis of 16% in the 

referencee vessels. 

Finally,, the possible contribution of collateral flow to the area of interest cannot be 

determinedd without measuring flow velocity in the contralateral vessel during balloon 

occlusion.26,277 Although no visible collaterals were present in these patients (according to Rentrop 

classification),, we cannot exclude a confounding effect of recruitable collateral flow, especially in 

areass supplied by the severely narrowed coronary arteries. 

ClinicalClinical implications 

Forr clinical practice, the fact that the spatial heterogeneity in MRv exists during hyperemia 

indicatess that die role of relative CFVR for patient management is of limited value considering 

thee more extensive acquisition requirements (both stenotic and reference vessel must be 

instrumentedd with a Doppler guidewire), since homogeneity of microvascular resistances in the 

adjacentt perfusion regions is a prerequisite for this index. Our results, obtained by measuring 

MRvv using die intracoronary derived Doppler flow and pressure, can be of interest for future 

researchh to determine the status of the microcirculation, in particular in patients with Syndrome 

X28,299 or diabetes mellitus30. To the best of our knowledge, this is the first report showing that 

heterogeneityy of resistances of the microcirculation during hyperemia is present in different 

perfusionn areas in patients widi coronary artery disease. 
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