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STELLINGEN BIJ HET PROEFSCHRIFT 

Pathomorphological and physiological characteristics 

of coronary artery disease 

1. De mate van ontsteking van de atherosclerotische plaque is gerelateerd aan de 

ernst van angineuze klachten (dit proefsclirift). 

2. Restenose kan ondanks de proliferatie van gladde spiercellen aanleiding geven tot 

klachten van instabiele angina pectoris (dit proefschrift). 

3. De mate van ontsteking van de atherosclerotische plaque is niet voorspellend voor 

het optreden van restenose (dit proefschrift). 

4. De mate van ontsteking van de atherosclerotische plaque voorspelt de wijze waar

op restenose zich manifesteert: weinig ontsteking leidt tot stabiele klachten en veel 

ontsteking tot instabiele klachten (dit proefschrift). 

5. De functionele ernst van een intermediaire laesie kan beter beoordeeld worden 

met een gecombineerde intracoronaire meting van de bloeddruk en -stroomsnel

heid dan met een enkele meting (ditproefschrift). 

6. De variabiliteit van de microvasculaire weerstand draagt bij tot tegengestelde 

waarden van intracoronaire bloeddruk en -stroomsnelheid (dit proefschrift). 

7. Een gecombineerde intracoronaire meting van de bloeddruk en -stroomsnelheid 

heeft naast diagnostische ook prognostische betekenis [dit proefschrift). 

8. Het implanteren van coronaire stents wordt veelal ingegeven door overwegingen 

van cosmetische aard. 

9. De beste manier om restenose te voorkomen is niet te Dotteren. 

10. Een politicus of bestuurder die voorstelt statines niet te vergoeden aan patiënten 

met bewezen kransslagaderlijden begaat een fatale vergissing. 

11. Uitgaven voor geneeskundige behandelingen in het buitenland kunnen beter 

besteed worden aan verbetering van de gezondheidszorg in Nederland. 

12. Het aantal lege zitplaatsen in het huidige autoverkeer geeft aan dat Nederland nog 

lang niet vol is. 

13. Onderzoek naar antecedenten bij politici is vragen naar de bekende weg. 

14. In navolging van de waarschuwingsteksten op sigarettenpakjes zou er op een zwem-

kleding de waarschuwing moeten staan: 'onbeschermd zonnen geeft kanker'. 

15. De logica Windows te verlaten via de startknop stamt uit het tijdperk dat compu

ters alleen een aan- en uitknop bezaten. 

Amsterdam, 17 september 2002 

Martijn Meuwissen 
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Introduction and outline 



CHAPTER 1 

INTRODUCTION 

Coronary artery disease is the principal cause of mortality in Western Hurope and the US. [ 1 ] 

Effort related chest pain, angina at rest, acute myocardial infarction, and sudden cardiac death 

are the major clinical manifestations of coronary atherosclerosis. These stable or acute corona

ry syndromes are caused by atherosclerotic plaques developing in the vessel wall, thereby com

promising the vessel lumen. The resulting vascular narrowing or "stenosis" leads to impairment 

of sufficient blood flow and oxygen supply to the contracting cardiac muscle. Atherosclerosis is 

a multi-causal disease, which progresses with age and is subject to several clinical risk factors, 

such as smoking, hypertension, hyperlipidemia, diabetes mellitus and a positive family history. 

[2] Developing atherosclerosis may lead to a variety of coronary plaques and stenosis contigu 

rations [Figure 1 ], which may lie silent or cause clinical symptoms. Clinical research interest in 

this area centers around the following questions: When is a stenosis associated with complaints 

of chest pain and causing myocardial ischemia and what type of atherosclerotic lesion is res

ponsible for an acute myocardial infarction and do these lesions differ from those which cause 

effort related angina? In this thesis, both pathomorphologies and functional aspects of coro

nary atherosclerotic disease have been studied. 

Coronary Plaque Morphology and Inflammation 

Recognition of the significant role of inflammation in development of atherosclerosis has dra

matically changed our understanding of the pathophysiology of coronary artery disease in the 

last decade. [3-7] Basic research has established an elementary function of inflammation in all 

stages of atherosclerotic disease, starting from endothelial dysfunction and fatty streak forma

tion to advanced complex and ruptured plaques and subsequently, thrombotic involvement. 

[5] Coronar) atherosclerosis is initiated by endothelial dysfunction including upregulation of 

adhesion molecules and an increased permeability of the vessel wall to lipids, leucocytes and 

monocytes. [5] Macrophages and smooth muscle cells transform into foam cells by fagocyto-

sis and accumulation of lipids. In addition, T lymphocytes and smooth muscle cells migrate 

into the neointima and contribute to the formation of a so-called 'tatty streak'. Expansion of 

the lipid core of the plaque is stimulated by death of lipid laden foam cells. A large necrotic core 

with an overlaying fibrous cap is a characteristic feature of an advanced unstable lesion [Figure 

2A]. Activated macrophages and T lymphocytes produce numerous growth factors and prote

ases with proteolytic activity, which are capable of destabilizing the fibrous cap. [3] These 

inflammatory cells often accumulate in the shoulder region of the cap, the site where plaque 

rupture frequently occurs [Figure 2B]. [8] Involvement of pro-coagulant factors, which stimu 

late platelet adherence and aggregation, may lead to a superimposed clot formation and occlu

sion of the coronary artery. [3, 9, 10] The ensuing acute coronary syndromes or cardiac death 

are often the first manifestation of this chronic and progressive, and ultimately lethal disease. 

12 



INTRODUCTION 

Developing atherosclerosis 

Endothelial Adhesion and Fatty streak Atheroma "Vulnerable Plaque rupture 
dysfunction migration of formation formation plaque" 

inflammatory 
cells 

Time ^ 

Figure 1 Schematic illustration of developing atherosclerosis. Initial changes occur in the endothelium, the inner 
layer of the vessel wall. (A) First, endothelial dysfunction occurs characterized by a reduced dilator response to 
metabolic or pharmacological stimuli. (B) Increased endothelial permeability and up-regulation of leukocyte and 
endothelial adhesion molecules cause migration of lipoproteins and inflammatory cells into the vessel wall. (C) 
Formation of a fatty streak, which predominately consists of foam cells (lipid-laden monocytes and macrophages), 
T lymphocytes, and migrated smooth-muscle cells. (D) Accumulation of foam cells in the fatty streak underlie to a 
more complicated type of lesion. An atheroma consisting of a mixture of inflammatory and apoptotic cells, lipid, 
and debris has been developed. (E) Further progression leads to a so-calle which is characte

rized by a necrotic core with an overlying thin fibrocellular cap w >ry cells at the 
edges. (Fj Fibrous cap rupture, which occurs often at the edge oft' to proteolytic enzymes 
released by activated inflammatory cells. Consequently ' • occlusion of the coronary 
artery, which may lead to myocardial infarction and sudd: • 

However, not all atherosclerotic lesions develop into unstable plaques. Abundant collagen syn

thesis and smooth muscle cell proliferation have stabilizing effects, and determine whether a 

plaque will be stable or vulnerable [Figure 2C]. [6, II, 12] figure 3 shows examples of non-

ruptured stable (A) and unstable (B) atherosclerotic plaques, the latter demonstrating marked 

infiltration of macrophages. Our present knowledge of the elementary role of an inflammato

ry process for the onset of plaque rupture in atherosclerotic coronary lesions primarily stems 

trom autopsy based studies. [8] However, the introduction of directional coronary atherectomy 

catheters [Figure 4] has provided a unique opportunity to directly investigate the role of 

inflammation in atherosclerotic plaques of patients. Initial studies have demonstrated signifi

cant differences in the extent of plaque inflammation between patients with stable or unstable 

angina. [13-15] Coronary lesions of patients with unstable angina or myocardial infarction 

contain more macrophages and I lymphocytes compared to coronary lesions of patients with 

chronic stable angina. These studies provided additional support of the hypothesis that infil

tration of inflammatory cells is crucial for the onset of unstable coronary syndromes. 
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(C) Schematic illustration of a cross section of a stable plaque. A thick fibrous cap covers the lipid core, if present 
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• - rhe lumen of the coronary artery is often well preserved des-

Nth of the vessel (positive remodeling), 

ue rupture. The fibrous cap is disrupted at the shoulder site, 

'he thrombi "to the vessel 

etely. This is the t) ! ible angina and myo-

* 

Figure 3 

A) Cross-section of a vulnerable atherosclerotic plaque, showing abundant infiltration of macrophages (asterisk), 

predominantly the lipid core and at the shoulder site of the cap. 

B) Cross-section of a stable atherosclerotic plaque, showing few macrophages, (asterisk). 
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INTRODUCTION 

Nevertheless, there is still limited information regarding the in vivo evaluation of this atheros

clerotic process. Therefore, the goal of the first part of the thesis was to investigate the role of 

plaque inflammation on the presentation of coronary syndromes and on the clinical outcome 

following percutaneous interventions. 

Figure 4 An illustration of a currently used directional coronary atherectomy catheter; the Flexi-cut (Cuidant, 

Santa Clara, CA, USA). 

Coronary Revascularization 

Percutaneous transluminal coronary angioplasty (PTCA) is increasingly performed for symp

tomatic treatment of coronary artery disease. [16] However, the performance of PTCA is not 

without risk. Periprocedural complications occur infrequently, but include death (0.3%), myo

cardial infarction (1.5%), emergency coronary artery bypass grafting (0.4%), and puncture site 

hematoma (1%). Moreover, the 'Achilles heel' of PTCA is the occurrence of restenosis in up to 

50% of cases within the first six months after balloon angioplasty. [17-21] The process of reste

nosis starts directly after angioplasty by subacute elastic recoil. The 'healing process' of the arte 

rial wall following angioplasty continues with platelet aggregation, mural thrombus formation, 

and development of a neointima by invasion and amplification of smooth muscle cells. Finally, 

remodeling of the vessel wall occurs. The introduction of coronary stents in the heginning of 

the nineties has led to a reduction of the restenosis rate. [22, 23] However, despite limited 

remodeling and recoil, smooth muscle cell proliferation still occurs within the stent. A large 

effort has been exerted to find a solution to manage in-stent restenosis, which is a serious pro

blem. [22] Therefore, it is of utmost importance to identify the culprit coronary lesion, which 

causes myocardial ischemia and needs to be treated. 

15 



CHAPTER 1 

Non-Invasive Assessment of Coronary Stenosis Severity 

The functional significance of coronary narrowings in terms of causing myocardial ischemia is 

generally assessed by a non-invasive diagnostic stress test. Exercise electrocardiography, myo

cardial perfusion scintigraphy (MPS) and dobutamine stress echocardiography (DSE) are fre

quently used. [24] However, exercise electrocardiography has its limitations in elderly and 

women, frequently yielding non-conclusive results. [24] MPS is hence used to overcome the 

limitations of exercise electrocardiography. MPS has a high diagnostic and prognostic value for 

coronary artery disease. However, MPS is limited in assigning reversible perfusion deficit to 

vascular territories of different narrowed coronary arteries. [25] DSE has a similar diagnostic 

accuracy as MPS. However, DSE is in particular dependent on experienced laboratory techni

cians and the physician's analysis. [26] Moreover, there is still variability when qualitative 

assessment is standardized and DSE has a low sensitivity in multivessel coronary artery disea

se. (26, 27] In clinical practice, the noninvasive stress tests are frequently inconclusive, while 

other objective evidence of myocardial ischemia is lacking in the majority of patients prior to 

revascularization procedures. 

100 

Diameter Stenosis (%) 

Figure 5 Illustration of the discrep and the physiological 
lesions. A wide range of measure" 1 meter (coronary flow .f 
for intermediate coronary lesions, i.e. 40 to 70 percent diameter stenosis 

<e observed 
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A. 'real image' angiogram 

5.0 m m 

3.0 m m 
0% DS 

50% DS 

1.5 m m 

50% DS 

B. 'real image' 

5.0 mm 

ang iogram 

3.0 mm 
0%DS 

10% DS 

2.7 mm 
10% DS 

Figure 6 Schematic illustration of the coronary morphology on angiography, showing two cross-sections of coro
nary arteries with plaque and their corresponding angiographic images in one view. A similar preserved lumen is 
present in both arteries despite a different angiographic severity from the 'bottom view'; 50% diameter stenosis 
(DS) in Fig. 6A and 10% DS in Fig. 6B. The angiographic view from the left side shows no stenosis at all, despite a 
severely diseased vessel. 
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CHAPTER 1 

Figure 7 The Angiographic and intravascular ultrasound (IVUS) images of a severely diseased left circumflex coro
nary artery (LCx). The main stem seems to be normal on angiography (A), however, IVUS shows a large plaque 
from 12 to 5 o'clock (B). An ulcerated plaque has been located at angiography at the proximal part of the LCx. 
which corresponds to a soft plaque covered by a thin fibrous cap (Cj, with the rupture site further downstream (D). 
The mid portion of the LCx shows no disease on angiography, however a concentric fibrous lesion is present (E). At 
the distal part of the LCx, both coronary angiography and IVUS show no disease (F). 
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INTRODUCTION 

Evaluation of Coronary Stenosis Severity by Angiography 

While coronary angiography is the gold standard for documentation of the presence and extent 

of coronary artery disease, its limitations in assessing the functional significance of coronary 

stenoses have been well recognized. [28, 29] The discrepancy between angiographic and physi

ological severity exists especially for coronary lesions of intermediate severity, i.e. stenoses with 

40-70% diameter reduction [Figure 5], [30] Therefore, management of intermediate lesions 

during cardiac catheterization is equivocal. The limitations of coronary angiography are in part 

explained by a phenomenon called 'illusion of luminology' [Figure 6A and 6B]. This denotes 

that evaluation of coronary morphology by angiography is imprecise and dependent on the 

angle of view, since coronary angiography shows only a two-dimensional projection of a three-

dimensional vessel. [28] Intravascular ultrasound imaging overcomes these limitations in part 

by providing accurate information on the extent of coronary atherosclerosis within the vascu

lar wall, thus facilitating documentation of the dynamic process of atherosclerotic disease 

[Figure 7]. [31] However, this technique is expensive and requires accurate operational skills 

for appropriate interpretation. As a result, this technique is not frequently applied for dia-

maximal vasodilation 
(normal 

autoregulation 
normal) 

pressure PERFUSION PRESSURE 

Figure 8 Schematic illustration of the relation between proximal coronary arterial perfusion pressure and coronary 
blood flow with (solid lines) and without (dashed lines) a stenosis. The solid arrows indicate the coronary flow 
reserve with (CFRs) and without (CFRN) a stenosis. 
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CHAPTER 1 

gnostic purposes and, in general, is used for guidance of coronary interventions. In the evalu

ation of stenosis severity, both imaging techniques share the drawback that the association bet

ween morphologic descriptors of a stenosis and its functional consequences is weak and more 

direct approaches are necessary to assess the physiologic significance of a coronary lesion. [16-

23] 

Functional Coronary Lesion Severity 

(Coronary revascularization is required when stenosis severity has reached that level when coro

nary flow becomes so impaired that myocardial oxygen supply cannot meet demand. Under 

normal conditions, coronary blood flow may increase above a baseline level due to exercise, 

which causes an increase in myocardial oxygen demand, or various pharmacological stimuli. 

The coronar\ arterioles, the major resistance vessels, can dilate to increase myocardial blood 

flow I velocity) up to six fold. [30, 32] The reserve capacity, calculated as the ratio o\ maximum 

to resting coronary blood flow is named coronary How reserve, .^.''l figure 8 illustrates the 

effect of the presence ol a stenosis on coronary flow reserve. 

The development ol guide wires with a tip diameter of only 0.014 inch equipped with minia

turized pressure- or flow velocity -sensors has led to the introduction of hemodynamic measu

rements in the diseased coronary vessel. [34, 33] The derived physiological parameters as a 

measure of functional coronary stenosis severity are useful for patient management, facilitating 

ad hoc PTCA and evaluating the results after angioplasty and/or coronary stent placement.[36] 

Pressure-based myocardial fractional flow reserve (FFR), coronary blood flow velocity reserve 

(CI VR) and relative coronary blood flow velocity reserve (RC1 \ R i are parameters that are 

used in clinical practice. [37] FFR represents the maximal flow through a stenosed vessel divi

ded by the maximally possible flow in the absence of the stenosis. CFVR is defined as the ratio 

of hyperemic to baseline flow velocity an J RCFVR is defined as the ratio of (TVR measured in 

the coronary artery with a stenosis divided by the ( TVR in a normal reference artery. Figure 9 

illustrates the assessment of these intracoronary derived parameters. FFR, ( 1 VR and RCFVR 

have been compared in various studies with non-invasive stress tests and the results demon

strated a good agreement between these hemodynamic parameters and the presence or absen 

ce of reversible ischemia. [36] Commonly used threshold values indicative of functionally sig

nificant coronary lesion are 2.0 for CFVR and 0.75 for FFR. [36] Despite the diagnostic value 

of these hemodynamic parameters, several limitations have been recognized. First, CFVR is 

dependent on changes in heart rate, blood pressure and myocardial contractility. [38, 39] The 

R( TVR was introduced to overcome this limitation of (TVR through normalization within a 

patient. [40, 41] However, this requires additional instrumentation in a normal coronary arte 

ry, if present. It should also be recognized that most of the studies were performed in patients 

with stable angina, single vessel disease and normal left ventricular function. Information is 

20 
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adenosine IC 

H 1 i I, I. 1 l.l. I . U U 1.JJ.X. 

FFR = 0.83 (85/102) 

b-APV = 13 h-APV = 48 b-APV = 26 h-APV = 108 

Figure g Illustration of an intermediate coronary lesion (arrow) in de proximal part of the left anterior descending 
coronary artery (LAD, A). The intracoronary pressure derived fractional flow reserve (FFR) value of 0.83 indicates a 
hemodynamically non-significant (> 0.7s) lesion (B). Coronary blood flow velocity reserve (CFVR), defined as the 
ratio of maximal hyperemic flow velocity (h-APV) to baseline flow velocity (b-APV), distal to this stenosis has a 
value of 3.7, which is also above the threshold (> 2.0) of functional significance (C). Reference CFVR is 4.2 and the 
calculated relative CFVR (defined as CF\ is 0.88 (= 3.7/4.2) (D). 
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CHAPTER 1 

limited for patients with the probability of microvascular disease due to acute myocardial 

infarction, unstable angina, hypertension, ventricular hypertrophy, diabetes mellitus and dif

fuse disease. The aim of the second part of the thesis was to evaluate the diagnostic and prog

nostic value of combined intracoronary passu re and flow velocity measurements in an unse-

lected large patient population scheduled for elective PTCA. 

Outline of the thesis 

The first part of the thesis concerns the evaluation of coronary plaque inflammation, as 

determined by immunohistochemical analysis of culprit coronary lesions, in patients with sta 

ble and unstable coronary syndromes. Macrophages, T lymphocytes and C-reactive protein are 

the major inflammatory mediators that have been used to determine the presence of inflam

mation. Chapter 2 deals with the evaluation of the relation between coronary plaque inflam

mation and clinical and angiographic characteristics of coronary artery disease. In Chapters 3 

and I, the extent ol plaque inflammation and smooth muscle cell proliferation was evaluated 

in atherectomy specimens ol patients with restenosis and in-stent restenosis lesions. The role 

of tissue C-reactive protein in relation to presentation of stable and acute coronary syndromes 

is evaluated in Chapter 5 and Chapter 6 deals with the significance of plaque inflammation for 

the occurrence of recurrent coronary events after coronary angioplasty. 

The second part ol the thesis concerns the evaluation of functional stenosis severity using 

intracoronary pressure and flow velocity measurements in patients with stable coronary arte

ry disease. Coronary lesions with a wide range of angiographic severities were hemodynami-

cally evaluated using sensor-tipped guide wires. Chapter 7 deals with a comparison between 

outcomes of established functional parameters (1 1 R, CFVR and RCFVR) and myocardial per

fusion scintigraphy in a large patient population with multivessel coronary artery disease. The 

role of microvascular resistance in the relationship between fTR and CFVR and its association 

with stenosis severity are evaluated in Chapters 8 and 9. In Chapter 10, the diagnostic accura-

cy of I IK and CFVR to detect reversible ischemia is compared to a new parameter based on a 

combination of both intracoronary pressure and flow velocity, the hyperemic stenosis resistan

ce index. A comparison of the prognostic value oi FFR, CFVR and the hyperemic stenosis 

resistance index with respect to major adverse cardiac events after deferral of PTCA in inter

mediate coronary lesions is provided in Chapter 1 1. Chapter 12 concerns the additional prog

nostic value of biochemical markers of inflammation (C-reactive protein) for clinical decision

making and management ol patients with hemodynamically non-significant coronary lesions. 
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CHAPTER 2 

ABSTRACT 

Background 

Unstable coronary syndromes may exhibit complex morphology of coronary stenoses at angi

ography. We evaluated the association between qualitative assessment of coronary stenoses 

according to the Ambrose classification and plaque inflammation determined by immuno-

histochemistry. 

Methods and results 

A total ot 79 patients with unstable (n = 46) and stable angina (n - 33) underwent directional 

coronary atherectomy for culprit coronar) lesions. Qualitative analysis of coronary angiograms 

was performed using a modified Ambrose classification. Coronary lesions were divided in sim

ple lesions (concentric and eccentric type 1, n = 29) or complex lesions (eccentric type II and 

multiple irregularities, n 50). Cryostat sections of retrieved atherosclerotic specimen were 

immunohistochemically stained with monoclonal antibodies, a-actin (smooth muscle cells), 

CD-68 (macrophages) and CD-3 (T-lymphocytes). The extent of atherosclerotic inflammation 

within each coronary lesion was determined by the percentage immunopositive macrophages 

per total tissue area (including smooth muscle cells) and the number of T-lymphocytes/mm . 

Atherectomy specimens of patients with unstable angina (21 ± 14 vs. 13 ± 10, p = 0.01) and 

complex coronary lesions (23 ± 13 vs. 9 ± 8, p < 0.001) contained a significantly higher per

centage macrophages compared to stable angina and simple coronary lesions. The association 

between lesion complexity and macrophages content was more pronounced amongst patients 

with unstable angina. 

Conclusions 

There is a positive association between angiographic grading of coronary lesion complexity, 

unstable angina and the extent of atherosclerotic plaque inflammation. 
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INTRODUCTION 

Coronary angiography is still used as the gold standard in the evaluation of coronary artery 

disease. However, the angiographic severity of a coronary stenosis is not necessarily associated 

with the clinical manifestation of coronary syndromes. In fact, there is substantial overlap in 

the degree of severity of coronary stenoses of patients presenting with unstable or stable angi

na [ 1, 2j. Clinical studies by Ambrose et al. revealed a relationship between qualitative angio

graphic characteristics of coronary stenoses and the presentation of coronary syndromes [2,3]. 

Angiographically irregular eccentric coronary stenoses with ruptured atherosclerotic plaque, 

with or without occlusive thrombus, were associated with unstable angina. Post mortem ana

lysis performed by Levin and Fallon showed a positive relationship between the irregularity of 

coronary stenoses on angiography and complexity of coronary plaques evaluated by histology 

[4]. Immunohistochemical studies of autopsy and coronary atherectomy specimens underlin

ed the pivotal role of atherosclerotic inflammation in destabilization of fibrous cap tissue resul

ting in unstable coronary syndromes [5-7]. The aim of the present study was to evaluate the in 

vivo relationship between angiographic complexity of coronary lesions using the Ambrose 

classification [3] and plaque inflammation assessed by immunohistochemical analysis of athe

rosclerotic specimens retrieved by directional coronary atherectomy. 

METHODS 

Study patients 

Directional coronary atherectomy for de novo culprit coronary lesions suitable for coronary 

atherectomy, i.e. proximal and eccentric, was performed in 79 consecutive patients with unsta

ble (Braunwald's class I-III, n = 46) [8] or stable angina (Canadian Cardiovascular Society class 

1-3, n = 33) [9]. The coronary lesion was identified as the "culprit lesion" based on clinical and 

electrocardiographic findings. 

Qualitative and quanti tat ive assessment of coronary stenosis 

Qualitative assessment of coronary lesions was performed following Ambrose's classification 

[2, 3]. Simple coronary lesions were concentric or eccentric and characterized by a smooth sur

face and a broad neck [Figure 1 ]. Complex coronary lesions were eccentric with a narrow neck, 

overhanging edges and/or irregular borders or were characterized by multiple irregularities 

[Figure 1 ]. Coronary angiography was performed before directional coronary atherectomy in 

at least two orthogonal views after an intracoronary bolus (0.1 mg) of nitroglycerin. With the 

guiding catheter used as a scaling device, percentage diameter stenosis, reference diameter in 
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m m and minimal luminal diameter in mm were assessed by quantitative coronary angiogra

phy using the CMS-QCA software version 4.0 (MEDIS, Leiden, The Netherlands). The project

ion showing the most severe coronary stenosis in percentage diameter stenosis was used for 

analysis. 

Simple Coronary Lesions Complex Coronary Lesions 

III III 
Concentric Eccentric Type I Eccentric Type II Multiple 

Irregularities 
Figure i illustration of ample and complex coronary lesions. Simple lesions were concentric or eccentric 

ind a broad neck. (3) Complex lesions were eccentric with a narrow neck, 
ulers or were characterized by serial lesions or severe diffuse disease. (3) 

Immunohistochemical analysis 

The retrieved coronary plaque specimens were immediately frozen in liquid nitrogen and 

stored at -80°C. The specimens were serially sectioned at 5 mm thickness and mounted for 

immunohistochemistry. The primary monoclonal antibodies used were anti-CD68 (Dakopatts, 

(ilostrup, Denmark) for Macrophages, anti-CI)3 (Becton and Dickinson, Mountain View, CA) 

for T-lymphocytes and anti-u-smooth muscle actin (SMA-1: Dakopatts, Denmark) for smooth 

muscle cells. In all cases a three-step indirect peroxidase method was used as previously des

cribed [ 10 J and antibody complexes were visualized by 3-amino-ethylcarbazole. No counter 

stain was used. 

Morphometr ic analysis 

The results of immunostaining for macrophages, T-lymphocytes and smooth muscle cells were 

planimetrically quantified with the use of image analysis software (version 1.6065, National 

Institute of Health) on a personal computer connected to a video-mounted microscope. The 
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total tissue area of each atherectomy section was outlined manually on the video screen and 

measured. In these areas the immunostained areas (macrophages or smooth muscle cells) were 

measured automatically using gray scale detection with a fixed threshold. Immunopositive 

areas (macrophages or smooth muscle cells) were calculated as a percentage of the total tissue 

area. T-lymphocytes were counted at lOOx magnification throughout the entire section and 

expressed as number of cells per mm . The pathologists were blinded to the results of the cli

nical findings. 

Statistical analysis 

Data are expressed as mean + SI). Continuous variables were compared using an unpaired 

Student's /-test ( SPSS for Windows vs. 10.0, Arlington, VA). A Mann-Whitney test was used for 

not normally distributed continuous data. A Fisher's exact test was performed for categorical 

data. To identify clinical and angiographical parameters associated with plaque inflammation 

(macrophages and T lymphocytes) and plaque smooth muscle cells multivariate linear regres

sion analysis was performed using clinical characteristics (age, gender, unstable angina, risk 

factors and medication), angiographical data (percentage diameter stenosis, reference diame

ter and minimal lumen diameter in mm, Ambrose classification [3]) by dichotomized values. 

Analysis was performed with P values for inclusion and elimination set at 0.10 and 0.20, to 

determine independent correlates of immunopositive areas of macrophages, T lymphocytes 

and smooth muscle cells of atherectomy specimen. Values of P < 0.05 were considered statisti

cally significant. 

RESULTS 

Study patients 

Mean age of the predominantly male (76%) study population was 59.4 ± 1.2 yrs. Clinical cha

racteristics of all patients are summarized in Table 1. 
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Table i Baseline Clinical Characteristics 

40 

60 

46 

27 

32 

32 

40 

7 

33 

04 

68 

67 

73 

13 

(51) 

(78) 

(58) 

(34) 

(41) 

(41) 

(51) 

(9) 

(42) 

(81) 

(86) 

(85) 

(92) 

(16) 

Age > 6oyrs. 

Male sex 

Unstable angina 

Hypertension 

Hyperlipidemia 

Family history 

Current cigarette smoking 

Diabetes mellitus 

Prior myocardial infarction 

Nitrates 

Beta-blockers 

Calcium-antagonists 

Aspirin 

Statins 

Values are N (%). 

Qualitative and quant i tat ive assessment of coronary stenosis 

The majority (82%) of coronary lesions were located in the left anterior descending coronary 

artery, whereas only 15% of the coronary lesions were located in the right coronary artery and 

3 % in the left circumflex coronary artery. We identified 29 simple coronary lesions (concen

tric; n = 9 and eccentric type IA-B; n = 20) and 50 complex lesions (eccentric type IIA-B; 

n = 42 and multiple irregularities; n = 8) according to Ambrose' classification. 

Mean diameter stenosis was 70 ± 2%, mean minimal lumen diameter was 1.08 ± 0.04 mm and 

mean reference diameter was 3.50 ± 0.07 mm. 

Correlates of plaque macrophages, T cells and smooth muscle cells 

Univariate analysis identified variables positively (p <. 0.2) associated with the presence of pla

que macrophages, T-lymphocytes and smooth muscle cells, which are shown in Table 2. 

Complex coronary lesion and unstable angina were the strongest positive predictors for plaque 

macrophages content and, although not significant, plaque T-lymphocytes content. 
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Table 2 Variables Positively Associated With the Presence of Plaque Macrophages, T-Lymphocytes 

and Smooth Muscle Cells. 

(n =) Macrophages p-value T-Lymphocytes p-value Smooth Muscle p-value 

(% ± SD) (mm' ± SD) Cells (% ± SD) 

Age 

>6oyrs. 

<6oyrs. 

Gender 

Male sex 

Female sex 

Manifestation 

of angina 

Stable 

Unstable 

Family history 

Yes 

No 

40 

39 

60 

19 

33 

46 

32 

47 

Diabetes mellitus 

Yes 

No 

7 

72 

Lesion complexity 

Simple 

Complex 

29 

50 

20 ±14 

15 ±11 

19 ±13 

14 ±13 

13 ±10 

21 ±14 

15 ± 9 

19 ±15 

11 ±11 

18 ±13 

9 ± 8 

23 ±13 

}0.1 

}0.2 

}0.01 

}0.1 

}0.2 

} <0.001 

14 ±10 

16 ±13 

15 ±12 

13 ±11 

13 ±10 

17 ±12 

16 ±12 

14 ±11 

12 ± 9 

15 ±12 

12 ±7 

17 ±13 

}0.4 

}0.5 

}0.1 

}0.4 

}0.6 

}0.09 

20 ±13 

24 ±14 

21 ±13 

27 ±15 

5 ±15 

21 ±13 

23 ±12 

21 ±15 

31 ±13 

21 ±13 

26 ±12 

20 ±14 

}0.3 

}0.1 

}0.2 

}0.6 

}0.08 

}0.< 

Table 3 shows the results of an explorative analysis of the simultaneous effects of coronary 

lesion characteristics and presentation of anginal symptoms on the immunohistochemical 

parameters. The positive association between lesion complexity and macrophages content was 

more pronounced in patients with unstable angina than in patients with stable angina 

(p = 0.01, interaction term in linear regression). The association between lesion complexity and 

T-lymphocytes content was similar amongst patients with stable and unstable angina. An 

inverse relationship between lesion complexity and plaque smooth muscle cells content was 

seen in patients with unstable angina. 
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Table 3 Immunopositive Areas of Macrophages, T-Lymphocytes and Smooth Muscle Cells in 

Atherectomy Specimens in Relation to Angiographic Lesion Complexity Within Patients wi th 

Stable or Unstable Angina. 

(n =) Macrophages p-value T-Lymphocytes p-value Smooth Muscle p-value 

(%±SD) (mm±SD) Cells (% ± SD) 

Simple lesions 

Concentric 9 13 ±11 )Q} 15 ±11 ^ 30 ± 15 ^ 

Eccentric type I 20 7 ± 5 10 ± 5 24 ± 9 

Complex lesions 

Eccentric type II 42 22 ±12 16 ±13 20 ±15 

Multiple 

irregularities 8 28 ±13 19 ± 14 21 ± 12 

No significant differences in percentage plaque macrophages, T-lymphocytes and smooth mus

cle cells were observed within subgroups of simple (concentric vs. eccentric type I) and com

plex (eccentric type II and multiple irregularities) coronary lesions (Table 4]. 

Table 4 Quantitative Immunohistochemical Data of Coronary Lesions According to the Ambrose 

Classification. 

(n =) Macrophages P-value T-Lymphocytes P-value Smooth Muscle P-value 

(% + SD) (mm' ± SD) Cells (% ± SD) 

Stable angina 

Simple lesion 12 10 ± 8 } Q 0 7 9 ± 6 )Q2 27 ±11 ^ 

Complex lesion 21 16 ± 10 14 ±11 23 ±16 

Unstable angina 

Simple lesion 17 9 ±7 ]<QO^ 13 ±8 ^ 26 ±13 )QQ6 

Complex lesion 29 28 ±12 18 ± 14 18 ±12 

Figures 2 and 3 demonstrate examples of angiographic and immunohistochemical images of a 

patient with stable angina and a simple coronary lesion and a patient with unstable angina and 

a complex coronary lesion. 
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D :^ 

Figure 2 

(A-B) Angiographic images of a patient with stable angina showing a simple coronary lesion with a smooth 

surface located at the proximal part of the left anterior descending coronary artery (A- left anterior oblique 

view, B; right anterior oblique view). Arrowheads indicate coronary lesion. 

(C) Part of atherectomy specimen of the corresponding simple coronary lesion cut into serial sections. Overview 

of a haematoxylin & eosin stained frozen section showing parts of fibrous cap tissue. 

(D) Adjacent section immunohistochemically stained with anti CD 68 showing few macrophages (arrowhead). 

(E) Detail of boxed area in C, stained with anti CD 3 showing one 1'lymphocyte, (arrowhead) 

(F) Section adjacent to C and D, stained with anti a-actin, showing large numbers of smooth muscle cells 

(asterisk). 
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Figure 3 
(AB) Angiographic images of a patient with unstable angina showing a complex coronary lesion with irregular 

surface and ulceration located at the proximal part of the left anterior descending coronary artery (A; left 

anterior oblique view. B, right anterior oblique view). Arrowheads indicate coronary lesion 

(C) Part of atherectomy specimen of the corresponding complex coronary lesion cut into serial sections. 

Overview of a haematoxylin & eosin stained frozen section showing thrombus (arrowhead) and plaque 

tissue with foam cells and fibrous tissue (asterisks). 

(D) Adjacent section immunohistochemically stained with anti CD 68 showing large numbers of macrophages. 

(E) Detail of boxed area in C, stained with anti CD 3 showing an infiltrate of T-lymphocytes. 

(F) Section adjacent to C and D, stained with anti a-actin, showing smooth muscle cells particularly at sites 

where macrophages are scant or absent. 
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DISCUSSION 

Several mechanical and biological factors underlie the clinical presentation of unstable angina. 

Angiographic complex coronary lesions have been associated with a reduced coronary flow and 

clinical manifestation as unstable angina [11]. Culprit lesions of patients with unstable angina 

contain large amounts of macrophages and T-lymphocytes relative to such lesions in patients 

with stable angina [6, 7). These inflammatory cells may cause deleterious effects in the shoul

der region of a lipid rich plaque, the site prone for plaque disruption [5, 7, 12]. Macrophages 

play a key role in plaque progression and atheroma formation by phagocytosis of oxidized-LDL 

[12]. Activated macrophages and T-lymphocyte produce numerous growth factors and prote

ases, which destabilize the fibrous cap leading to plaque rupture. This event may be expressed 

as a dissection or ulceration on coronary angiography [4]. Moreover, inflammation can cause 

superimposed thrombus formation followed by total coronary occlusion with ensuing myo

cardial infraction and / or cardiac death [13]. In addition to the studies based on atherectomy 

specimens, recent studies performed on plasma markers of inflammation, such as C-Reactive 

protein and serum amyloid A protein support the concept of a positive association between tis

sue inflammation and acute coronary syndromes [14]. In addition, serum neopterin, an indi

cator of macrophage activity, was associated with complex coronary artery stenosis in patients 

with unstable angina [15]. Complex lesions, according to the Ambrose classification, were clas

sified in a similar fashion in the present study [2]. However, the present study included patients 

with both clinically stable and unstable angina pectoris. Furthermore, immunohistochemical 

documentation of plaque inflammation of culprit coronary lesions was related to complex ste

nosis morphology. The present study underscores the established relationship between the cli

nical manifestation of unstable angina and the extent of plaque inflammation [6, 7). Moreover, 

this study also demonstrates that complex angiographic lesions show a positive relationship 

with intraplaque inflammation. A relationship anticipated but as yet not known to be establis

hed. Furthermore, the strongest relationship with plaque inflammation was found for the 

interaction between lesion complexity and the severity of anginal complaints; the highest per

centage of coronary plaque inflammation was observed in plaque specimens of patients with 

unstable angina in addition to a complex coronary lesion [Table 3]. 

As this study reveals that patients with complex coronary lesions exhibit more plaque inflam

mation, it may be concluded that these patients may benefit from aggressive medical treatment 

aimed at reducing plaque inflammation to lower acute and late cardiac complications [16]. 
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CHAPTER i 

ABSTRACT 

Background 

To evaluate immunohistochemically various parameters of inflammation in coronary athe

rectomy specimens obtained from restenotic culprit lesions of patients presenting with either 

stable or unstable angina. There is no information regarding the relationship between atheros

clerotic plaque inflammation and the severity of the coronary syndromes in patients with reste

notic coronary lesions. 

Methods and Results 

A total of 37 patients with either stable angina or unstable angina underwent directional coro

nary atherectomy (DC A) for restenotic coronary lesions. Cryostat sections of atherectomy spe

cimen were immunohistochemically stained with monoclonal antibodies CD68 (macropha

ges), CD3 (T-lymphocytes) and a-actin (smooth muscle cells). Smooth muscle cell (SMC) 

contents and macrophage (MAC]) contents were planimetrically quantified as the percentage 

immunopositive tissue area of the total tissue area. T-lymphocytes were counted at 100-x mag

nification throughout the entire section, and expressed as number of cells per mm2. Restenotic 

coronary lesions of patients with unstable or stable angina showed no significant difference in 

SMC areas (31.9% ± 16.3% vs. 38.5% ± 18.8% respectively; p = NS). However, restenotic coro

nary lesions of patients presenting with unstable angina contained significantly more macro

phages (24.4% ± 15.1 vs. 10.5% ± 5.8%, p= 0.001) and T-lymphocytcs (18.8 cells/mm' ± 15.1 

cells/mm' vs. 8.6 cells/mm- ± 9.8 cells/mm2; p = 0.034) than patients with stable angina. 

Conclusions 

These results suggest that inflammation appears to affect plaque instability in restenotic coro

nary lesions resulting in unstable coronary syndromes. 
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INTRODUCTION 

Studies evaluating atherosclerotic plaque specimens retrieved by directional coronary athe

rectomy (DCA) have demonstrated dilterences in the extent of plaque inflammation between 

patients with stable and unstable angina [1-3]. These studies provided further support to the 

contention that infiltration of macrophages is crucial for the onset of unstable coronary syn

dromes [4-6]. Thus far, these clinicopathologic relations between the type of angina and the 

extent of inflammation in culprit lesions are derived from patients with de novo lesions. Recent 

literature suggests an association between infiltrated plaque macrophages and the development 

of restenosis after DCA [7]. Tissues of patients with a restenotic lesion as their culprit have not 

been studied from this point of view. The aim of the study was to evaluate the relationship bet

ween the presence of inflammatory cells in restenotic lesions and the types of evolving ische

mic coronary syndromes. 

METHODS 

Patient populat ion. 

A total of 37 patients with a restenotic culprit lesion that was suitable for DCA were included. 

The patient cohort consisted of 18 patients with chronic stable angina, classes 1 -3 according to 

the Canadian Cardiovascular Society classification [8] and 19 patients with unstable angina, 

classes I-III according to Braunwald's classification [9]. 

Immunohistochemistry. 

Immediately after the DCA procedure, the obtained tissue fragments were carefully oriented in 

embedding fluid (Tissue Tek), in such a way that the sites with the largest surface area were in 

the plane of cutting the sections. Thereafter, they were frozen in liquid nitrogen and stored at 

B80EC. Frozen sections were cut at 5 pm, one section was stained with hematoxylin-eosin for 

morphologic evaluation and adjacent serial sections were mounted for immunohistoche

mistry. The primary monoclonal antibodies used were anti-CD68 (Dakopatts, Glostrup, 

Denmark) for the detection of macrophages (MAC), anti-CD3 (Beckton and Dickinson, 

Mountain View, CA) for the detection of T-lymphocytes and anti a-actin (SMA-1: Dakopatts) 

for the detection of SMCs. In both cases a three-step indirect peroxidase method was used as 

previously described [10] and antibody complexes were visualized by 3-amino-ethylcarbazole 

I AEC). No counter stain was used. 
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Morphometr ic analysis 

Results of anti-CD 68, anti-CD3 and anti-u-actin immunostaining were planimetrically quan

tified using image analysis software [NIH image program, available on internet from 

zippy.niinh.nih.gov) on a personal computer connected with a video-mounted microscope.The 

total tissue area of the immunostained sections of each atherectomy specimen was outlined 

manually on the video screen and measured. The tissue areas of the immunostained sections, 

that were occupied by immunopositive stained cells (macrophages or SMCs), were measured 

automatically using gray scale detection with a fixed threshold. Thereafter, the smooth muscle 

and macrophage areas were calculated as percentages o! the total tissue area. T-lymphocytes 

were counted at 100-x magnification throughout the entire section, and expressed as number 

of ceils per mm . The pathologists were blinded to the results of the clinical classification of 

anginal symptoms. 

Statistical analysis 

Data are expressed as mean ± SD. For comparison of clinical, angiographical and immuno-

histochemical data an unpaired Student's t-test was used for continuous data and a Chi-squa-

red test for categorical data. A Mann-Whitney test was performed for non-parametric conti

nuous data and a Fisher's exact test for categorical data. We used multivariate linear regression 

to adjust differences in SMC, MAC and T-lymphocytes between patients with stable and unsta

ble angina for difference in baseline characteristics between these patients groups. The SPSS 

package for Windows version 9.0 (SPSS Inc. 1999, Arlington, VA) was applied for these purpo

ses. Values of p < 0.05 were considered statistically significant. 

RESULTS 

Patient population 

Clinical and angiographical characteristics of the study patients are shown in Table 1 and 2. 

Patients with unstable angina were significantly older than patients with stable angina 

(p = 0.02), otherwise the patient populations were comparable. 

Quanti tat ive immunohistochemistry 

Inflammatory cells, macrophages (anti-CD68) and T-lymphocytes (anti-CD3), were found in 

specimen of all patients, but in highly variable amounts. Moreover, their tissue localization 

showed two distinct patterns. First, the inflammatory cells could be observed scattered or in 

small clusters in tissue fragments imposed of loosely arranged myxoid tissue also containing 
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large amounts of a-actin positive SMC ("neointimal tissue"). Second, they were present in 

atheromatous tissue fragments as tight infiltrates. In this type of tissue, the CD68-positive 

macrophages often had a foam cell appearance. A representative example of this feature is 

shown in Figures 1-3. 

Table i Clinical Characteristics of Patients w i th Restenotic Coronary Lesions 

Age (yr ± SD) 

Male 

Risk factors 

Hypercholesterolemia 

Hypertension 

Diabetes mellitus 

Family history 

Cigarette smoking 

Medication 

Beta blocker 

Nitrate 

Calcium antagonist 

Aspirin 

Unstable angina at first PTCA 

First intervention balloon PTCA 

Time to restenosis (months ± SD) 

' p < 0.05 (unpaired Student's t-test) 

STABLE A N G I N A 

n = 18 (%) 

56.1 ±13.4 

17 (94 %) 

9 (50 %) 

8 (44 %) 

0 

9 (50 %) 

9 (50 %) 

16 (89 %) 

15 (83 %) 

16 (89 %) 

17 (94 %) 

7 (39 %) 

17 (94 %) 

8.7 ± 14.3 

UNSTABLE A N G I N A 

n = 19 (%) 

65.2 ± 8.2' 

13(68%) 

7 (37 %) 

12 (63 %) 

2 (11 %) 

9 (47 %) 

4 (21 %) 

13 (79 %) 

18 (95 %) 

17 (89 %) 

18 (95 %) 

9 (47 %) 

17 (89 %) 

7.2 ± 5.4 
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Cr 

Figurei a-c Part of an atherectomy specimen derived from a restenotic culprit coronary lesion of a patient with 

unstable angina, H&E stained frozen section. Fig w. overview, boxed areas are shown in ib and K. Fig ib: detail of 

hypercellular myxoid area showing stellate shaped cells amidst abundant extracellular matrix. Figic. Detail of 

atheromatous tissue showing a rim of mononuclear cells near to atheroma (upper part). 

Figure ia-c Serial section adjacent to Fig i, immunostained with anti a-SMC actin. Fig 2b. detail of myxoid tissue 

showing a large amount of young stellate smooth muscle cells. Fig 2c detail of atheromatous tissue containing 

only few smooth muscle cells. 

Figure sac Serial section adjacent to Fig i, immunostained with anti-CD 68. Fig ja. overview. Fig 3b. detail of 

myxoid tissue showing low numbers of diffusely spread small macrophages Fig 3c detail of atheromatous tissue 

showing rim of closely packed immunostained macrophages. 
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Table 2 Angiographical Characteristics of Patients wi th Restenotic Coronary Lesions 

Coronary vessel 

RCA 

LAD 

LCX 

Coronary lesion classification 

ACC/AHA class t 

Multi vessel disease 

OCA 

DS (% ± SD) 

MLD(mm±SD) 

R E F ( M M ±SD) 

A 

Bl 

Bll 

STABLE A N G I N A 

n = 18 (%) 

1 (6 %) 

14 (78 %) 

3(17%) 

2 (11 %) 

2 (11 %) 

14 (78 %) 

2 (11 %) 

70 ±11 

0.97 + 0.41 

3.20 ±0.63 

UNSTABLE A N G I N A 

n 

1 

16 

2 

3 

6 

10 

4 

72 

1.0C 

3.53 

= 19 (%) 

(5 %) 

(84 %) 

(11 %) 

(18 %) 

(32 %) 

(53 %) 

(21 %) 

±8 

±0.33 

±0.36 

r ACC/AHA represents classification according to the criteria of the American College of Cardiology and the 

American Heart Association (22). 

Quantitative immunohistochemical of restenotic coronary lesions of patients with unstable or 

stable angina showed no significant difference in SMC areas (31.9% ± 16.3% vs. 38.5% ± 18.8% 

respectively; p = NS). However, restenotic coronary lesions of patients presenting with unstable 

angina contained significantly more macrophages (24.4% ± 15.1% vs. 10.5% ± 5.8%, p = 0.001) 

and T-lymphocytes (18.8 cells/mm' ±15.1 cells/mm2 vs. 8.6 cells/mnr ± 9.8 cells/mm2; p = 0.034) 

than patients with stable angina [Figure 4]. We corrected these differences for the uneven age 

distribution between patients with stable and unstable angina. This correction did not influen

ce the observed differences. 
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80 
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D stable angina 
• unsable angina 

p = 0.034 

p = 0.001 
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o 
Q-
O 
c 
E 
E 

%smc % mac T-cells/mm2 

Figure 4 Percentages of immunostained smooth muscle cell areas and macrophage areas and number of T-lym-

phocytes/mm' in restenotic coronary lesions underlying stable angina (CCS 1-3) and unstable angina (Braunwald 

hill). Data are expressed as mean ± SD. 

70 

60 

50 

40 -

30 

E 
^ 20 

10 -

I de novo lesions 

H restenotic lesions 
p < 0.0001 

M a c r o p h a g e s S m o o t h musc le cells 

Figure 5 Area quantification of immunostained atherectomy sections showed that macrophage areas were similar 

in patients with de novo (n = 80) or restenotic (n = 37J lesions (de novo; 17.3 ± 7.5% and restenosis; 17.6 ± 2.2%; 

p = NS). However, smooth muscle cell areas (cumulative anti-n actin positive areas) in patients with restenotic 

lesions were significantly larger than in patients with de novo lesions f35.2 ± 2.g % vs. 21.6 ± 7.6%; p < 0.0001). 
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DISCUSSION 

The results of the present study demonstrate that there is a positive association between the cli

nical manifestation of coronary syndromes and the extent of inflammation (macrophage and 

T-lymphocytes) in atherectomy specimens of patients with a restenotic lesion. This association 

could not be statistically attributed to the age difference between patients with stable and 

unstable angina. 

A study by Moreno et al [1] on atherectomy specimens obtained from de novo lesions revea

led that macrophage infiltration of plaque tissue represents a marker for plaque instability. 

Subsequent studies of atherectomy specimens confirmed the relationship between plaque 

instability and unstable coronary syndromes by demonstrating increased amounts of T-lym

phocytes and expression of HLA-DR molecules on cells [3], macrophages producing the pro

teolytic enzyme gelatinase B [11] and macrophages producing the thrombosis initiator tissue 

factor [12]. In contrast, there is no information in the literature regarding the role of inflam

mation in restenotic coronary lesions. Thus far, clinicopathological studies, evaluating tissue 

specimens obtained by DCA, revealed SMC proliferation with concomitant extracellular 

matrix synthesis and marked expression of growth factors as principal features of restenotic 

lesions [2, 12-16]. The principal role of SMCs is in accordance with autopsy based studies, 

demonstrating the local wall response to mechanical injury after percutanous coronary inter

ventions [17-19]. Indeed, it has been postulated that massive SMC proliferation with abundant 

extracellular matrix production could give rise to plaque expansions, which eventually could 

lead to symptoms of unstable angina [13, 15]. This concept was based on similarities in SMC 

proliferation and the expression of the SMC growth factors aFGF and bFGF between lesions of 

patients with unstable angina and patients with restenotic coronary lesions. Moreover, Chen et 

al. [15] found a similar phenotypic modulation of SMCs in patients with unstable angina and 

post-angioplasty restenosis using transmission electron microscopy. However, these patients 

with restenosis were not divided in the subgroups of stable and unstable angina. More recent 

insight suggests that excessive SMC growth results in a preference for presentation of stable 

rather than a presentation of unstable coronary syndromes [20, 21]. Be that as it may, the fact 

remains that the present study showed no relationship between the content of SMCs and the 

clinical presentation of anginal symptoms. Moreover, none of previous reports quantified 

macrophage density, as a marker of plaque inflammation, in patients with stable or unstable 

angina as part of their restenosis. Our finding of large concentrations of inflammatory cells in 

atheromatous tissue and relatively small amounts in the classical type restenosis tissue suggests 

that the inflammatory activity results from preexisting plaque at the site of restenosis (plaque 

burden). One could hypothesize that these inflammatory cells destabilize the tissue of resteno

tic coronary lesions in a similar way as has been described for unstable primary coronary 

lesions. 

51 



CHAPTER 3 

In conclusion, our findings suggest that plaque instability relates to inflammation rather than 

to the extent of SMC proliferation. This observation provides a novel insight into pathophysi

ology of restenosis supporting the contention that plaque inflammation is pivotal in destabili-

zation of restenotic coronary lesions resulting in unstable coronary syndromes. 

LIMITATIONS 

The present study suggests that inflammation relates to de novo atherosclerotic plaque tissue 

rather than due to newly formed restenotic tissue. However, it cannot be excluded that the 

atheromatous tissue with inflammatory coils has developed after the interventional procedure, 

particularly not in patients with a long time interval between the initial intervention and the 

atherectomy procedure. Nevertheless, this limitation doesn't alter the conclusion regarding the 

positive association between the extent of macrophage infiltration in restenotic coronary 

lesions and its clinical presentation. 
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CHAPTER 4 

A 68 year-old woman was treated for diffuse in-stent restenosis, five months after implantation 

of a 13 mm Multilink stent (Guidant) in the proximal segment of the right coronary artery 

[Figure 1A ]. Debulking of the in-stent restenotic lesion was performed using directional coro

nary atherectomy (DCA) followed by adjunctive balloon angioplasty [Figure IB]. Six months 

after atherectomy the patient was asymptomatic and routine coronary angiography demon

strated a good long-term result [Figure 1C]. Macroscopic examination of the retrieved DCA 

specimen revealed a partially removed stent strut [arrow, Figure 2A] within transparent blu-

eish homogeneous tissue. We are aware of one case report of stent laceration, as a consequen

ce ol a debulking (DCA) procedure, [ 11 a cautious approach, therefore, is indicated. The athe

rectomy specimen was analyzed histologically and contained mainly smooth muscle cells. At 

regular intervals along the edge, distinct clusters of T lymphocytes and macrophages (not 

shown) occurred, suggesting for inflammatory cell clustering at the site of stent struts [figure 

2B-2C). Previous post mortem studies have shown that in-stent restenosis consists predomi

nantly of smooth muscle cells embedded in myxoid matrix with foci of inflammatory cells 

predominantly located around stent struts. [2, 3] These immunohistochemical images illustra

te a stent-strut induced inflammation of an in-stent restenotic lesion retrieved by DCA. 

Figure i 

(A) Coronary angiogram of the right coronary artery, showing a 

severe, proximal in-stent restenotic fesion. 

(Bj Coronary angiogram directly after directional coronary 

atherectomy followed by adjunct balloon angioplasty. 

(C) Coronary angiogram at six month follow up. 
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Figure 2 
(A) Macroscopic view of the retrieved atherectomy specimen. Arrow indicates a partially removed stent strut. 

(B) Anti n-smooth muscle actin (SMA-i) staining shows predominantly smooth muscle cells. 

(C) CD-3 staining shows clustered inflammatory (T) cells at regular intervals along the edge of the atherectomy 

specimen, representing stentstrut induced inflammatory processes (asterisks). 

57 



CHAPTER 4 

REFERENCES 

1. Gonschior P, Christian V, Berthold H. Managing complications of stenting: rupture of an angioplasty balloon 

after treatment of a recurrent in-stent restenosis-lesion of the left anterior descending coronarv artery with 

directional coronary atherectomy. / Invasive Cardiol 2000; 12:105-108. 

2. Komatsu R, Ueda M, Naruko T, Kojima A, Becker AE. Neointimal tissue response at sites of coronary stenting 

m humans: macroscopic, histological, and immunohistochemical analyses. Circulation 1998;98:224-233. 

3. Farb A, Sangiorgi G, Carter AJ, et al. Pathology of acute and chronic coronary stenting in humans. Circulation 

1999;99:44-52. 

58 



Intraplaque C-reactive protein associates 

with the severity of acute coronary 

syndromes 

(Submitted) 



CHAPTER 5 

ABSTRACT 

Background 

C-reactive protein (CRP) is an inflammatory marker and plasma levels serve as predictor for 

coronary events. However, CRP has been reported recently to occur inside human atheroscle

rotic lesions where it could promote foam cell formation and complement activation, thus 

enhancing destabilization of plaques. We investigated the simultaneous presence of macropha

ges, CRP, membrane attack complex C5b-9 (MAC) and oxidized low-density lipoprotein 

(oxLDL) in atherectomy specimens of patients with different coronary syndromes. 

Methods and Results 

A total of 54 patients with stable (SA, n = 21) and unstable (UA, n = 15) angina and myocar

dial infarction (Ml, n = 18) underwent directional coronary atherectomy for culprit coronary 

lesions. Cryostat sections of atherosclerotic plaques were immunohistochemically stained with 

the monoclonal antibodies CD68 (macrophages), 5G4 (CRP), aEl 1 (MAC) and 12E7 (oxLDL). 

Immunopositivc areas were evaluated in relation to fibrous cap and neointima tissues, ather

oma and media. Quantitative analysis was performed by using image cytometry (QPROl)IT 

5.2) with systematic random sampling (expressed as percentage immunopositive tissue 

area/total tissue area). Simultaneous immunopositivity for macrophages, CRP, MAC, and 

oxLDL occurred in 76 to 98%. Quantitative analysis showed significantly higher percentages of 

macrophages in plaques of patients with MI (44 ± 3%), compared to UA (30 ± 4%, p < 0.05) 

and SA (20 ± 2%, p < 0.001). CRP also occurred in significantly higher percentages in MI 

(25 ± 3%) and UA (25 ± 4%) compared to SA (12 ± 2%, p < 0.05). 

Conclusions 

Macrophages and CRP in culprit coronary lesions increase with the severity of the coronary 

syndromes. The simultaneous occurrence with MAC and oxLDL strongly suggests a role for 

CRP in plaque destabilization. 
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INTRODUCTION 

Atherosclerosis is currently considered as an inflammatory disease, in which immune mecha

nisms play a pivotal role. [1,2] Inflammatory mediators are considered instrumental in early 

atherosclerotic lesion formation, plaque progression and plaque rupture. [3] Moreover, 

inflammatory markers, such as C-reactive protein (CRP), showed to he strong independent 

predictors for future cardiovascular risk. [ 1 ] Recently, CRP was identified within early atheros

clerotic lesions in human coronary arteries obtained at autopsy [2]. This is of interest, because 

CRP could be involved directly in the intraplaque inflammatory process by stimulation of 

monocytes to release inflammatory cytokines [3] and by induction of adhesion molecule 

expression by the endothelium. [4] Furthermore, CRP promotes foam cell formation by opso

nizing low-density lipoprotein (LDL) [5] and complement activation via the classical pathway, 

[6] which may lead to further progression and destabilization of atherosclerotic plaques. 

However, as yet no data are available on the potential clinical consequences in terms of severi

ty of the clinical manifestation of coronary syndromes. Therefore, the aim of this study was to 

evaluate the presence of intraplaque CRP, in relation with that of the terminal membrane 

attack complex C5b-9 (MAC), oxidized low-density lipoprotein (oxLDL) and macrophages, 

assessed by immunohistochemical analysis of directional coronary atherectomy (DCA) speci

mens in patients with stable angina (SA), unstable angina (UA), and acute myocardial infarc

tion (Ml). 

METHODS 

Patients 

A total of 54 patients with SA (Canadian Cardiovascular Society class 1-3, n - 21), [7] UA 

(Braunwald's class II and III, n = 15), [8] and acute MI (n = 18), underwent IX A for de novo 

culprit coronary lesions. The coronary lesion was identified as the "culprit lesion" based on cli

nical and electrocardiographic findings. 

Immunohistochemistry 

The obtained coronary plaque specimens were directly frozen in liquid nitrogen and stored at 

-80 °C. All specimens were serially sectioned at 5-mm thickness and prepared for immuno

histochemistry. The primary monoclonal antibodies used were anti-CD68 (Dakopatts, 

Glostrup, Denmark) for macrophages; anti-5G4 for CRP, which was obtained by fusing spleen 

cells from a mouse immunized with human CRP with SP2/0 cells as described by Wolbink et 

al6; aEl 1 (Dakopatts) for C5b-9 and 12E7 (Biodesign International) for oxLDL. In all cases a 
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three-step indirect peroxidase method was used as previously described [9] and antibody com

plexes were visualized by 3-amino-ethyIcarbazole. Positive control and non-immune negative 

control slides were performed for each stain. 

Quali tat ive and Quanti tat ive Morphology 

Qualitative assessment was performed by determining the immunopositive areas, and if possi

ble, in relation to fibrous cap, neointimal tissues, atheroma and media. 1 lematoxylin eosin and 

elastic van (lieson stained sections were used to identify: [ 1 ] fibrous cap tissue, characterized 

by tibrocellular or fibrosclerotic tissue with sparse cells or by In percellular areas but without 

evidence of stellate cells; [2] neointima tissue, defined by hypercellular myxoid tissue with stel

late shaped cells; [3] atheroma, characterized by necrotic cellular debris with or without cho

lesterol crystals and without connective tissue; and [4] media, conclusively based on fragments 

which contained part of the internal elastic lamina. Simultaneous presence of anti-CD68, anti-

5G4, anti-aEl 1 and anti-12E7 was assessed in specimens of patients with stable and unstable 

angina and myocardial infarction in relation to fibrous cap tissue, neointimal tissue, atheroma 

and media. 

Quantitative analysis of immunohistochemistry was performed by using image cytometry 

(QPRODIT 5.2) [10] with systematic random sampling. For each specimen the total plaque 

area was outlined manually and the areas stained with anti-CD68 and anti-5G4, respectively, 

were calculated automatically. Results were expressed as percentage immunopositive tissue area 

ol the total tissue area. The pathologists were blinded to the results of the clinical findings. 

Statistical Analysis 

Data are expressed as mean±SEM. For comparison of continuous data within the three patient 

subgroups ( SA, ( 'A and Ml i, one-way analysis ol variance and a post hoc Scheffe's test was used 

(SPSS for Windows, vs. 11.0, Arlington, VA). A Chi square test was performed for categorical 

data. Values of p < 0.05 were considered statistical!} significant. 

RESULTS 

Patients 

Baseline clinical characteristics of the patients with SA, UA and MI are summarized in Table 1. 

Mean age was not statistically different between groups: SA (58.8 ± 2.3 yr.), UA (58.6 ± 3.3 yr.) 

and MI (59.7 ± 3.0 yr.). Mean maximal serum CK-MB in the MI group was 256 ± 45 U/L. 

Culprit lesions were located in the left anterior descending coronary artery (n = 39, 72%), the 

left circumflex coronary artery (n = 2, 4%) and the right coronary artery (n = 13, 24%). 
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Table i Baseline Characteristics of All Study Patients 

Male 

Yes 

No 

Hypertension 

Yes 

No 

Hypercholesterolemia 

Yes 

No 

Family history 

Yes 

No 

Cigarette smoking 

Yes 

No 

Nitrate 

Yes 

No 

Beta blocker 

Yes 

No 

Ca antagonist 

Yes 

No 

Aspirin 

Yes 

No 

Statin 

Yes 

No 

ACE inhibitors 

Yes 

No 

n 

n = 44 

n = 10 

n = 14 

n = 38 

n = 16 

n = 38 

n = 17 

n = 37 

n = 25 

n = 29 

n = 32 

n = 22 

n = 32 

n = 22 

n = 32 

n = 22 

n = 42 

n = 12 

n = 5 

n = 49 

n = 7 

n = 47 

SA 

(n = 21) 

39% (17) 

40% (4) 

21% (3) 

47% (18) 

38% (6) 

39% (15) 

29% (5) 

43% (16) 

32% (8) 

45% (13) 

59% (19)* 

9% (2)* 

53% (17)* 

18% (4)* 

56% (18)* 

14% (3)* 

45% (19)* 

17% (2)* 

20% (1) 

41% (20) 

43% (3) 

38% (18) 

UA 

(n = i5) 

30% (13) 

20% (2) 

36% (5) 

26% (10) 

19% (3) 

32% (12) 

29% (5) 

27% (10) 

44% (11) 

14% (4) 

31% (10)* 

23% (5)* 

38% (12)* 

14% (3)* 

41% (13)* 

9% (2)* 

31% (13)* 

17% (2)* 

40% (2) 

27% (13) 

29% (2) 

28% (13) 

Ml 

(n = 18) 

32% (14) 

40% (4) 

43% (6) 

32% (12) 

44% (7) 

29% (11) 

41% (7) 

30% (11) 

24% (6) 

41% (12) 

9% (3) 

69% (15) 

9% (3) 

69% (15) 

3% (1) 

77% (17) 

24% (10) 

67% (8) 

40% (2) 

33% (16) 

29% (2) 

34% (16) 

'p < 0.05 compared to group Ml. SA indicates stable angina pectoris; UA, unstable angina pectoris; 

Ml, myocardial infarction. 
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Figure 7 Part of an atherectomy specimen of a culprit lesion of a patient with unstable angina showing distinct 

multifocal presence ofCRP (anti-sG4). 

Qualitative Morphology 

Immunohistochemistry was performed on atherectomy specimen of all patients; serial staining 

results for macrophages, CRP, MAC, and oxLDL were available in 54, 48, 54, and 48 patients, 

respectively. In 45 patients serial sections with each of these four stainings was available. 

Immunohistochemical analysis showed distinct multi focal presence of CRP [figure 1], which 

occurred predominantly in the fibrocellular cap and in atheroma [Table 2]. Immunopositive 

staining in relation to fibrous cap and neointimal tissues and atheroma, showed a close rela

tionship between the presence of macrophages, CRP, MAC, and oxLDL which ranged between 

70 to 98% [Table 2]. A significant higher simultaneous presence of macrophages, CRP, MAC, 

and oxLDL in specimen of patients with UA and MI compared to SA was observed in relation 

to fibrous cap tissue [fable 3]. Moreover, simultaneous presence of macrophages, CRP, MAC, 

and oxLDL in relation to neointimal tissue and atheroma was significantly higher in specimen 

of patients with MI compared to SA. immunohistochemical images of atherectomy specimens 

of patients with SA and MI are shown in Figure 2 and 3. 
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Table 2 The Number of Sections in which Macrophages, C-Reactive Protein (CRP), Membrane 

Attack Complex (MAC) and Oxidized Low-density Lipoprotein (OxLDL) was Found in Relation to 

Different Plaque Components (Fibrous Cap, Neointimal Tissues, Atheroma and Media) 

Fibrous Cap 

Neointima 

Atheroma 

Media 

Macrophages 

53/54* 

25/31t 

49/50** 

4/14t* 

CRP 

44/54 

12/291 

38/50* 

5/8 

MAC 

47/48* 

22/25 

37/44t 

6/10t 

OxLDL 

47/48" 

22/25 

39/42* 

4/IOtt-

'p < 0.05 compared to media; t p < 0.05 compared tofibrocellular cap; t p < 0.05 compared 

to neointima. 

Table 3 Simultaneous Presence of Macrophages, C-Reactive Protein (CRP), Membrane Attack 

Complex (MAC) and Oxidized Low-density Lipoprotein (OxLDL) in Atherectomy Specimen of 

Culprit Lesions of Patients With Stable (SA) and Unstable Angina (UA) and Myocardial Infarction 

(Ml) in Relation to Fibrous Cap, Neointimal Tissues, Atheroma and Media 

SA 

(n = 16) 

UA 

(n = i3) 

Ml 

(n = 16) 

Fibrous Cap 

Neointima 

Atheroma 

Media 

9/16*t 

0/9* 

5/16* 

0 /6 

12/13 

3/8 

9/12 

0/1 

15/16 

6/7 

16/16 

2/3 

'p < 0.05 compared to Ml; t p < 0.05 compared to UA. 

Quant i ta t ive Morphology 

Quantitative immunohistochemical data of atherectomy specimen of coronary lesions of 

patients with SA, UA and MI show a significant positive relation between the extent of macro

phages and the severity of the coronary syndrome [/> < 0.05, Figure 4]. Furthermore, CRP was 

significantly more present in MI and UA in comparison with SA [p < 0.05, Figure 4]. 
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Figure 3 Serial sections of atherectomy specimen of a coronary lesion of a patient with acute myocardial mfarcti 
on. Overview in A. Elastic van Cieson stain, boxed area in B through F B, Hematoxylin-eosin stained section of part 
of the fibrous cap containing inflammatory cells. Immunostained sections show positive areas of macrophages in 
C (anti-CD68>, C-reactive protein in D (anti-sC4). membrane attack complex Csb-g in E (anti-aEn), and oxLDL 
positivity in F (anti-i2Ey). 
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p = 0.0001 

Macrophages 

p = 0.010 

p = 0.019 

C-Reactive Protein 

Figure 4 Quo •unohistochemical data of percentages macrophages and C-reactive protein per tissue 

area of coronary lesions of patients with stable (white bars) and unstable angina (pink bars) and acute myocardial 

• on (red bars). 

DISCUSSION 

This is the first report demonstrating a positive relation in vivo between the extent of intrap 

laque (1RP and the clinical manifestation of coronary syndromes. The prominent prevalence of 

CRP, together with macrophages, MAC, and oxl I >l , in relation to fibrous cap tissue and ather

oma, suggests a pathogenic role lor CRP in plaque destahili/ation and, hence, in the genesis ol 

acute coronary syndromes. 

()ur present insight regarding the elementary role of inflammatory cells and mediators lor the 

onset of coronary plaque destahili/ation ami rupture in humans stems mostly from autopsy 

based studies. [11-13] Actuated macrophages and I lymphocytes produce numerous growth 

factors and proteases, which are capable of destabilizing the fibrous cap. [14, 15] The ensuing 

plaque disruption with superimposed thrombosis underlies the clinical manifestation of acute 

coronary syndromes and related cardiac death. More recent studies, evaluating atherosclerotic 

plaque specimens retrieved by 1 >CA, have demonstrated significant differences in the extent ot 

plaque inflammation between patients with stable or unstable angina. [16, 17] Coronary 

lesions of patients with UA or Ml contain more macrophages and T lymphocytes, compared to 

coronary lesions of patients with chronic SA. These studies provided further support ot the 

contention that infiltration of inflammatory cells is crucial for the onset and also prognosis of 

unstable coronary syndromes. [18] 
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In the last decade, C-reactive protein has been used as an indicator for an "inflammatory con

dition." A positive relation between serum levels of CRP and the severity of the clinical manife

stations of coronary syndromes was shown. [19] Furthermore, high levels of CRP were associa

ted positively with the severity of future cardiovascular events, even after coronary intervention. 

[1,20,21] Nevertheless, we should be aware of factors such as extravascular infections, tissue 

injury, smoking and obesity that increase plasma levels of CRP via other cytokines, mainly inter-

leukin 6 [IL-6, Figure 5]. [22, 23] CRP was initially assumed to be produced solely by the liver. 

In response to tissue injury, including MI, production of acute phase proteins is upregulated in 

hepatocytes through cytokines [Figure 5] [24] Apart from this systemic response to inflamma

tion it has now been shown that cells within atherosclerotic plaques also synthesize CRP. [25] 

vessel lumen 

atherosclerotic 
plaque 

(MJ macrophage 

C£C___) foam cell 

IDl | (oxidized /modified) LDL 

MAC | membrane attack complex 

acute coronary syndromes 

Figure 5 Schematic picture of the potential role of CRP in plaque destabilization. CRP is produced by macrophages 

(M) within the atherosclerotic plaque and by the liver. It attracts and activates monocytes, promotes foam cell 

formation (FC) and activates complement. Complement activation leads to formation of the membrane attack 

complex (MAC) which may result cell lysis and enhancement of clotting by induction of tissue factor and glyco

protein llb/llla receptors on platelets This sequence of events may induce plaque destabilization and may lead to 

acute coronary syndromes. Question mark indicates the unknown relation between "plaque CRP" and "blood CRP". 
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Macrophages and smooth muscle-like cells in atherosclerotic plaques produce seven limes more 

()RP mRNA than the liver. Whether or not this "plaque CRP" contributes to the level of measu

red blood CRP and vice versa is unknown and was also not investigated in this study. 

Consideration-, that CRP can be instrumental in orchestrating intraplaque inflammation stem 

from the fact that CRP has a profound effect on immune mechanisms known to play a role in 

atherogenesis. For instance, ()RP can bechemotactic for monocytes and lymphocytes by indu

cing adhesion molecule expression on the endothelium. [4] Monocytes, which have migrated 

into the atherosclerotic plaque, develop into macrophages and subsequent loam cells by pha

gocytosis of (ox)LDL [26, 27 ; a phenomenon, which can be stimulated by CRP also. [5] The 

inflammatory cascade is further encouraged by the chemotaxis ol oxLDL for other monocytes 

and binding of CRP to enzymatically modified 1.1)1., which activates complement. [28,29] CRP 

may activate complement also via the classical pathway. [2, 6] It is intriguing, therefore, that 

CRP in human atherosclerotic lesions localizes closely associated with macrophages, the ter 

mina! membrane attack complex (C5b-9) of human complement and oxLDL. [2, 25] It has 

been reported previously that in early lesions a diffuse deposition of CRP occurred in the deep 

fibroelastic and muscular layer of the intima and in foam cell macrophages in the subendothe-

lial layer, albeit at the latter site without complement colocalization. [2] We found colocali/a-

tion between CRP, macrophages, MAC <\nd oxLDL, in high percentages in almost all tissue 

components of the atherectomy specimens [Table 2] . This observation, which appears to be in 

contrast with the study ofTorzewski et al, [2] however, could be explained by differences in the 

stage of the atherosclerotic lesions studied. Our study was performed on advanced and com

plicated lesions of patients with acute coronary syndromes, whereas that ofTorzewski et al. [2] 

was based on early lesions or "fatty streaks." Yasojima et al. [25] on the other hand, reported 

colocalization of CRP with MAC in advanced human atherosclerotic plaques obtained at auto

psy. Recently, Burke and coworkers [30] reported high levels ol plasma CRP in sudden coro

nary death victims which correlated with intraplaque CRP staining intensity and "thin cap 

atheroma". One may hypothesize, therefore, that the self-amplifying inflammatory response 

accounts for the severity of the coronary syndrome. This concept finds support in our obser

vation that macrophages, CRP, MAC and oxI.DI show a high incidence of colocalization and 

together are most prominent in the culprit lesions of patients with myocardial infarction [Table 

3] compared to patients with SA. 
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CHAPTER 6 

ABSTRACT 

Background 

A positive correlation between coronary plaque inflammation and angiographic restenosis has 

been reported. This study was performed to evaluate the relationship between plaque inflam

mation of the initial culprit lesion and the incidence of recurrent angina during one year fol

lowing directional coronary atherectomy (DCA). 

Methods and Results 

110 patients underwent DCA. Cryostat sections were immunohistochemically stained with 

monoclonal antibodies CD68 (macrophages), CD-3 (T lymphocytes) and a-actin (smooth 

muscle cells; SMCs). SMC and macrophages contents were planimetrically quantified as a 

percentage of the total tissue area. T lymphocytes were counted as number of cells per mm2. 

Patients were followed for one year to document recurrent unstable (UAP) or stable angina 

pectoris (SAP). Recurrent UAP developed in 16 patients whereas recurrent SAP developed in 

17 patients. Percent macrophage areas were larger in patients with recurrent UAP (27 ± 12%) 

compared to patients with recurrent SAP (8 ± 4%; p = 0.0001) and to patients without recur

rent angina (18 ± 14%; p = 0.03). The number of T lymphocytes was also greater in patients 

with recurrent UAP (25 ± 14 cells/mm') when compared to patients with recurrent SAP 

(14 ± 8 cells/mm'; p = 0.02) and to patients without recurrent angina (14 ± 12 cells/mm; 

p = 0.002). Multiple stepwise logistic regression analysis identified macrophage areas and T 

lymphocytes as independent predictors for recurrence of UAP. 

Conclusions 

There is a positive association between the extent of initial coronary plaque inflammation and 

the recurrence of unstable angina during long term follow up following directional coronary 

atherectomy. These results underline the role of ongoing smoldering plaque inflammation in 

recurrence of unstable angina following coronary interventions. 
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INTRODUCTION 

The significance of atherosclerotic plaque associated inflammation remains controversial in 

the context of restenosis following coronary interventional procedures. The neointima, consi

dered the dominant tissue component in restenosis lesions, generally contains little if any 

inflammatory cells. Instead, the tissue is composed mainly of smooth muscle cells (SMCs) and 

related extracellular matrix components and, in fact, has been promoted as having a stabilizing 

effect on restenosis lesions. [ 1 ] However, clinical experiences have shown that recurrences due 

to restenosis, following coronary interventional procedures, still may become manifest as 

unstable angina pectoris (UAP), albeit that stable angina pectoris (SAP) is the more frequent. 

[2, 3] Since UAP is usually associated with intraplaquc inflammation, surface erosions and 

mural thrombotic events, [4, 5] these observations suggest a persistent role for a lesion-associ

ated inflammatory process. Indeed, we have shown recently that restenosis lesions presenting 

as UAP contain more inflammatory cells than those obtained from patients with SAP. [6] 

Moreno and associates [7] provided data showing a positive association between the amount 

of macrophages (MACs) present in the atherectomy specimens of the initial culprit lesions and 

the occurrence of angiographically documented restenosis. Again, data suggesting that inflam

mation has a role, albeit that the understanding of this phenomenon remains unresolved. 

The observations alluded to above provide the background for an analysis in patients who 

underwent directional coronary atherectomy (DCA) to see, whether the extent of coronary 

plaque inflammation of the initial culprit lesion had a positive correlation with the occurren

ce of recurrent angina. 

METHODS 

Patients 

DCA was performed in 130 consecLitive patients between 1993 and 1995 who met the following 

inclusion criteria: (1) the coronary lesion was identified as the "culprit lesion" based on clini

cal and electrocardiographic findings, (2) the culprit lesion was considered suitable for DCA, 

i.e. proximal and eccentric, (3) the DCA procedure was successful, resulting in a coronary pla

que specimen of > 1.5 mm' and a residual diameter stenosis of < 35% of the initial culprit 

lesion. Twenty patients were excluded because of inability to cross the lesion with the atherect

omy device (n = 3), acute coronary occlusion (n = 2), stent implantation (n = 4), incomplete 

follow-up due to noncardiac death (n = 2) and insufficient amounts of plaque material for ana

lysis (n = 9). Thus, 110 patients were identified as eligible for this study; 64 patients were trea

ted for UAP (Braunwald's class I-III; group UAP) [8] and 46 patients for chronic SAP 
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(Canadian Cardiovascular Society class 1-3; group SAP) [9]. Hypertension was defined as a 

diastolic pressure > 95 mmHg and /or systolic pressure > 160 mmHg and hypercholesterole

mia was defined as a total cholesterol > 230 mg/dl. or patients already taking cholesterol lowe

ring agents. The Institutional Ethics Committee approved the study protocol. All patients gave 

written informed consent. 

Immunohistochemical Analysis 

The retrieved coronary plaque specimens were immediately frozen in liquid nitrogen and sto

red at -80 °C. The specimens were serially sectioned at 5 urn thickness and mounted for immu-

nohistochemistry. The primary monoclonal antibodies used were anti-CD68 {Dakopatts, 

Glostrup, Denmark) for MACs, anti-CD3 {Becton and Dickinson, Mountain View, CA) for T 

lymphocytes (T cells) and anti-u-smooth muscle actin (SMA-1: Dakopatts) for SMCs. In all 

cases a three-step indirect peroxidase method was used as previously described [10] and anti

body complexes were visualized by 3-amino-ethylcarbazole. No counterstain was used. 

Morphometr ic Analysis 

The results of immunostaining for MACs, T cells and SMCs were planimetrically quantified 

with the use of image analysis software (version 1.6065, NIH) on a personal computer con

nected to a video-mounted microscope. The total tissue area of each atherectomy section was 

outlined manually on the video screen and measured. In these areas the immunostained areas 

(MACs or SMCs) were measured automatically using gray scale detection with a fixed thres

hold. Immunopositive areas (MACs or SMCs) were calculated as a percentage ol the total tis

sue area. T cells were counted at lOOx magnification throughout the entire section and expres

sed as number of cells per mm2. The pathologists were blinded to the results of the clinical clas

sification of anginal symptoms. 

Follow-up 

Patients were followed for 1 year for development of recurrent SAP or recurrent UAP. In those 

patients with clinical manifestation of angina coronary angiography was performed to verify 

whether the recurrences of angina related to restenosis at the initial site of intervention. 

Restenosis was defined as a diameter stenosis (DS) of > 50% by quantitative coronary angio

graphy (QCA) of the initial treated lesion. 

Patients with angina due to a new lesion and patients without angina were classified in the 

group "no angina" [Figure 1]. Two cardiologists independently performed the classification ol 

anginal symptoms. A third interview followed in case of disagreement on the clinical data and 

consensus was reached. 
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Recurrent SAP; 

17 Patients 

Recurrent UAP; 

)6 Patients 

Figure 1 "Flow chart" of the number of patients included in this study, divided into those with and those without 

angina within one year follow up and further subdivided into those with recurrent unstable (UAP) or recurrent 

stable angina (SAP). 

Quantitat ive Measurements of Coronary Stenosis 

QCA was performed immediately before and after DCA preceded by an intracoronary bolus 

(0.1 mg) of nitroglycerin; the same procedure was done in patients who in the follow-up peri

od presented with recurrent symptoms of angina. Percent DS, reference diameter in mm (REE) 

and minimal luminal diameter in mm (MLD) were measured by QCA. Analysis was performed 

using one enddiastolic cine frame from the angiogram showing the severest degree of the coro

nary narrowing using the CMS MEDIS (Leiden, The Netherlands) system (software version 

3.2) [11]. 
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Statistical Analysis 

Data arc expressed as mean ± SI). For comparison of clinical, angiographical and immuno-

histochemical data an unpaired Student's i test was used for continuous data and a Mann-

Whitney test for non-parametric continuous data. For comparison of continuous data within 

the patient subgroups I no angina, SAP or UAP), one way analysis of variance and a post hoc 

multiple comparison test (Scheffe) was used. A Chi-squared or a Fisher's exact test was perfor

med tor categorical data. Values of p < 0.05 were considered statistically significant. 

For univariate- and multivariate analysis, clinical characteristics (age, sex, clinical risk factors 

and medication), angiographical data i DS, Ml 1 >, Rl I pre- and post DCA, Ambrose classifica

tion [12] and ACC/AHA classification [13]) and immunohistochemical data (MACs, T cells 

and SMCs) were analyzed by using stepwise logistic regression to determine independent pre

dictors for recurrent UAP. We tested for a trend to assess any relation of increasing extent of 

T cells and MACs with risk of future recurrent LAP alter dividing the extent of initial plaque 

inflammation (macrophages and 1 lymphocytes) in tertiles, defined by the distribution of the 

inflammatory cells of the group with recurrent UAP. 

RESULTS 

One-year clinical follow-up was completed in all 110 patients. A "flow chart" of these patients 

is shown in Figure 1. Recurrent angina, related to 50% diameter restenosis of the initially tre

ated lesion, occurred in 33 patients (30%). Of these 33 patients, 17 patients presented with SAP 

at a mean time interval of 5.7 ± 2.8 months (range 3-12 months) and 16 patients presented 

with UAP at a mean time interval of 4.9 ± 3.7 months (range 2-11 months). These differences 

between both groups are not statistically significant. 

The clinical baseline characteristics oi the 110 patients included in this study are shown in 

'Fable I. We distinguished patients without angina, with recurrent SAP and with recurrent UAP 

during the one-year follow-up period. Similarly, the angiographical characteristics are shown 

in Fable 2. 
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Table i Occurrence of Angina by Baseline Characteristics 

Age 

> 60 yr. 

< 60 yr. 

Presentation of Angina 

Unstable 

Stable 

Hypercholesterolemia 

Yes 

No 

Diabetes mellitus 

Yes 

No 

Family history 

Yes 

No 

Cigarette smoking 

Yes 

No 

Nitrate 

Yes 

No 

Beta blocker 

Yes 

No 

Ca antagonist 

Yes 

No 

Aspirin 

Yes 

No 

Statin 

Yes 

No 

Coronary Artery 

LAD 

LCx 

RCA 

ACC /AHA class* 

A 

Bi l l 

C 

n 

n = 50 

n = 60 

n = 64 

n = 46 

n =45 

n = 65 

n = 8 

n = 102 

n =47 

n = 63 

n = 51 

n = 59 

n = 87 

n = 23 

n = 92 

n = 18 

n = 92 

n = i8 

n = 102 

n = 8 

n = T7 

n = 93 

n = 90 

n = 8 

n = 12 

n = 19 

n = 89 

n = 2 

No Angina 

(n = 77) 

70 (35) 

70 (42) 

72(46) 

67(31) 

73(33) 

68 (44) 

38(3) 

73 (74) 

64 (30) 

75 (47) 

75(38) 

66(39) 

68 (59) 

78 (18) 

66 (61) 

89 (16) 

70 (64) 

78 (13) 

69 (70) 

88(7) 

82 (14) 

68 (63) 

70 (63) 

63(5) 

75(9) 

74 (14) 

70 (62) 

50(1) 

SAP 

(n = 17) 

12(6) 

18 (11) 

13(8) 

20(9) 

13(7) 

17 (11) 

38(3) 

14 (14) 

19(9) 

13(8) 

14(7) 

17 (10) 

17(15) 

9(2) 

16(15) 

11(2) 

14(13) 

22(4) 

16(16) 

13(1) 

12(2) 

16(15) 

16 (14) 

13(1) 

17(2) 

11(2) 

17 (15) 

0 

UAP 

(n = 16) 

18(9) 

12(7) 

16(10) 

13(6) 

13(6) 

15 (10) 

25(2) 

14 (14) 

17(8) 

13(8) 

12(6) 

17 (10) 

15(13) 

13(3) 

17(16) 

0(0) 

16(15) 

6(1) 

16(16) 

0(0) 

6(1) 
16(15) 

14(13) 

26(2) 

8(1) 

16(3) 

13(12) 

50(1) 

'Classification according to the criteria of the ACC/AHA (is). Data shown in percentages; absolute values in 

brackets. Differences are not statistically significant. SAP indicates stable angina pectoris; UAP, unstable angina 

pectoris; LAD, left anterior descending coronary artery-, LCx, left circumflex artery; RCA, right coronary artery. 

79 



CHAPTER 6 

No Angina 

(n = 77) 

69 ±10 

1.05 ±0.36 

3.37 ±0.64 

26 ±11 

2.62 ±0.62 

-
-

SAP 

(n = i7) 

71 ± 9 

0.98 ± 0.30 

3.43 ±0 .48 

25 ±10 

2.62 ±0.42 

67 ± 9 

1.05 ±0.29 

UAP 

(n = 16) 

74 ± 10 

0.88 ±0.34 

3.44 ±0.45 

26 ± 9 

2.59 ±0.38 

75 + 10 

0.87 ± 0.38 

Table 2 Angiographic Characteristics of Patients Without or With (SAP or UAP) Recurrent Angina 

During One Year Follow up. 

Pre DCA 

DS (%) 

MLD (mm) 

REF(mm) 

Post DCA 

DS (%) 

MLD (mm) 

At Follow up 

DS (%) 

MLD (mm) 

Differences are not statistically significant. Data are expressed as mean ± SD. SAP indicates stable 

angina pectoris; UAP, unstable angina pectoris; DCA, directional coronary atherectomy; DS, dia

meter stenosis; MLD, minimal luminal diameter; REF, reference diameter. 

I n f l a m m a t i o n and Recurrent Unstable Angina 

Table 3 shows that the immunopositive areas oi MACs and the number of T cells in the initial 

atherectomy specimens were significantly larger in patients eventually developing recurrent 

I (AP, compared to those presenting with recurrent SAP (p = 0.02 and P = 0.0001) and patients 

without recurrent angina during follow up (p = 0.002 and p - 0.03; ANOVA, post hoc Scheffe 

test). 

Table 3 Quantitative Immunohistochemical Data of Initial Coronary Atherectomy Specimens of all 

Patients Without or Wi th (UAP or SAP) Recurrent Angina During one Year Follow up. 

Macrophages % 

T Lymphocytes per m m ' 

Smooth Muscle Cells % 

No Angina 

(n = 77) 

18 ±14 

14 ±12 

26 ±16 

SAP 

(n« i7 ) 

8 ± 4 

14 ± 8 

31 ±17 

UAP 

(n = 16) 

27 ±12* 

25±14t 

21 ±12 

'p = 0.036 and t p = 0.004 compared to group No Angina (ANOVA and post hoc Scheffe test). Data 

are expressed as mean ± SD. SAP indicates stable angina pectoris; UAP, unstable angina pectoris. 
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Univariate analysis showed a positive and significant correlation of number of T cells per m n r 

atherectomy tissue (p = 0.002) and percentage macrophage areas (p = 0.005) with recurrent 

LAP. Multivariate logistic regression analysis identified percentage macrophage areas (OR: 

1.04, 95% CI: 0.996-1.087, p = 0.079) and T lymphocytes per mm (OR: 1.055, 95% CI: 1.008-

1.103, p = 0.020) as independent predictors for recurrent UAR 

The relation between the recurrence of UAP within one year after DCA and the distribution of 

patients divided into tertiles according the extent of MAC areas and number T cells per m n r is 

shown in Figure 2. Patients in the higher tertile of macrophages (s 31 %) had significantly more 

risk for recurrent UAP compared to the middle (21-31%) and the lower (s 21%) tertiles; rela

tive risk: 3.5 and 3.9, respectively. Patients in the higher tertile of T lymphocytes ( s 33 

cells/mm') had significantly more risk for recurrent UAP compared to the middle (18-33 

cells/mm2) and the lower (s 18 cells /mm2) tertile; relative risk: 4.6 and 6.8, respectively. 

50% -, 

40% -

30% -

Si 20% -

Macrophages T Lymphocytes 
43%* 

Lower Middle Higher Lower Middle Higher 

Figure 2 Incidence of recurrent UAP within one year after DCA after separation of the extent MACs and T cells in 
tertiles defined by the distribution of the levels of group recurrent UAP. Distribution of tertiles is as follows: For 
macrophages, higher (> 31%); middle, (21-31%) and lower (< 21%). For Tlymphocytes, higher (> 33 cells /mm); 
middle (18-33 cells/mm') and lower (< 18 cells/mm), 'p < 0.0001 for trend (Cochrane Armatege test). 

DISCUSSION 

This study shows that the extent of coronary plaque inflammation of the initial culprit lesion, 

documented by immunohistochemistry of atherectomy specimens, is positively associated 

with recurrent unstable angina during long term follow up following directional coronary 

atherectomy. 



CHAPTER 6 

Init ial Coronary Plaque Inf lammation and Recurrent Unstable Angina 

Two inflammatory parameters were quantified in the atherectomy tissue of patients: the num

ber of T lymphocytes, which serve important immunoregulatory functions in the inflammato

ry response, and the extent of infiltration by macrophages, cells with secretory effector functi

ons in plaque inflammation. A significant difference in plaque inflammation, i.e. related to hig

her numbers of T lymphocytes per m m ' and percentage macrophage areas, were noted between 

patients who presented with recurrent unstable angina at follow up and those who did not. 

Clinical studies have suggested a relationship between the presentation of de novo coronary 

syndromes and the recurrent clinical manifestation of angina due to restenosis [2, 14]. Foley et 

al [2] reported, that half of the patients with initial unstable angina expressed their restenosis 

also as unstable angina. On the other hand, patients with initially stable angina who develop

ed restenosis presented their symptoms in most of the cases again as stable angina. In general, 

coronary restenosis is considered to present more often with a stable pattern of angina [3]. 

However, we are unaware of any studies evaluating the relationship between plaque inflamma

tion of the initial culprit lesion and the subsequent manifestation of coronary syndromes. The 

present study shows that high numbers of MACs and T cells in the initial coronary plaque cor

relate with recurrent UAP at follow up. 

In our previous studies we have demonstrated an association between the extent and the acti

vation of plaque inflammation in de novo coronary lesions and the clinical presentation of 

coronary syndromes [5, 15]. Culprit lesions of patients with stable (CCS class 1-3) and unsta

ble (Braunwald's class I-III) angina were examined. The extent of plaque inflammation, 

determined by MACs and T cells and activation of these inflammatory cells by expression of 

HLA-DR molecules and interlcukin-2 receptors, increased from stable angina to the severest 

form of unstable angina. On the other hand, the dominant tissue components in restenosis fol

lowing coronary interventional procedures, is the SMC and its related extracellular matrix [6, 

16]. Indeed, this type of tissue repair has been suggested to stabilize coronary plaques; Lafont 

and Libby 117] hypothesized that percuteneous transluminal coronary angioplasty may exert a 

beneficial effect since SMC proliferation may lead to stabilization of coronary plaques, which 

otherwise had shown to be prone to rupture. However, a number of restenotic lesions are still 

responsible for unstable coronary syndromes [2, 6] . Our findings indicate that initial plaque 

inflammation contributes to the severity of recurrent angina despite proliferation of SMCs. 

This finding may be explained by the fact that after DCA a substantial amount of the initial 

atherosclerotic plaque may still persist and, hence, the persistence of a smoldering inflamma

tory process at the site of intervention cannot be discarded [18, 19]. Macrophages and T lym

phocytes, which produce numerous growth factors and cytokines, activate the ongoing inflam

mation. A well-known effect is the potent inhibitory effect of the T-cell cytokine interferon-y 

on SMC proliferation and collagen production by SMCs. In laboratory animals administration 
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of interferon--/ inhibits the neointimal response ot SMC growth and matrix production [20, 

21]. One could speculate that an excess of T cells in the initial plaque inhibits the repair pro

cess of SMCs after interventional procedures, with clinically unstable angina as a result. In this 

context it is worthwhile also to reiterate that atherosclerotic plaques that underlie SAP are not 

completely devoid of inflammatory cells and recent-onset activation of T cells [ 15]. In a previ

ous study we demonstrated that also in unstable restenotic plaques the amount of inflamma

tory cells (MACs and T cells) is significantly higher than in stable restenotic plaques [6|. The 

present findings indicate that the extent of plaque inflammation is not only relevant for the cli

nical manifestation of de novo lesions but also tor the presentation ol recurrent angina. 

Moreover, the observations strongly suggest that the inflammatory process at the site of the 

culprit lesion is not eradicated by atherectomy, so that the smoldering effects of the inflamma

tion again may destabilize the repair tissues. 

Study Limitations 

Follow up coronary angiography was only performed in those patients with recurrent anginal 

complaints (30%). Therefore, it is difficult to compare this study with other reports on this 

subject concerning angiographical restenosis Moreno et al. [7]. The potential influence of anti

inflammatory effects of lipid lowering therapy on modification of the presentation of recurrent 

angina remains unknown because only a limited number of patients were treated with lipid-

lowering agents. 

Clinical Implications 

The present findings strongly suggest that the chronic inflammatory process at the site of the 

culprit lesion is not eradicated by atherectomy, so that the smoldering effects of the inflamma

tion may again destabilize the repair tissues following coronary interventions. This emphasizes 

the significance of therapeutic strategies aiming at reduction of plaque inflammation in order 

to avoid recurrence of unstable coronary syndromes. 
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CHAPTER 7 

ABSTRACT 

Background 

There is limited information on the diagnostic accuraq of intracoronary derived parameters 

( I R, FFRand rCFR) in patients with multivessel disease. The aim of the study was to perform 

a direct comparison between the results of perfusion scintigraphy and intracoronary derived 

hemodynamic parameters (fractional flow reserve, FFR; absolute and relative coronary flow 

velocity reserve, CFR and rCFR respectively] in patients with two-vessel disease. 

Methods and Results 

Dipyridamole Tc-MIBl SPECT was performed in 127 patients. Presence of reversible perfu

sion detects in the region of interest was determined. Within 1 week, angiography was perfor

med; CFR, rCFR and FFR were determined in 161 coronary lesions following intracoronary 

administration ol adenosine. The predictive value for the presence of reversible perfusion 

defects on MIB1 SPEC! of CFR, rCFR and FFR was evaluated by the area under the curve of 

the receiver-operating-characteristic curves (AUC's). Mean percentage diameter stenosis was 

range 35-85%), as measured by quantitative coronary angiography. The AUC's for CFR 

(0.72 i 0.045), rCFR (0.73 ± 0.044) and FFR(0.77 ± 0.042) were not statistically significant dif

ferent. Agreement with the results ofMIBl SPECT was 75, 76 and 77%, respectively. 

Conclusions 

The diagnostic accuracy of three intracoronary derived hemodynamic parameters compared to 

the results of perfusion scintigraphy is similar in patients with two-vessel coronary arter\ dise

ase. I he agreement of these parameters with perfusion scintigraphy is lower than previously 

reported in single vessel disease. Discordant results were obtained in 23% of the cases that 

requires prospective evaluation for appropriate patient management. 
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INTRODUCTION 

Decisions regarding intracoronary interventions should he based on objective evidence of 

functional significance of coronary narrowings. Therefore, documentation of myocardial 

ischemia related to the culprit lesion is important for clinical decision making. Non-invasive 

diagnostic tests, such as perfusion scintigraphy, are widely applied for evaluation of coronary 

artery disease. However, perfusion scintigraphy has a limited capability in particular in multi-

vessel disease to assign the perfusion detect to a specific epicardial coronary narrowing, espe 

daily in the so called watershed regions. The introduction of guide wires, equipped with pres

sure or Doppler sensors, allows selective hemodynamic evaluation of coronary narrowings [ 1, 

2]. Validation studies of fractional flow reserve (FFR, based on intracoronary pressure measu

rements) and coronary flow velocity reserve (CFR, based on intracoronary Doppler flow mea

surements) demonstrated good agreement with the results o\ perfusion scintigraphy, both in 

severe and in intermediate narrowed coronary arteries [3-8]. These studies were performed 

predominantly in patients with single-vessel disease. It has been postulated that FFR is a more 

lesion specific parameter, whereas CFR is determined by the resistances of both the epicardial 

coronary narrowing and the distal microvascular bed [9, 10]. Consequently, it can be anticipa

ted that these intracoronary parameters may yield conflicting results. However, a direct com

parison of pressure and flow-derived indices lias only been performed in a small cohort of 

patients with single-vessel disease [ 111. The purpose of this study was to compare the predic

tive value of CFR, rCFR and FFR for detection of reversible delects as assessed by perfusion 

scintigraphy in a large cohort of patients with two-vessel disease. 

METHODS 

Study populat ion. 

Patients with two-vessel coronary artery disease and stable angina (class 1-3 according to the 

Canadian Cardiovascular Society; CCS) or unstable angina (Braunwalds classification I or II) 

were eligible for inclusion in this study. Furthermore, an angiographically normal reference 

vessel had to be available. A total of the 127 patients were prospectively studied and gave infor

med consent between April 1997 and October 1999. Exclusion criteria were: factors precluding 

dipyridamole infusion and/or assessment of intracoronary measurements (e.g. occlusions, 

coronary anatomy); factors influencing coronary hemodynamic parameters (left ventricular 

hypertrophy, severe valvular heart disease, cardiomyopathy, insulin dependent diabetes, Q-

wave myocardial infarction in the region of interest, previous coronary bypass grafting of the 

segment ot interest i. 

91 



CHAPTER 7 

Study protocol. 

All patients underwent dipyridamole myocardial perfusion scintigraphy within one week prior 

angiography, during which intracoronarv measurements were performed. Patients had two 

coronary narrowings, resulting in a total of 254 lesions; in 59 lesions (23%) intracoronarv mea

surements wore not performed based on the operator's interpretation (e.g. technically impos

sible; total coronary occlusions, lesion location etc.); in 34 severe lesions (13%) it was not pos

sible to measure both flow velocity and pressure. Thus, both flow velocity and pressure derived 

hemodynamic parameters were measured in 161 lesions. Angioplasty of the lesions was per 

formed if a reversible defect was present in the area o\ interest on M1B1 SPECT and, if availa

ble, the CFR was less than 2.0. 

The Medical Ethics Committee ol our institution approved this study protocol; all patients 

gave written informed consent. 

Myocardial perfusion scintigraphy. 

Single photon emission computed tomograph) (SP1 ( I was performed using technetium 

labeled methoxyisobutylisonitrile (MIBI), according to a two-day stress/rest protocol. 

Dipyridamole (0,56 mg/kg intravenously during 4 minutes) was used as hyperaemic agent. 

Anti-anginal medication was discontinued -18 hours before the stress MIBI Sl'l ( ' I . All patients 

fasted the day of the MIBI SPECT. Tc-MIBl (± 400 MBq) was injected 4 minutes after the 

onset of the administration of dipyridamole and the next day for the rest images. SPECT acqui

sition was performed using a three headed gamma-camera equipped with low energy high 

resolution collimators {Siemens, Hoffman Estate, Illinois), starting 1 hour following admi

nistration of MIBI. Acquisition was performed using a 360" non-circular orbit, a 64 x 64 matrix 

size, and an acquisition time of 60 frames of 45 seconds. Standard filtered back projection was 

performed without applying attenuation correction. Stress And rest tomographic images were 

displayed side by side in the short axis, horizontal long axis and vertical long axis reconstruc

tion panel. 

A panel of experienced nuclear medicine physicians, blinded to the angiographic data, evalua

ted the scintigraphic images. Stress anil rest images were semi-quantitatively scored as normal 

or abnormal. Perfusion defect severity was classified as dubious, mild, moderate or severe 

defect. Improvement at rest of more than one grade was considered to be a 'reversible' perfu

sion defect. Improvement of just one grade or no improvement was considered to be a 'persis 

tent' perfusion detect. The result was considered'positive' when a reversible defect was alloca

ted to the perfusion territory of the coronary artery of interest. Defects located in the anterior 

wall and septal region were allocated to the LAD; detects in the lateral wall to the LCX; and 

inferior defects to the RCA. Apical defects were considered to be located in the I.AD region 

unless the defect extended to the lateral (LCX) or inferior (RCA) wall. In the watershed regions 
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the extension of a defect to either anterior wall (I. AD), lateral wall (LCX) or inferior wall (RCA) 

was decisive for the allocation to the vascular bed of a coronary artery. 

Angiography. 

All patients were treated with aspirin ( 100 rng) prior to the procedure; heparin was given 

(5.000 IU) as an intravenous bolus at the beginning of the procedure. Coronary angiography, 

including the intracoronary hemodynamic measurements, was performed according to stan

dard procedure by percutaneous femoral approach, using a 6 french guiding catheter without 

sideholes. Coronary angiography was performed after the administration of an intracoronary 

bolus nitroglycerin (0.1 mg), in at least two different, preferably orthogonal, views displaying 

each index lesion with minimal foreshortening and no vessel overlap. Coronary lesion severity 

was measured by quantitative coronary angiography, using the CMS-QCA software version 

3.32 (Mil)lS, Leiden, Netherlands) as previously described [12]. Percentage diameter stenosis 

was assessed in two views; the most severe one was used in the analysis. 

Intracoronary measurements. 

At the time of performing the intracoronary measurements, the observer was not aware of the 

results of the M1BI SPECT. If possible, intracoronary flow velocity was measured distally to 

both lesions and also in an angiographically normal coronary artery. It was at the operators dis

cretion to exchange wires to obtain subsequent intracoronary pressure measurements distal to 

the lesion(s). An intracoronary bolus of 0.1 mg nitroglycerin was administered every 30 minu

tes. All measurements were performed at baseline and during hyperaemia. Hyperaemia was 

induced by administering an intracoronary bolus of adenosine (15 ug in the right coronar) 

artery and 20 ug in the left coronary artery). 

Translesional blood flow velocity was measured with a 0.014" Doppler guide wire ( FloWire", 

Endosonics, Rancho Cordova, CA). The FloWire was advanced distal to the stenosis, avoiding 

placement adjacent to side branches. A distance from the stenosis greater than 3 times the \ es-

sel diameter was maintained in order to avoid post-stenotic turbulent flow and to allow full 

development of a parabolic flow profile. Distal flow baseline and hyperaemic velocity data were 

obtained and the Doppler signals were processed by a real time spectral analyzer, using the 

Flowmap {Endosonics, Rancho Cordova, CA) [1]. CFR was computed as the ratio of hyperae-

mic/basal average peak blood flow velocity 113). CFK was also obtained in an angiographical

ly normal reference coronary artery. Relative CFR (rCFR) was defined as the ratio of CFR of 

the narrowed vessel and CFR of the reference coronary artery. 

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

sure console (RAPl Medical Systems, Uppsala, Sweden). After calibration with the pressure con

sole, the accuracy of the system was verified using the aortic pressure as measured through the 
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guiding catheter. The wire was advanced with the pressure sensor at least 3 cm distal to the 

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

mean aortic pressure. 

Data analysis. 

Data analysis was performed using the sl 'Ss ID.0.3 software package for Windows i SPSS Inc. 

1999, Arlington, VA). As 34 of the 127 patients contributed 2 lesions which were measured with 

the hemodynamic parameters, within-patient effects could not he excluded beforehand. 

Therefore, we performed a subanalysis with the patient as unit of analysis. This analysis did not 

alter the results of our stud\ (data not shewn |. finis, we present the results of analysis on a per 

lesion basis. 

For the three intracoronary hemodynamic parameters (CFR, rCl R and FFR), the area under 

curve (AUC) was calculated using the receiver operating characteristic (ROC) curve in com

parison with the dichotomized results ofMIBI SPECT. A direct comparison between of the 

AU( s ot the 3 parameters was performed using the software package 'ROC Curve Analyzer' 

( written by R.M. Centor & /. Keightley). Accuracy was calculated for predefined anil widely used 

cut-oil values as determined in earlier studies in single vessel disease (Cl R 2.0, FFR 0.75 and 

rCFR 0.65) | 9 | and for the best cut-off value ' BCV ) of the current data set, defined as the hig

hest sum ol sensitivity and specificity. Furthermore, the kappa statistic was used to evaluate the 

cut-off values of the hemodynamic parameters versus the results o\ MIBI SPECT. Values are 

presented as mean ! standard deviation (SDI, unless indicated otherwise, linear regression 

analysis was used to compare CFR, rCFR and FFR. Continuous data were compared using the 

students-t-test; binomial data were compared using the / -test. A p-value of less than 0.03 was 

considered statistically significant. 

RESULTS 

Baseline characteristics ol the 127 studied patients were: 73% was male; the mean age was 61 

(range: 37-80). Patient had the following risk factors: 70% smoking; 33"<> hypertension; 58% 

hypercholesterolemia; 9% non-insulin dependent diabetes; and 54% positive cardiac family 

history. Most patients had moderate to severe anginal complaints (2% CCS 1; 18% CCS 2; 59% 

t ()S 3; 2 1 % Braunwald 1 or II I. Patienl used cardiac medication as follows: 79% beta blockers; 

58% calcium antagonists; 65% nitrates; 56% statins; 19% ACE inhibitors). Initial hemodyna

mic data are presented in table 1 of the in total 161 lesions studied. All patients underwent 

myocardial perfusion scintigraphy within 1 week before cardiac catheterization. In total, a 

reversible perfusion defect on MIBI SPECT was found in 52 (32%) of the 161 areas of interest. 

94 



FFR, CFVR AND RCFR VS. SPECT 

The AUG (as measured by ROC analysis) was 0.72 for CFR, 0.73 for rCFR and 0.77 tor FFR, 

respectively. The direct comparison of the ROC analysis by AUC's of the hemodynamic para

meters did not significantly differ (CFR vs. FFR p = 0.14; CFR vs. rCFR p = 0.34; FFR vs. rCFR 

p = 0.25). In Table 2 the accuracy is presented for predefined cut-off values and BCV for the 

current data set. There were no significant differences in accuracy's, as illustrated by the 95% 

confidence intervals, and calculated by the difference between the accuracy of FFR versus CFR 

using the predefined cut-off values (75.2% versus 68.3%, p = 0.17). All kappa values indicated 

moderate (0.4-0.6) agreement at determined BCV' [Table 2]. Linear regression analysis of CFR 

versus FFR (y = 0.14x + 0.44; r = 0.59; p < 0.001), CFR versus rCFR (y = 0.24x + 0.27; r - 0.66; 

p < 0.001) en rCFR versus FFR (v 0.38x + 0.44; r = 0.59; p < 0.001) yielded similar results. 

Hemodynamic parameters (mean ± SD): 

Table i Angiographic and hemodynamic data of in total 161 coronary lesions (127 patients) 

Coronary lesions: RCA 51 (32%) 

LAD 76 (47%) 

LCX 34 (21%) 

DS in % (range) 57 (35-85) 

CFR 2.21 ± 0.76 

BAPV 17.1 ± 9.6 

PAPV 36.2 ± 17.6 

CFR reference vessel 2.88 ± 0.70 

BAPV 18.3 ± 6.9 

PAPV 51.0 ± 17.6 

rCFR 0.79 ± 0.27 

FFR 0.75 ± 0.18 

Pdistal 73.3 ± 18.0 

Paorta 97.1 ± 13.6 

BAPV indicates baseline average peak flow velocity; CFR, coronary flow velocity reserve; DS, diame

ter stenosis; FFR, fractional flow reserve; LAD, left anterior descending artery; LCX, left circumflex 

artery; P^istai, pressure distal to lesion during hyperemia; Paorta, aortic pressure during hyperemia; 

PAPV, peak APV; RCA, right coronary artery; SD, standard deviation. 
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Table 2 Accuracy's for CFR, rCFR and FFR versus the results of MIBI SPECT, calculated for predefined 

cut-off values and BCV (n = 161 lesions); the AUC's for CFR, rCFR and FFR (0.72, 0.73 and 0.77 respec

tively) did not significantly differ. 

Pre defined Accuracy 95% CI kappa BCV Accuracy 95% CI kappa 

cut-off 

value 

CFR 2.0 68.3%' 60.5-75.3 0.30 1.7 75.2%t 67.7-81.5 0.41 

rCFR 0.65 72.0%* 64.3-78.7 0.34 0.60 75.8%t 68.3-82.0 0.41 

FFR 0.75 75.2%' 67.6-81.5 0.45 0.74 77.0%t 69.6-83.1 0.49 

'and t: Differences were not statistically significant; BCV indicates best cut-off value; CFR, coronary 

flow velocity reserve; CI, confidence interval; FFR, fractional flow reserve; rCFR, relative CFR. 

DISCUSSION 

This is the first report of a direct comparison of between the results of MIBI SPECT and intra-

coronary hemodynamic parameters in a large cohort of patients (127) with two-vessel corona

ry artery disease. There were no significant differences in the predictive value of CFR, rCFR and 

FFR using receiver operator characteristic curves for reversible perfusion defects. 

Direct comparison of CFR, rCFR and FFR. 

CFR is determined by the integrity of both the epicardial conduit artery and the distal micro

vascular bed. rCFR is defined as the ratio between CFR of the target vessel and CFR of the angi 

©graphically normal reference coronary artery, thus theoretically focusing on the contribution 

of the epicardial narrowing by correcting for microcirculatory disturbances. This concept of 

rCFR was introduced by Gould and colleagues and validated in experimental and clinical stu

dies [13]. The concept of FFR was introduced by Pijls and De Bruyne and considered to be 

independent of hemodynamic and microcirculatory confounding factors [2, 6, 9] . 

It has been suggested that FFR and rCFR are more lesion specific parameters than CFR [8, 14, 

15]. However, in the present study (127 patients) we could not demonstrate a better correla

tion between rCFR and FFR (r = 0.59) compared to CFR and FFR (r = 0.59), suggesting that 

the aforementioned confounding factors influencing CFR are less pronounced than previous

ly presumed to be operative in patients with coronary artery disease. This interpretation also 

explains why the rCFR did not improve the diagnostic accuracy of the CFR, which is in contrast 

to the findings of Baumgart et al. in a small cohort of patients with single vessel disease [11]. 

A uniform CFR distribution is described in patients without coronary artery disease [16]. 

I lowcver, an apparently angiographically normal reference artery does not exclude presence of 
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atherosclerotic disease. This was shown in numerous studies using intravascular ultrasound, 

where multivessel disease (among other parameters) was an independent predictor of diffuse 

vessel wall abnormalities in angiographically normal reference segments [17]. Heterogeneity of 

the CFR in target and reference vessels within patients with multivessel coronary artery disea

se could also explain the failure of the rCFR in improving the relation of Doppler flow data 

with FFR in our cohort of patients. 

Table 3A CFR 

Author 

Joye et al. [4] 

Mil ler et al. [3] 

Deychack et al. [18] 

Tron et al. [19] 

Donohue et al. [20] 

He l le re ta l . [7] 

Schulman et al. [21] 

Danzi et al. [22] 

Verberne et al. [8] 

Abe et al. [23] 

Duffy et al. [24] 

El-Shafei et al. [25] 

Chamuleau et al. [26] 

Year 

1994 

1994 

1995 

1995 

1996 

1997 

1997 

1998 

1999 

2000 

2001 

2001 

2001 

No. of 

Patients 

30 

33 

17 

62 

50 

55 

35 

30 

37 

46 

28 

48 

127 

Cut-off 

Value 

2.0 

2.0 

1.8 

2.0 

2.0 

1.7 

2.0 

2.0 

1.9 

2.0 

2.0 

1.9 

1.7 

Noninvasive 

Stress Test 

SPECT 

SPECT 

SPECT 

SPECT 

SPECT 

SPECT 

DSE 

X-ECG 

SPECT 

SPECT 

DSE 

SPECT 

SPECT 

Total: 598 1.9 

Table 3B rCFR 

Author 

Verberne et al. [8] 

Duffy e t a l . [24] 

El-Shafei et al. [25] 

Chamuleau et al. [26] 

Year 

1999 

2001 

2001 

2001 

No. of 

Patients 

37 

28 

48 

127 

Cut-off 

Value 

0.65 

0.75 

0.75 

0.60 

Noninvasive 

Stress Test 

SPECT 

DSE 

SPECT 

SPECT 

Total: 240 0.66 
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Table 3CFFR 

Author Year No. of 

Patients 

Cut-off 

Value 

Noninvasive 

Stress Test 

Pijls et al. [2] 

DeBruyne et al. [5] 

Pijls et al. [6] 

Bartunek et al. [27] 

Abe et al. [23] 

Caymaz et al. [28] 

Fearon et al. [2g] 

DeBruyne et al. [30] 

Chamuleau et al. [26] 

Total: 

1995 

1995 

1996 

1997 

2000 

2000 

2000 

2001 

2001 

60 

60 

45 

37 

46 

40 

10 

57 

127 

482 

0.74 

0.66 

0.75 

0.68 

0.75 

0.75 

0.75 

0.78 

0.74 

0.73 

X-ECG 

X-ECG 

3-tests 

DSE 

SPECT 

5PECT 

SPECT 

SPECT 

SPECT 

CFR indicates coronary f low velocity reserve; FFR, fractional flow reserve; rCFR, relative CFR; SPECT, 

Single Photon Emission Computed Tomography; DSE, dobutamine stress echo; X-ECG, exercise elec

trocardiography; 3-tests, SPECT, DSE and X-ECG 

CFR, rCFR and FFR versus the results of perfusion scintigraphy. 

Pre\ ious validation studies using Doppler or pressure guidewires were predominantly perfor

med in patients with single vessel disease (see table 3), she-wing cut-off values of 1.7-2.0 for 

CFR 13,4,7,8, 18-26], 0.60-0.75 for rCFR [8,24-26]; and 0.66-0.78 tor FFR (2,3,6,23,26-30]. 

The results of this study show that cut-off values validated for single vessel are in accordance 

with the values obtained in two-vessel disease. The practical usefulness of the intracoronarv 

derived indices is reflected in the applicability in a general set of patients. Therefore, currently 

used cut-off values in clinical practice (CFR: 2.0; FFR: 0.75, rCFR: 0.63) [31 ] were compared to 

the ones found in the present study. This study supports the use of a cut-off value for FFR ol 

0.73 for clinical decision making in both single and two-vessel disease. Accordingly, a cut-ofi 

value of 0.65 can be used for the rCFR in clinical practice, lor CFR, a cut-off value of 2.0 is 

widely used for single vessel disease. However, the present study reports a best cut off value ol 

1.7 for two vessel disease. As shown in figure la, the sensitivity is equal for the range in the so-

called 'gray /one' 1.7-2.0 (approximately 56%). Furthermore, several studies have demonstra

ted a safe deferral of PT( '..\ at CFR values > 2.0 (32, 33]. These arguments are in favour of using 

a t ;FR cut-off value of 2.0 for clinical decision making. Therefore, we suggest a cut-off value ol 

2.0 for CFR in patients with single or two-vessel coronary artery disease. As shown in Table 2, 

no significant differences were observed in accuracy between CFR, FFR and rCFR using these 

predefined cut-off values. 
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Figure w-c Plots for CFR (a), rCFR (b) and FFR (c) of sensitivity and specificity, as calculated with ROC analysis for 

the 161 lesions. The BCV (best cut-off value), defined as the highest sum of sensitivity and specificity, is indicated. 
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The aforementioned studies showed a 80-90% agreement with the results of several non-inva

sive tests. Our results of patients with two-vessel disease showed a lower agreement [approxi

mately 75%, Table 2] using the BCV's. This may be related to the patient population, i.e. 

multivessel versus single vessel coronary artery disease. It is known that SPECT yields a lower 

sensitivity and specificity in patients with multivessel disease [34]. It is possible that the assign

ment of the reversible perfusion detect, as detected by MIB1 SPECT, to the perfusion territory 

of one of the three main coronary arteries (RCA, LAD and RCX was inappropriate, especial

ly in the so-called watershed regions. Knowledge of the anatomical distribution pattern of the 

coronary arteries is a prerequisite for appropriate allocation of the culprit coronary artery. 

However, in this study, the panel of nuclear medicine physicians and the interventional cardi

ologist were hlmded to angiographic data and the results of MIBI SPE( )T respectively, to ensu

re an objective comparison. Finally, hyperaemia was differently induced during scintigraphy 

(intravenously dipyridamole) and cardiac catheterization (intracoronary adenosine). Recently, 

similar diagnostic accuracy was reported for exercise stress testing, adenosine and dipyrida

mole in inducing maximal hyperaemia for myocardial perfusion scintigraphy [35]. 

Furthermore, a recent study showed no difference in hyperaemic response, as measured by 

intracoronary Doppler flow velocity, between adenosine and ATP (both intravenously and 

intracoronary administered) in comparison with papavarine [36]. These findings indicate that 

different agents for vasodilation and routes of administration were not a major drawback of 

the current study. 

Limitations. 

In this study, 161 of the 254 lesions present were evaluated with CFR, FFR and rCFR; so 

93 lesions were not measured with both intracoronary flow velocity and pressure. This was 

related to factors precluding assessment of intracoronary measurements (e.g. occlusions, coro-

nary anatomy, lesion location etc. I. As intracoronary How velocity and pressure have to be mea

sured with two different guidewires, it was at the operator's discretion to use both wires in a 

particular lesion. In general, the more severe lesions were not suitable for evaluation with both 

flow velocity and pressure measurements. Most lesions studied were of intermediate severity 

(mean QCA 57%; range 35-85%). However, clinical decision-making remains challenging in 

this cohort ot intermediate lesions and QCA is a poor predictor for the occurrence o( events 

[371. 

The detection of a reversible perfusion defect as detected by perfusion scintigraphy as well as 

the allocation of this defect to a coronary artery was performed by an experienced panel of 

nuclear medicine physicians. In this study, 100 (79%) of the 127 patients (with in total 254 

lesions) showed one or more reversible defects on scintigraphic images. As mentioned above, 

flow velocity and pressure measurements were performed in 161 of the in total 254 lesions. 
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QCA of these 161 lesions ranged from 35-85% diameter stenosis. Only 52 (32%) of the 161 

areas of interest were identified by the panel by allocation of the perfusion defect to the terri

tory of the culprit coronary vessel. This could explain the lower agreement found in the cur

rent study between the results of perfusion scintigraphy and the hemodynamic parameters. 

Clinical implications 

The value of intracoronary hemodynamic measurements is important for clinical decision

making, both during elective angiography in patients with coronary artery disease and in the 

setting of ad hoc PTCA. This study shows that CFR, rCFR and FFR are all three useful hemo

dynamic parameters for clinical decision-making during cardiac catheterization in patients 

with two-vessel coronary artery disease. The currently used cut-off values for clinical decision 

making in single vessel disease (CFR 2.0; FFR 0.75; and rCFR 0.65) can be applied in patients 

two-vessel disease. In our opinion, FFR is preferable from a practical point of view for clinical 

decision making in patients with coronary artery disease, as (1) the cut-off value of 0.74 found 

in the present study is close to the value (0.75) widely used in single vessel disease, and (2) FFR 

is easy to measure, in particular for inexperienced operators. However, the present study shows 

that ROC analysis did not reveal significant differences between FFR, CFR and rCFR. Long-

term follow-up is mandatory in these patients with discordant results between the invasive 

indices and the results of perfusion scintigraphy to establish which of these diagnostic methods 

has the highest clinical relevance from a prognostic point of view. 
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CHAPTER 8 

ABSTRACT 

Background 

Fractional flow reserve (FFR) and coronary blood flow velocity reserve (CFR) represent physi

ological quantities used for evaluation of coronary lesion severity and clinical decision making. 

A comparison between the outcomes of both diagnostic techniques has not been performed in 

a large cohort of patients with intermediate coronary lesions. 

Methods and Results 

I FR and CFR were assessed in I 26 consecutive patients with 150 intermediate coronary lesions 

between 40-70% diameter stenosis by visual assessment. Agreement between outcomes ot FFR 

and CFR, categorized at cut-off values of 0.75 and 2.0, respectively, was observed in 109 i 73".. 

coronary lesions, while discordant outcomes were present in 41 (27%) cases. In 26 ot these 

lesions, FFR was < 0.75 and CFR > 2.0 (group A); in 15 lesions, FFR was > 0.75 and CFR < 2.0 

(group B). Minimum microvascular resistance, defined as the ratio of mean distal pressure to 

average peak blood flow velocity during maximum hyperemia, showed a large variability (over

all range: 0.65-4.64 mini lg/cm/s) and was significantly higher in group H compared to group 

\ 2.42 ± 0.77 vs. 1.91 + 0.70 mmHg/cm/s; p - 0.051 . 

Conclusions 

Our findings demonstrate the prominent role n\ microvascular resistance in modulating the 

relationship between FFR and CFR and emphasize the importance of combined pressure and 

How velocity measurements for evaluation of coronary lesion severity and microvascular invol 

vemen t. 
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INTRODUCTION 

(loronary angiography is considered a gold standard in the diagnosis of coronary artery disea

se, although its value is limited for evaluating the functional significance of intermediate coro

nary lesions. [ 1 ] Intracoronary physiological parameters have heen introduced to assess func

tional coronary lesion severity during cardiac catheterization. These parameters, myocardial 

fractional flow reserve (FFR) and coronarj flow velocity reserve (CFR), showed an excellent 

agreement with non-invasive stress testing at cut-off values varying between 0.72-0.75 for FFR 

and 1.7-2.0 for CFR, [2-4] which would suggest agreement between outcomes of FFR and CFR 

in the same patient. However, distal pressure depends on flow across the stenosis, which is 

determined by both the epicardial and microvascular resistance. A change in the latter affects 

distal pressure and flow in opposite directions. Therefore, discordance between the results of 

these diagnostic techniques can be expected in patients with intermediate coronary lesions. 

METHODS 

Study Population 

In 126 consecutive patients with stable angina (CCS class I-III) with 150 intermediate corona

ry lesions (40-70% diameter stenosis on visual assessment) FFR and CFR were assessed. 

Patients were included when one or more vessels with a single coronary lesion, eligible for 

angioplasty, were present. Exclusion criteria were: severe renal disease, severe valvular disease, 

previous coronary artery bypass grafting, recent myocardial infarction (< 6 weeks) or collate

ral development. Patients with diabetes mellitus, hypertension, left ventricular hypertrophy or 

restenosis were not excluded from this study. The Institutional Ethics Committee approved the 

study protocol. All patients gave written informed consent. 

Cardiac Catheterization 

Cardiac catheterization was performed following routine procedures and quantitative measu

rements of coronary stenosis dimensions were obtained using an automated contour detecti

on algorithm (MEDIS, Leiden, Netherlands). Throughout the procedure, nitroglycerin (0.1 mg 

i.e.) was administered every 30 minutes, heart rate was monitored and aortic pressure was mea

sured via the guiding catheter. 

Hemodynamic Measurements 

intracoronary pressure was measured with a 0.014-in pressure-monitoring guidewire [RADI 

Medical Upsalla, Sweden), which was first calibrated, equaled with the aortic pressure in the 
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guiding catheter and then positioned with the pressure-sensor about 3 cm distal to the coro

nary lesion in the target vessel. Mean aortic and distal pressures were obtained during baseline 

and maximum hyperemia induced by a bolus of intracoronary adenosine, 15 ug for the right 

and 20 ug for the left coronary artery. FFR was calculated as the ratio of mean distal pressure 

to mean aortic pressure during maximum hyperemia. 

Following the intracoronary pressure measurements, the pressure-wire was exchanged with a 

0.014-in Doppler-tipped guidewire (FloWire®, Endosonics) that was advanced to the same posi

tion distal to the target lesion. Baseline and hyperemic average peak flow velocity (APV) were 

obtained on-line (hloMap®; Endosonics). CFR was calculated as the ratio of hyperemic to base

line APV. CFR was also obtained in an angiographically normal reference vessel when present 

(n = 116). The relative CFR (rCFR) was calculated for 139 lesions as the ratio between the ( ! R 

of the target vessel and that of the reference vessel. Values of FFR and CFR were categorized 

according to previously established cut-off values at 0.75 and 2.0, respectively. [2-4] A veloci-

t\ -based index of microvascular resistance during hyperemia (h-MRv) was determined as the 

ratio of mean distal pressure to APV during maximum hyperemia. 

Statistical Analysis 

Data are expressed as mean ± SD or n (%). Continuous data were compared using a paired or 

unpaired Student's t-test as appropriate, and a Chi-square test was performed for categorical 

data using SPSS version 9.0 (SPSS Inc., Arlington). A value of p < 0.05 was considered statisti

cally significant. 
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RESULTS 

Figure 1A shows a scatterplot of FFR and CFR together with the cut-off values used. Linear 

regression analysis demonstrated moderate relationships between FFR vs. CFR (r=0.60, 

p < 0.001) and FFR vs. rCFR (r = 0.64, p < 0.001). Concordant outcomes between FFR and CFR 

were obtained in 109 (73%) of the coronary lesions. Within these, FFR and CFR were below 

their respective cut-off in 36 cases, while in 73 coronary lesions both indices were above their 

threshold. Discordant outcomes between FFR and CFR were obtained in 41 (27%) coronary 

lesions. CFR was a 2.0 and FFR < 0.75 in 26 cases (group A), while FFR was a 0.75 and CFR 

< 2.0 in 15 cases (group B). Agreement between dichotomized values of FFR and CFR revea

led a kappa of 0.42 (p < 0.001). Fig. 1B shows the average pressure gradient-flow velocity rela

tion underlying the association between FFR and CFR for each group and illustrates the chan

ge of stenosis resistance between baseline and hyperemic conditions. The following results 

focus on the two groups with discordant outcomes. 

Table l Clinical Characteristics of Patients wi th Coronary Lesions wi th Discordant Results in FFR 

and CFR 

General 

Risk factors 

Medication 

Ageyrs. ± SD 

Male 

Hyperlipidemia 

Hypertension 

Diabetes mellitus 

Family history 

Cigarette smoking 

Prior Ml 

Nitrates 

P-blockers 

Ca-blockers 

Lipid lowering 

CFR > 2.o and 

FFR < 0.75 

(Group A, n = 22) 

58 ±10 

16 (72) 

15 (68) 

4(22) 

2(9) 

11 (50) 

8(24) 

6(27) 

14 (63) 

19 (86) 

14 (63) 

15 (68) 

FFR 

CFR 

> 0.75 and 

< 2.0 

(Group B, n = 14) 

61 ±12 

7 (50) 

8 (57) 

8 (57)* 

2 (14) 

9 (64) 

4 (29) 

6 (43) 

8 (57) 

11 (79) 

7 (5o) 

7 (50) 

Ml = myocardial infarction, 'p < 0.05 compared to group A. Values are mean ± SD and n (%). 
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(A) Scatterplot of FFR vs. CFR (n = 750J. Data were categorized based on cut-off values. Croup A: FFR < 0.75 and 

CFR > 2.0. Croup B. FFR > 0.75 and CFR < 2.0. 

(B) Pressure gradient-flow velocity relation showing average data at baseline and hyperemia for all groups. The 

lines are quadratic fits of the form y = ax + bx\ 
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There were no significant differences in clinical characteristics between patients with discor

dant outcomes (group A vs. group B), except for the presence of hypertension, which was hig 

her in group B (57% vs. 22%; p = 0.015). Quantitative measurements of angiographic dimen

sions showed comparable reference diameters (2.99 ± 0.63 mm vs. 2.73 ± 0.45 mm, p = 0.17) 

and minimum lumen diameters (1.14 ± 0.33 mm vs. 1.23 ± 0.21 mm, p = 0.34) for coronary 

lesions in groups A and B, respectively. Percent diameter stenosis was slightly higher in group 

A (61 + 9% vs. 55 ± 70%, p = 0.018). Mean heart rate (70 ± 11 bpm vs. 6<S ± 12 bpm) and aor

tic pressure (100 ± 19 inmHg vs. 95 ± 12 mmllg.) during intracoronary measurements were 

similar both within and between patients of groups A and B. 

Significant differences between the discordant groups were found for mean distal pressure at 

hyperemia, CFR and baseline APV for both the target and reference vessel, rCFR, and FFR 

[Table 1 ]. Note that rCFR and FFR change in opposite directions between these two groups. 

For the entire study population, h-MRv of the target vessel ranged from 0.65 to 4.64 

mmHg/cm/s [Figure 2A]. It was significantly higher in group B compared to group A [Table I, 

Figure 2B], while there was no difference in h-MRv of the reference vessel between these two 

groups. Within group B, h-MRv was higher for the target than for the reference vessel 

(p = 0.048). 

Table 2 Hemodynamic Data of Coronary Lesions wi th Discordant Results in FFR and CFR 

Target Vessel 

CFR-target 

b-APV(cm/s) 

h-APV(cm/s) 

FFR 

h-MAP(mmHg) 

h-MDP(mmHg) 

CFR > 2.0 

FFR < 0.75 

(Group A) 

(n = 26) 

2.65 ± 0.43 

14.5 ± 7.1 

36.7 + 18.4 

0.67 ± 0.06 

90.4 ±12.4 

60.5 ±10.3 

CFR < 2.0 

FFR > 0.75 

(Group B) 

(n = 15) 

1.70 ± 0.25* 

22.4 ±11.5* 

36.9 ±15.2 

0.83 ± 0.06* 

96.5 ±19.1 

80.1 ± 17.1* 

h-MRv(mmHg/cm/s) 1.91 ± 0.70 2.42 ± 0.77* 

Reference Vessel (n = 24) (n = 13) 

CFR-reference 3.19 ± 0.58 2.57 ± 0.73t 

b-APV(cm/s) 17.4 ± 6.6 22.9 ± 9.2* 

h-APV(cm/s) 53.0 ±15.3 55.4 ± 17.4 

h-MRv(mmHg/cm/s) 1.85 ± 0.63 1.91 ±0.82 

rCFR 0.83 ± 0.18 0.69 ± 0.16* 

b = baseline, h = hyperemia, APV = averge peak flow velocity, MAP=mean aortic pressure, MDP = 
mean distal pressure, MRv = microvascular resistance index, rCFR = relative coronary flow velocity 
reserve, 'p < 0.0001, tp < 0.01 and tp < 0.05 compared to group A. Values are mean ± SD. 
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Figure 2 
(A) Frequency distribution ofh-MRv measured in all target vessels In = 750J. The insert shows a model of the 

coronary circulation with stenosis resistance (Ri) in series with microvascular resistance (Rm). For a given Rs, 
distal pressure (Pd) and therefore. FFR will be higher when Rm is elevated at hyperemia, but CFR will be lower. 

(B) Relative frequency ofh-MRv obtained in groups with discordant outcomes in FFR and CFR. The vertical das
hed and solid lines indicate the median h-MRvfor group A and group B, respectively. 
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DISCUSSION 

In this study, we compared cut-off-based outcomes for FFR and CFR in intermediate lesions 

and found discordant results in 27% of the cases. 

The observed variability in microvascular resistance plays a prominent role in the discordance 

between outcomes of FFR and CFR. It exists both across individuals and across perfusion ter

ritories [5,6] and it is related to variability in microvascular structure and is influenced by dise

ase. However, our measurements do not allow differentiation between these two causes. 

Homogeneity in the structure and behavior of the microcirculation of the reference and ste

notic vessels is a prerequisite for the concept of rCFR. [7] The variability in h-MRv in our more 

diverse, large patient cohort (n = 126) may explain the lower correlation between FFR and 

rCFR compared to the findings by Baumgart et al. [7] in a small group of patients (n = 21). 

In the presence of a stenosis, variability in microvascular resistance has an impact on the hemo

dynamic parameters for stenosis evaluation of the interrogated vessels, since both FFR and 

CFR are influenced by the combination of stenosis and microvascular resistance, as can be 

inferred from the electrical analog shown in Fig. 2A. If h-MRv increases, CFR will decrease and 

FFR increase despite an anatomically fixed stenosis. In the absence of a stenosis, variability in 

h-MRv has little effect on FFR (~1 by definition), but would be reflected in CFR. 

In the lesions of group A, both b-APV and h-MRv were low, resulting in a CFR indicative of a 

non-significant coronary narrowing (> 2.0). However, the hyperemic pressure gradient caused 

FFR to be < 0.75. Despite an anatomically similar stenosis, the opposite is true for group B. 

Here, the discordance between FFR and CFR arises not only because of a low CFR resulting 

from a high b-APV, which can be explained by a higher oxygen demand of the heart in the pre

sence of hypertension. These patients also had a significantly higher h-MRv which kept hyper

emic flow and thus, stenotic pressure gradient at a level commensurate with FFR > 0.75. 

The combination of stenosis (epicardial) and microvascular resistance at hyperemia affects 

both FFR and CFR and can lead to opposite outcomes in these physiological parameters with 

respect to their cut-off values, wherever they are chosen. Both distal pressure and flow veloci

ty measurements are required in order to quantify this interaction, preferably simultaneously. 

The latter point is a possible limitation of this study, since the intracoronary signals were obtai

ned sequentially in order to avoid changes in stenosis characteristics due to the presence of two 

guidewires. However, external hemodynamic conditions such as heart rate and aortic pressure 

remained constant during assessment of pressure and flow velocity, so one may expect repro

ducible responses to the vasodilatory stimulus. 

Recent clinical studies suggest that PTCA can be safely deferred in patients with coronary 

lesions characterized by either FFR ;> 0.75 or CFR ;> 2.0. [8, 9] The present study shows that in 

about a quarter of patients with intermediate lesions, interventional procedures may be incii-
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cated or deterred, depending on whether a pressure or flow velocity-derived parameter was 

used to reach the decision. However, a complete hemodynamic assessment rests on the separa

te evaluation of stenosis and microvascular resistance, which requires combined measurement 

of distal pressure and flow. The impact of combined measurements on clinical decision

making regarding coronary interventions remains to be determined. 
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CHAPTER 9 

ABSTRACT 

Background 

Homogeneity of microvascular resistance in different perfusion areas of the same heart is gene

rally assumed, regardless the extent of coronary artery disease. The aim of the study was to 

investigate the effect of the severity of an epicardial stenosis on microvascular resistance in 

patients with coronary artery disease. 

Methods and Results 

Twenty-seven patients with stable angina and coronary narrowings eligible for angioplasty 

were analyzed. All patients had an angiographically normal coronary artery (Artery 1), one 

intermediate lesion (Artery 2) and one severe lesion (Artery 3), the latter was treated with angi

oplasty. In each patient, distal blood flow velocity and pressure were measured during baseline 

and maximal hyperemia (induced by i.e. adenosine), using a Doppler and pressure guidewire, 

respectively. The ratio of mean distal pressure to average peak blood flow velocity was used as 

an index for the microvascular resistance (MRv). The MRv was significantly lower during 

hyperemia as compared to baseline conditions for all three vessels (median values for: Artery 

1,1.7 versus 6.5, p < 0.001; Artery 2, 2.1 versus 6.4, p < 0.001; Artery 3, 2.6 versus 4.9, p < 0.001; 

respectively). A statistically significant difference was found between the hyperemic MRv of the 

different arteries (Page test: Z score 2.041; p = 0.021). After angioplasty, the hyperemic MRv 

decreased towards the value of the reference artery (pre PTC,A, 2.6 vs. post PICA, 1.9, 

p< 0.01). 

Conclusions 

There is a positive association between coronary lesion severity and variability of distal micro

vascular resistance that normalizes after angioplasty. This study challenges the concept ot uni

form distribution of microvascular resistance that is relevant for the interpretation of both 

non-invasive and invasive diagnostic tests. 
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INTRODUCTION 

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

stantial advances, due to developments in non-invasive and invasive diagnostic techniques. [1] 

It has been proposed that the severity of coronary artery disease can be more accurately des

cribed by maximal flow capacity and coronary flow reserve, rather than angiographic findings. 

[2] Apart from stenosis characteristics, these indices are influenced by the behaviour of the 

downstream microvascular resistance. [3] It is unknown whether this resistance depends on 

the epicardial stenosis degree. 

Several intracoronary derived physiological parameters have been introduced to characterize 

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

making during cardiac catheterization. These parameters are based on intracoronary pressure 

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

measurements (coronary flow velocity reserve, CFVR). [4] Recently, we have shown that vari

ability in microvascular resistance between patients is responsible for discordant results bet

ween FFR and CFVR. [8] High microvascular resistance was associated with a low CFVR and 

a high FFR, while a low microvascular resistance was associated with a high CFVR and low FFR 

in patients with intermediate coronary lesions. Furthermore, homogeneity in the behavior of 

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

This is of importance for the concept of relative CFVR. This assumption conflicts with the 

heterogeneity of myocardial blood flow found in different coronary perfusion areas in healthy 

volunteers. [5] Recently, a paradoxical increase of microvascular resistance downstream of a 

severe coronary narrowing during tachycardia was reported, that was abolished after angio

plasty. [6] These findings challenge the concept that microvascular resistance is uniformly 

distributed that is a generally accepted assumption for the interpretation of non-invasive dia

gnostic stress tests. The ratio of mean distal pressure to average peak blood flow velocity can be 

used as an index of microvascular resistance (MRv). [7, 8] The purpose of this study was to 

investigate the influence of epicardial stenosis on the resistance of the downstream microcir

culation assessed by intracoronary derived pressure and Doppler flow velocity measurements 

in patients with coronary artery disease. 

METHODS 

Study population 

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

Canadian Cardiovascular Society; CCS) were eligible for inclusion in this study. All patients 

were referred to our center for a PTCA procedure. Both intracoronary pressure and Doppler 
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flow velocity data were obtained in .ill three main coronary arteries. Exclusion criteria were: 

factors precluding assessment of intracoronary measurements (e.g. occlusions, coronary anat-

nmvi; factors influencing coronary hemodynamic parameters (insulin dependen! diabetes, Q-

wave myocardial infarction, previous coronary bypass grafting, left ventricular hypertrophy, 

moderate or severe left ventricular dysfunction, severe valvular heart disease). 

Study protocol 

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

measurements were performed. (Coronary lesion severity was determined by quantitative coro

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

descending coronary artery, LAD; And the left circumflex artery, LCx) were functionally divi

ded per patient into: an angiographically normal reference artery I Artery 1 I; an artery with the 

less severe narrowing (Artery 2); and an artery with the more severe narrowing (Artery 3). 

Thus, measurements in each artery represented a different myocardial perfusion area. Flow 

velocity and pressure were measured sequentially distal to the coronary narrowings, and in the 

reference artery in all patients. Furthermore, all lesions in Artery 3 (with a severe coronary nar

rowing] were treated with PTCA; Doppler flow measurements were repeated afterwards. I lie 

Medical Ethics Committee of our institution approved the study protocol; all patients gave 

written informed consent. 

Quanti tat ive coronary angiography (OCA) 

Coronary angiography was performed according to standard procedure, as previously descri

bed. [9] Coronary lesion severity was measured by QCA, using the CMS Q( A software version 

3.}2 ( MEDIS, Leiden, The Netherlands). [10] Coronary lesion severity was expressed as the per

cent diameter stenosis %DS and minimal lumen diameter (in mm; MID) using an automa

ted contour detection algorithm, and the reference diameter were measured (in mm). 

Coronary lesion severity was assessed on an end-diastolic frame in two, if possible, orthogonal 

v lews. I he projection showing the most severe coronarv. narrowing in %DS was used. 

Intracoronary hemodynamic measurements 

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

bolus of 0.1 mg nitroglycerin was administered every 30 minutes to ensure maximal epicardi-

al vasodilation. All measurements were performed at baseline and during hyperemia, and repe

ated to assess variability of the pressure and flow velocity measurements. Hyperemia was indu

ced by administering an intracoronary bolus of adenosine (15 ug in the right coronary artery 

and 20 ug in the left coronarv artery). 

Translesional blood flow velocity was measured with a 0.014-in Doppler guidewire I FloWire®, 

IOMEII Rancho Cordova, CA). The Doppler guidewire was advanced distal to the stenosis; care 
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was taken to avoid post-stenotic turbulent flow and the distal tip was not placed adjacent to 

side branches. Distal baseline and hyperemic blood flow velocity data were obtained and a real 

time spectral analyzer processed the Doppler signals. [11] 

[ntracoronary pressure was measured with a 0.014" pressure guide wire, connected to the pres

sure console (RAI)I Medical Systems, Uppsala, Sweden). After calibration with the pressure con

sole, the accuracy ol the signal was verified using the aortic pressure as measured through the 

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

lesion. No pressure wire was introduced in the reference vessels and post PT< !A; the pressure as 

measured through the guiding catheter was used to calculate the MRv. 

An index ol minimal microvascular resistance (in mini lg/cm/sec) during baseline (b-MRv) 

and maximum hyperemia (h-MRv) was defined as the ratio of mean distal pressure to average 

peak blood flow velocity. [8| Pressure and blood flow velocity data were obtained sequentially 

using two guidewires. The ability of the resistance vessels to dilate under maximal hyperemic 

conditions was expressed as b-MRv minus h-MRv; this ability was also expressed as a percen 

tage of baseline. 

The coronars circulation was modeled as a series oi' three of resistances, each reflecting a cer

tain behavior: the stenosis resistance (RJ in the epicardial conduit artery, the variable arterio

lar resistance vessels (R,-os), and the minimal microvascular resistance (Rm jn) present during 

maximal hyperemia. [12] By definition, the microvascular resistance is defined as the sum of 

the 2 resistances present distal of an epicardial coronary narrowing. Therefore, as indicated in 

Figure 1, b-MRv represents the sum of the latter two, whereas h \1RV is minimum microvas 

cular resistance during hyperemia (assuming that the resistance vessels are maximally dilated), 

and thus, b-MRv - h-MRv represents the resistance vessels during baseline conditions. 

Figure i Model of the coronary circulation with 3 resistances each reflecting a certain behavior: the stenosis 
resistance (R^, the variable arteriolar resistance vessels (RreJ, and the minimal microvascular resistance (Rmjn). 
See text for explanation of different MRV values. Pa and Pv refers to the arterial and venous pressure, respectively; 
O indicates the flow. 
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Statistical considerations 

Data were expressed as mean ± standard deviation (SI)). Skewed data distributions were pre

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

signed ranks test was used for paired comparisons within patients, i.e. comparison ol baseline 

and hyperemic MRV values in all 3 arteries, and pre PTCA and post PTCA comparison of MRV 

in Artery 3. The Page test for ordered alternatives [13] was applied to compare the MRV value 

for the three different perfusion areas within patients, based on their division in Artery 1, 

Artery 2, and Artery 3. Data analysis was performed using the SPSS 10.0.5 software package for 

Windows (SPSS Inc. 1999, Arlington, VA). A p-value of less than 0.05 was considered statisti

cally significant. 

RESULTS 

Study population and OCA results 

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

RCA/LAD/LCx was 2/7/18 for Artery 1,11/11/5 for Artery 2, and 14/9/4 for Artery 3, respecti

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

diameter of the reference locations. The stenosis degree was most severe in Artery 3, as illustra

ted by QCA analysis: median diameter stenosis for Artery 1 was 16% (range: 7-35%); for Artery 

2, 54% (range: 39-68%), and for Artery 3, 70% (range: 54-85%). It should be noted that there 

\\ a.s some overlap in stenosis degree, especially between Artery 2 and Artery 3, because the most 

severe lesion of one heart (per definition in Artery 3) may be comparable in severity with a ste

nosis in Artery 2 of a different heart. There was no difference between the average 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 by this parameter. 

Accordingly, the MLD significantly decreased from Artery 1 to Artery 2 to Artery 3 (median 

M i l ) : 2.33, 1.37, and 0.85 mm, respectively). 
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Table i Baseline Characteristics of the 27 Patients. 

Patients 

History 

Risk factors 

Male 

Mean age in years (range) 

Previous Ml 

Previous PTCA 

Smoking 

Hypertension 

Hypercholesterolemia 

Non-insulin dependent diabetes me 

Positive family history 

Beta-blockers 

Calcium-antagonists 

Nitrates 

Lipid lowering 

CCS class 2 

CCS class 3 

CCS class 4 

Data are expressed as n (%). CCS = Canadian Cardiovascular Society; 

PTCA = percutaneous transluminal coronary angioplasty. 

Medication 

Anginal complaints 

18 (67%) 

62 (43-78) 

10 (37%) 

4 (15%) 

20 (74%) 

10 (37%) 

18 (67%) 

litus 3 (11%) 

17 (63%) 

23 (85%) 

11 (41%) 

20 (74%) 

18 (67%) 

7 (26%) 

13 (48%) 

7 (26%) 

Ml = myocardial infarction; 

Microvascular resistance index (MRv) 

Hemodynamic data of all patients during baseline and hypercmic conditions are summarized 

in Table 2. Variability of the repeated measurements of the indices was 2-5% for pressure, 

8-10% for Doppler flow velocity measurements and 7-13% for the hyperemic MRv. The MRV 

was significantly lower during hyperemia as compared to baseline conditions for all three 

vessels (median values for: Artery 1, 1.69 versus 6.50, p < 0.001; Artery 2, 2.08 versus 6.38, 

p < 0.001; Artery 3,2.56 versus 4.94, p < 0.001; respectively). The mean ability of resistance ves

sels (expressed as percentage decrease of baseline value) to reduce microvascular resistance 

during maximal hyperemia was for Artery 1: 74 %, for Artery 2: 67 %, and for Artery 3: 48 %. 

MRv data for Artery 2 and Artery 3 are compared to those of the respective Artery 1 in Figure 

3. No significant trend was detected between the baseline MRV of the three arteries (Page test: 

Z score -1.225; p = 0.1093). However, it can be appreciated that the b-MRv of Artery 3 is lower 

than for Artery 1 (p = 0.078) and for Artery 2 ( p = 0.022) [Figure 3a]. In contrast, a statistical

ly significant difference was found between the hyperemic MRv's of the different arteries (Page 

test: Z score 2.041; p = 0.0207), which was confirmed by pair wise comparisons [Figure 3b]; 

h-MRv of Artery 3 is significantly higher than the h-MRy of Artery 1 (p = 0.001) and Artery 2 

(p = 0.029). The difference between b-MRv and h-MRv , representing the resistance of the arte-
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rioles at baseline (Rres), was significantly higher for Alien I and Artery 2 than for Artery 3 

(Page test: / score -3.402; p < 0.0001), which was confirmed by pair wise comparisons 

(b-MRv - h-MRv of Artery 3 is significant lower than for Artery 1 (p = 0.001) and for Artery 

2 (p = 0.001), as illustrated in Figure 3c). Hence, the effect of the compensatory vasodilatation 

at baseline induced by the pressure drop resulting from a stenosis was noticeable in this patient 

group. Furthermore, from Figures 3a, 3b and 3c it can be appreciated that the frequency distri

butions of the resistances in the different perfusion areas show a considerable variation within 

each group but also between groups at the same conditions of baseline versus hyperemia. 

MRv pre and post PTCA 

All lesions in Artery 3 underwent a PICA procedure. In 2 patients, no flow velocity measure

ments were performed post PTCA because the PTCA procedure was not successful. Therefore, 

the MRv post PTCA of Artery 3 was calculated in 25 patients (93%). The median MRv value 

declined from 2.56 pre PICA to 1.85 post PICA (p < 0.009). In total, 19 out o( 25 patients 

(76%) showed a decline of the MRv. There was no statistical difference between the MRv value 

of Artery 1 and post PICA in Artery 3 (median value 1.69 and 1.85, respectively; p = 0.671, sug

gesting that treating the epicardial stenosis influences the microvascular resistance. 

DISCUSSION 

This study demonstrates that there was a statistical significant increase of hyperemic MRv of 

diseased arteries. The severity of coronary artery disease was associated with significantly hig

her values of the hyperemic microvascular resistance that normalized alter angioplasty ot the 

epicardial narrowing. Hence, coronary artery disease not only induces a reduction of tone at 

baseline, as is to be expected from a normal physiological response, but also increases the 

hyperemic microvascular resistance. Furthermore, this study showed that a large heterogenei

ty of microvascular resistance was present between different perfusion areas in patients with 

coronary artery disease. 

Relation between severity of coronary artery disease and microvascular resistance 

The present results demonstrate tli.it minimal microvascular resistance is higher distal to 

hemodynamically significant stenosis in comparison with vessels without stenosis in the same 

patient. These results are in accordance with the work ol Sambuceti and others, who found also 

a paradoxical increase in microvascular resistance during tachycardia downstream from a seve

re stenosis in patients with coronary artery disease that was reversed by angioplasy. [6] Several 

explanations for the higher h-MRv distally of epicardial narrowings are possible, first, we 

hypothesize that the pressure dependence of the microvascular resistance vessels could play a 
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role. [6, 14-16] It is obvious that the distal pressure depends on the severity of coronary nar

rowing in the epicardial conduit artery [see Table 2]. A higher MRV can be explained by a para

doxical vasoconstriction as a result ot passive collapse of larger sized (> 100 urn) arterial 

microvessels due to reduced distending pressure. [16] This suggestion is supported by the effect 

of angioplasty, resulting in MRv values that did not significantly differ from values in the refe

rence vessels without focal coronary nanowings (Artery 1). Second, regional differences of the 

extent of atherosclerotic disease can be present within the coronary artery tree. The observed 

increased hyperemic microvascular resistance distal to severe narrowings may be due to more 

extensive diffuse atherosclerotic disease, in contrast to an angiographically normal artery. 

Finally, it has been suggested that several growth factors (e.g. endothelin, heparin, fibroblast 

growth factor) ma) influence vascular tone, resulting in spatial heterogeneity. [17] Further 

research is mandatory to elucidate the underlying mechanism. 

Table 2 Physiological Data of all Patients (n = 27) During Baseline and Hyperemic Conditions. 

Artery Parameter Median (range) 

Artery 1 

Artery 2 

Artery 3 

Artery 1 

Artery 2 

Artery 3 

Baseline 

pd 

APV 

MRV 

Pd 

APV 

MRV 

Pd 

APV 

MR,, 

Hyperemia 

pd 

APV 

MRV 

pd 

APV 

MRV 

Pd 

APV 

MRV 

87 

18.0 

6.50 

91 

15.0 

6.38 

71 

14.0 

4.94 

841 

49.0** 

1.69"* 

78!* 

37.0** 

2.08" 

(67-128) 

(5.6-26.0) 

(3.32-13.21) 

(65-113) 

(4.3-40.0) 

(6.68-17.91) 

(23-118) 

(7.5-37.0) 

(2.21-9.10) 

(62-118) 

(25.0-84.0) 

(0.94-3.16) 

(47-102) 

(17.0-76.0) 

(0.85-4.24) 

(20-107) 

(9.0-56.0) 

(0.75-4.67) 

21.0** 

xv 2.56" 

'7' p < o.oooi (Page test from Artery 1 to Artery 2 to Artery 3), ' p < 0.05 as compared to baseline 

valuePg1 = distal pressure (mm Hg); APV = average peak velocity (cm/sec); MRV = microvascular 

resistance index (mmHg/cm/sec). 
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Figure 3 Results o/MRv depicted per vessel. First, Box-Whisker plots are shown (left panel; top and bottom of box: 25th and 

75th percentile; horizontal line in box: median). Individual data are plotted in the right panel; for each measured MRV in the 

reference vessel (Artery 1) (x-axis), the MRV in both Artery 2 and Artery 3 are depicted for the same heart (n = 27); the line of 

identity is shown. 

(A) There was no significant decrease of the of the b-MRvfrom Artery 1-Artery 2-Artery 3 (p = 0.1093). There was no signifi

cant deviation of the line of identity for the b-MRv values of both Artery 2 and Artery 3. 

(B) There was a significant increase in the h-MRvfrom Artery i-Artery 2-Artery 3 (p = 0.021). The h-MRv values of Artery 3 

were significantly higher than the line of identity (mean difference value -0.71. gs% CI: -1.03, -0.38; p < 0.025). 

(C) There was a significant decrease in the b-MRv minus h-MRv (representing Rres)from Artery i-Artery 2 Artery 3 

(p < 0.0001). The values of Artery 3 were significantly lower than the line of identity (mean difference value 149.95% 

CI: 0.76, 2.23. p < 0.025). 
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Spatial heterogeneity of the resistance in the coronary microcirculation 

The present study showed spatial heterogeneity of the microvascular resistance index during 

hyperemic conditions [see Figure 3b], representing Rmin. Despite the large variability between 

the groups, the h-MRv downstream of the most severely diseased vessel (Arter) 3 was demon

strated to be significantly higher. This suggests thai the differences in h-MRv are modulated by 

the pressure changes as a result ot epicardial coronary artery disease. This finding is indepen

dent ot the autoregulatory mechanism that acts solely on the Rres, represented by b-MR - h-

MRX, whose value was lower in the narrowed arteries [Figure 3c]. These results are important 

in view ot the concepts ol intracoronar) derived hemodynamic parameters that assume homo

geneity in the behavior ot the myocardial resistance beds of the major perfusion areas within 

the same heart. 

Comparison w i th other studies 

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

determined by two distinct perfusion patterns: the resting (control) pattern anil the maximal 

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

vulnerable to ischemia. Ibis may explain the patchy nature of infarction with hypoxia and at 

reduced perfusion pressures as well as the difficulty of using global parameters to predict regio 

nal ischemia. [ 18] 

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

measured with PET, both between And within 169 health}' volunteers. [5] They demonstrated 

spatial How heterogeneity between lour perfusion regions (anterior, septal, inferior and lateral) 

w ithin each individual during hyperemic conditions. These data are in accordance with pre\ i-

ous reports [19] and our results, obtained in patients with multivessel coronary artery disease. 

Limitations 

flow velocity and pressure were sequentially measured alter exchanging the 1 low ire for the 

pressure w ire. No significant hemodynamic changes in blood pressure and heart rate occurred 

between the measurements, for practical reasons, we used the aortic pressure as measured 

through the guiding catheter to determine \1RV in the reference vessel and post PT( '.A in Artery 

3. I lowever, an apparently angiographically normal reference artery does not exclude presence 

of atherosclerotic disease. [20] Our QCA data showed a median diameter stenosis of 16% in 

the reference vessels. It was suggested that a decline in pressure might be present in these dif

fusely diseased vessels without a focal stenosis. [21, 22] It was demonstrated that this decline is 

most likely no more than 0.12-0.25 mmHg per cm during maximal hyperemia. [23, 24] 

Therefore, it is conceivable that this limitation of the protocol did not influence the main cov,-

clusions,drawn from this study. 
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We used a Doppler guidewire to assess blood flow velocity in the three coronary arteries, whe

reas coronary blood flow may be dependent on arterial dimensions. All patients received an 

intracoronary bolus of 0,1 mg nitroglycerine, and thus, epicardial vessel diameters were maxi

mally dilated and remained constant throughout the procedure. Variability's in flow velocity en 

pressure measurements may contribute to the found heterogeneity in h-MRv . However, this 

variability varies between 2-5% for pressure, 8-10% for flow velocity measurements and 7-13% 

for the hyperemic \1RV. This indicates that the observed heterogeneity in h-MRv cannot be 

explained by the variability of the pressure or flow velocity measurements. 

Although no visible collaterals were present in these patients (according to Rentrop classifica

tion), we cannot exclude a confounding effect ol recruitable collateral flow, especially in areas 

supplied by the severely narrowed coronary arteries. 

Clinical implications 

For clinical practice, the fact that the spatial heterogeneity in \IRV exists during hyperemia 

indicates that the role of relative CFVR for patient management is of limited value considering 

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

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

cent perfusion regions is a prerequisite for this index. In addition to previous reports[5], these 

findings are also relevant for the interpretation of the results of regional myocardial perfusion 

for all stress test modalities using imaging techniques in this patient cohort that warrants 

testing in a direct comparative study. 

Our results provide novel insight into the dynamic behavior of the coronary microcirculation 

in the presence of epicardial narrowings that is relevant for the interpretation of diagnostic 

non-invasive and invasive tests as well as the evaluation of pharmacological or mechanical 

coronary interventions. 
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CHAPTER 10 

ABSTRACT 

Background 

Both coronary blood How velocity reserve (CFVR) and myocardial fractional flow reserve 

( FFR) are used to evaluate the hemodynamic severity of coronary lesions. I [owever, discordant 

results between CFVR and FFR have been observed in 25-30% of intermediate coronary 

lesions. An index of stenosis resistance based on a combination of intracoronary pressure and 

flow velocity may improve the assessment of functional coronary lesion severity. 

Methods and Results 

Single photon emission computed tomography SPI CT) was performed in 151 patients with 

angina to tietermine reversible perfusion defects within one-week before cardiac catheteriza

tion. Coronary pressure and flow velocity was measured distal to 181 single coronary lesions 

with a mean diameter stenosis of 56% (range: 32-85%). Maximum hyperemia was induced by 

15-20 ug i.e. adenosine to determine CFVR, FFR, and the hyperemic stenosis resistance index 

(h-SRv), defined as the ratio of hyperemic stenosis pressure gradient (mean aorta pressure 

mean distal pressure) and hyperemic average peak flow velocity. Receiver-operating-characte

ristic curves of (TVR, FFR, and h-SR\ were calculated to evaluate the predictive value for pre

sence of reversible perfusion defects on SPECT using the area under curve (AUC). The AUC 

was significantly higher for h-SRv (0.90 + 0.03) compared to those for CFVR (0.80 ± 0.04; 

p = 0.024) and FFR (0.82 + 0.03: /> - 0.018), respectively. Agreement with SPECT was parti

cularly higher (73%) than for CFVR (49%, /> = 0.022) or FFR (51%, p - 0.037) in the group of 

lesions showing discordant results between CFVR and FFR 

Conclusion 

These results indicate that hyperemic stenosis resistance index is a more powerful predictor ot 

reversible perfusion defects than (TAR or FFR. 
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INTRODUCTION 

Several intracoronary physiological parameters have been introduced for improved discrimi

nation of functional coronary lesion severity during cardiac catheterization. [ 11 Of these para

meters, myocardial fractional flow reserve (FFR) and coronary flow velocity reserve (CFVR) 

are most frequently used. These indices showed a good agreement with non-invasive stress 

testing at cut-off values varying between 1.7-2.2 for CFVR and 0.68-0.78 for FFR. [ 1 ] Howe\ er, 

these parameters are affected by the confounding influence of microvascular disease, hemody

namic conditions in case of CFVR, and transient changes in maximal hyperemic flow. [1-3] 

Moreover, in 27% of our patients with an intermediate coronary stenosis, we have found con

flicting outcomes between CFVR and FFR based on their respective cut-off value for clinical 

decision-making. [4] The purpose of this study was to test the hypothesis that stenosis resistan

ce index, by incorporating both intracoronary pressure and flow velocity measurements, is 

more accurate in identifying functionally significant coronary lesions than traditional hemo

dynamic parameters derived from either flow velocity or pressure alone. 

METHODS 

A total of 151 consecutive patients (age 60.0 ± 10.7 years) with anginal complaints and one- or 

two vessel coronary artery disease eligible for PT( A were included. Part of this patient group 

was used for evaluation of FFR and CFVR. [4] Exclusion criteria were: two or more stenosis in 

one coronary vessel, severe renal disease, significant left main coronary artery stenosis, atrial 

fibrillation, recent myocardial infarction (< 6 weeks), previous coronary artery bypass grafting 

or visible collateral development. The Institutional Fthics Committee approved the study pro

tocol. All patients gave written informed consent. 

Myocardial Perfusion Scintigraphy 

Patients were scheduled for single photon emission computed tomography (SPECT) using 

± 500 MBq ot' 99mtechnetium-labeled methoxyisobutylisonitrile (MIBI) or Tetrofosmin 

I Myoview) during the week before the cardiac catheterization according to a two-day stress-

rest protocol. All anti-anginal medication was discontinued for at least 48 hours prior to the 

stress test. Patients were asked to last the day of the SPECT, and to abstain from any caffeine-

related products 24 hours before the stress test. Stress was induced by dipyridamole (0.56 

mg/kg intravenously during 4 minutes) or adenosine (140 ug/kg/min intravenously during 6 

minutes I. For both stress anil rest tests, SPECT imaging was started 45 min to 1 hour follow ing 

injection ot the radioactive-labeled tracer. SPFC'1' images were acquired with a 3-headed 
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gamma camera (Siemens, Hoffman Estate, Illinois) that produces 60 views (60 shift per view) 

in a 64 x 64-pixel matrix using a 360° non-circular orbit. 

Standard filtered back projection was performed without applying attenuation correction. 

Stress and rest tomographic images were displayed side by side in the short axis, horizontal 

long axis and vertical long axis reconstruction. A panel of experienced nuclear medicine phy

sicians evaluated the scintigraphic images as previously described. [5] Stress and rest images 

were semi-quantitatively scored as normal, dubious, mild, moderate or severe delect. 

Improvement of defect classification of more than one class was considered'reversible', indica

tive of myocardial ischemia. Results were dichotomized into 'reversible' or 'no-reversible' 

defects. The result was considered 'positive' when a reversible defect was allocated to the per

fusion territory of the coronary artery of interest. 

Cardiac Catheterization 

All anti-anginal and anti-platelet medication was continued until cardiac catheterization. 

Lorazepam (1 mg) was orally administered before the procedure. Cardiac catheterization was 

performed by percutaneous femoral approach. All patients received a bolus of heparin (7500 

IU intravenously) at the beginning of the procedure. Additional heparin was administered if 

the procedure lasted more than 90 minutes. Nitroglycerin (0.1 mg intracoronary) was admi

nistered before coronary angiography and every 30 minutes throughout the procedure. 

Hemodynamic Measurements 

All hemodynamic signals were obtained at baseline and during maximum hyperemia induced 

by a bolus of intracoronary adenosine, 15 ug for the right coronary artery and 20 ug for the left 

coronary artery. [6] Injections were repeated and means of pressure and velocity were used lor 

further calculations. Throughout the procedure, mean aortic pressure was measured continu

ously via the guiding catheter. In the target vessel, intracoronary pressure distal to the stenosis 

was measured with a 0.014-in pressure-monitoring guide wire {RAD1 Medical Systems, 

Uppsala, Sweden). 

Directly after the intracoronary pressure measurements, the pressure wire was exchanged with a 

Doppler-tipped guide wire (JQMED, Rancho Cordova, CA). The Doppler sensor was manipula

ted until an optimal and stable blood flow velocity signal was obtained distal to the lesion. [7] 

Data Analysis 

Percent diameter stenosis, reference diameter and minimal lumen diameter were obtained by 

quantitative analysis of the coronary angiograms, using a validated automated contour detec

tion algorithm (QCA-CMS version 3.32, MEDIS, Leiden, The Netherlands). The saline-filled 

guiding catheter was used for calibration. [8] End-diastolic cine frames from two or more 
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views were analyzed per lesion and the most severe one in percent stenosis was used. 

I l k was calculated as the ratio of mean distal to mean aortic pressure during maximum hyper

emia. CFVR was calculated as the ratio of hyperemic to baseline average peak flow velocity 

APV). A velocity-based index of coronary stenosis resistance during hyperemia (h-SRv) was 

calculated as mean stenosis pressure gradient (DP) divided by APV. 

Statistical Analysis 

( ontinuous variables were expressed as mean ± SD and compared using an unpaired Student's 

t-test (SPSS for Windows, vs. 10.0, Arlington, VA). A Mann-Whitney test was used for non-nor

mally distributed continuous data and a Fisher's exact test for categorical data. Receiver 

Operating Characteristic (ROC) curve analysis was used to compare the diagnostic perfor

mance of derived hemodynamic parameters to outcomes of SPECT. [9] The area under the 

curve (AUC) for h-SRv, FFR and CFVR was compared using the software package 'ROC Curve 

Analyzer' (written by R.M. Centor & J. Keightley, University of Virginia). The best cut-off value 

for h-SRv was defined at the highest sum of sensitivity and specificity. 

Agreement with SPECT outcomes was determined for h-SRv, FFR and CFVR based on their 

respective cut-off values. For FFR and CFVR, we used the clinically applied thresholds of 0.75 

and 2.0, respectively. [1] Values of p < 0.05 were considered statistically significant. 

RESULTS 

Clinical and Angiographic Characteristics 

A summary of the clinical profile of all 151 patients is shown in Table 1. Most patients had 

moderate to severe anginal complaints (17% Braunwald class I-II, 57% CCS class 3, 20% CCS 

class 2, and 7% CCS class 1). No relationship with false CFVR or false FFR values was obser

ved with any of the medications used in the study group. Angiographic and hemodynamic cha

racteristics are listed in Table 2 for lesions with and without reversible perfusion defect. 

Prevalence of reversible perfusion deficits in this study population of 181 lesions was 29%. 
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Table i Clinic. 

Age > 60 yrs. 

Male 

Coronary risk factors 

Cigarette smoking 

Hypertension 

Positive family history 

Hyperlipidemia 

(Non-)lnsulin dependent diabetes mellitus 

Prior myocardial infarction 

Prior coronary angioplasty 

Medication 

Beta-blockers 

Nitrates 

Calcium-antagonists 

ACE-inhibitors 

Lipid lowering drugs 

Aspirin 

78 (52%) 

107 (71%) 

49 (32%) 

57 (38%) 

75 (50%) 

89 (59%) 

21 (14%) 

58 (38%) 

26 (17%) 

117 (78%) 

105 (70%) 

94 (62%) 

34 (23%) 

86 (57%) 

143 (95%) 

Table 2 Angiographic and Hemody a of All Coronary Lesions 

Reversible Defect No Reversible 

(n = 52) Defect (n = 129) 

Diameter stenosis (%) 

Minimal lumen diameter (mm) 

Reference diameter (mm) 

CFVR 

b-APV (cm/s) 

h-APV (cm/s) 

b-Pd (mmHg) 

FFR 

h-Pa (mmHg) 

h-Pd (mmHg) 

h-SRv (mmHg/cm/s) 

h-DP(mmHg) 

p-value 

64 ±10 

1.05 ± 0.42 

2.90 ± 0.67 

1.76 ± 0.68 

14 ± 8 

24 ±14 

78 ±24 

0.62 ± 0.18 

96 ±15 

60 ±21 

2.45 ± 2.44 

36 ±18 

Values are mean ± SD, b = baseline, h = hyperemia, APV = average peak flow velocity, Pa = aortic 

pressure, Pd = distal pressure, DP = pressure gradient. 

53 ± 8 

1.34 ±0.37 

2.88 ± 0.64 

2.50 ± 0.72 

18 ± 8 

43 ±15 

91 ±13 

0.82 ± 0.11 

94 ±12 

77 ±15 

0.44 ± 0.34 

17 ±10 

0.0001 

0.0001 

0.8 

0.0001 

0.002 

0.0001 

0.0001 

0.0001 

0.3 

O.Oooi 

0.0001 

0.0001 
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Diagnostic Performance of Stenosis Resistance index compared to FFR and CFVR 

Figure 1 shows the ROC curves for the three derived hemodynamic parameters. The AUC was 

significantly higher for h-SRv (0.90 ± 0.03) compared to that for CFVR (0.80 ± 0.04; p = 0.024) 

or FFR (0.82 ± 0.03; p = 0.018). Sensitivity and specificity for h-SRv was 79% and 90%, res

pectively. The predictive accuracy for h-SRv was significantly higher (87%) than that for CFVR 

(75%, p = 0.005) or FFR (75%, p = 0.007). 

o.o —f —I 1— 

0.0 0 .2 0.4 0 .6 0.8 1 .0 

i - Specificity 

Figure i ROC curves for tht .,•ruble perfusion defects (determined by SPECT) of the measured 

hemodynamic parameters significantly higher for h-SRv (o.go ± o.oj) compared to those for CFVR 

(o.8o ± 0.04; p = 0.024) and for FFR (0.82 ± 0.03; p = 0.018). 

The best cut-off value for h-SRv was determined as 0.8 mmHg/cm/sec. Values were labeled as 

positive outcomes (= predictive ot presence ot reversible ischemia) if they were above this cut

off and as negative otherwise. The number of false outcomes for h-SRv was almost half of that 

for FFR or CFVR, with most of the gain in accuracy achieved in a reduction of false positive 
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predictions [Table 3]. Notably, significant differences in predictive accuracy were obtained in 

those lesions with discordant outcomes between FFR and CFVR, i.e. groups B and C [Figure 

2]. For these groups combined, h-SRv achieved an accuracy of 74% compared to 49% for 

i 1 VR (p = 0.022) and 5 1 % for FFR (p= 0.037). 

Table 3 Number of False Predictions of h-SRv, FFR, and CFVR Compared to SPECT Outcomes. 

False positive (n) 

False negative (n) 

Total(n) 

h-SRv 

13 

11 

24 

FFR 

30 

16 

46 

CFVR 

28 

18 

46 

D h-SRv 
• FFR 

Figure 2 Differences in predictive accuracy of h-SRv. FFR and CFVR compared to SPECT outcomes in lesion Croup A 

75 and CFVR > 2.0), discordant Group B (FFR < 0.75 and CFVR > 2.0). discordant Croup C (FFR > 0.75 and 

CFVR < 2.0), and Group D (FFR < 0.75 and CFVR < 2.0). 

Based on a table summarizing all possible 16 combinations of positive or negative outcomes 

for SPECT, h-SRv, FFR, and CFVR, those 6 combinations were selected in which h-SRv cor

rectly predicted the SPECT outcome but FFR or CFVR did not. The average pressure drop-

velocity relationships of these subgroups further elucidate the functional distinctions achieved 

by h-SRv [Figure 3]. The relationships are presented for lesions where predictions were discor-
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Figure 3 Average pressure gradient-velocity relations of lesions for which predictions of h-SRv matched SPECT 

results, shown for groups with discordance between FFR and CFVR (group B, top panel; group C, middle panel) and 

concordance between FFR and CFVR (groups A and D, bottom panel). Presence of perfusion defect or a positive 

outcome is indicated by +, no reversible defect or a negative outcome by -. Open and closed symbols represent 

baseline and hyperemic values, respectively. Bars represent standard error of the mean and curves were fitted 

usingy = ax + bx.[20, 21] 
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dant between FFR and CFVR [groups B and C, top and middle panel 1 or concordant [groups 

A and 1), bottom panel]. In each panel, the curve representing lesions with a true negative 

h-SRv, i.e. correctly indicating the absence of reversible perfusion detects [right curve], had a 

lower pressure gradient at any given flow velocity than the corresponding curve of the hemo-

dynamically more severe lesions with a true positive h-SRv |lett curve]. 

DISCUSSION 

An index of stenosis resistance based on the ratio of pressure gradient and flow velocity mea

sured during maximal hyperemia (h-SRv) had a significantly higher predictive power to iden

tify reversible perfusion delects as detected by SPECT than traditional hemodynamic parame

ters based on only flow velocity (CFVR) or pressure measurements ! FFR). This gain in accura

cy was predominantly achieved in cases of intermediate lesions with conflicting predictive out

comes between FFR and CFVR, where decision making would depend on whether a pressure 

or flow wire was used for hemodynamic assessment. 

Traditional Methods for Stenosis Evaluation 

(Conventional methods of hemodynamic evaluation of functional stenosis severity in the cathe

terization laborator) involve the assessment of pressure-derived FFR, which predicts the trac

tion o\' maximal How that can still be achieved in the presence of a stenosis compared to the 

case if the stenosis were absent, or of CFVR, which represents the ratio of maximal-to-baseli-

ne How velocity distal to the stenosis. When evaluating FFR, only the ratio of distal to aortic 

pressure at maximal vasodilation is taken into account, regardless ot the flow that passes 

through the stenosis or of the microvascular resistance. It has been described that FFR may 

indicate a false negative result (above threshold) in cases of low maximal flow due to micro 

vascular disease. [2,3] Conversely, FFR may indicate a false positive result (below threshold) in 

the case of a higher pressure gradient caused by a high flow rate through the stenosis in the pre

sence of a low microvascular resistance. [4, 10] Similarly, CFVR is defined as a How velocity 

ratio, regardless of the concomitant pressure gradient or of the absolute values of How. Its value 

inherently depends on frequently independent variations in baseline or maximal flow that may 

be caused by factors unrelated to stenosis severity. [2] Hence, the limitation to only one of the 

two interdependent signals, pressure or flow velocity, may be a source lor potential inaccura

cies in the assessment of functional stenosis severity for diagnostic purposes by FFR or Cl VR. 

Furthermore, determination of both CFVR ami FIR critically depends on the achievement of 

maximal vasodilation. [2, 3] 

Recent developments in sensor technology that take advantage o\ the temperature sensitivity 

140 



HYPEREMIC STENOSIS RESISTANCE INDEX 

of the pressure sensor have resulted in the acquisition of data representing both FFR and ()FR 

with a single pressure wire | 1 I ] and it is assumed that a combination of these two parameters 

may provide additional information about the functional severity of the lesion. However, we 

have recently shown a high prevalence (27%) of discordant outcomes between FFR and Cl VR 

in coronary vessels with intermediate lesions, due to a large variability in microvascular 

resistance during maximal vasodilation that affects FFR and CFVR in opposite directions. [4] 

Coronary stenosis resistance, and its inverse (conductance), has been evaluated in earlier stu

dies (12, 13), but technical limitations have hampered its assessment in humans. The instanta

neous hyperemic diastolic flow velocity-pressure relation has been introduced to identify phy

siologically significant coronary lesions. (14-16] This approach is rather complicated both in 

terms of instrumentation and analysis and does not compare favorably with FFR and CFVR. 

[17] We have not evaluated this index since it requires the simultaneous acquisition of phasic 

pressure and flow velocity signals, which was not done in our study. 

Advantages of Stenosis Resistance Index 

We found that hyperemic stenosis resistance index was the best predictor of reversible perfu

sion deficit in the territory supplied by the target vessel as determined by SPECT compared to 

FFR or CFVR. 

Starting with the pioneering work by Gould and Young et a!., (12, 14, 18-20] it has been 

demonstrated in vitro, in animals and in patients that the relation between stenosis pressure 

drop and How or velocity is curvilinear and is described by DP = aV + b \ ' : where a and b are 

stenosis specific constants and Y is velocity. (1, 14, 18-21] It is therefore understandable that 

the prediction of functional severity based on only one of the two interdependent variables that 

make up the pressure drop-flow velocity relationship will be less successful in prediction of 

perfusion deficits. Stenosis resistance index by definition takes both parameters into account 

as the ratio of pressure gradient to flow at hyperemia. 

The pressure drop-velocity lines shown in Figure 3 demonstrate the effect of flow velocit) on 

FFR. Despite the presence of reversible ischemia for groups C (middle panel, left curve] and \ 

| bottom panel, left curve], FFR was negative, i.e. suggestive of no perfusion deficit, because of 

a moderate hyperemic flow velocity. Similarly, although inducible ischemia was absent, FFR 

was positive in group 15 (top panel, right curve] and group D [bottom panel, right curve] 

because of a high hyperemic How velocity. The latter suggests that a low distal pressure due to 

a large trans-stenotic pressure gradient does not by itself indicate a physiologically significant 

lesion. As was shown by Smalling et al. (22], myocardial function remained unaffected despite 

a low perfusion pressure, suggesting that regional contractile function depends on blood flow 

rather than perfusion pressure. 

The analysis ol CFVR results deviating from SPEC T outcomes is less obvious, since this index 
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represents a ratio of velocities. For example, the high h-SRv stenoses of group B [left curve in 

the top panel of Figure 3] had a low hyperemic velocity, but also a low baseline velocity. Due to 

the more than two-fold increase during vasodilation, the resulting CFVR was false negative, i.e. 

suggesting absence of perfusion defects despite an abnormal SPECT outcome. 

The bottom panel is of interest since both FFR and CFVR predict a functional stenosis sever

ity that is not supported by the hemodynamic characteristics of the stenoses or corresponding 

SPE( IT results. For FFR, the velocity effect on pressure drop resulted in a value either above the 

threshold at a low stenosis resistance or below the threshold at a high stenosis resistance. The 

baseline velocities interfered again with a correct prediction of reversible ischemia by (!FVR in 

these cases. Hyperemic stenosis resistance index shares two advantages with FFR over CFVR: it 

is independent of baseline conditions and it possesses an unequivocal normal value in the 

absence of a stenosis. The normal value for h-SRv is zero, since there is no appreciable pressu

re gradient without a stenosis. [23] 

The evaluation of baseline stenosis resistance would be subject to factors that influence baseli

ne flow, but more importantly, small errors in pressure measurement would translate into rela

tively large errors in stenosis resistance given the low-pressure gradients present at basal flow 

rates. Although by definition, hyperemic SRv is also dependent on flow, it is less sensitive to 

transient variations in maximal flow. Whether microvascular dysfunction or an insufficient 

amount of adenosine [24) induces limited maximal flow, stenosis pressure drop and velocity-

are affected in the same direction. Therefore, the effect on the stenosis resistance index partly 

cancels out, an advantage over FFR and CVFR. 

Study Limitations 

Measurement of both intracoronary pressure and flow velocity at present requires the sequen

tial use of two sensor-equipped wires in order to avoid worsening the hemodynamic severity 

of the coronary lesion. Resides being relatively expensive and time-consuming, this approach 

requires that the location of sensors in sequential measurements be matched and that hemo

dynamic conditions remain stable. During the sequential measurements, heart rate and aortic 

pressure remained constant in our patients, indicating that external hemodynamic conditions 

during the separate measurements were stable. New developments of wire technology leading 

to incorporation of both a pressure and a Doppler velocity sensor in the tip of a single wire 

would facilitate simultaneous acquisition of these hemodynamic signals. [ 10] 

The merits of the hyperemic velocity based stenosis resistance index may originate from the 

normalization of stenosis pressure drop by velocity. Obviously, if velocity is measured in a seg

ment that because of disease is inappropriately narrow or wide, the outcome of resistance index 

calculation is affected, which may explain part of the false positive and false negative results of 

the new index. However, this cannot have been a major problem in this study, considering the 

high specificity and sensitivity. The conception that the measured and the hemodynamically 
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representative velocity are not far apart is further supported by the fact that a significantly 

lower baseline flow velocity was detected in the group with compared to the group without 

perfusion deficit [Table 2]. This difference (4 cm/sec) is probably related to the lower distal 

pressure and may result from an imperfect autoregulation, perfusion pressure-dependent oxy

gen consumption or higher contribution of collateral flow.2 These are factors inherently con

tributing to the value of CFVR. 

It is possible that the predictive accuracy of hemodynamic parameters that assess a discrete 

lesion is influenced by undiscovered diffuse disease. Nevertheless, in the practical setting this 

influence may be limited since the same approach was applied in other studies as well and led 

to significant outcomes.! 1,16] Moreover, the improved sensitivity and specificity oi' h-SRv fol

lows from the AUG of the ROC curve and is not affected by the applied cut-off values used. It 

should be noted however, that the results in terms of accuracy may be slightly biased by the fact 

that the threshold for h-SRv was calculated from data obtained in the present study, while 

thresholds for FFR and CVFR were taken as currently used clinically. 

Possible influences of hemodynamic alterations (heart rate, aortic pressure, contractility) on 

this index have not been investigated. Further studies need to be carried out to determine 

reproducibility and potential hemodynamic dependence of this parameter before its prog

nostic value for clinical use can be established. However, our initial results are very promising 

regarding the discriminatory power of h-SRv compared to CFVR or FFR. 

Clinical Implications 

This study, carried out in a large patient population, is the first to show that the combination 

of directly measured stenosis pressure gradient and flow velocity during maximal hyperemia 

into an index of stenosis resistance has a significantly higher predictive power to assess functi

onal coronary lesion severity as determined by SPF.CT, than conventional parameters based on 

either intracoronary pressure or flow velocity. It thus represents a better characterization of the 

hemodynamic impediment due to the stenosis. It has a high potential to improve clinical deci

sion-making in the catheterization laboratory, particularly in intermediate lesions with discor

dant results between FFR and CFVR, and especially once advancements in wire technology 

allow for the simultaneous measurement of velocity and pressure. 
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CHAPTER 11 

ABSTRACT 

Background 

Patient management with the use oi myocardial fractional flow reserve (FFR) and coronary 

blood flow velocity reserve ' < l \ 'R) can be performed safely. The purpose oi this study was to 

evaluate deferral of PTCA of intermediate coronary lesions using FFR, CFVR and the hyper-

emic stenosis resistance index (h-SRv). 

Methods and Results 

PT( ',.\ was deferred in 151 patients with 162 intermediate coronary lesions ( mean diameter ste

nosis: 53 1 9%). Coronar) pressure and flow velocity was measured at baseline and during 

maximum hyperemia, induced by IC adenosine, to determine FFR, CFVR and h-SRv, which 

was defined as the ratio of mean stenosis pressure gradient to average peak flow velocity during 

maximum hyperemia. Eighteen (11.1%) major adverse cardiac events (MACE; 0 deaths, 5 

myocardial infarctions, 2 CABGs and 11 I' I ( \s occurred during a mean follow up ol 326 ! 

82 days. MACE was significantly lower in patients with lesions with a FFR > 0.75 (8% vs. 23%, 

p = 0.02), a CFVR > 2.0 (8% vs. 27%, p = 0.003) and a h-SRv < 0.80 ( 7% vs. 44%, /> 0.0002) 

compared with al FFR < 0.75, CFVR < 2.0 and h-SRv > 0.80, respectively. A significantly hig

her MACE rate was observed when discordant results between FFR and CFVR were obtained 

compared to a FFR > 0.75 and ( : i \ 'R > 2.0 124% vs. 5%, p < 0.001). 

Conclusion 

FFR, CFVR ami the hyperemic stenosis resistance index are all suitable invasive parameters for 

patient management in intermediate coronary lesions. Discordant results between FFR and 

CFVR were documented in 28% of the patients that underscores the need lor combined mea

surements, as these patients may benefit from coronary revascularization, as deferral of PT< A 

is associated with a high (25%) MACE rate. 
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INTRODUCTION 

Objective evidence of myocardial ischemia should be a prerequisite for performance of percu-

teneous coronary interventions. [1] Adequate patient selection for percutaneous transluminal 

coronary angioplasty (PTCA) could reduce the number of complications ol PTCA such as 

myocardial damage, sub acute thrombosis and late restenosis. [2] Furthermore, the presence ol 

multi vessel coronary artery disease accompanied by the presence of coronary lesions of inter

mediate severity, i.e. 40-70 % diameter stenosis, may hamper selection of artery of treatment. 

Several intracoronary physiological parameters have been used for discrimination of functio

nal coronary lesion severity during cardiac catheterization. [1, 3-7] Ol these parameters, myo

cardial fractional flow reserve (FFR) and coronary blood flow velocity reserve (CFVR) have 

established their value in numerous studies. [8] Deferral of PTCA when FFR is normal (a 0.75) 

or CFVR is normal (> 2.0) can be performed safely. [9-14] However, we have observed in 27% 

of the coronary lesions discordant results between FFR and (TAR at aforementioned cut off 

values. (15] Preliminary data show an improvement of assessment of lesion severity using ste

nosis resistance index (h-SRv), a parameter based on a combination of both intracoronary 

pressure ami flow velocity, particularly in lesions with discordant results between FFR and 

CFVR. 116] However, the prognostic value of this parameter for prediction of cardiac events 

after deferral of PTCA is unknown. The purpose of this study was to compare between the 

prognostic value for h-SRv, FFR and CFVR after deferral of PTCA of intermediate coronary 

lesions. 

METHODS 

Study Patients 

The present study comprises 131 consecutive patients with stable (Canadian Cardiovascular 

Society ("lass 1-3) [17] or unstable angina (Braunwald class I-II) [18] with 162 intermediate 

coronary lesions, i.e. 40-70% diameter stenosis (PS) by visual estimation, in whom both intra

coronary pressure and flow velocity were assessed. The general policy in our center was to per

form a PTCA in patients with coronary lesions characterized by both a FFR < 0.73 ami a CFVR 

< 2.0, unless it was not considered mandator}- tor clinical reasons. Patients were deferred from 

PT( A in case of a FFR a 0.75 and/or a ('1 A'R > 2.0. Patients were excluded when, [ 1 ] two or 

more serial stenosis in one coronary artery, [2] significant left main coronary artery stenosis, 

[3] atrial fibrillation, [4| recent myocardial infarction (< 6 weeks) and [5] visible collateral 

development were present. Part of this patient group was described earlier. [14| The 

Institutional Fthics Committee approved the study protocol. All patients gave written informed 

consent. 
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Cardiac Catheterization 

Cardiac catheterization was performed by routine and by percutaneous femoral approach in all 

patients. All orally medication was continued and all patients received a bolus of 5000 IU hepa

rin intravenously at the beginning of the procedure. Additional heparin was given if the pro

cedure lasted more than 60 minutes. Nitroglycerin (0.1 mg intracoronary) was administered 

before coronary angiography and every 30 minutes throughout the procedure. 

Quanti tat ive Coronary Angiography 

Quantitative analysis of the angiographic severity of all coronary lesions was performed using 

a validated automated contour detection algorithm (QCA-CMS version 3.32, Ml PIS, Leiden, 

The Netherlands). Percent diameter stenosis (DS), reference diameter and minimal lumen dia

meter I MID) were assessed using guiding catheter as scaling device. [19] End-diastolic cine 

frames from two or more views were analyzed per lesion and the most severe one in percent 

stenosis was used. 

Intracoronary Pressure and Flow Velocity Measurements 

During the procedure, mean aortic pressure (Pa) was measured continuously via the guiding 

catheter. Intracoronary pressure distal to the intermediate lesion was measured with a 0.014-in 

pressure-monitoring guide wire {JOMED, Rancho Cordova, CA, USA or RADI Medical Systems, 

I 'ppsala, Sweden) at baseline and during maximum hyperemia, which was induced by a bolus 

(15-60 ug) of intracoronary adenosine. Measurements were repeated two to three times and 

the means was used for further calculations. FFR was calculated as the ratio of mean distal 

pressure (h-Pd) by mean aortic pressure (li-l'a) during maximum hyperemia. Direct after the 

intracoronary pressure measurements, the pressure wire was exchanged by a Doppler-tipped 

guide wire (JOMED, Rancho Cordova, CA). The Doppler sensor was manipulated until an opti

mal and stable blood flow velocity signal was obtained distal to the lesion. [20] CFVR was cal

culated as the ratio of hyperemic to baseline average peak flow velocity (APV). A velocity-based 

index of coronary stenosis resistance (h-SRv) was calculated as the ratio of mean stenosis pies 

sure gradient (DP) to APV obtained during hyperemia and a velocity-based index of the 

resistance of the microcirculation (h-MRv) was calculated as the ratio of h-Pd to APV obtai

ned during hyperemia. 

Follow Up and Major Adverse Coronary Events 

Follow up was performed at 3, 6 and 12 months by clinical visit for documentation of major 

adverse coronary events (MACF.) related to the deferred intermediate coronary lesion. MACE 

was defined as cardiac death, myocardial infarction (Ml), and revascularization of the inter

mediate lesion (coronary artery bypass grafting; CABG or PTCA). Patients with remaining or 

recurrent anginal symptoms requiring revascularization were all referred to our hospital. 
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Statistical Analysis 

Continuous variables were expressed as mean ± SL) and compared using an unpaired Student's 

t-test (SPSS for Windows, vs. 11.0, Arlington, VA). A Mann-Whitney test was used for not nor

mally distributed continuous data. A Chi square test was performed for categorical data. We 

used the clinically applied cut-off values of 0.75 for FFR, 2.0 for CFVR and 0.80 for h-SRv, res 

pectively [8,16] for comparison of groups with and without MACE. To identify prognostic 

parameters for MACE, univariate analysis was performed using all clinical, angiographic and 

hemodynamic variables. Continuous variables were dichotomized on their median. Stepwise 

forward logistic regression analysis was performed to identify independent predictors for 

MACE. Analysis was performed with F values for inclusion and elimination set at 0.10 and 

0.20. Values of p < 0.05 were considered statistically significant. 

RESULTS 

In 102 patients with 109 coronary lesions FFR was a 0.75 and CFVR was a 2.0, in 21 patients 

with 22 lesions FFR was a 0.75 and CFVR < 2.0 and 20 patients with 23 lesions FFR was < 0.75 

and CFVR a 2.0. In addition, in eight patients with eight coronary lesions in whom a PTCA 

was not performed for clinical reasons, FFR was < 0.75 and CFVR was < 2.0. 

Baseline Characteristics 

Baseline clinical characteristics of all study patients are shown in Table 1. Mean age of the 151 

patients was 61.2 ± 10.8 years. Intermediate lesions were located in the left anterior descending 

coronar) artery (n = 83; 51%), the left circumflex coronary artery (n = 39; 24%) and the right 

coronary artery (n = 40, 25%). Mean DS of the 162 intermediate coronary lesions was 53 ± 9% 

(range: 35-74%). 
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Table i Baseline Clinical Characteristics of All Study Patients 

Male sex 107 (71%) 

CCS class i angina 11 (7%) 

CCS class 2 angina 36 (24%) 

CCS class 3 angina 79 (52%) 

Braunwald class l-ll angina 25 (17%) 

Hypertension 59 (39%) 

Hyperlipidemia 89 (59%) 

Family history 77 (51%) 

Current cigarette smoking 46 (30%) 

Diabetes mellitus 25 (17%) 

Prior myocardial infarction 62 (41%) 

Prior PTCA 30 (20%) 

Nitrates 109 (72%) 

Beta blockers 119 (79%) 

Calcium antagonists 95 (63%) 

Aspirin 146 (97%) 

Statins 85 (56%) 

ACE inhibitors 28 (19%) 

Single vessel disease 33 (22%) 

Values are N (%). MACE indicates major adverse cardiac events, CCS; Canadian Cardiovascular 

Society classification of angina. 

Major Adverse Coronary Events 

Eighteen (11.1 %) major adverse cardiac events (0 deaths, 3 myocardial infarctions, 2 CAB< is 

and 11 PTCAs) related to the intermediate lesion occurred during a mean follow up of 326 ± 

82 (range: 7-363) (.laws. All events are lisl in Table 2. Mean percentage diameter stenosis incre

ased significantly in patients with MACE (33 ± 10% at baseline vs. 73 ' 19% at follow up, 

p - 0.001) during one-year follow up. However, baseline DS was not different between the 

groups with and without MACE (33 ± 10% vs. 52 ± 8%). Univariate analysis showed that a 

positive cardiac family history, hypertension, use of ACE inhibitors, multivessel coronary arte

ry disease, right coronary artery, CFVR of 2.0, FFR of 0.73, h-SRv of 0.80 .md h MRV of 2.0 

were significant (/> < 0.1) predictors for MACE. The multivariate model is shown in Table 3, 

which revealed that the h-SRY was the strongest independent predictor for MA< 1 . MACE was 

significantly lower in patients with lesions with a normal FFR (8% vs. 23"t>. /> 0.02), normal 

CFVR (8% vs. 27%, />= 0.003) and normal h-SRv (7% vs. 44%, p = 0.0002) compared with an 

abnormal FFR, CFVR and h-SRv, respectively. MACE rate was the lowest when all FFR, CFVR 
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0% 
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Figure i The distribution of MACE is separated in quartiles, below and beyond the cut-off values used for FFR (o.js) 

ind CFVR. There was a 

and h-SRV were normal (3.8%). In contrast, a significantly higher MACK rate was observed 

when discordant results between FFR and CFVR were obtained compared to a normal FFR and 

CFVR (24% vs. 5%, p < 0.001, relative risk (RR): 5.3, 95% confidence interval (CI): 1.96-

14.46). In this group with discordant results a normal h-SRv was associated with a lower, 

although not significant, MACK rate than an abnormal h-SRV (18% vs. 42%, p = 0.2, RR: 2.3, 

95% CI: 0.86-6.14). MACK incidence gradually increased with decreasing FFR and CFVR, 

while there was a marked change in MACK incidence at the threshold value of 0.80 for the 

h-SRv [Figure 1]. 

I— RR = 5.7 

r— RR = 7.5 1 I 
44.4% 44.4% 
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DISCUSSION 

I his is the first report regarding the follow-up of patients with intermediate lesions in whom 

PICA was deferred based upon combined intracoronary pressure and flow velocity measure

ments. Deferral of PTCA is associated with a low MACE rate (8%) if FFR ;> 0.75, or CFVR > 

2.0 or h-SRv < 0.80. Furthermore, MA( I rate is even lower (3.8%) when all three hemodyna

mic parameters were indicative for a non-significant lesion. Discordant results between FFR 

and ( I \ R were documented in 28% of the patients that underscores the need for combined 

measurements, as these patients may benefit from coronary revascularization, as deferral of 

PTCA is associated with a high (25%) MAC 'F rate. There was a positive association between the 

incidence of MAC 1 and FFR, CFVR and h-SRv, with a clear cut-off value of 0.80 for h-SRv. 

Multivariate analysis identified h-SRv as the strongest predictor for major adverse coronary 

events during one year follow up. 

Table 2 Summery of All Major Adverse Coronary Events Related to the Deferred Intermediate Coronary Lesion. 

Patient 

i 

2 

-; 
4 

5 

6 

7 

8 

9 

i o 

i i 

12 

13 

14 

15 

16 

17 

18 

Baseline 

Sex 

Male 

Male 

Male 

Male 

Male 

Male 

Female 

Male 

Female 

Female 

Male 

Male 

Male 

Male 

Male 

Male 

Male 

Female 

Coronary 

Artery 

LAD 

LCx 

RCA 

LAD 

LCx 

LAD 

LCx 

LAD 

LCx 

RCA 

LAD 

RCA 

RCA 

LAD 

LAD 

RCA 

RCA 

RCA 

FFR 

(< 0.75) 

Yes 

Yes 

No 

Yes 

No 

No 

No 

No 

No 

No 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

No 

CFVR 

(< 2.0) 

Yes 

No 

No 

No 

Yes 

Yes 

No 

No 

Yes 

Yes 

Yes 

No 

No 

Yes 

No 

No 

No 

Yes 

h-SRv 

(> 0.80) 

Yes 

Yes 

No 

Yes 

No 

Yes 

No 

Yes 

Yes 

No 

Yes 

No 

No 

No 

No 

No 

Yes 

No 
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Prognostic Value of FFR, CFVR and h-SRv for Clinical Decision M a k i n g 

Deferral of PTCA for intermediate coronary lesions that were hemodynamically not significant 

is associated with a low (7-14%) cardiovascular event rate. [9-13] In the present study, patients 

with intermediate lesions were evaluated using both FFR and CFVR, showing a similar event 

rate as in previous reports. These results confirm the usefulness of the FFR and CFVR for cli

nical decision-making. Moreover, this study demonstrates a similar low event rate after defer

ral of PTCA based on a normal h-SRv. 

A gradually increase in MACE incidence was noted with decreasing FFR and CFVR. The lower 

the value of FFR and CFVR the higher the event rate [Figure 1 J. However, the h-SRv exhibits a 

distinct cut-off value of 0.80 for clinical decision-making. In addition, by multivariate analysis, 

the h-SRv was the strongest independent predictor for MACF. during one-year follow-up. The 

diagnostic value of this new parameter (h-SRv) has currently been underlined in a direct com

parison with FFR and CFVR versus the results of myocardial perfusion scintigraphy. [16] The 

present study underlines the usefulness of the h-SRv for diagnostic purposes and as well as for 

Follow Up 

Interval Event 

(in months) 

Remarks 

9 

10 

12 

12 

PTCA Unstable angina, fol lowed by PTCA, CFVR < 2.0 

PTCA Unstable angina, fol lowed by PTCA 

AMI Acute Ml (non Q-wave) 

PTCA Residual angina, reversible ischemia on 5PECT, FFR < 0.75 

PTCA Disease progression, total occlusion 

PTCA Residual angina, CFVR < 2.0 

CABG Disease progression, CFVR < 2.0 

PTCA Disease progression, reversible ischemia on SPECT, CFVR < 2.0 

CABG Residual angina, reversible ischemia on SPECT, CFVR < 2.0 

PTCA Residual angina, CFVR <2.o 

PTCA Residual angina, reversible ischemia on SPECT, CFVR < 2.0 

PTCA Disease progression 

AMI Acute Ml (Q-wave), fol lowed by primary PTCA 

PTCA Disease progression, CFVR <2.o 

AMI Acute Ml (Q-wave), fol lowed by primary PTCA 

AMI Acute Ml (non Q-wave) 

AMI Acute Ml (non Q-wave) 

PTCA Unstable angina, followed by PTCA, CFVR < 2.0 
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patient management during cardiac catheterization. Furthermore, when all FFR, CFVR and h-

SRv were above the threshold for clinical decisionmaking an event rate of only 3.8% was 

observed. A significantly higher event rate occurred in patients with lesions show ing discordant 

results between FFR and CFVR. In both discordant groups with an abnormal FFR with a nor

mal CFVR and vice versa a MACE incidence of about 25% was documented. Recently, we have 

shown that discordance between FFR and ( FVR occurs in approximately 27% of the interme

diate coronarx lesions. 115] The recognized pitfalls in the evaluation of coronary lesion sever

ity, using a parameter based on either pressure or flow velocity, has led to the introduction of 

guide wires facilitating combined intracoronary pressure and flow (velocity) measurements. 

[21, 22] This is in particular relevant lor the recognition ol" patients with intermediate lesion 

with discordant results between FFR and CFVR. These patients may benefit from coronary 

revascularization, as deferral of coronary intervention is associated with a high event rale, as is 

demonstrated in the present study. 

Table 3 Multivariate Logistic Regression Model for Prediction of Major Adverse Cardiac Events 

Using the 151 Patients in Whom a PTCA of the Intermediate Lesion was Deferred (7 

Variable 

Positive cardiac family history 

Right coronary artery 

CFVR 

h-SRv 

Odds Ratio 

3.3 

6.1 

4.9 

21.9 

95% CI 

0.91 -12.26 

1.53 - 24.30 

1.44-16.91 

5.03 -95.36 

p-value 

0.070 

0.010 

0.011 

< 0.0001 

CI indicates confidence interval, CFVR; coronary flow velocity reserve, h-SRv; hyperemic stenosis 

resistance index. 

Study Limitations 

The major adverse coronary events were predominantly coronary revascularizations, in parti

cular PTCAs. The decision to perform PTCA during follow up was left to the operators dis

cretion based on clinical information, the results of myocardial perfusion scintigraphy, il per

formed, as well as the results of repeated intracoronarv physiological measurements [Table 2]. 

The number of major adverse cardiac events was relatively low I n 18) in a selected cohort of 

patients that limits extrapolation o\ the present findings to other patient categories, 

furthermore, relative low number of patients with discordant results | n 43, 28%) and the low 

incidence of \1 \< I may explain the failure to detect 

statistically significant differences between the predictive value of h-SRv and FFR or CFVR for 

the occurrence ol major adverse coronary events. 
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Clinical Implications 

Discordant results between FFR and CFVR are frequently encountered in patients with inter

mediate coronary lesions. Lesions characterized by discordant results between FFR and CFVR 

can only be distinguished when both pressure and flow (velocity) are measured. It is of clinical 

relevance to identify these patients, as deferral of PICA is associated with a worse clinical out

come as compared to patients with intermediate lesions with both FFR and CFVR above the 

clinical applied cut-oft value. The prognostics value of the hyperemic stenosis resistance index 

warrants further evaluation in prospective studies. 
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CHAPTER 12 

ABSTRACT 

Background 

An abnormal plasma C-reactive protein (CRP) is a strong predictor ot future cardiovascular 

events. However, the follow-up alter deferral ol treatment in patients with intermediate coro

nary lesions (40-70% diameter stenosis; based on a normal fractional tlow reserve ( MR > 0.75 I 

is rather uncomplicated. This study was conducted to investigate the prognostic value of plas

ma CRP in patients with intermediate lesions, in whom angioplasty was deferred based on a 

normal FFR. 

Methods and Results 

Plasma levels of CRP were measured in 71 patients with stable angina undergoing cardiac 

catheterization lor an intermediate coronary lesion with a mean diameter stenosis ol 52% 

(range 32-72%). Maximum hyperemia was induced by 20-40 ug IC adenosine to determine 

FFR, defined as the ratio ot mean distal coronary pressure to mean aortic pressure during 

maximum hyperemia. Six (8%) major adverse cardiac events (MAC1 ; o deaths, 0 myocardial 

infarctions, 1 CABG and 5 PTCAs) occurred during a mean follow up of 318 ± 112 days. 

Receiver operating characteristic curve analysis was used to evaluate the prognostic perfor

mance of CRP. The best cut off value for CRP, defined at the highest sum of sensitivity and 

specificity, was determined at 5.0 mg/1. All, except one event, occurred in the group with a CRP 

5.0 mg/1 (log rank = 11.17,p = 0.0008). CRP was significantly higher in the group with com 

pared to the group without MACK (median; 5.5 mg/1, range; 4.7-42.4 vs. 2.1 mg/1, 0.20-16.9, 

/) 0 . ( 1 0 0 1 ) . 

Conclusions 

These initial results indicate that CRI' provides additional information relevant for clinical 

decision-making in patients with hemodynamically non-significant coronary lesions. 
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INTRODUCTION 

The majority ol coronary interventions are performed in patients with multi-vessel coronary 

artery disease exhibiting frequently intermediate coronary lesions, i.e. 40-70 % diameter ste

nosis on angiography. [1] Several hemodynamic parameters during cardiac catheterization 

have been demonstrated to be useful in selecting those coronary lesions that will benefit form 

PTCA and those, which can safely be deferred from PTCA. [2, 3] Of these parameters, myo

cardial fractional flow reserve (FFR) has been widely used to evaluate functional coronary 

lesions severity. [4] I towever, 5 to 10 percent of patients with a hemodynamic non-significant 

coronary lesion still suffer from major adverse cardiac events (MACE). [2, 3] Cardiac events 

have been suggested to occur predominately at the site of previous mild coronary lesions. [5| 

An active inflammatory process underlying progression and or plaque rupture may characte

rize these unidentified vulnerable lesions. Inflammatory markers, such as C-reactive protein 

(CRP), have been used to identify patients at higher risk for future coronary events. [6] 

Therefore, CRP may add prognostic information in patients with intermediate coronary 

lesions. The purpose of this study was to evaluate the prognostic value of plasma CRP in 

patients with intermediate coronary lesions in whom angioplasty was deferred based on a 

normal FFR i ITR > 0.75). 

METHODS 

Patients 

A total of 71 patients with stable coronary artery disease (Canadian Cardiovascular Society 

class 1-3 and Braunwald class I) undergoing cardiac catheterization for a single intermediate-

coronary lesion were included. Exclusion criteria were: more than one lesion in a vessel, severe 

renal or valvular disease, previous coronary artery bypass grafting, recent myocardial infarcti

on (< 6 weeks), collateral development, recent (< 2 weeks) infections and/or presence of chro

nic inflammatory disease. The Institutional Ethics Committee approved the study protocol. All 

patients gave written informed consent. 

Cardiac Catheterization 

Blood was collected in heparin-coated tubes through the arterial sheath. Plasma levels of 

('. reactive protein were determined as previously described. (7| 

Cardiac catheterization was performed following routine procedures and quantitative assess 

ment of coronary stenosis dimensions was performed off-line {MEDIS, Leiden, Netherlands). 

Nitroglycerin (0.1 mg IC) was administered every 30 minutes throughout the procedure. 1 lean 

rate was monitored and aortic pressure was measured via the guiding catheter. 
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Hemodynamic Measurements 

Coronary pressure measurements were performed with a 0.014-in pressure-monitoring guide 

wire (JOMED, Ranch Cordova, CA), which was first calibrated and then positioned distal to the 

coronary lesion as previously described. [8] Mean aortic and distal pressures were obtained 

during baseline and maximum hyperemia induced by a bolus of 20-40 ug intracoronary ade

nosine. FFR was calculated as the ratio of mean distal pressure to mean aortic pressure during 

maximum hyperemia. Measurements were performed two to three times and the mean was 

used for further analysis. Patients were not included when FFR was < 0.75 and or when PTCA 

was performed. 

Follow up and Study End points 

Follow up was obtained from the patients using written questionnaires and telephone contacts 

for documentation of MACE. MACE was defined as cardiac death, myocardial infarction, hos

pital admission for unstable angina, coronary artery bypass grafting (CABG) and (urgent) 

revascularization of the target artery, in which the FFR measurement was performed. Patients 

with residual or recurrent anginal symptoms requiring revascularization were all referred to 

our hospital. 

Statistical Analysis 

Continuous variables were expressed as mean ± SD and compared using an unpaired Student's 

t-test. A paired t-test was used for comparison of continues variables at baseline and follow-up 

within patients. A Mann-Whitney test was used for not normally distributed continuous data 

and a Chi-square lest was performed for categorical data. Receiver-operating-characteristic-

curve (ROC.) analysis was used to evaluate the prognostic performance of CRP by the area 

under curve (AUC). Accuracy was calculated for the best-cut-off-value (BCV) of the present 

data set, defined as the highest sum of sensitivity and specificity. Data analysis was performed 

using the SPSS 11.0 software package for Windows {SPSS Inc. 1999, Arlington, VA). A value of 

p < 0.03 was considered statistically significant. 
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RESULTS 

Baseline clinical, angiographic and hemodynamic characteristics of all patients are shown in 

Table 1 and 2 (left column). 

Table i Baseline Clinical Characteristics 

Age >6o yrs. 

Male sex 

Angina CCS class 3 and 

Braunwald class 1 

Hypertension 

Hyperlipidemia 

Family history 

Current cigarette smoking 

Diabetes mellitus 

Prior myocardial infarction 

Prior PTCA 

Mult i vessel disease 

Nitrates 

Beta blockers 

Calcium antagonists 

Aspirin 

Statins 

ACE inhibitors 

MACE 

All 

Patients 

(n = 71) 

n = 37 

n = 57 

n = 50 

n = 21 

n = 44 

n = 34 

n = 21 

n = 12 

n = 28 

n = 23 

n = 60 

n = 46 

n = 60 

n = 43 

n = 70 

n = 47 

n = 9 

n = 6 

C-Reactive 

Protein < 5.0 mg/l 

(n = 53) 

59% 

83% 

68% 

28% 

57% 

47% 

28% 

19% 

36% 

32% 

83% 

68% 

85% 

55% 

98% 

66% 

11% 

2% 

C-Reactive 

Protein > 5.0 mg/l 

(n = 18) 

33% 

72% 

78% 

33% 

78% 

50% 

33% 

11% 

50% 

33% 

89% 

56% 

83% 

78% 

100% 

67% 

17% 

28%* 

'P<o.ooi compared to group C-Reactive Protein <s.o 

Society classification of angina; MACE, major adverse 

mg/l. CCS indicates Canadian Cardiovascular 

cardiac events. 
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Table 2 Baseline Angiographic and Hemodynamic Characteristics 

Right coronary artery 

Left anterior descending 

coronary artery 

Left circumflex coronary artery 

ACC/AHA* lesion class type B2-C 

Diameter stenosis (%) 

Minimal lumen diameter (mm) 

Reference diameter (mm) 

b-Pa (mmHg) 

b-Pd (mmHg) 

FFR 

h-Pa (mm Hg) 

h-Pd (mm Hg) 

Heartrate (beats/min) 

All 

Patients 

(n = 7i) 

n =16 

n = 35 

n = 2 0 

n=10 

52 + 9 

1.42 + 0.35 

2.96 ±0.60 

98±13 

93 ±13 

0.85 + 0.07 

95 + 12 

81 ±13 

67 ±11 

C-Reactive 

Protein < 5.0 mg/ l 

(n = 53) 

21% 

49% 

30% 

13% 

53 ± 9 

1.41 ± 0.37 

3.03 ±0.61 

100 ± 14 

95 ±14 

0.84 ± 0.06 

96 ±13 

81 ±13 

66 ±12 

C-Reactive 

Protein > 5.0 mg/ l 

(n = 18) 

28% 

50% 

22% 

17% 

48 ± 7 

1.44 + 0.24 

2.72 ± 0.51 

94 ±10 

88 ±12 

0.88 ± 0.08t 

90 ± 9 

80 ±12 

72 ±10 

Values are mean ± SD or number (%). 'ACC/AHA classification according to the American College of 

Cardiology and the American Heart Association, b = baseline, h = hyperemia, Pa = aortic pressure, 

Pd=distal pressure, tp < 0.05 compared to group C-Reactive Protein < 5.0 mg/l. 

Table 3 Outline of All Patients Which Experienced Major Adverse Coronary Events Related to the 

Deferred Coronary Lesions Wi th a Normal FFR and an Abnormal CRP 

Baseline 

Sex 

Female 

Female 

Male 

Male 

Age 

74 

70 

68 

78 

Target 

Coronary 

Artery 

LCx 

RCA 

LCx 

LAD 

Diameter 

Stenosis 

(%) 
40 

42 

54 

50 

FFR 

0.85 

0.81 

0.93 

0.76 

CRP 

(mg/l) 

5.4 

6.3 

4.7 

42.4 

Female 46 LCx 46 0.78 5.5 

Male 71 LAD 44 0.80 5.6 

LCx indicates left circumflex coronary artery, RCA; right coronary artery, LAD; left anterior descending 

coronary artery, FFR; myocardial fractional f low reserve, CRP; C-reactive protein, UAP; unstable angina 
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Six (8%) major adverse cardiac events (MACE; 0 deaths, 0 myocardial infarctions, 1 CABG and 

5 PTCAs) occurred during a mean follow up of 318 ± 112 days. An overview of all events is 

listed in Table 3. 

The AUC (as measured by ROC analysis) was 0.85 ± 0.05 for CRP. A BCV for CRP was determ

ined at 5.0 mg/1. Sensitivity and specificity for CRP was 83% and 80%, respectively. All, except 

one event, occurred in the group with a CRP > 5.0 mg/1 (log rank = 11.17, p = 0.0008, Figure 

1). CRP was significantly higher in the group with compared to the group without MACE 

(median; 5.5 mg/1, range; 4.7-42.4 vs. 2.1 mg/1, 0.20-16.9, p = 0.0001). Initial DS (46.1 ± 5.4 % 

vs. 52.4 ± 8.7 %, NS) and FFR (0.82 ± 0.06 vs. 0.85 ± 0.07, NS) were not different between the 

groups with and without MACE. Moreover, multi vessel disease was more present, although 

not significantly, in the group with (100%) compared to the group without MACE (83%). 

Follow Up 

Event Days to Diameter Remarks 

Event Stenosis 

(%) 

PTCA 

PTCA 

PTCA 

PTCA 

CABG 

PTCA 

147 

355 

92 

145 

151 

31 

72 

57 

60 

71 

53 

59 

UAP followed by PTCA LCx; dissection towards the main stem followed by CABG. 

Recurrent angina, reversible inferior ischemia on SPECT, followed by PTCA RCA. 

UAP with signs of ischemia in lateral leads followed by PTCA LCx. 

Recurrent angina, reversible antero-septal ischemia on SPECT and FFR: 0.70, 

followed by PTCA LAD. 

Recurrent angina, anetro-septal ischemia on SPECT, CFVR (LCx): 1.7 and CFVR 

(LAD): 1.3, followed by CABG. 

UAP with signs of ischemia in antero-septal leads followed by PTCA LAD. 

pectoris, SPECT; single photon emission tomography, CFVR; coronary flow velocity reserve. 
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CRP < 5 mg / l 

(n=53) 

CRP> 5mg/ l 

(n=i8) 

0 100 200 300 400 500 

C R P < 5 m g / l 53* 52 44 39 5 4 

C R P > 5 m g / l 18* 17 13 13 3 3 

'Number of patients in follow up 

Figure i The Kaplan-Meier survival curves for the 77 patients with a low CRP (< 5.0 mg/l) and 18 patients with a 
high CRP in which an intermediate coronary lesion was deferred from PTCA based on a normal FFR (> 0.7s) during 
a follow up of 1 year. MACE was defined as cardiac death, myocardial infarction, hospital admission for unstable 
angina, coronary artery bypass grafting and (urgent) revascularization of the intermediate lesion. 

DISCUSSION 

In this selected cohort of patients with mild coronary lesions, the value of plasma CRF adds 

prognostic information relevant for clinical decision-making. A normal CRP was associated 

with an uncomplicated long-term follow up after deferral of PTCA for hemodynamically non

significant coronary lesions. 

Our current understanding regarding the significance of inflammation in coronary artery dise

ase has dramatically changed over the last years. [6] Various studies underlined the prognostic 

value of inflammatory acute phase proteins for future cardiac events. High levels of CRP were 

related positively with (the severity of) future cardiovascular events in healthy individuals, 

patients with stable and unstable coronary artery disease. Furthermore, CRP may predict 

30% 

80% 

60% 

40% 

20% 

log 

P = 

\ 

rank =11.17 

0.0008 
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recurrent coronary events after percuteneous coronary intervention. [9] Therefore, perfor

mance of PTCA must be based on adequate patient selection, i.e. only those patients with coro

nary lesions responsible for myocardial ischemia need revascularization. Particularly, in 

patients with coronary lesions of intermediate severity PTCA may not always be necessary. 

Recently, two prospective studies showed a low (5-10%) cardiovascular event rate after defer

ral from PTCA for intermediate coronary lesions that were hemodynamically not significant. 

[2,3] However, a mild lesion with a normal FFR may progress and may become significant lea

ding to new cardiac events. Therefore, this relatively low event rate has led to a controversy 

regarding management of patients with intermediate coronary lesions. [ 10] The present study 

provides novel information relevant for patient management in intermediate lesions. In this 

study we showed a positive association between the plasma levels of CRP and MACE in 

patients with intermediate lesions in whom a PTCA was deferred based on a normal FFR. All 

but one patient that experienced an event had an high CRP. High values of CRP may be indi

cative of an active inflammatory process underlying plaque progression, remodeling, and 

destabilization resulting in plaque rupture triggering new coronary syndromes. On the other 

hand, low values of CRP in these patients were associated with an almost event free survival. 

These patients with hemodynamically similar coronary lesions may have stable or stabilized 

coronary lesions with a low risk for future coronary events. Therefore, additional diagnostic 

techniques to identify the vulnerable plaque [11] should be reserved for patients with an 

abnormal CRP, e.g. in patients with intermediate lesions in whom PTCA was deferred. In con

clusion, these initial findings indicate that plasma levels of CRP provide additional informa

tion relevant for clinical decision-making in a small and selected cohort of patients with hemo

dynamically non-significant intermediate coronary lesions. 

REFERENCES 

1. Windecker S, Maier-Rudolph W, Bonzel T, et al. Interventional cardiology in Europe 1995. Working Group 

Coronary Circulation of the European Society of Cardiology. European Heart Journal 1999;20:484-495. 

2. Bech CiJW, De Bruyne B, Pijls NHJ, et al. Fractional flow reserve to determine the appropriateness of angio

plasty in moderate coronary stenosis : A randomized trial. Circulation 2001;103:2928-2934. 

3. Chamuleau SAJ, Tio RA, de Cock CC, et al. Prognostic value of coronary blood flow velocity and myocardial 

perfusion in intermediate coronary narrowings and multivessel disease. / Am Coll Cardiol 2002;39:852-858. 

4. Kern M|. Coronary physiology revisited - Practical insights from the cardiac catheterization laboratory. 

Circulation 2000;101:1344-1351. 

5. Little WC, Constantinescu M, Applegate RJ, et al. Can coronary angiography predict the site of a subsequent 

myocardial infarction in patients with mild-to-moderate coronary artery disease? Circulation 1988;78:1157-

1166. 

167 



CHAPTER 12 

6. Libby P, Ridker PM, Maseri A. Inflammation and Atherosclerosis. Circulation 2002;105:1135-1143. 

7. de Winter RJ, Bholasingh R, Lijmer JG, et al. Independent prognostic value of C-reactive protein and tropo

nin I in patients with unstable angina or non-Q-wave myocardial infarction. Cardiovasc Res 1999;42:240-245. 

8. Meuwissen M, Chamuleau SA), Siebes M, et al. Role of variability in microvascular resistance on fractional 

flow reserve and coronary blood flow velocity reserve in intermediate coronary lesions. Circulation 

2001;103:184-187. 

9. de Winter RJ, Heyde GS, Koch KT, et al. The prognostic value of pre-procedural plasma C-reactive protein in 

patients undergoing elective coronary angioplasty. Eur Heart J 2002;23:960-966. 

10. Kern MI, Meier B. Evaluation of the culprit plaque and the physiological significance of coronary atheroscle

rotic narrowings. Circulation 2001;103:3142-3149. 

11. Pasterkamp G, Falk E, Woutman H, Borst C. Techniques characterizing the coronary atherosclerotic plaque: 

influence on clinical decision making? / Am Coll Cardiol 2000;36:13-21. 

168 



Summary and conclusions 



CHAPTER 13 

SUMMARY 

In this thesis, both pathomorphological and functional aspects of coronary atherosclerotic 

disease have been studied. The first part (Chapters 2-6) concerns investigations regarding the 

association between the inflammatory state of atherosclerotic lesions and clinical manifesta

tions of coronary syndromes. The second part (Chapters 7-12) concerns the evaluation of 

coronary hemodynamics for diagnostic and prognostic purposes during cardiac catheteriza

tion. 

Pathomorphology and inflammation of the coronary artery plaque 

During the past years, more insight has been gathered regarding the involvement of the inflam

matory process that causes atherosclerosis. [ 1 -3 ] Our present knowledge of the elementary role 

of inflammation for the onset of plaque rupture in atherosclerotic coronary lesions primarily 

stems from autopsy studies. [4] However, the introduction of directional coronary atherectomy 

catheters has provided a unique opportunity to directly investigate the role of inflammation in 

coronary syndromes. 

Chapter 2 involves a study in which directional coronary atherectomy was performed of 'de 

novo' culprit atherosclerotic narrowings in patients with stable and unstable angina pectoris. A 

multivariate model was used to evaluate which clinical and angiographical factors are associa

ted with the amount of plaque inflammation. The degree of plaque inflammation was determ

ined by immunohistochemical staining for macrophages and T-lymphocytes. The results of 

this study show that angiographically complex lesions and unstable anginal complaints are 

positively associated with the amount of plaque inflammation. 

The tissue composition of restenotic coronary plaques in patients with stable and unstable 

angina is described in Chapter 3. Restenosis tissue contains a significantly higher density ol 

smooth muscle cells than 'de novo' atherosclerotic tissue. This study shows that despite the pre 

sence of a high density of smooth muscle cells in atherectomy specimens, a similar relation is 

present as in 'de novo' lesions between the presentation of the anginal complaints and the 

amount of inflammation. Patients with unstable anginal complaints due to restenosis have a 

large amount of plaque inflammation as reflected by the density of macrophages and T-lym

phocytes. The conception is that a smoldering inflammatory wound after balloon angioplasty 

is responsible for recurrent plaque destabilization and thereby, responsible for recurrent unsta

ble anginal complaints. 

In Chapter 4, illustrations of a plaque specimen of an in-stent restenotic lesion are shown. In-

stent restenosis is characterized by an even more prominent smooth muscle cell proliferation 

compared to restenosis after balloon angioplasty. The suggestive 'foot-print' of the stent struts 

in the restenosis specimen, as shown by equidistant T-lymphocyte infiltrates, illustrates a stent 

induced inflammatory process. 
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Besides macrophages and T-lymphocytes, a variety of other inflammatory cells and mediators 

are involved in atherosclerosis. In Chapter 5 is described how an acute phase protein, the C-

reactive protein (CRP), is involved in the clinical manifestation of acute coronary syndromes. 

CRP is produced in the liver, damaged tissues such as myocardial infarction and in atheroscle

rotic plaques causing catalyzation of the inflammatory process. CRP co-localizes in the plaque 

with macrophages, cholesterol (oxidized LDL) and the membrane attack complex, that is invol

ved in cell apoptosis and thrombosis formation. The coincidence of these factors was more 

pronounced in atherosclerotic tissue of patients with an acute myocardial infarction or unsta

ble anginal complaints than in patients with stable anginal complaints. The amount of plaque 

CRP was also significantly higher in patients with an acute myocardial infarction or unstable 

anginal complaints compared to patients with stable anginal complaints. 

In Chapter 6, the predictive value of plaque inflammation on the incidence of cardiac events 

after angioplasty was assessed by evaluating the relationship between the extent of plaque 

macrophages and T-lymphocytes and the recurrence of stable or unstable anginal complaints 

and restenosis within one year after directional coronary atherectomy. No relationship between 

the extent of inflammation and the incidence of restenosis was found in this consecutive 

patient population. However, this study demonstrated a positive relation between the amount 

of initial plaque inflammation and the severity of recurrent anginal complaints at long term 

follow up after directional coronary atherectomy. These observations strongly suggest that the 

inflammatory process at the site of the culprit lesion is not eradicated by atherectomy, so that 

the smoldering effects of the inflammation again may destabilize the repair tissues responsible 

for the severity of anginal complaints at follow-up. 

Evaluation of functional stenosis severity 

Besides the role of inflammation in the pathogenesis of stable and unstable coronary syndro

mes, this thesis addressed the assessment of the hemodynamic severity of a coronary stenosis 

in the cardiac catheterization laboratory for diagnostic and prognostic purposes. 

Chapter 7 describes a comparison between the diagnostic accuracy of coronary flow velocity 

reserve (CFVR), relative CFVR (RCFVR) and fractional flow reserve (FFR). Myocardial perfu

sion scintigraphy was used as the non-invasive 'gold standard' for the assessment of myocardi

al ischemia. This study, which was performed in patients with multivessel coronary artery dise

ase, showed that CFVR, RCFVR and FFR have a similar diagnostic accuracy for predicting 

reversible ischemia. However, this study also showed that the overall agreement with the results 

of perfusion scintigraphy was lower (75%) than that of previous studies (85%) that were main

ly performed in patients with single vessel disease. This may be related to the difficulty of assig

ning the perfusion defect detected by scintigraphy to a particular lesion in patients with mul

tivessel disease. 
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In Chapter 8, CFVR and FFR were compared in a large patient group with 150 coronary 

lesions. Alter stratifying these functional parameters according to their cut-off value (2.0 and 

0.75, respectively), discordant results between CFVR and FFR were obtained in 27% ot the 

cases. These discordant outcomes were associated with differences in coronary microvascular 

resistance. RCFVR did not improve insight in clinical decision making in this patient cohort. 

This study showed that in about a quarter of patients with intermediate lesions, interventional 

procedures may be carried out or deterred, depending on whether a pressure- or flow velocity-

derived parameter was used to reach the decision. 

In Chapter 9, the microvascular resistances ot the three main coronary artery beds were com

pared in 27 patients with two-vessel coronary artery disease. This study demonstrated a pro

found heterogeneity in the spatial distribution of coronary microvascular resistance during 

maximal hyperemia, with a positive association between coronary lesion severity and hyper-

emic microvascular resistance. Angioplasty of the target lesion restored hyperemic microvas

cular resistance to values similar to that of the minimally diseased reference vessel. These fin

dings challenge the concept of a homogenous distribution of hyperemic microvascular 

resistance that is relevant for the interpretation of both non-invasive and invasive diagnostic 

tests . 

A new parameter to assess the physiological severity of a coronary artery stenosis, which is 

based on the combination of intracoronary blood flow velocity and pressure, is described in 

Chapter 10. The hyperemic stenosis resistance index (h-SRv), defined as the ratio of pressure 

gradient and flow velocity measured during maximal hyperemia, had a significantly higher 

predictive power to identify reversible perfusion defects as detected by SPECT than traditional 

hemodynamic parameters based on either flow velocity (CFVR) or pressure measurements 

l FFR). This gain in accuracy was predominantly achieved in cases of intermediate lesions with 

discordant predictive outcomes between FFR and CFVR. The hyperemic stenosis resistance 

index represents a better characterization of the hemodynamic impediment due to the steno

sis. It has a high potential to improve clinical decision-making in the catheterization laborato

ry, especially since recent advancements in wire technology facilitates for the simultaneous 

measurement of intracoronary velocity and pressure. 

In Chapter 11, the predictive value of CFVR, FFR and h-SRv for the incidence of adverse car

diac events was evaluated in 151 patients with 162 intermediate coronary lesions in whom 

PTCA was deferred. Deferral of PTCA was associated with a low event rate (8%) when FFR, 

( I VR or h-SRv was normal. Multivariate analysis identified h-SRv as the strongest predictor 

for major adverse coronary events during one-year follow up, with a clear cut-off value of 0.80 

mmHg/cm/sec. The adverse event rate was even lower (3.8%) when all three hemodynamic 

parameters were indicative of a non-significant lesion. In contrast, deferral of PTCA was asso

ciated with a high (25%) event rate in those 28% of the patients who had discordant results 
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between FFR and CFVR. This finding underscores the need for combined measurements as 

these patients may benefit from coronary revascularization. 

In Chapter 12, a possible explanation is given for the adverse cardiac events that occur in 5% 

to 10% of the patients with an intermediate stenosis after deferral of PTCA. In a pilot study, 

plasma CRP was determined in 71 patients in whom angioplasty was deferred based on a nor

mal FFR. CRP is an acute phase protein that can be easily determined in whole blood and, 

hence, useful for daily clinical practice. During one-year follow-up six adverse cardiac events 

occurred. All patients, except one, in whom an event occurred, had a high CRP (> 5 mg/1). 

High values of plasma CRP may thus be indicative of an active inflammatory process underly

ing plaque progression, remodeling and destabilization resulting in plaque rupture triggering 

new coronary syndromes. Low values of CRP were associated with an almost event free survi

val indicating that these patients may have stable or stabilized coronary lesions. These findings 

suggest that in patients with intermediate lesions in whom PTCA was deferred, additional dia

gnostic techniques such as coronary thermography, elastography, MRI etc. to identify the pre

sence of a vulnerable plaque should be reserved for patients with an abnormal CRP. 

INTERPRETATION AND CONCLUSIONS 

Inflammation plays an important role in the initiation, development, progression and compli

cations of atherosclerotic vascular disease. The studies concerning plaque inflammation des

cribed in this thesis lead to the following conclusions: 

1. Patients presenting with stable angina compared to patients presenting with unstable angi

na or acute myocardial infarction are characterized by marked differences in the extent of 

plaque inflammation of culprit coronary lesions. 

2. A similar positive association between the manifestation of anginal symptoms and the 

extent of plaque inflammation exists for patients with restenotic lesions. 

3. Restenosis is associated with abundant smooth muscle cell proliferation irrespective of the 

presentation as stable or unstable angina. 

4. Initial plaque inflammation is not predictive for the occurrence of restenosis. 

5. The presence of a large amount of plaque inflammation has prognostic value for the recur

rence of unstable complaints during one-year follow-up after PTCA, suggesting that a 

'smoldering' process of inflammation is responsible for the recurrent destabilization of 

coronary plaques. 

These findings suggest that the degree of plaque inflammation is an important indicator for the 

incidence of adverse cardiac events such as unstable angina or myocardial infarction. 

Furthermore, plaque inflammation plays an important role in the development of complica-
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lions after percutaneous coronary interventions. 

The functional severity of coronary lesions is commonly assessed during cardiac catheteriza

tion on the hasis of either intracoronary flow velocity or pressure measurements using cur

rently available guide wires equipped with a single sensor. The investigation of traditional 

hemodynamic parameters of stenosis severity such as CFVR and FFR in comparison to a new 

functional parameter (h-SRv) that utilizes both pressure and flow velocity information has led 

to the following conclusions: 

1. FFR and CFVR provide complementary information about the physiologic significance of 

a coronary artery stenosis, especially in patients with intermediate lesions showing discor

dant outcomes between these two parameters in approximately 25 percent of the patients. 

2. The new parameter (h-SRv), based on a combination of both intracoronary flow velocity 

and pressure measurements, is a better indicator of the functional significance of interme

diate coronary lesions. 

3. The prognostic value of the h-SRv with respect to the recurrence of adverse cardiac after 

deferral of PTCA in intermediate coronary lesions is better than the prognostic value ol 

CFVR or FFR only. 

4. The relationship between FFR and CFVR is partly determined by the variability in micro

vascular resistance that is not homogeneously distributed between different coronary vas

cular beds. 

5. Plasma C-reactive protein is of additional value for clinical decision making in patients with 

intermediate coronary lesions exhibiting a normal FFR. 

These findings strongly suggest that additional information on the hemodynamics of interme

diate coronary lesions can be obtained using combined intracoronary blood flow velocity and 

pressure measurements that is relevant for clinical decision making during cardiac catheteriza

tion. 

Recent deve lopments and future recommendations regarding plaque inflammation 

The inflammatory marker CRP has an important predictive value for the occurrence of adver

se cardiac events. | 5-7] Recently, it was demonstrated that CRP is a useful guidance of medical 

treatment. [8] The decrease of CRP levels after statin therapy is a more sensitive parameter for 

the incidence of cardiac events compared to the decrease in cholesterol levels. 

Aspirin and ACE inhibitors [3, 9] have proven to be effective in the treatment of atherosclero

tic disease. Recent studies suggest that treatment with statins in particular useful in patients 

with an elevated CRP-level. Furthermore, it has been reported that a change in lifestyle using a 

modified diet and more exercise also decreases the plasma CRP levels. [10] The findings in the 

present thesis and aforementioned studies indicate that the presence of a high level of plasma 

CRP should be considered as an additional risk factor for of atherosclerotic disease. 
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Recent developments and future recommendations regarding intracoronary 

physiological measurements 

Recent developments allow the simultaneous assessment of both fractional flow reserve and 

coronary flow reserve using a pressure wire only, based on either the thermodilution principle 

[ I I , 12] or computer-based algorithms. [13] Furthermore, the introduction of a dual-sensor 

wire equipped with pressure-sensor and a Doppler-crystal [1-igure 1] allows direct assessment 

of both parameters and vascular resistances. [ 14,15] At present, this dual-sensor wire is emplo

yed in preliminary clinical studies to assess the effect of percutaneous interventions on the 

hemodynamic severity of a stenosis and on the coronary microcirculation. In the future, the 

assessment of non-invasive medical treatment (alpha-blockcrs, IIB/IIIA receptor antagonists, 

gene therapy) may also benefit from use of the Combowire. The synthesis of information 

obtained from combined hemodynamic measurements and from the assessment of inflamma

tory markers may provide additional information relevant for patient management. [16] 

Figure 1 Photograph of the newly developed Combowire (JOMED, Rancho Cordova, CA. USA), with a Doppler cry
stal at the tip and a miniaturized pressure sensor three centimeters proximal to the tip. 
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CHAPTER 14 

SAMENVATTING 

In dit proefschrift zijn zowel pathomorfologische als ook fysiologische eigenschappen van 

kransslagaderlijden bestudeerd. Deel 1 (hoofdstuk 2-6) betreft onderzoek naar de rol van athe-

rosclerotische plaqueontsteking in relatie tot de klinische manifestatie van coronaire syndro

men en de prognose na percutane coronaire interventie. Deel 2 (hoofdstuk 7-12) betreft onder

zoek naar de diagnostiek en behandeling van kransslagaderlijden met behulp van intracoro-

naire fysiologisch metingen. 

Pathomorfologie en ontsteking van de coronaire plaque 

De afgelopen jaren is meer inzicht ontstaan omtrent de betrokkenheid van het ontstekingpro

ces dat ten grondslag ligt aan atherosclerose. [1-3] De huidige kennis omtrent de elementaire 

rol van ontsteking bij het ontstaan van een plaque ruptuur is voornamelijk gebaseerd op autop

sie studies. Door de introductie van catheters voorzien van een soort 'appelboor' op de punt 

kunnen we nu direct het atherosclerotisch plaque weefsel verwijderen en onderzoeken op haar 

samenstelling. [4] Deze techniek, directionele atherectomie genoemd, wordt voornamelijk toe

gepast bij proximaal gelokaliseerde excentrische afwijkingen en is een alternatief voor een per

cutane t rans luminal coronair angioplastiek (P'l'CA) met een ballon of plaatsing van een stent. 

[5] 

Belangrijke ontstekingscellen die een rol spelen in het proces van atherosclerose zijn de macro-

fagen en T lymfocyten. [ 11 Ze zijn betrokken bij het metabolisme van vetten in de plaque en 

bij het activeren van bloedstolling. [6] Ze produceren talloze groeifactoren en oplossende 

enzymen waardoor de plaque 'instabiel' kan worden. Dit kan leiden tot een plaqueruptuur 

gevolgd door een acute afsluiting van de kransslagader door thrombus vorming leidend tol een 

hartinfarct en/of dood. [7] 

In hoofdstuk 2 wordt een studie beschreven bij patiënten met inspanningsgebonden pijn op 

de borst (stabiele angina pectoris) en pijn in rust (instabiele angina) behandeld met directio

nele atherectomie voor een 'de novo' vernauwing van de kransslagader. Er is middels een mul-

tivariaat model onderzoek verricht naar klinische en angiografische factoren die geassocieerd 

zijn met plaque ontsteking. De mate van ontsteking in de plaque wordt bepaald met immuno-

logische kleuringen voor macrofagen en T lymfocyten. Uit deze studie blijkt dat complexe 

afwijkingen, zoals gezien op de röntgencontrastfilm, en instabiele angina pectoris positief geas

socieerd zijn met de mate van plaqueontsteking. 

De weefselcompositie van patiënten met restenose ontstaan na P'l'CA met een conventionele 

angioplastiekballon wordt beschreven in hoofdstuk 3. Het restenose weefsel verschilt van 'de 

novo' atherosclerotisch weefsel door een significant grotere hoeveelheid gladspierweefsel. Deze 
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overmatige gladdespierccl proliferatie behoort in principe tot de normale littekenwcefselreac-

tie na PTCA. Echter in ongeveer 25% van de patiënten is deze reactie zo sterk dat de vernau

wing geheel en soms in nog ernstigere mate terug komt. Wel hebben de patiënten met resteno-

se gemiddeld minder ernstige klachten dan patiënten met 'de novo' vernauwingen. Er is dan 

ook discussie of de gladde spiercellen een plaquestabiliserende functie hebben en of er bij twij

fel over het verrichten van PTCA er daarom toch overwogen moet worden om deze 'de novo' 

laesie te behandelen en dus te stabiliseren. [8, 9] Deze studie laat zien dat, ondanks de aanwe

zigheid van veel gladde spiercellen in door het athercctomie verkregen plaque weefsel een zelf

de positieve relatie bestaat tussen presentatie van klachten en de mate van plaque ontsteking. 

Patiënten met instabiele angina op basis van restenose hebben veel plaqueontsteking uitge

drukt in de hoeveelheid macrofagen en T lymfocyten. De hypothese is dat de 'smeulende' ont-

stekingshaard na PTCA met een ballon opnieuw aanleiding geeft tot plaque destabilisatie 

waardoor wederom instabiele angina pectoris klachten ontstaan. 

In hoofdstuk 4 worden illustraties getoond van het weefsel van een in-stent restenose letsel van 

een patiënt. In-stent restenose wordt nog meer dan na ballon angioplastiek gekarakteriseerd 

door een overmatige gladdespicrcclwoekering, echter nu binnen de stent. Het "buitenlumen" 

van de kransslagader blijft door het plaatsen van een stent beter open, waardoor, ondanks toe

genomen gladdespiercelwoekering het percentage in-stent restenose lager (15%) is dan na bal-

lonangioplastiek (25%). Het fraaie aan de illustraties is de suggestieve'voetafdruk' van de stent 

in het restenose weefsel. Deze wordt aangetoond door infiltraten van T lymfocyten op 'gelijke' 

afstand van elkaar als reactie op het metaal van de stent-struts. 

Naast macrofagen en T lymfocyten zijn er nog tal van andere ontstekingscellen en mediatoren 

betrokken bij het ontstekingsproces van atherosclcrotisch weefsel. In hoofdstuk 5 wordt er 

beschreven hoe een acuut fase eiwit, het C-reactive proteïne (CRP), betrokken is bij de klini

sche manifestatie van acute coronaire syndromen. Het CRP wordt geproduceerd in de lever en 

in atherosclerotische plaques en geeft in de plaque aanleiding tot katalysatic van het ontste

kingsproces. Het CRP komt in de plaque samen voor met macrofagen, cholesterol (geoxideerd 

LDL) en het 'membraan attack complex.' Dit complex is nauw betrokken bij celverval en stol-

sclvorming. Het simultaan voorkomen van deze factoren is meer uitgesproken in atherosclero-

tisch weefsel van patiënten met een acuut hartinfarct of instabiele angina pectoris dan in pati

ënten met stabiele angina pectoris. De hoeveelheid CRP is ook significant meer aanwezig in 

weefsel van patiënten met een acuut hartinfarct en instabiele angina in vergelijking tot dat van 

patiënten met stabiele angina pectoris. Het veel gemakkelijker te verkrijgen plasma CRP wordt 

in de klinische praktijk veel gebruikt als ontstekingsparameter met een sterk prognostische 

waarde. Van het plasma CRP weten we echter niet of het een reflectie is van de mate van athe

rosclerotische plaque ontsteking of dat de lever hier een grote bijdrage aan levert als gevolg van 

'response to injury'. Recentelijk is er wel een relatie aangetoond tussen het plaque CRP en het 
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plasma CRP in patiënten die overleden zijn aan een plotse hartdood. F.r is echter meer onder

zoek nodig om de precieze relatie tussen het plasma CRP en het plaque CRP te achterhalen, het 

geen van belang kan zijn bij de evaluatie van plaquestabiliserende medicamenteuze therapieën 

met behulp van het plasma CRP. [ 10] 

In hoofdstuk 6 is de voorspellende waarde van plaque ontsteking onderzocht op het ontstaan 

van nieuwe hartproblemen. De mogelijke voorspellende waarde van macrofagen en T lymfo-

cyten op het opnieuw optreden van stabiele en instabiele angina pectoris en restenose binnen 

het jaar na de atherectomie behandeling wordt bestudeerd. De eerste conclusie in deze patiën

ten populatie is dat er geen relatie bestaat tussen de mate van plaque ontsteking en het optre

den van restenose. De ernst van recidiverende angina pectoris klachten is echter wel gerelateerd 

aan de mate van de initiële plaque ontsteking. Dit wil zeggen dat patiënten die terugkwamen 

met stabiele angina pectoris initieel weinig ontstekingscellen hadden en patiënten die terug

kwamen met instabiele angina initieel veel ontstekingscellen in het plaqueweefsel hadden. De 

ontstekingshaard is ondanks de atherectomie blijven 'door smeulen' en opnieuw verantwoor

delijk voor de ernst van de manifestatie van angina pectoris klachten. 

De fysiologische ernst van coronaire vernauwingen 

Naast de rol van ontsteking in de pathogenese van stabiele en instabiele coronaire syndromen 

is er in dit proefschrift onderzocht hoede diagnostiek en behandeling van kransslagaderlijden 

tijdens hartkatheterisatie kunnen worden verbeterd. Discussie hieromtrent bestaat er echter 

met name bij milde kransslagadervernauwingen en bij meerdere vernauwingen in verschillen

de kransslagaderen. Dit is met name relevant voor de dagelijkse klinische praktijk waarbij voor 

PTCA objectieve aanwijzingen voor ischemic' veelal ontbreken of dat er sprake is van non-con-

clusief inspanningsonderzoek. De betekenis van het gecombineerd meten van zowel druk als 

bloedstroom in de kransslagaderen bij patiënten met mild en ernstig kransslagaderlijden is 

echter nog weinig onderzocht. In hoofdstuk 7 van dit proefschrift wordt een directe vergelij

king gemaakt tussen de diagnostische waarde van FFR, CFVR en RCFVR m.b.v. perfusiescinti-

grafie, de niet-invasieve 'gouden standaard' voor het aantonen van zuurstoftekort (ischemie 

tijdens stress) van de hartspier. Deze studie, die uitgevoerd is bij patiënten met meervats-

kransslagaderlijden, laat zien dat de CFVR, RCFVR en de FFR in een gelijke mate ischemie 

kunnen voorspellen. De lagere (75%) overeenkomst van de CFVR, RCFVR en de FFR met de 

perfusiescan, in vergelijking met eerdere studies bij vooral eenvatskransslagaderlijden, ligt 

mogelijk aan de beperking van de perfusiescan om het persfusiedefect aan de juiste vernauwing 

toe te wijzen bij patiënten met meervatskransslagaderlijden. 

In hoofdstuk 8 worden de CFVR en FFR direct met elkaar vergleken in een studie bij 126 pa

tiënten met 150 vernauwingen van de kransslagaderen. Fr was in 27% van de patiënten sprake 

van een discordante uitkomst tussen de CFVR en de FFR wanneer we de parameters stratifïce-
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ren op hun afkapwaarde (2.0 en 0.75). Dit betekend kortweg dat in 27% van de gevallen of de 

CFVR 'normaal' is bij een 'abnormale' FFR of andersom. Afhankelijk van de verrichte meting 

(CFVR of FFR) zou het klinisch te volgen beleid verschillen als de andere (discordante) meting 

verricht zou zijn. Het bestaan van hoge bloeddruk en daaraan mogelijk gerelateerde verhoog

de microvasculaire weerstand in de hartspier ligt ten grondslag aan de discordante uitslagen. 

De RCFVR gaf in deze groep patiënten geen beter inzicht met betrekking tot de klinische 

besluitvorming. 

In hoofdstuk 9 is verder onderzocht of de vaatweerstand van de hartspier gelijk verdeeld is over 

het gehele hart. Deze 'homogeniteit' is een voorwaarde van het concept van de RCFVR. In 27 

patiënten met tweetaks-kransslagaderlijden is de microvasculaire weerstand van de drie grote 

kransslagaders met elkaar vergeleken. Deze studie laat zien dat de graduele toename van de 

microvaatweerstand gerelateerd is aan de ernst van de kransslagadervernauwing, die weer her

stelt tot de referentiewaarde na het opheffen van de vernauwing d.m.v. PTCA. Dit betekent dat 

de ernst van vernauwing invloed heeft op de weerstand van het distale vaatbed. Dit nieuwe 

inzicht is van betekenis voor de interpretatie van niet-invasieve en invasieve fysiologische meet

methoden. 

In hoofdstuk 10 worden opnieuw de parameters, de CFVR en de FFR, vergeleken met de per-

fusiescan, echter nu ook met een nieuwe parameter die gebaseerd is op een combinatie van 

intracoronaire bloedstroom en druk. Deze nieuwe parameter, de h-SRv, is berekend uit het 

quotiënt van het drukverval over de vernauwing en de maximaal haalbare bloedstroomsnel

heid. De studie laat zien dat de h-SRv een betere voorspeller voor het optreden van ischemie 

van de hartspier is dan de parameters die alleen op bloedstroom of druk zijn gebaseerd, met 

name bij vernauwingen die gekarakteriseerd worden door een tegengestelde (discordante) uit

slag van de CFVR en de FFR. 

In hoofdstuk 11 is de voorspellende waarde op cardiale complicaties met behulp van de CFVR, 

de I IR en de h-SRv vergleken bij 151 patiënten met 162 milde kransslagadervernauwingen. Er 

is gebleken dat met behulp van alle parameters het 'Dotteren' veilig uitgesteld kan worden bij 

milde vernauwingen waarbij toch 'voldoende' bloedstroom gehandhaafd is. De h-SRv heeft 

hierbij de beste prognostische waarde. In slechts 8% van deze patiënten was er binnen het jaar 

na uitstel van een Dotterbehandeling alsnog een behandeling noodzakelijk op grond van blij

vende of nieuwe angina pectoris klachten. Wanneer alle drie de parameters normaal zijn is het 

percentage nieuwe cardiale complicaties slechts 3.8%. Er wordt een graduele stijging van het 

aantal cardiale complicaties waargenomen bij een graduele daling van de FFR en de CFVR. De 

gecombineerde parameter (h-SRv) echter laat een scherpe afkapwaarde zien bij 0.80. In het 

geval van discordante uitslagen tussen de FFR en de CFVR worden significant meer cardiale 

complicaties gezien (25%) in het eerste jaar na uitstel van PTCA. Deze studie laat nogmaals 

zien dat met het gecombineerd meten van intracoronaire druk en bloedstroomsnelheid een 
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patiënten populatie geïdentificeerd kan worden met een hoger risico op cardiale complicaties 

na het uitstellen van een PTCA. Het is aannemelijk dat bij deze patiënten beter direct een PTCA 

kan plaatsvinden. 

In hoofdstuk 12 wordt een mogelijke verklaring gegeven voor de cardiale gebeurtenissen die in 

5 tot 10% van de patiënten met een milde vernauwing optreedt (zie vorige hoofdstuk), wan

neer afgezien wordt van een Dotterbehandeling in verband met een goede bloedstroom. In een 

pilotstudy bij 71 patiënten die geen Dotterbehandeling hebben ondergaan is de ontstekingspa

rameter C-reactief proteïne (CRP) bepaald. Het CRP is een acuut fase eiwit dat gemakkelijk uit 

het bloed bepaald kan worden en dus in de klinische praktijk kan worden toegepast. In het 

studiejaar traden zes cardiale complicaties op; niemand overleed. Bijna alle (vijf van de zes) 

cardiale gebeurtenissen traden op in de groep met een verhoogd CRP. Hen verhoogd CRP is een 

indicator van een actief ontstekingsproces. Het is gerelateerd aan progressie, remodelering en 

destabilisatie van atherosclerose. De resulterende plaque ruptuur is verantwoordelijk voor 

opnieuw cardiale symptomen. Daar tegenover staat dat lage CRP waarden geassocieerd zijn 

met een bijna event-vrije follow-up indicatief voor een 'stabiele laesie'. De resultaten duiden op 

een ontstekingsafhankelijke progressie van kransslagadcrlijden. Additionele (invasieve) tech

nieken om die patiënten te selecteren die een hoog risico hebben op cardiale events zouden 

beperkt moeten blijven tot patiënten met een verhoogd CRP. 

INTERPRETATIE EN CONCLUSIES 

Ontsteking speelt een belangrijke rol in het ontstaan, de progressie en de complicaties van 

atherosclerotisch vaatlijden. De volgende conclusies kunnen getrokken worden uit de studies 

naar ontsteking en atherosclerose in dit proefschrift: 

1. Patiënten met instabiele angina of een hartinfarct en een complexe vernauwing hebben sig

nificant meer ontstekingscellen en -mediatoren in de atherosclerotische plaque dan patiën

ten met stabiele angina en een simpele vernauwing. 

2. Er bestaat een zelfde positieve relatie tussen de klinische manifestatie van coronaire syndro

men en de mate van plaque ontsteking in restenose laesies. 

3. Restenose laesies bevatten een significant meer gladde spiercellen in vergelijking tot 'de 

novo' laesies, onafhankelijk van de klinische manifestatie van angina. 

4. De hoeveelheid plaqueontsteking is niet voorspellend voor het ontstaan van restenose. 

5. De aanwezigheid van veel plaqueontsteking heeft een voorspellende waarde voor het 

opnieuw ontstaan instabiele angina in het jaar na het Dotteren. Het initiële 'smeulende' 

ontstekingsproces is opnieuw verantwoordelijk voor destabilisatie van atherosclerotische 

plaques. 
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De studies in dit proefschrift laten zien dat de mate van plaque ontsteking belangrijk is voor 

het optreden van cardiale complicaties zoals dreigend of acuut myocard infarct. Ook speelt 

plaque ontsteking een belangrijke rol bij het ontstaan van complicaties na percutane coronai

re interventies. 

De fysiologische ernst van coronaire stenosen wordt gewoonlijk met behulp van de intracoro-

naire bloedstroomsnelheid (CFVR) of druk (FFR) beoordeeld. Het gecombineerd meten van 

zowel intracoronaire bloedstroomsnelheid als druk hebben tot de volgende conclusies in dit 

proefschrift geleid: 

1. FFR en CFVR geven complementaire informatie over de functionele beoordeling van inter

mediaire stenosen. Dit is met name het geval bij discordante uitslagen tussen FFR en CFVR, 

die in ongeveer een kwart van de intermediaire laesies voorkomen. 

2. Een nieuwe parameter (h-SRv) welke gebaseerd is op een combinatie van intracoronaire 

druk en bloedstroomsnelheid is beter in staat myocardiale ischemie te voorspellen dat de 

FFR en de CFVR. 

3. Eveneens geeft de h-SRv een betere lange termijn prognose wanneer er geen PTCA is uitge

voerd bij intermediaire laesies. 

4. De distale microvasculaire weerstand is niet homogeen verdeeld binnen het hart van een 

patiënt en verschilt ook tussen patiënten. Deze heterogeniteit in weerstand speelt een 

belangrijke rol in de relatie tussen FFR en CFVR. 

5. Het uit het plasma bepaalde CRF is van additionele waarde bij patiënten met intermediaire 

laesies die geen PTCA hebben ondergaan vanwege een normale FFR. 

De studies in dit proefschrift laten zien dat meer inzicht in de pathofysiologie van de coronai

re circulatie verkregen kan worden met het gecombineerd meten van zowel intracoronaire druk 

als bloedstroomsnelheid en dat deze consequenties hebben voor de klinische besluitvorming 

tijdens hartcathetei isatie. 

Recente ontwikkel ingen and aanbevelingen voor de toekomst ten aanzien van 

plaque ontsteking 

Naast de beschreven studies in dit proefschrift laten ook andere onderzoeken zien dat ontste

king (plasma CRP) prognostische waarde heeft voor het optreden van cardiale complicaties. 

[11-13] Hoe hoger het CRP, hoc groter de kans op een cardiale complicatie in de nabije 

toekomst. Ook is recentelijk aangetoond dat CRP een maat is voor de beoordeling van medi-

camenteuze behandeling.! 14] Het dalen van het CRP onder invloed van statine behandeling is 

een gevoeligere parameter voor het optreden van cardiale complicaties dan de daling van het 

cholesterol. Naast andere ontstekingsremmende geneesmiddelen die gebleken effectief bij athe-

rosclerose zijn zoals aspirine en ACE remmers [3, 15] zijn er steeds meer aanwijzingen om stat-
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ines levenslang voor te schrijven, in ieder geval in patiënten met een verhoogd plasma CRP. 

Recentelijk is ook aangetoond dat verandering van levensstijl door een aangepast dieet en meer 

beweging het plasma CRP ook daalt. [ 16] Naast de bekende risicofactoren zou de aanwezigheid 

van een hoge CRP spiegel als een additionele risico factor voor hart en vaatziekten beschouwd 

kunnen worden. 

Recente ontwikkel ingen and aanbevelingen voor de toekomst ten aanzien van 

intracoronaire fysiologische meetmethoden 

Recentelijk ontwikkelingen maken het ook mogelijk om de CFR en FFR simultaan te bepalen 

op basis van het thermodilutie-principe [17, 18], gebaseerd op alleen drukmetingen [19] of 

met behulp van een enkele voerdraad uitgerust met twee sensoren [Figuur 1]. [20] Momenteel 

wordt onderzocht in hoeverre we met het gecombineerd meten van druk en bloedstroom het 

plaatsen van stents kunnen verbeteren en optimaliseren zodat de kans op reïnterventie wordt 

verkleind. [21] Ook medicamenteuze (alpha-blockers, IIB/IIIA receptorantagonisten, genthe

rapie) en therapeutische interventies kunnen met deze Combowire nauwkeurig onderzocht en 

gestuurd worden. De toevoeging van een biochemische ontstekingsmarkers kunnen naast de 

fysiologische metingen tot verbetering van diagnostiek en behandeling lijden tijdens hartca-

theterisatics. [22, 23] 

Pressure sensor 

t o . » - (((((((((((((( 

Doppler crystal Erythrocytes 

Figuur ï Foto van de recent ontwikkelde Combo-wire (JOMED, Rancho Cordova, CA, USA), met een Doppler-kristal 

op de tip en een druk-sensor op 3 cm van de tip. 

Coronary artery Beam Flow direction 
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De weg naar promotie is er een met piek-en en dalen, leermomenten, geduld en hindernis

sen die je vaak samen met anderen neemt. Aan de totstandkoming van dit proefschrift 

hebben velen meegewerkt die ik graag zou willen bedanken. 

Prof. Dr. ].]. Piek. Beste Jan, vijfjaar geleden gaf je mij het vertrouwen om aan een promotie

onderzoek op de hartcatheterisatie afdeling te beginnen. Daar de ontwikkeling van de gecom

bineerde voerdraad vertraging opliep kon ik ondertussen een oud project weer leven in blazen. 

Als fellow leer je al snel met Piek's methoden kennismaken: hoog tempo, helderheid, kwaliteit 

en vele projecten tegelijk. Voordat de eerste zin op papier staat is deze al nagekeken. Je weet de 

juiste mensen om je heen te verzamelen waarmee, naast een wetenschappelijk bolwerk, een 

team is ontstaan dat elkaar niet alleen binnen de muren van het AMC ziet. Jouw huisdeur 

wordt daarbij ook dikwijls plat gelopen om dan tot in de kleine uurtjes de manuscripten te her

schrijven. In veel facetten ben je een voorbeeld geweest. Bedankt! Overigens zijn er gelukkig 

ook nog wel dingen waar jij iets van kunt leren (ik noem golf, pc's, pets). 

Prof. Dr. A.H. Becker. Beste Ton, ik wil je bedanken voor je enthousiasme en inspiratie dat elk 

onderzoek en verhaal kleurrijk en interessant heeft gemaakt. Het schrijven werd verheven tot 

een 'kunst' wat z'n weerspiegeling heeft in elk manuscript. De medische wetenschap gaat een 

kostbaar en markante persoon verliezen als je straks stopt, dus ik hoop ook voor vele anderen 

dat je zolang mogelijk doorgaat. Het fundamentele onderzoek heeft bij jou op de afdeling diep

gang gekregen. De samenwerking met de kliniek liep niet altijd volgens het juiste tijdschema, 

maar ik denk dat we desondanks toch over een zeer vruchtbare samenwerking kunnen spreken. 

Dr. A.C. van der Wal. Beste Allard, jij hebt mij geleerd onder alle omstandigheden van hectiek 

en stress ten allen tijde rustig en kalm te blijven. Ontspannen zaten we achter jouw microscoop 

met een sigaartje in de ene hand en met weer een artikel in de andere. 

Dr. M. Siebes. Beste Maria, bedankt voor de eindeloze aandacht en tijd die jij altijd uittrok om 

experimenten te doen, manuscripten te schrijven en presentaties voor te bereiden. Met veel 

enthousiasme heb jij mij de basisprincipes van de coronaire hemodynamica bijgebracht. Ook 

was met jouw tomeloze inzet en precisie elke aiuiluuzeeen simpele exercitie. Je functie als inter

mediair tussen de afdeling cardiologie en de afdeling medische fysica zorgde voor een perfecte 

integratie tussen prekliniek en kliniek waar jij als niet-medicus ook veel van hebt geleerd. 
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I'm very grateful to Prof. Dr. M. Veda from the University of Osaka for her kindness to parti

cipate in the evaluation committee of the thesis and tor her willingness to attend the defense of 

the thesis in Amsterdam. 

1'rof. Dr. M.M. Levi. Beste Marcel, jij was de eerste die mij heeft geënthousiasmeerd voor weten

schappelijk onderzoek. Bedankt dat ie bereid bent geweest om zitting te nemen in mijn pro

motiecommissie. 

I )e overige leden van de promotiecommissie Prol. Dr. H.R. Büller, Prof. Dr. Ir. C. line en Prof. 

Dr. N.H.J. Pijls hen ik zeer erkentelijk voor het kritisch doornemen van het manuscript. 

Prof. Dr. f.G.P. Tijssen. Beste Jan, jouw overstap naar de cardiologie is een enorme aanwinst. 

Met een kritische en scherpe blik weet jij van een conclusie een klinische boodschap te maken. 

Naast |an Piek, ben jij de tweede duizendpoot op de afdeling met een ongelofelijke dosis inte

griteit. Bedankt! 

Prof. Dr. f.A.E. Spaan. Beste los, jij bent hoe een professor moet zijn. Je weet op het juiste 

moment de vinger op de zere plek te leggen. Bemiddelt waar dat moet. Laat af en toe de tan

den zien. Niet alle tijd heeft, maar wel wanneer het moet. Rust zoekt op het water met een 

sigaar. Naast je wetenschappelijke inhoud hen je ook nog erg handig op het lab. Bedankt! 

Prof. Dr. K.I. lie wil ik bedanken voor het stimuleren en integreren van de wetenschap in de 

kliniek, hetgeen heeft geleid tot een record aantal subsidies, het aanstellen van talloze onder

zoekers en een goed onderzoeksklimaat binnen het CRIA. Samen met Dr. 1). Duren, wil ik hem 

bedanken voor het verzorgen van een opleidingsplaats cardiologie door het plaatsen van mijn 

naam op het grote bord met de roze en blauwe legoblokjes. 

De interventiecardiologen, Karel Koeh, Rob de Winter. Carl Schotborgh, Matthijs Bax, George 

Sianos en Dennot Kearney, wil ik in het bijzonder bedanken voor de talloze verrichtingen op 

het hartcatheterisatielaboratorium, die de basis hebben gevormd voor dit proefschrift. Bedankt 

voor de tijd, discussies en gezelligheid. 

Zeker net zo belangrijk voor de voltooiing van dit proefschrift zijn alle verpleegkundigen op 

het cathlab en de dagverplcging, personen van het secretariaat en ondersteuning: Martin, Pokje, 

Peter, Fokke, Anke, Anja, Daniël, Mary-Ellen, Ellen, Peter, Arniin, Reina, Karla, Pytsje, Mariëtte, 

Paul, Trudy, Jeannine, Truus, Mies, Jose, Hetty, Steve, Diana, Wouter, Aunelies, Mieke, Ilse, Sonja, 

Anita, Ineke, Nicatya, Hester, Ellen, Margriet en Regina. 

De goede sfeer op de afdeling wordt voor een belangrijk deel door jullie gemaakt. Allen 

bedankt! 
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Alle artsen, verpleegkundigen en medewerkers van de afdeling nucleaire geneeskunde (hoofd: 

Prof. Dr. B.L.F, van Eck-Smit) en de verpleegafdelingen cardiologie [CCU en F3zuid, hoofd: 

Prof. Dr. K.I. Lie) wil ik danken voor de mogelijkheid om de verschillende studies uit te voeren 

en de goede zorgen voor alle patiënten die aan de verschillende studies hebben meegewerkt. 

De afdeling cardiovasculaire pathologie, Marsha Schenker, je stond altijd klaar en was alleen 

afgeleid wanneer Wimbledon bezig was. Chris van der Loos, ondanks een emotionele periode 

heb jij mij alle trucjes bijgebracht om kwalitatief mooie immuno's te maken. Onno de Boer en 

Mischa Houtkamp, de discussies die we hadden waren zeer leerzaam en gezellig. Wilfried Meun, 

jij stond altijd klaar om weer een paar mooie foto's te verfraaien en af te drukken. Allen 

bedankt! Ook wil ik Peter Teeling, I lanneke Ploegmakers, Peter de Rooij en Rein Visser bedanken 

voor hun assistentie op de afdeling. 

De AMC Medical Research, met name Anne Klerks, Liesbeth Dorama en Jantien Manders, wil ik 

graag bedanken voor de snelle hulp, de vele onterechte vakantiedagen en financiële ondersteu

ning. 

De werksfeer is een belangrijke factor voor succes en geluk. Erg belangrijk zijn dus ook mijn 

directe collega's en de medeonderzoekers binnen het CR1A. De Blije onder-Wereld was hierbij 

altijd een goed onderkomen. Collega Promovendi van de Lipiden [Sanne, Angelique, Pernette, 

Greetje, Kees, en Jantje), van de Stolling (Benien, Jeroen, Manon, Bernd-Jan, Roderik, Suzanne en 

Philip), de Experimentele Inwendige Geneeskunde (Gijs), de Rechter Kamer (Igor; altijd in voor 

gezelligheid en Gijs, Anouk en Joris), de CCU (Arno, Nick en Mattijs), de Experimentele 

Cardiologie {Joris en Carol Ann), de Biochemie (Karin en Vivian) en alle anderen (Lea, Ayten, 

Nancy, Radha en Raymond). 

Bovenaan, staan natuurlijk alle leden van de 'Kloppende Spier'. Michiel Voskuil, je promoveer

de onlangs van niveau 2 naar niveau 3 waar we een kamer delen met zuurstof, perslucht, vacu

üm en noodbel. De afgelopen jaren ben je enorm gegroeid; van junior Michiel tot senior 

Voskuil. Je bent een fantastische collega die altijd voor me klaar heeft gestaan. Ik zal je missen 

net als ons dagelijkse kopje verse koffie. Niels van Royen, naast Michiel heb ook jij aan een bel

lenproject mogen ruiken en ook jij doorloopt de leerschool van Piek feilloos. De weinige tijd 

dat we je zien, omdat je zonodig in al die kuuroorden onderzoek doet halen we ruimschoots in 

op de verschillende congressen. Bistecca en een goed glas spumante zijn aan jou wel besteed. 

Rob van Liebergen, jij hebt me tijdens een partijtje voetbal gescout. Bedankt! Toch, jouw wereld-

actie is het lager zetten van de thermostaat. Oude leden: Arnout Somsen: globetrotter, Reinier 

Waalewijn: wij hebben geen 'keepersprobleem', Maarten Groenink 'what's on a man's mind', 

Wouter Kok: voetbalkampioen. Yolande Appelman: First lady en Hein Verherne: pensioen al ge-

SPECT, allen bedankt voor de goede tijd en gezelligheid. 
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De huidige leden: Bektas Atasever: Mr. BMW'. Bart-Jan Verhoeff. werkpaard. Jacobijne Wiersma: 

de brandweervrouw. Gerlind Heydc. nog steeds ons zusje. Mechteld Heijne. een kanjer. Saskia 

Rittersma: Haagse Bluf. Forts Windhausen: Mr. Dance en Mare van der Zee. de brandweerman. 

Kim en Mare, dankzij jullie is het een heel speciaal boekje geworden, bedankt! 

Mijn ouden Wim en Denise, jullie onvoorwaardelijke steun en liefde hebben direkt invloed 

gehad op de voltooiing van dit proefschrift. Dankzij jullie heb ik mij kunnen ontwikkelen en 

ontplooien. Mijn grote broer, Henri, dankzij jou heb ik leren doorzetten. Mijn kleine broertje, 

Roland, wanneer gaan we vliegen? Mijn schoonouders Herman en Ella, discussies en conversa

ties tot in de late uurtjes waren altijd erg raad- en leerzaam. Marjan en Stephanie, jullie waren 

als zusjes voor me: eerlijk en lief. Oliver, jij staat altijd voor iedereen klaar. 

Mijn paranimfe, Jennifer, met jouw enthousiasme en energie, scherp/innigheid en toch ook 

gevoeligheid til je anderen op een hoger niveau. Tof, dat je naast me wilt plaatsnemen. 

Mijn paranimf, Steven, samen namen we het roer van de 'Kloppende Spier' van oude garde 

over. Onafscheidelijk, Jut en Jul, op de cathkamer en op congressen. Met een dosis enthousias

me en vastberadenheid, vriendschap en collegialiteit. Zelfs de mobieletelefoon houden we 

noodgedwongen aan hetzelfde oor. Jouw tweede boekje komt eraan! Fijn hè, dat jij nu kan zit

ten! 

Lieve Alexandra, jij bent het mooiste in mijn leven, louw onvoorwaardelijke steun, liefde en 

onvermoeibaarheid geven mij energie en inspiratie. Je bent met jouw levenslust een voorbeeld 

voor iedereen. Lex, bedankt! 
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Martijn Meuvvissen werd geboren op 29 juli 1970 te Heerlen. Na het behalen van het VWO 

diploma in 1989 aan het Baudartius College te Zutphen, studeerde hij geneeskunde aan de 

Universiteit van Amsterdam. De doctoraalfase werd afgerond in 1994 en in 1997 behaalde hij 
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student-assistent op de afdelingen fysiologie en anatomie. Bij de laatste afdeling participeerde 

hij onder leiding van Prof. Dr. A.F.M. Moorman, Dr. R.H. Lekanne dit Deprez en Dr. M.J.B, 
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ling hartcatheterisatie van het AMC, waar hij sinds november 1997 werkzaam is als arts

onderzoeker. Onder de begeleiding van Prof. Dr. J.J. Piek, Dr. M. Siebes en Prof. Dr. Ir. J.A.E. 
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