
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Metabolic flow regulation in human coronary artery disease

Kal, J.E.

Publication date
2001
Document Version
Final published version

Link to publication

Citation for published version (APA):
Kal, J. E. (2001). Metabolic flow regulation in human coronary artery disease. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/metabolic-flow-regulation-in-human-coronary-artery-disease(d87c9d04-8343-45f8-9fdb-8bbf184e7c5f).html


3K£ £ mm mm 

iïw iïw 

Metabolicc Flow Regulation in 
Humann Coronary Artery Disease 

m* m* |p p p 
i i 



Metabolicc Flow Regulation in 
Humann Coronary Arter y Disease 



©© 2001 Jasper E. Kal 

Metabolicc flow regulation in human coronary artery disease / by Jasper Emiel Kal -
Amsterdamm / University of Amsterdam, 2001. Thesis. 

ISBNN 90-9014230-4 

Coverr : Painting by Nahum B. Zenil; tide: Herencia (Inheritance), 1991. Galeria 
deArtee Mexicana, Mexico. 

Coverr design : Mirjam Bode, Middelhoff en Bode grafisch ontwerpers, Amstelveen. 
Printedd by : Thela Thesis, Amsterdam. 

Publicationn of this thesis was supported by: Stichting Biotechnologisch onderzoek, 
Stichtingg Research Anesthesiologie and Janssen-Cilag BV. 



Metabolicc Flow Regulation in 
Humann Coronary Arter y Disease 

ACADEMISCHH PROEFSCHRIFT 

terr verkrijging van de graad van doctor 
aann de Universiteit van Amsterdam 
opp gezag van de Rector Magnificus 

prof.. dr J.J.M. Franse 
tenn overstaan van een door het college voor promoties ingestelde 

commissie,, in het openbaar te verdedigen in de Aula der Universiteit 
opp vrijdag 12 januari 2001, te 10.00 uur 

door r 

Jasperr Emiel Kal 

geborenn te Veghel 



Promotiecommissie e 

Promotoren n Prof.. dr. A. Trouwborst 
Prof.. dr. ir. JA.E. Spaan 

Co-promotoren n dr.. HB. van Wezel 
dr.. I. Vergroesen 

Overigee leden Prof.dr.J.G.Bovill l 
dr.. D.J.G.M. Duncker 
Prof.. dr. C. Ince 
Prof.. dr. mr. dr. BA.J.M. de Mol 
Prof.. dr. J.J. Piek 
Prof.. dr. CA. Visser 
Prof.. dr. PA. van Zwieten 

Faculteitt Geneeskunde 

Thee research described in this thesis was carried out in the department of Anesthesiology 
(Head:: Prof. dr. A. Trouwborst), in close co-operation with the department of Medical 
Physicss (Head: Prof. dr. ir. JA.E. Spaan), of the Academie Medical Center at the 
Universityy of Amsterdam. 

Financiall  support by the Netherlands Heart Foundation for the publication of this thesis 
iss gratefully acknowledged. 



Chapterr  1: Coronary physiology. 
JCanOothoracJCanOothorac VascAnesth 1998;12:450-456 

Chapterr  2: Mediators in coronary flow control. A review. 27 
Submitted Submitted 

Chapterr  3: A critical appraisal of the rate pressure product as index of 57 
myocardiall  oxygen consumption for the study of metabolic 
coronaryy flow regulation. 
IntInt J Cardiol 1999;71:141-148 

Chapterr  4: Myocardial oxygen supprytdemand ratio as reference for 71 
coronaryy vasodilatory drugg effects in humans. 
HeartHeart 1997;78:117-26 

Chapterr  5: Metabolic coronary flow regulation and exogenous nitric 91 
oxidee in human coronary artery disease. Assessment by 
intravenouss administration of nitroglycerin. 
JCardiowscJCardiowsc Phamiacol 200005:7-15 

Chapterr  6: Rate of coronary flow adaptation in response to changes in 109 
heartt rate before and during anesthesia for coronary artery 
surgery. . 
AnesthesiologyAnesthesiology 1996;84:1107-18 

Chapterr  7: Calcium channel blockade with felodipine does not affect 129 
metabolicc coronary vasodilation in patients with coronary 
arteryy disease. 
Submitted Submitted 

Chapterr  8: General discussion 145 

Summary/Samenvattingg 157 

Dankwoordd 167 

Listt of publications 173 

Curriculumm vitae 175 





Chapterr 1 

Coronaryy physiology 

Publishedd in part in: 
JJ Canbothorac VaxAnesth 1998;12:450-456 



CHAPTERl l 

1.. Introductio n 

Inn the past decades, experimental work in animals has given insight in static and 
dynamicc aspects of coronary blood flow control. In anesthetized open-chested dogs 
andd goats, coronary blood flow responses following changes in heart rate and 
perfusionn pressure have extensively been studied under different conditions. 
However,, in humans, there is little information about the control of coronary blood 
flow,, while there is no information at all about the dynamics of this control system. 
Therefore,, it is not known whether extrapolation of animal data to the human 
situationn is justified. In the present thesis, static and dynamic aspects of human 
coronaryy flow control are described. These clinical observations were obtained in 
patientss with coronary artery disease, scheduled for coronary artery bypass grafting. 
Thee methodology is based on concepts from the field of medical physics and 
pharmacologyy and in the first two chapters these concepts will be addressed. 

2.. The coronary circulation 

Ass applies to every other organ, the heart is dependent on the blood flowing through 
itss vessels, the coronary circulation. The inlet of the coronary circulation is situated 
justt above the aortic valve structure in the sinuses of Valsalva, where the right and 
leftt coronary artery branch from the aorta. These major coronary arteries and their 
principall  branches course across the epicardial surface of the heart and serve as 
conduitt vessels, which normally offer littl e resistance to coronary blood flow. The 
conduitt vessels in turn give rise to smaller vessels which penetrate the heart muscle 
approximatelyy at right angles. Within the myocardium, there is a further division of 
thesee branches into extensive networks of small arteries and arterioles (diameters of 
30-3000 nm), frequently designated as resistance vessels. Finally, the resistance vessels 
branchh in order to supply the dense capillary network of the heart with blood. It is at 
thiss capillary level where oxygen and substrates are exchanged between blood and 
musclee cells. 

Ass in any vascular bed, blood flow in the coronary bed depends on the driving 
pressuree and the resistance offered by this bed. The coronary resistance is distributed 
heterogeneouslyy along the total coronary vasculature. By measuring pressures at 
differentt segments of the coronary circulation, the relative contribution of each 
segmentt to the overall coronary vascular resistance has been determined. Thus, it 
wass found that approximately 20 % of coronary vascular resistance was located in 
vesselss > 200 jim in diameter [1], which indicates that under normal conditions with 
intactt vascular tone the majority of coronary vascular resistance is located in 
coronaryy arterioles < 200 \xm in diameter. However, the proportional contribution of 
coronaryy vessels > 200 jim in diameter to total coronary vascular resistance can be 
greatlyy magnified under conditions of pharmacological arteriolar vasodilation, e.g. 
withh papaverine [2] or dipyridamole [3]. 

Coronaryy vascular resistance is controlled by several mechanisms. In line with the 
heterogeneouss distribution of coronary vascular resistance, it has been shown that 
thee sensitivity of coronary vessels of different size varies for the various mechanisms 
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[4-6].. The present line of thought is that metabolic control of coronary blood flow 
residess in the smallest vessels (< 150 urn in diameter), whereas neurohumoral and 
flow-dependentflow-dependent mechanisms are located more upstream in the larger coronary 
vessels,, > 200 ^m in diameter [7]. Although all coronary micro vessels thus 
contributee to autoregulatory control of coronary blood flow, the predominant level 
off  regulation is supposed to be located in arterioles < 150 urn in diameter. 

3.. Characteristics of coronary flow control 

Thee physiology of steady-state coronary flow regulation has been characterized by 
twoo phenomena, i.e. metabolic coronary flow regulation and autoregulation. The 
formerr is the matching of coronary blood flow to changes in myocardial oxygen 
demandd and the latter is the relative compensation of changes in perfusion pressure 
byy changes in coronary resistance. Figure 1.1 shows the interaction of both 
phenomena.. In the lower panel, autoregulation curves are shown at three different 
levelss of oxygen consumption. In the upper panel, metabolic regulation is shown at 
twoo levels of perfusion pressure. Both panels show that the overall effect of 
coronaryy blood flow regulation leads to the phenomenon that steady state coronary 
bloodd flow is determined by a linear combination of coronary perfusion pressure and 
myocardiall  oxygen consumption. In this relation, the variation related to myocardial 
oxygenn consumption was demonstrated to be the most important determinant of 
coronaryy flow under physiological conditions. 

3.11 Metabolic coronary flow regulation 
Coronaryy blood flow is closely coupled to oxygen consumption in normal hearts. 
Thee oxygen consumption of the heart is not constant but depends on the work done 
byy the myocardium, which is, among others, influenced by heart rate, contractility, 
leftt ventricular wall tension and basal metabolism [8]. The tight relation between 
coronaryy flow and myocardial oxygen consumption is not surprising since the 
myocardiumm depends almost completely on aerobic metabolism. This indicates that 
att every cardiac work load, the supply of oxygen should be sufficient to match the 
cardiacc oxygen requirements in order to maintain normal cardiac function. Under 
normall  conditions the myocardium extracts 70 % of all the oxygen from the blood 
flowingflowing through its arteries, permitting littl e additional oxygen extraction. Since 
oxygenn stores in the heart are limited, increases in the oxygen demand of the heart, 
mustt be matched by increases in oxygen supply. Since myocardial oxygen extraction 
iss near-maximal, the most important way the heart can increase oxygen supply is by 
increasingg myocardial blood flow through coronary vasodilation. Vasodilation of 
coronaryy resistance arteries (diameters between 30 and 300 nm) is controlled by a 
regulatoryy process, which controls the balance between the supply and demand of 
oxygen.. This regulation mechanism is called metabolic coronary flow control, 
althoughh sometimes it is referred to as functional hyperemia or active hyperemia. 
Figuree 1.1 typically shows the relation between coronary blood flow and myocardial 
oxygenn consumption, as it has been found in numerous studies in both animal and 
humans. . 
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Figuree 1.1: Experimental data obtained in goat experiments. Upper panel: Influence of 
variationn of myocardial oxygen consumption induced by pacing the heart at 60-150 bpm, at 
twoo different perfusion pressures (70 and 140 mmHg). Lower panel: Influence of perfusion 
pressuree variations (50-150 mmHg) at three different levels of oxygen consumption. All 
oxygenn consumption data were normalized for arterial oxygen content (Redrawn from 
Vergroesenn etal. [10]). 

3.22 Autoregulation 
Whenn sudden alterations in coronary perfusion pressure occur, the resulting changes 
inn coronary blood flow are only transient, with flow almost returning to the previous 
steadyy state level. Thus, in response to a sudden increase in perfusion pressure, 
coronaryy flow initially increases (passive), but is then directed towards its control 
valuee by vasoconstriction. A decrease in perfusion pressure in turn induces a 
vasodilatoryy response through a decrease in vascular resistance. This phenomenon is 
termedd 'autoregulation'. In other words, coronary autoregulation refers to the 
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intrinsicc ability of the heart to maintain blood flow relatively constant over a wide 
rangee of perfusion pressures, when myocardial oxygen demand is constant. 

Demonstrationn of autoregulation in the coronary vasculature is only feasible when 
coronaryy perfusion pressure can be altered, without changing the aortic or left 
ventricularr pressure. A concomitant alteration in aortic or left ventricular pressure 
willl  affect myocardial oxygen consumption and will influence the position of the 
autoregulationn curve. At different levels of myocardial oxygen consumption, the 
autoregulationn curves are shifted parallel to the initial autoregulation curve. Thus, 
underr controlled experimental conditions in which perfusion pressure is altered 
withoutt changing the principal determinants of myocardial oxygen consumption, 
coronaryy autoregulation can be demonstrated. Figure 1.1 shows that autoregulation 
iss present at coronary perfusion pressures as low as 50 mmHg and as high as 140 
mmHg.. In this autoregulatory range, coronary blood flow is relatively constant. 
Whenn coronary perfusion pressure falls below the lower autoregulatory breakpoint, 
coronaryy flow will decrease. Conversely, when coronary perfusion pressure exceeds 
thee higher autoregulatory breakpoint, coronary flow will increase. 

4.. Mechanisms of coronary flow control 

4.11 Metabolic control by the oxygen model 
Autoregulationn and metabolic coronary flow regulation do not necessarily involve 
twoo different control systems. In the contrary, both phenomena can be explained by 
onee regulation process. This regulation process has been simplified to a model in 
whichh tissue oxygen tension (or any other mediator) is coupled to coronary vascular 
resistancee as a regulating principle [9]. In this model, steady state coronary blood 
flowflow is determined by coronary perfusion pressure and coronary vascular resistance 
(figuree 1.2). 

Metabolicc coronary flow regulation is then simulated by this model in the 
followingg way. if myocardial oxygen consumption is increased, because of an 
increasee in heart rate, tissue oxygen tension will decrease. This in turn results in a 
decreasee in coronary resistance, which leads to an increase in oxygen supply through 
ann increase in coronary blood flow. The steady state result is a relatively constant 
myocardiall  tissue oxygen tension and the matching of myocardial oxygen supply to 
oxygenn demand, i.e. metabolic coronary flow regulation. 

Autoregulationn in turn can also be explained by this model: when coronary 
perfusionn pressure is increased at a constant level of myocardial oxygen 
consumption,, tissue oxygen tension will increase because of the proportional change 
inn coronary oxygen supply. According to the model, the increase in tissue oxygen 
tensionn will lead to an increase in coronary vascular resistance, to such an extent that 
tissuee oxygen tension is kept constant. Due to the increase in coronary vascular 
resistance,, coronary blood flow almost returns to its previous level, despite the 
increasedd coronary perfusion pressure. In summary, this model predicts that 
coronaryy blood flow (CBF) is linearly related to both myocardial oxygen 
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Figuree 1.2: Schematic representation of the oxygen control model representing the 
metabolicc control of coronary flow by tissue oxygen tension. Fi =- oxygen consumption by 
thee myocardial cells. F2 - oxygen extraction from the blood. R = coronary vascular 
resistance.. Pa- coronary arterial pressure, CBF- coronary blood flow, PO2- tissue oxygen 
tension.. (Redrawn from Vergroesen etal. [10j. 

consumptionn (MVOj) and perfusion pressure (Pp), according to the following 
equation: : 

CBFF = a-MV02 + b-Pp + c 

Thee predictions of this model were confirmed by Vergroesen et al. [10], who 
fittedd the linear equation to the experimental data of dogs and goats and 
demonstratedd a close correlation between the model data and the experimental data. 
Thiss supported the idea that changes in tissue levels of metabolic substrates or 
metabolitess following alterations in metabolism or perfusion pressure, may 
(in)directlyy modulate coronary vasomotor tone. However, the mechanism linking 
metabolicc activity to coronary vascular resistance, has yet to be clarified, although a 
largee number of studies have identified several mediators that may contribute to 
coronaryy flow control. The exact role of these mediators, including adenosine, nitric 
oxide,, prostaglandins, oxygen and carbon dioxide is reviewed in chapter 2, and will 
nott be discussed here. 

4.22 The myogenic response 
Studiess on isolated vessels have demonstrated that the contractile state of the 
smoothh muscle cells in the vessel wall may be affected by the transmural pressure 
[11].. Theoretically, this may contribute to the control of coronary blood flow in vivo 
sincee an elevation of the pressure induces a constriction by an increase in vascular 
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smoothh muscle tone, and a pressure reduction causes dilation through relaxation of 
thee smooth muscle cells. This effect of pressure alteration on the vascular smooth 
musclee tone is called the myogenic response. 
Vessell  wall tension has been suggested as the controlled variable in this myogenic 
response.. Wall tension (T) is defined as the product of wall stress (CT), defined by the 
Laplacee law1, and wall thickness (h). 

TT - a-h = P-r 

Accordingg to this hypothesis, a pressure elevation, which increases wall tension 
wouldd activate the myogenic response and initiate a myogenic constriction, bringing 
backk wall tension to its previous level [12]. But in order to maintain wall tension 
constantt in the light of an increase in pressure, it is necessary for the vessel to 
constrictt below its control diameter. Indeed, this was confirmed in cannulated blood 
vessels,, in which a reduction of steady-state diameter in response to an increase in 
pressuree was observed [12,13]. 

Att present, many uncertainties exist about the transduction mechanisms 
potentiallyy involved in the myogenic response [14]. Several potential mechanisms 
havee been proposed. Opening of stretch dependent cation channels may produce 
membranee depolarization [15], which may activate voltage operated calcium 
channels,, leading to an influx of calcium and vasoconstriction [16]. In addition, 
calciumm release from intracellular stores and sensitization of the contractile 
machineryy to calcium, possibly via activation of protein kinase C, may occur [17,18]. 
Finally,, stimulation of a-adrenoceptors has been shown to potentiate the myogenic 
response,, which may be explained by activation of the same transduction pathways. 
Inn general, it is accepted that the myogenic response is a phenomenon in which 
mechanicall  stimuli act directly on the vascular smooth muscle cell to elicit 
contraction. . 

Thee magnitude of the myogenic response depends on the species and the tissue 
fromm which the vessels are isolated [19]. Especially, arteries from the cerebral, renal, 
coronaryy and skeletal muscle vasculature display a high level of myogenic reactivity. 
Thee sensitivity to perturbations in pressure also depends on the size of the vessel: the 
smallerr the vessels the greater the responsiveness to pressure [20]. Since arterioles are 
thee main determinants of vascular resistance, a myogenic regulatory mechanism in 
thesee vessels may play a role in the autoregulation of coronary blood flow. Under 
passivee conditions, an elevation in pressure will increase vessel radius (r) and, 
accordingg to Poiseuille's law2, this will augment flow (Q). However, under active 
conditionss (myogenic control), the vessel radius will reduce in response to an 
increasee in pressure, bringing back flow to its previous level, despite the higher 
perfusionn pressure. Thus, in the autoregulatory pressure range, the decrease in 

11 a - (P  r) / h , where P is transmural pressure, r is vessel radius and h is wall thickness. 

22 Q - (7t - AP  r4) / (8  r\  1), where AP is the pressure gradient, r is vessel radius, n is viscosity of the 
bloodd plasma and 1 is the length of the vessel 
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steady-statee vessel diameter with pressure elevations may contribute to the 
maintenancee of coronary blood flow during autoregulation. 

AA number of investigators raised objections against the myogenic hypothesis. One 
off  the major objections is the positive feedback mechanism implicitly involved in 
thiss hypothesis. Perfusion pressure induced-vasoconstriction will lead to a further 
increasee in perfusion pressure. Thus, without an effective brake mechanism, the 
initiall  pressure change would result in overcompensation, which has never been 
observed.. Another objection concerns the rate of the myogenic response. In isolated 
vessels,, it takes minutes to complete the myogenic response. However, in vivo, the 
autoregulatoryy responses to alterations in pressure are swift and never last longer 
thann one minute (see section 5). Furthermore, the myogenic response is an isolated 
responsee of coronary vessels, whereas for autoregulation coronary blood flow has to 
bee tuned to metabolism. Thus, although myogenic tone may potentially facilitate 
autoregulation,, it cannot be the pivotal control mechanism. This supports the idea 
thatt another mechanism such as metabolic control likely contributes to, and probably 
dominates,, coronary autoregulation. 

4.33 Flow-induced vasodilation 
Increasess in flow may by itself induce a vasodilatory response. By modulating the 
floww rate in perfused isolated microvessels studied at constant intraluminal pressure, 
itt was demonstrated that vascular conductance increased with increasing flow rates 
[21-23].. Furthermore, this response was demonstrated to be dependent on the 
presencee of intact vascular endothelium [22], This indicates that hydrodynamically-
inducedd shear forces may result in endothelium-dependent relaxation of vascular 
smoothh muscle cells, which leads to vasodilation. 

Althoughh flow-induced vasodilation has been observed in coronary resistance 
arteries,, it is far more important in the larger coronary vessels [4]. Therefore, it has 
beenn suggested that this phenomenon may act as an amplification of error signals 
producedd by substances or tissue metabolites that only influence the arterioles. The 
floww increase induced by dilation of these smallest vessels (e.g. in response to a 
metabolicc stimulus) may then induce flow-induced dilation of vessels located more 
upstream.. This would provide the coronary circulation with a mechanism capable of 
coordinatingg the dilation along the vascular tree, resulting in an adaptation of the 
overalll  vascular conductance to the new flow load [24], 

Thiss is supported by a recent report by Stepp et al. [25]. Using an in vivo canine 
model,, they demonstrated that shear stress was effectively regulated in small 
coronaryy arteries, i.e. it remained constant with increases in flow, since the flow-
inducedd vasodilation normalized shear stress to its initial values. However, in 
downstreamm arterioles shear stress increased proportional to flow, indicating that 
otherr factors were primarily responsible for coronary arteriolar tone in vivo, despite 
thee demonstrated ability of these vessels to regulate shear stress in vitro [25]. 

Itt has been shown that the vasodilation in response to increases in wall shear 
stresss is mediated by endothelial release of nitric oxide [25]. At the moment it is still 
unclearr how a mechanical force as shear stress may induce biochemical events as the 
productionn and release of nitric oxide. There is evidence, however, that shear stress 
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Figuree 1.3: Schematic illustration of interaction of metabolic, myogenic, and flow-mediated 
regulationn of coronary vascular resistance during an incresae in metabolic demand. The + 
symbolss indicate the feed-forward sequence of steps that occur following an initial increase 
inn metabolic demand. The - symbols indicate the negative feedback processes that occur to 
haltt the vasodilation. (Redrawn from Muller et al. [1]). 

increasess intracellular free calcium by several mechanisms, which activates the 
calcium/calmodulin-dependentt enzyme nitric oxide synthase, thus leading to 
increasedd nitric oxide synthesis and vasodilation [5]. 

4.44 Integration of mechanisms for  flow control 
Manyy different regulatory factors may thus influence coronary vascular resistance. To 
gainn insight in the complex interplay between these various factors, a heterogeneous 
systemm for metabolic, myogenic and flow-mediated control of coronary blood flow 
hass been proposed (figure 1.3). In this system, an increase in myocardial oxygen 
consumptionn and the subsequent change in tissue levels of metabolites initially leads 
too an adjustment in vessel tone preferentially in the smallest arterioles. Metabolic 
vasodilationn of these arterioles results in a change in pressure and flow more 
upstream,, which in turn might act as signals triggering vasodilatory responses in the 
largerr arterioles and small coronary arteries, via myogenic and flow-dependent 
mechanisms.. The presence of negative feedback loops are elemental in this system. 
Thee upstream vasodilation allows for transmission of pressure to the downstream 
segments,, which attenuates further myogenic or autoregulatory vasodilation. Also, 
thee overall decrease in coronary vascular resistance, and thus the increase in flow, 
wouldd induce washout of vasoactive metabolites, which attenuates further 
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metabolite-inducedd vasodilation. Such a well regulated system in which a 
heterogeneouslyy distributed series of regulatory mechanisms interact in a coordinated 
mannerr would thus allow for adequate control of coronary blood flow, and 
ultimatelyy oxygen delivery, under a variety of physiological conditions. 

Anotherr example of the complex interplay between the various flow regulatory 
mechanismss is the coronary flow response following the release of a coronary artery 
occlusion,, i.e. reactive hyperemia. Obviously, several flow regulatory mechanisms are 
involvedd in this hyperemic flow response. First, there is a role for metabolic coronary 
floww regulation, because the heart is deprived of oxygen and substrates during the 
occlusion.. Tissue levels of potential mediators of coronary flow will accumulate and 
wil ll  influence coronary vasomotor tone. After the release of the occlusion, the 
vasodilatedd vascular bed gives rise to the initial reactive hyperemic peak flow. 
Directlyy following the release of the occlusion there is a sudden change in perfusion 
pressuree that may trigger an autoregulatory or myogenic vasoconstrictive response. 
Theoretically,, this vasoconstrictive response reduces the peak flow and shortens the 
durationn of the reactive hyperemia. In addition, shear stress will also be elevated 
duringg the reactive hyperemia, which will stimulate the endothelial release of nitric 
oxide.. The enhanced release of nitric oxide in turn may attenuate the pressure-
inducedd vasoconstriction following the release of the occlusion. This theory is in fact 
supportedd by experiments in isolated rabbit hearts showing a much stronger and 
fasterr increase in coronary vascular resistance following rapid pressure elevations 
afterr inhibition of nitric oxide [26]. This example illustrates that the integrated 
controll  of coronary flow is dependent on the normal functioning of all segments, 
whereass in the presence of diseased segments, e.g. coronary artery disease or 
endotheliall  dysfunction, the proper adjustments may occur only partially or not at all. 

5.. Dynamics of coronary flow control 

Thee transients in coronary flow are the result of the flow regulating mechanisms of 
whichh the steady relations have been described in section 3. However, a potential 
controll  mechanism should not only explain the steady state pressure flow relation, 
butt should also provide a sufficient explanation for the observed transients in 
coronaryy flow that occur in response to different interventions, including changes in 
heartt rate and coronary perfusion pressure. 

5.11 Dynamic response to a change in heart rate 
Inn 1977, the dynamic behavior of the coronary arterial system to a change in heart 
ratee was described by Belloni and Sparks [27], who studied the response of coronary 
resistancee and venous oxygen content to a change in heart rate in the isolated heart 
preparation.. They used constant flow perfusion and measured the change in mean 
coronaryy pressure as index of coronary resistance, corrected for the delay in the 
measurementt of venous oxygen content. The half time of the coronary resistance 
responsee to a change in heart rate was approximately 10 seconds [27], In addition, 
theyy found that coronary sinus oxygen content changes preceded the adjusted time 
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Figuree 1.4: Response of the coronary resistance to a change in oxygen consumption 
accordingg to the oxygen model of coronary flow control. Dotted lines are normalized 
responsess at two levels of pressure perfusion. The solid line shows the the response at two 
levelss of flow perfusion. (Redrawn from Dankelman etal. [28]). 

coursee of vascular resistance, which supports the hypothesis that coronary vascular 
resistancee is regulated in part by factors closely linked to oxidative metabolism. 

Dankelmann et al. [28,29] extensively tested the dynamic characteristics of the 
modell  described earlier, to find out whether this model could accurately predict the 
dynamicc change in coronary vascular resistance following a sudden change in heart 
ratee and perfusion. To be able to compare the rate of change of the coronary 
responsess to different interventions, Dankelman et al. used an index of coronary 
vascularr resistance, which was calculated as the beat-averaged ratio of coronary 
arteriall  pressure and coronary flow [28]. During steady state, this coronary resistance 
indexx is identical to coronary vascular resistance. However, during fast dynamic 
changess in pressure or flow, the ratio does not reflect coronary vascular resistance, 
sincee slow changes may be related to coronary capacitance in stead of resistance [30]. 
Thee model predictions were that the coronary adjustments in response to a sudden 
increasee in heart rate would be slower with constant flow perfusion compared to 
constantt pressure perfusion as is shown in figure 1.4. Furthermore, the model 
predictedd that during constant flow perfusion, the rate of this response would be 
independentt of the flow level, whereas during constant pressure perfusion, the rate 
wouldd be pressure-dependent [28]. 

Thee difference in the response rate for both perfusion conditions is explained by 
thee feedback which is present at constant pressure perfusion (flow can vary), but 
whichh is absent at constant flow perfusion (flow is constant). Thus the feedback 
signal,, responsible for the change of resistance, is faster when flow is allowed to vary 
freely.. With constant flow perfusion the flow is fixed, the feedback loop is opened 
andd as a result the feedback limited. Under this perfusion condition the model is 
linearr which means that the rate of the response does not depend on the coronary 
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Figuree 1.5: Experimental results obtained in open chest goats. Shown are the responses of 
normalizedd coronary resistance to a change in oxygen consumption induced by a step 
changee in heart rate. (Redrawn from Dankelman etal, [28]). 

floww level. However, during constant pressure perfusion, the model is non-linear 
becausee coronary flow is dependent on coronary perfusion pressure and coronary 
vascularr resistance [28]. 

Thesee model predictions were in good agreement with experimental results 
obtainedd in open chest goats, with cannulated left main coronary arteries, which 
couldd be perfused at constant pressure or constant flow (figure 1.5) [28]. As 
predictedd by the model, the coronary response to a heart rate step was faster during 
constantt pressure perfusion, compared to constant flow perfusion. Moreover, at 
constantt pressure perfusion, the response was dependent on the pressure level, being 
fasterr at low perfusion pressure. 

However,, the experimental results differed from those predicted by the theory in 
thatt the changes described above were preceded by a brief change in the resistance 
indexx in the opposite direction, i.e. up with an increase in heart rate and down with a 
decreasee in heart rate. This initial reversed response was postulated to result from a 
mechanicall  effect due to greater compression of the coronary microvasculature with 
moree frequent contractions and from the induced changes in vascular volume [28]. 
Inn the absence of coronary flow regulation, which was achieved by maximal 
vasodilationn with adenosine, a sudden change in heart rate still produced the initial 
changee in the pressure-flow ratio, but not the subsequent adaptation over 13-25 
seconds,, confirming that the former effect was attributable to a passive mechanical 
mechanism. . 
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5.22 Dynamic response to a change in perfusion 
Dankelmann et al. [29] also verified the model predictions regarding the dynamic 
changess of the coronary resistance index in response to sudden changes in perfusion 
pressuree or coronary flow. Whereas the model prediction for the dynamic 
autoregulatoryy response following an increase in pressure or flow was in line with the 
experimentall  results, there was a remarkable difference between the model and the 
experimentss regarding the response to a decrease in pressure or flow at constant 
pressuree perfusion and constant flow perfusion, respectively. The reduction in 
perfusionn pressure in the experiments resulted in a flow response which was much 
fasterr than the response predicted by the model. Especially, at constant pressure 
perfusion,, the response to a decrease in pressure was different from the response to 
ann increase in pressure. Following the decrease in pressure, there was a sharp rise in 
thee index of coronary resistance resulting in an overshoot, which was not observed 
inn response to the increase in pressure. Although less pronounced, this directional 
sensitivityy was also present at constant flow perfusion. Dankelman et al. [29] 
concludedd that the model lacked an element that could explain the directional 
sensitivityy of the autoregulatory coronary response. 

Soo far, no simple explanatory mechanism for the increased response rate 
followingg a decrease in perfusion has been described, although a facilitating 
mechanismm of nonmetabolic nature is indicated. An attractive explanation may be 
relatedd to the effect of cardio-cardiac reflexes, mediated by coronary and ventricular 
mechanoreceptorss [31]. Upon stimulation, the main effect of these 
mechanoreceptorss is a reduction in sympathetic and an increase in vagal tone, with 
vasodilationn being the net effect in vascular beds [31]. An increase in coronary 
perfusionn pressure may stimulate coronary arterial baroreceptors, resulting in reflex 
vasodilation.. Such vasodilation, in the face of simultaneous autoregulatory 
vasoconstriction,, slows down the speed of the response to an increase in coronary 
perfusionn pressure [32]. Furthermore, it was shown that the reflex vasoconstriction 
whichh occurs when the stimulus to coronary baroreceptors is removed, i.e. following 
aa pressure-step down, develops more slowly [33]. The concomitant autoregulatory 
vasodilationn is thus relatively unopposed and occurs faster, which may explain the 
directionall  sensitivity observed in the coronary response rate to changes in perfusion 
pressure. . 

5.33 Coronary response rates: the t50 values 
Thee response rates of the coronary vascular tree to changes in heart rate and 
perfusionn were quantified by a t50 value, which was defined as the time in seconds 
afterr the intervention (i.e. HR step or change in perfusion) at which the change in 
coronaryy vascular resistance index had reached half of its total final change. For the 
goat,, figure 1.6 summarizes these tso values for the vasodilating responses to either 
ann increase in heart rate or a decrease in perfusion, and for the vasoconstricting 
responsess to a decrease in heart rate or an increase in perfusion, for both pressure 
andd flow controlled perfusion [28,29]. The rate of the vasoconstricting responses 
weree similar as one would expect under conditions in which a single control loop 
determiness coronary flow. However, as discussed before, the rate of the vasodilatory 
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Figuree 1.6: Bar diagram summarizing the t50 values of the coronary responses to changes 
inn myocardial oxygen consumption and perfusion pressure in goats, both at constant 
coronaryy pressure perfusion (left side) and at constant flow perfusion (right side). The arrow 
underr the bar indicates whether the bar refers to an increase or decrease of perfusion or 
heartt rate. * indicates a significant difference between the vasodilatory response rates to a 
decreasee in perfusion and an increase in heart rate under the same conditions. (From 
Dankelmanefd/.. [28, 29J) 

responsee to a decrease in perfusion was much faster than the vasodilation in 
responsee to an increase in heart rate. 

Later,, the same protocols were repeated in anesthetized dogs, instrumented 
similarlyy [34]. Again the model predictions were confirmed in that the coronary-
responsess to changes in heart rate or perfusion were faster with constant pressure 
perfusion,, as compared with constant flow perfusion. It was also confirmed that the 
coronaryy response rate was dependent on the level of pressure during constant 
pressuree perfusion, whereas it did not depend on the level of flow during constant 
floww perfusion. However, the t  ̂ values of the coronary responses for the dog were 
aboutt two times smaller than for the goat [34]. This indicates that the dynamic 
coronaryy responses were faster in the dog than in the goat, whereas the steady state 
controll  of coronary flow was not different. No explanation for this large and specific 
discrepancyy in dynamic behavior of flow control between the two species has yet 
beenn identified. 
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6.. Extravascular resistance 

Soo far, some aspects of the steady state and dynamic behavior of coronary flow 
controll  have been addressed. However, an additional factor which complicates the 
understandingg of coronary flow control, is related to the beating of the heart. Systolic 
ventricularr wall tension compresses the intramyocardial blood vessels every time the 
heartt contracts. Therefore, most of the antegrade coronary arterial blood flow occurs 
duringg diastole, whereas during systole flow is reduced or even reversed into 
retrogradee flow. Although the arterial systolic flow reduction is mainly due to 
capacitivee effects, coronary vascular resistance is increased as well, as a result of the 
reductionn in vascular volume. The increased coronary resistance during systole is 
oftenn referred to as extravascular resistance and may be attributed to a number of 
extravascularr systolic compressive forces. 

Onee of the compressive forces is generated by the left ventricular systolic 
intracavitaryy pressure, which is transmitted fully to the subendocardium, but 
decreasess to atmospheric pressure at the epicardial surface. Thus, during systole, 
extravascularr pressure is assumed to be a function of left ventricular pressure and 
depthh within the myocardium. 

Anotherr compressive force, perhaps even more important, is caused by the direct 
interactionn between the contraction of the myocyte and myocardial microvessels. 
Thus,, according to this concept, the systolic extravascular resistance is the result of 
thee compression and bending of small arterioles coursing through the ventricular 
walll  as the heart contracts. This may also explain the systolic impediment of flow in 
thee empty beating heart, which is not developing left ventricular pressure. The 
incompletee understanding of the interaction between cardiac contraction and 
coronaryy blood flow has lead to the development of several models, which give 
insightt in the controversy not yet resolved (for review see Spaan [35]), but that are 
beyondd the scope of this thesis. 

7.. Effect of coronary artery disease 

Inn the presence of coronary artery disease static and dynamic aspects of coronary 
floww control are also involved. In patients with coronary stenoses, autoregulation of 
thee coronary circulation compensates for the drop in perfusion pressure distal of a 
stenosiss by decreasing the arteriolar coronary resistance to maintain coronary flow at 
normall  levels. This compensation mechanism works as long as the coronary flow 
doess not reach the maximal obtainable flow at the pressure level distal to the stenosis 
[36]. . 

Inn figure 1.7 the influence of a stenosis on the coronary flow control system is 
depictedd by a dashed curved line and illustrates the maximal change in flow that can 
bee induced either pharmcologicalry or physiologically. This figure illustrates that the 
resistancee of a coronary stenosis depends on the level of coronary blood flow. The 
pressuree drop across a coronary stenosis is larger at higher coronary flows because of 
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thee fluidmechanical laws of Poiseuille1 and Bernouilli2, describing the frictional or 
viscouss energy losses and the dynamic losses due to convective acceleration, 
respectively.. This implies that the degree of flow-limitation by a coronary stenosis 
mayy only become apparent at high rates of myocardial oxygen consumption, while at 
normall  activity coronary flow control may still compensate for the post-stenotic 
pressure-drop. . 

Similarly,, the ability of autoregulation to compensate for the effect of a proximal 
epicardiall  obstruction may be compromised by a reduction in aortic pressure. This 
reductionn in pressure in turn can lower distal perfusion pressure below the lower 
autoregulatoryy breakpoint, thereby lowering myocardial perfusion and intensifying 
myocardiall  ischemia. The consequent increase in left ventricular fillin g pressure wil l 
decreasee the perfusion gradient even further. Since left ventricular hypertrophy 
narrowss the range of autoregulation, especially in the subendocardium, this 
mechanismm also explains why patients with severe hypertrophy may suffer from 
subendocardiall  ischemia, even in the absence of coronary stenosis. The detrimental 
effectss of distal coronary perfusion pressures lower than the autoregulatory 
breakpointt can be counteracted by the insertion of an intra-aortic balloon pump. The 
beneficiall  effect of this procedure is based on the balloon pump-induced increase in 
diastolicc perfusion pressure, which restores coronary perfusion pressure distal of the 
stenosiss so that autoregulation is reestablished and myocardial ischemia lessened [8]. 

Thee transstenotic pressure drop is inversely proportional to the fourth power of 
thee niinimum luminal diameter. As a result, seemingly small changes in diameter are 
amplifiedd to large changes in stenosis resistance, causing substantial hemodynamic 
effectss [37]. This may especially occur in the presence of severe eccentric stenoses, in 
whichh the atherosclerotic plaque involves only a portion of the arterial wall, while the 
remainingg arc of the wall is relatively normal and often compliant. Changes in 
vascularr tone or distending pressure may then alter luminal caliber and thereby 
stenosiss severity [38]. Importantly, a decrease in distending pressure may thus occur 
followingg an increase in blood flow, e.g. due to a metabolic or pharmacological 
stimulus,, which increases the pressure drop over the stenosis. This in turn may lead 
too passive collapse of pliable segments, increasing the degree of the stenosis even 
furtherr [39]. Passive collapse of pliable stenosis may also occur when aortic pressure 
iss lowered. 

Thee coronary autoregulatory capacity is capable of compensating for the reduced 
distall  pressures until the constriction reaches 85% of the diameter. Until this point, 
restingresting coronary flow is not altered [40]. However, maximal coronary flow begins to 

11 AP - (8  |i  1  Q) / (71  r4), where AP is the pressure gradient due to viscous energy loss, u is 
viscosity,, 1 is the length of the vessel, Q is the flow through the vessel and r is the radius. 

22 P + XA -p  v2 = constant, where p is the fluid density and v the local velocity. Because of the 
conservationn of energy at the prestenotic segment and at the stenotic site, this yields AP = xh p  Q2 

 {A%A2 / As
2), where AP is the pressure gradient due to convective acceleration, Q is the flow, 

A%A22 is the percentage decrease in square area between the prestenotic segment and the stenotic 
region,, and As

2 is the square area of the stenotic region. Note that the pressure drop due to 
convectivee acceleration is proportional to the square of the flow, whereas the viscous pressure loss 
iss proportional to flow. 
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Figuree 1.7: Influence of a coronary stenosis on the coronary flow regulation characteristics. 
Shownn are three different autoregulation curves at three levels of MVO2. In healthy subjects 
thee measured flow (at a perfusion pressure of 100 mmHg) would change from A to B 
respectivelyy C at increasing levels of MVO2. In the presence of a coronary stenosis (dashed 
curvedd line) the flow will be only slightly affected due to the autoregulation, as long as the 
maximall  pressure-flow relation is not reached. The flow will change from a to b respectively 
cc in these circumstances. The stenosis induced drop in pressure will increase at higher 
coronaryy flow levels, due to the hydrodynamic law of Bernoulli and the occurrence of 
turbulencee at higher flows. 

declinee when stenosis diameter exceeds 30 to 45 %. However, assessment of the 
percentagee narrowing of coronary artery lumen is associated with major limitations, 
becausee it does not account for its absolute diameter, length, or eccentricity. This 
probablyy explains the poor correlation between the percentage narrowing and the 
physiologicall  significance of a stenosis, especially for lesions of moderate severity 

[41]. . 
Thee aforementioned observations demonstrate the important influence of 

mechanicall  aspects of coronary stenoses on the adequacy of coronary perfusion, not 
too mention the effect of coronary artery disease on the control of coronary blood 
floww itself. 
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CHAPTER2 2 

1.. Introduction 

Thee purpose of this chapter is to review several physiological pathways that may play 
aa role in the control of coronary blood flow. These pathways are either based on the 
releasee of endogenous substances related to metabolism, or based on the 
neurohumorall  system and/or the vascular endothelium. 

Below,, the endogenous substances are arranged according to the adaptation of 
floww to changes in metabolism, referred to as metabolic control of flow, and to the 
adaptationn of coronary vascular tone to changes in perfusion pressure, referred to as 
autoregulationn [1,2]. In addition, the neurohumoral system and the endothelium have 
ann effect on coronary vascular tone, and thus coronary blood flow, but their role is 
moree difficult to classify in specific metabolic control or autoregulatory effects. 
Hence,, these systems will be discussed in more general terms. 

2.. Metabolic control of coronary flow 

Ass has been demonstrated experimentally, coronary blood flow is closely coupled to 
myocardiall  metabolism. The present line of thought is that an alteration in the 
balancee of oxygen supply and demand leads to the production of vasodilatory 
substancess that may restore the supply/demand balance through a change in 
coronaryy blood flow. In this context, several substances and ion channels that may 
bee involved in the metabolic control of coronary flow have been identified. These 
includee adenosine, ATP sensitive K+ channels and nitric oxide. 

2.11 Adenosine in the metabolic control of coronary flow 
Adenosine,, a metabolite of adenine nucleotides is a widespread biological compound 
foundd in every cell of the human body. Since the identification of adenosine as an 
endogenouss coronary vasodilator, it was hypothesized to be a regulator of coronary 
bloodd flow [3]. According to the 'adenosine hypothesis', this substance was primarily 
releasedd in conditions of reduced myocardial oxygen supply or increased myocardial 
oxygenn demand, in order to maintain the balance between myocardial oxygen supply 
andd demand. In this way, adenosine might contribute to the homeostatic regulation 
off  coronary blood flow. 

Inn the heart, adenosine is produced in cardiomyocytes and the coronary 
endotheliumm by two major pathways: (1) dephosphorylation of AMP to adenosine 
andd phosphate and (2) the hydrolysis of S-adenosylhomocysteine to adenosine and 
homocysteinee (figure 2.1). The relative importance of both pathways varies under 
differentt conditions and possibly also in different tissues. The conversion of AM P to 
adenosinee is regulated by the activity of the enzyme 5'-nucleotidase which is greatly 
increasedd by stimuli that lower energy levels (including hypoxia, ischemia, and 
exercise)) and is decreased by adenosine, ATP and a,-adrenergic receptor stimulation. 
Adenosinee inactivation can occur via three different mechanisms: (1) phosphorylation 
too AMP by adenosine kinase, which is the preferential pathway, (2) degradation to 
inosinee by adenosine deaminase or (3) washout in the circulation. Furthermore, 
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Figuree 2.1: Schematic presentation of the synthesis and degradation of adenosine. SAH, S-
adenosylhomocysteïne;; ADO, adenosine. (From Mubagwa et al. [4]) 

methylxanthiness (e.g. aminophylline, 8-phenyltheophylline (8-PT)) may act as 
competitivee inhibitors of adenosine. 

Adenosinee causes its various effects by interacting with specific cell surface 
adenosinee receptors, of which the myocardial A,- and the vascular A2 receptor are 
thee most important. Coupling of adenosine with its A2 receptor, present on coronary 
vascularr smooth muscle and endothelial cells, produces potent vasodilation in most 
vascularr beds and several mechanisms for this effect have been proposed (for review 
seee [4j). 

Sincee adenosine levels in the interstitial fluid and coronary sinus increase when 
myocardiall  metabolism is increased, either by catecholamine infusion [5-9], pacing 
[10],, sympathetic stimulation [9,11], or exercise [8,12,13], adenosine has been 
postulatedd as a possible mediator of metabolic coronary flow regulation. In addition, 
itt was shown that adenosine levels correlated positively with coronary blood flow 
[12].. However, these findings do not necessarily imply that the release of adenosine 
iss the cause for the associated increase in coronary blood flow. 
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AA large number of studies revealed that administration of adenosine receptor 
blockerss or adenosine deaminase had littl e effect on the increase in coronary blood 
floww during metabolically induced changes in myocardial oxygen consumption 
(MVOJJ [11,14-22]. In addition, it was shown that the estimated interstitial adenosine 
concentrationn remained well below the threshold for coronary vasodilation, both at 
control,, during paired-pulse pacing [15], and during exercise [23,24]. The few studies 
inn humans also demonstrated that adenosine receptor blockade did not alter the 
decreasee in coronary resistance or the increase in coronary blood flow in response to 
exercisee [25], and pacing [26], respectively, despite substantial antagonism of 
adenosine-inducedd coronary dilation. Thus, adenosine is probably not involved in 
thee metabolic control of coronary flow under normal conditions. 

Underr conditions of hypoperfusion, however, coronary blood flow may be 
determinedd by other factors, than the factors responsible for metabolic flow 
regulation.. Duncker et al. [27] showed that after coronary vasoconstriction with 
glibenclamide,, the vasodilatory response to exercise was blunted by adenosine 
receptorr blockade with 8-PT. Thus, under conditions of relative hypoperfusion, 
adenosinee was suggested to have contributed to the exercise-induced increase in 
coronaryy blood flow. That the role of adenosine gets more important in conditions 
off  hypoperfusion may be related to the fact that it is released at a higher rate and 
thereforee is present at higher concentrations than found under physiological 
conditionss [28,29]. Headrick et al. [29] observed progressively greater increases in 
interstitiall  adenosine concentrations in isovolumically beating hearts (MV02 73 
nl/min/g)) than in empty beating hearts (MV02 51 nl/min/g) when both underwent 
similarr reductions in coronary blood flow. Thus, the release of adenosine appeared 
too be directly and inversely related to the oxygen supply-demand balance. However, 
thee question remains whether the observed increase in adenosine concentration 
contributedd to the overall coronary vasodilation in response to pacing or exercise. In 
thiss context, Richmond et al. [28,30] recently showed that estimated interstitial 
adenosinee did not increase sufficiently to reach vasoactive levels, suggesting that 
adenosinee did not mediate a compensatory mechanism for metabolic coronary 
vasodilationn under conditions of hypoperfusion. 

Inn conclusion, adenosine does not appear to be the primary mediator of the close 
couplingg between coronary blood flow and metabolism during metabolic coronary 
floww control. However, under conditions of hypoperfusion, there are indications that 
coronaryy blood flow may be dependent on the increased levels of adenosine. 

2.22 AT P sensitive K+ channels in the metabolic control of coronary flow 
ATPP sensitive K+ channels (K+ATP channels) identified in vascular smooth muscle 
cellss may contribute to the regulation of coronary blood flow. When these channels 
open,, K+ leaves the cell resulting in hyperpolarisation of the cell membrane. This 
leadss to vasorelaxation by reduced Ca2+ entry through closing of voltage-dependent 
calciumm channels. By definition, these channels are sensitive to ATP, which reduces 
thee open-state probability of these channels. In contrast, the open-state probability is 
enhancedd by a decrease in ATP, as in hypoxia or severe ischemia. In addition to 
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Figuree 2.2: Graphs showing the effect of intracoronary glibenclamide on the percent 
changess in coronary blood flow (CBF) (A), and on the ratio of the percent increase in CBF 
andd myocardial oxygen consumption (MVO2) in response to pacing (B). Data are mean 
(SEM).. (From Katsuda et al. [39]) 

metabolicc factors, these channels can also be opened by receptor activation (for 
examplee by adenosine) [31]. 

Drugss that modulate the open-state probability include the anti-diabetic 
sulfonylureaa compounds, e.g. glibenclamide and tolbutamide, agents that may block 
thee K+ATP channels specifically [32-34]. In contrast, a number of vasodilator 
substancess causing hyperpolarisation of coronary vascular cell membranes, such as 
cromakalim,, pinacidil, and nicorandil, supposedly exert their effect by selectively 
openingg K+ATP channels [34,35]. 
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Besidess their presence in vascular smooth muscle cells, these channels have also 
beenn described in various other tissues, including cardiac muscle [36], skeletal muscle 
[37],, and pancreatic beta-cells [38]. 

Theree is evidence that opening of K+ATP channels contributes to metabolic 
coronaryy vasodilation. In dogs, Katsuda et al. [39] demonstrated that K+ATP 
channell  blockade with intracoronary infusion of glibenclamide significantly 
attenuatedd metabolic coronary vasodilation in response to pacing by " 40 %, 
whereass basal flow and the pacing-induced increase in myocardial oxygen 
consumptionn remained unaffected, (figure 2.2). 

Howeverr different observations were reported by Duncker et al. [27,40,41] who 
studiedd the effect of K+AT P channel blockade on metabolic coronary vasodilation 
inn response to exercise in chronically instrumented dogs. In these studies, 
glibenclamidee did not impair the increase in coronary blood flow with exercise. 
However,, glibenclamide reduced basal coronary blood flow and myocardial oxygen 
consumptionn both at rest as well as during exercise [40]. Consequently, they 
concludedd that the coronary vasculature retains the capacity to dilate in response to 
increasess in oxygen demand when K+ATP channels are blocked. 

Thee reason for the difference between the studies by Duncker et al. [40] and 
Katsudaa et al. [39] is not clear, but it may be related to the different doses of 
glibenclamidee that were used. In the study by Duncker et al. [40], glibenclamide 
inducedd a substantial decrease in basal coronary blood flow, which lead to an 
impairmentt in myocardial function. Thus, in response to the deterioration of 
myocardiall  function other vasodilatory mechanisms may have been activated with 
exercisee (e.g. adenosine), so that the effect of glibenclamide may have been blunted 
(seee below). 

K+AT PP channels have also been reported to play a role in metabolic coronary 
vasodilationn induced by p-adrenoceptor stimulation. In anesthetized open chest 
dogs,, Narishige et al. [42] showed that glibenclamide dose-dependentry attenuated 
isoproterenol-inducedd increases in coronary blood flow, whereas the inotropic and 
chronotropicc responses were not affected by K+ATP channel blockade (figure 2.3, 
A).. The remaining vasodilation was completely attributable to direct stimulation of 
vascularr p2-receptors, since p, blockade with bisoprolol completely abolished the 
isoproterenoll  induced inotropic and chronotropic response, without preventing the 
remainingg isoproterenol-induced increase in coronary blood flow. This vascular p2-
receptor-mediatedd vasodilation was unaffected by glibenclamide (figure 2.3, B). 
Comparedd to isoproterenol, selective prreceptor activation with denopamine 
inducedd a similar increase in myocardial oxygen consumption and a smaller increase 
inn coronary blood flow. Glibenclamide almost completely abolished this prreceptor 
mediatedd increase in flow, again without affecting the increase in myocardial oxygen 
consumptionn (figure 2.3, C). To maintain adequate myocardial oxygenation, 
myocardiall  oxygen extraction increased during infusion of glibenclamide. However, 
thee reduction by glibenclamide of denopamine-induced increases in percentage 
systolicc segment shortening, suggests that myocardial oxygen supply may not have 
increasedd sufficiently. Based on these observations, Narishige et al. [42] concluded 
thatt metabolic coronary vasodilation by p,-adrenoceptor stimulation, was mediated 
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inducedd by isoproterenol 10 ng/kg/min (A), by isoproterenol after treatment with 
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byy opening of K+ATP channels of coronary vascular smooth muscle and that these 
channelss play a crucial role in maintaining adequate blood flow under conditions in 
whichh myocardial oxygen requirements are enhanced. 

AdenosineAdenosine mediated K+ATP charmd activation. Both the observation that after 
blockadee of K+ATP channels metabolic vasodilatory capacity is only partially 
inhibitedd [39], and the observation that metabolic vasodilation is restored when 
K+AT PP channels are blocked to such an extent that basal coronary blood flow is 
reducedd [40], suggest that other mechanisms contribute to metabolic coronary 
vasodilationn and that these mechanisms may become more important when 
myocardiall  oxygenation is jeopardized. 

Inn conscious dogs, Duncker et al. [27] suggested that in the presence of K+AT P 
channell  blockade and consequent ischemia-induced contractile dysfunction, 
increasedd endogenous adenosine production was responsible for the remaining 
coronaryy vasodilation produced by exercise, whereas under normal coronary flow 
conditionss adenosine had no effect on coronary blood flow at rest or during 
exercise.. The mechanism behind this adenosine-mediated vasodilation during 
exercisee may be related to the effect of adenosine on K+ATP channels. When 
intracellularr mechanisms to open K+ATP channels are inhibited by glibenclamide 
andd myocardial dysfunction develops, a compensatory increase in interstitial 
adenosinee concentrations may cause an adenosine receptor-mediated activation of 
thee K+ATP channel. 

However,, studies by Richmond et al. [28,30] plead against the hypothesis that an 
increasee in adenosine release may compensate for the loss of K+ATP channel 
function,, because they found that interstitial adenosine concentrations did not 
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increasee sufficiently to overcome the inhibition of K+ATP channels by 
glibenclamidee when oxygen consumption was increased, either by paired pacing [28] 
orr exercise [30]. 

Alternatively,, adenosine may have counteracted the vasoconstrictive effects of 
glibenclamidee in part via another vasodilator pathway which does not involve the 
K+AT PP channel, e.g. by activating adenylate cyclase. This is supported by the 
observationn that the glibenclamide-induced inhibition of the vasodilation produced 
byy administration of adenosine is not complete [27]. Thus, adenosine can also exert 
itss effects through other routes than the K+ATP channel. 

2.33 Nitri c oxide in the metabolic control of coronary flow 
Nitri cc oxide is a potent vasodilator substance that is produced by the endothelium 
(seee paragraph 5.1). There is much controversy about nitric oxide's role in the 
responsee of coronary resistance vessels to metabolic stimuli. Based on a study in 
anesthetizedd dogs, Katsuda et al. [43] concluded that nitric oxide did not modulate 
metabolicc coronary vasodilation induced by tachycardia, since inhibition of nitric 
oxidee synthesis with AT-riitro-L-arginine-methyl-esther (L-NAME) did not alter the 
pacing-inducedd increases in coronary blood flow, myocardial oxygen consumption or 
regionall  myocardial blood flow. Others [24,44,45] also concluded that blockade of 
nitricc oxide synthesis did not influence the increase in coronary blood flow produced 
byy exercise. In chronically instrumented dogs, Berdaux et al. [46] indeed showed that 
thee endothelium was not essential for metabolic vasodilation of coronary resistance 
arteries,, because in vivo balloon endothelial denudation did not change the coronary 
bloodd flow responses to exercise. In another study, Domenech et al. [47] showed 
thatt inhibition of nitric oxide production did not change the linear relation between 
myocardiall  oxygen consumption and coronary flow. Thus, based on these studies in 
animals,, nitric oxide does not seem to be essential for the metabolic regulation of 
coronaryy vascular resistance. 

Inn contrast to the consistent results of these experimental studies, studies in 
humanss have yielded more conflicting conclusions. Whereas some authors [48,49] 
showedd that inhibition of nitric oxide with intracoronary administration of Â *-
monomethyl-L-argininee (L-NMMA ) attenuated the pacing-induced increases in 
coronaryy blood flow (figure 2.4), others [50-52] found that pacing induced increases 
inn coronary blood flow were similar before and after nitric oxide inhibition. They 
concludedd that other microvascular signals may have acted to overcome L-NMM A 
inducedd vasoconstriction when faced with an increase in myocardial oxygen demand 
[52].. Sofar a satisfactory explanation for these inconsistent observations regarding 
thee role of nitric oxide in human metabolic coronary flow control has not been given 
yet. . 

3.. Autoregulation 

Coronaryy autoregulation has been defined as the intrinsic ability of the heart to 
maintainn coronary blood flow constant despite changes in coronary perfusion 
pressure.. The precise mechanism(s) responsible for maintaining coronary blood flow 
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Figuree 2.4: Effect of inhibition of nitric oxide synthesis on metabolic vasodilation. The 
graphss show the percent change in coronary vascular resistance, coronary blood flow, and 
proximall  and distal epicardial coronary diameters during control pacing and on pacing after 
NG-mono-methyl-L-argininee (L-NMMA) . Open circles indicate patients with risk factors for 
coronaryy atherosclerosis {hypercholesterolemia, hypertension, diabetes), and hatched circles 
indicatedd those patients without risk factors. Values are expressed as mean (SEM). *, p 
<0LO55 Control Pacing vs. L-NMMA + Pacing; t. P <0.05 no risk factors vs. risk factors. 
(Fromm Quyyumi et al. [48]) 
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inn the presence of decreasing coronary perfusion pressure remain (s) controversial, 
althoughh coronary autoregulation is probably linked to myocardial metabolism 
throughh perfusion pressure induced changes in metabolic substrates or metabolites 
(seee chapter 1). 

3.11 Oxygen and carbon dioxide tension in coronary autoregulation 
Changess in myocardial oxygen and carbon dioxide tensions may mediate coronary 
autoregulation.. In goats, when varying coronary perfusion pressure at different levels 
off  heart rate, Drake-Holland et al. [53] found a linear relation between coronary 
venouss p 02 and coronary vascular resistance, which supports the theoretical oxygen 
controll  model discussed in chapter 1 (figure 2.5). In addition, it illustrates that the 
dominantt mechanism of coronary autoregulation is probably metabolic. 

Studyingg the relation between coronary venous p 02 and the 'quality of 
autoregulation',, Dole et al. [54] found an inverse relationship between coronary 
venouss p 02 and the quality of coronary autoregulation; good autoregulation was 
observedd when coronary venous pOa was 25 mrnHg, while autoregulation was lost 
whenn coronary venous p 02 was more than 32 mrnHg. However, their definition of 
autoregulatoryy quality has been disputed, since this definition automatically yielded a 
betterr quality of autoregulation at high baseline flow rates (high baseline flow rates 
aree expected at high levels of myocardial oxygen consumption, which by itself is 
associatedd with low coronary venous p 02 tensions). 

Althoughh possibly involved in the phenomenon of autoregulation, the effect of 
carbonn dioxide tension is probably small. Changes in carbon dioxide tension are too 
sloww to explain the rapid changes in vascular resistance which occur during coronary 
autoregulation;; after a 50 % step decrease in coronary flow, coronary venous carbon 
dioxidee tension reached 90 % of its change in 58 seconds, whereas coronary venous 
oxygenn tension completed this change in only 13 seconds [54]. Because the effect of 
oxygenn tension on coronary blood flow is twice as strong as compared to the effect 
off  carbon dioxide tension [55,56], it is generally accepted that carbon dioxide is not 
ann important mediator of coronary autoregulation. 

3.22 Adenosine in coronary autoregulation 
Becausee adenosine was postulated to play a role in the metabolic control of coronary 
bloodd flow, adenosine might also contribute to coronary autoregulation. However, in 
aa large number of studies, adenosine deaminase or adenosine receptor antagonists 
didd not affect coronary flow over the autoregulatory pressure range [57-59]. In 
addition,, interstitial adenosine levels did not change with decreases in coronary 
perfusionn pressure [57]. Therefore, adenosine was reported a poor candidate as 
mediatorr of coronary autoregulation in the normal heart. 

Inn contrast, when coronary pressure was reduced below the lower autoregulatory 
breakpointt of 50 mrnHg, adenosine receptor blockade with 8-PT resulted in a small 
butt significant decrease in coronary blood flow [41]. Similarly, adenosine receptor 
blockadee reduced coronary blood flow distal to a coronary artery stenosis, whereas 
coronaryy blood flow in regions of myocardium supplied by the nonstenotic coronary 
arteryy remained unchanged [60,61]. Thus, reductions in coronary artery pressure 
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Figuree 2.5: Relation between coronary vascular resistance and coronary venous p02, 
studiedd at constant heart rates (HR), while varying coronary perfusion pressure (Pp), o = 
HRR 100/min; a = HR 140/min; . = HR 180/min. (From Drake Holland et al. [53]) 

sufficientt to cause myocardial hypoperfusion, result in an augmented adenosine 
production,, which may contribute to coronary vasodilation. 

3.33 Nitri c oxide in coronary autoregulation 
Inn conscious dogs, Smith and Canty [62] found that inhibition of nitric oxide 
synthesiss with L-NAM E had no effect on resting flow or coronary flow adjustments 
overr the autoregulatory plateau (figure 2.6). Closed loop autoregulatory gain1 at 
controll  (0.84 + 0.09) was unchanged after inhibition of nitric oxide (0.78 + 0.07). 
Althoughh Smith and Canty could not study the effect of nitric oxide on 
autoregulationn at pressures exceeding aortic pressure, their findings indicate that the 
rolee of nitric oxide in mediating resistance changes over the autoregulatory plateau is 
probablyy limited and suggest that either metabolic and/or myogenic mechanisms are 
predominantt [62]. 

Smithh and Canty also showed that inhibiting nitric oxide synthase with L-NAM E 
increasedd the lower autoregulatory breakpoint from 45 + 3 mmHg under control 

11 Autoregulatory gain = 1 - (AF/AP • Pi/Fi), where AF/AP is the slope of the autoregulatory plateau, 
Pii is the resting coronary pressure and Fi is the resting coronary flow. 
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Figuree 2.6: Effect of inhibition of nitric oxide synthesis on coronary autoregulation. Shown 
aree the pressure flow relationships under control conditions (open circles) and following 
inhibitionn of nitric oxide synthesis with A^-nitro-L-arginine-methyl-esther (L-NAME) 
(hatchedd triangles). L-NAME had no significant effect on flow regulation over the 
autoregulatoryy plateau. The lower autoregulatory break point (arrows) as well as the 
pressuree flow relationship during hypoperfusion were, however, shifted to the right after 
inhibitionn of nitric oxide production. (From Smith et al. [62]) 

conditions,, to 61 + 2 mrnHg after L-NAME. In addition, both the slope of the 
coronaryy pressure-flow relation below the autoregulatory breakpoint and the peak 
reactivee hyperemic flow were reduced, reflecting an impaired capability to minimize 
coronaryy vascular resistance in this condition. Thus, it appears that under conditions 
off  hypoperfusion, production of nitric oxide may play a role in minimizing coronary 
vascularr resistance. 

Inn contrast to Smith' study, Ueeda et al. [63] reported that coronary 
autoregulationn improved after inhibition of nitric oxide in the non-working isolated 
guineaa pig heart. This discrepancy with the study by Smith and Canty [62] may be 
relatedd to the intrinsic ability of the vasculature to autoregulate flow. Ueeda et al. [63] 
reportedd an autoregulatory gain of 0.16, which indicates a relatively vasodilated 
circulationn that may have been due to high levels of nitric oxide. Since nitric oxide 
mayy attenuate the myogenic component of autoregulation, this may explain the 
improvedd autoregulation after inhibition of nitric oxide. In contrast, under 
conditionss in which the intrinsic ability of the heart to autoregulate flow is high (high 
autoregulatoryy gain), autoregulation is not affected by inhibition of nitric oxide. 

Thee relative contnbution of the myogenic and metabolic components of 
autoregulationn may vary in different vascular beds. In vascular beds with almost no 
autoregulationn (e.g. the skin), nitric oxide may completely oppose the myogenic 
componentt of the autoregulatory responses. In these vascular beds, autoregulation 
wil ll  improve after abolishment of the opposing nitnc oxide factor. However, in 
vascularr beds suggested to have predominantly metabolic autoregulation with littl e 
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myogenicc activity, the effect of nitric oxide inhibition on the myogenic 
autoregulatoryy responses will hardly influence the total process of autoregulation. 

3.44 ATP sensitive K+ channels in coronary autoregulation 
Sincee autoregulation is supposedly controlled by the same basic flow regulatory 
mechanismss that play a role in metabolic coronary flow regulation, the involvement 
off  K+AT P channels in coronary autoregulation has also been determined. Studying 
anesthetizedd dogs, Komaru et al. [64] reported that coronary epicardial microvascular 
dilationn distal to a coronary artery stenosis, was abolished by topical administration 
off  glibenclamide. Using an extracorporeal circuit for pressure controlled perfusion of 
thee left anterior descending coronary artery, Narishige et al. [65] confirmed that 
intracoronaryy glibenclamide abolished coronary autoregulation in the canine heart at 
coronaryy pressures between 50 and 110 mmHg. These results indicate that 
progressivelyy more K+ATP channels are activated as coronary pressure decreases, 
whichh is supported by the finding that pinacidil increased coronary flow at normal 
pressures,, but not at pressures below the lower autoregulatory breakpoint, suggesting 
that,, as perfusion pressure reaches this lower breakpoint, most of the K+ATP 
channelss have become activated [41]. Therefore it is likely that K+ATP channels 
playy a significant role in the coronary microvascular response to reductions in 
coronaryy perfusion pressure, determining coronary autoregulation. 

Inn contrast, Stepp et al. [59] found that K+ATP channels were not necessary for 
coronaryy autoregulation. In closed-chest dogs, they demonstrated that autoregulation 
wass preserved during infusion of gübenclamide, although glibenclamide reduced 
coronaryy blood flow by 19 % at each perfusion pressure, over the autoregulatory 
rangee from 100 to 60 mmHg. However, in their study, coronary venous carbon 
dioxidee tension rose progressively with decreasing coronary pressures after 
glibenclamide,, which indirectly suggests that carbon-dioxide-mediated vasodilation 
mayy have compensated for the loss of K+ATP channel function, thereby masking 
thee effect of glibenclamide on coronary autoregulation. 

Thee mechanism by which a decrease in coronary perfusion pressure may activate 
K+AT PP channels is at present unknown, although it may be related to changes in 
metabolites.. For example, a reduction in myocardial tissue oxygen concentration 
withh decreases in coronary perfusion pressure may be a signal that (indirectly) 
regulatess the activation of K+ATP channels in vascular smooth muscle cells, leading 
too vasodilation [66] and restoration of coronary blood flow to the previously existing 
level.. In this respect, it is interesting that coronary autoregulation has been shown 
stronglyy coupled to tissue oxygen tension [53,54]. However, other metabolites, such 
ass ADP, lactate and extracellular cations, might also contribute to the activation of 
K+AT PP channels [67]. 

4.. Neurohumoral control 

Thee coronary circulation is richly innervated by both sympathetic and 
parasympatheticc nerves and their activation can exert important influences on 
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coronaryy vasomotor tone. Both circuits are assumed to maintain equilibrium and 
homeostasiss by functionally counteracting each other. 

4.11 Sympathetic control 
Regardingg the sympathetic nervous system, both alpha and p-adrenergic receptors 
havee been identified in the coronary circulation. Whereas alpha-receptors are 
predominantlyy present in the epicardial arteries [68], p-receptors are located in the 
smallerr transmural vessels and small coronary arteries [69,70], 

Stimulationn of alpha-receptors unequivocally leads to vasoconstriction, due to 
increasedd levels of calcium intracellularly. This vasoconstrictive response limits 
vasodilationn in the subepicardial vessels and prevents coronary steal by favorably 
influencingg the transmural distribution of blood flow to the subendocardium [71]. It 
cann be blocked by the simultaneous administration of alpha-receptor blockers such 
ass phentolamine. 

However,, the response to stimulation of P-receptors is less clear. This is due to 
thee concomitant effect of p-agonists on the p-receptors of the myocardium, causing 
ann inotropic and chronotropic response, which by itself leads to metabolic coronary 
vasodilation.. There are however indications that when the p-receptor-induced 
inotropicc and chronotropic responses are blocked, p-agonists also have the ability to 
producee coronary vasodilation directly [72]. This direct p-adrenergic coronary 
vasodilationn of resistance vessels is possibly mediated by an endothelium dependent 
mechanismm that is linked to the nitric oxide pathway [73]. 

AdrenergicAdrenergic stimulation. Adrenergic stimuli may influence coronary vasomotor tone 
duringg interventions that activate the sympathetic nervous system, such as exercise, 
thee cold pressor test and mental stress. The net effect of the increased sympathetic 
activityy is dilation of coronary resistance vessels and an increase in coronary blood 
flow,flow, which is mainly related to the norepinephrine content of the cardiac 
sympathetic-nervee terminals rather than the level of circulating catecholamines [74]. 
Thee exact mechanism behind the activation of cardiac sympathetic-nerve terminals 
andd coronary vasodilation however remains complex, especially since Zeiher et al. 
[75]]  showed that the increase in coronary blood flow in response to sympathetic 
stimulationn with the cold pressor test remained unchanged after intracoronary p-
adrenergicc blockade with propranolol. 

BasalBasal coronary vessel tone. There is conflicting evidence regarding the contribution of 
thee sympathetic nervous system to resting coronary vasomotor tone. Acute surgical 
denervationn of the heart had been shown to reduce coronary vascular resistance and 
arteriovenouss oxygen extraction [71], In addition, some studies reported that 
coronaryy vascular resistance decreased after blockade of a-adrenergic receptors, 
suggestingg the presence of a tonic a-adrenergic vasoconstrictive effect [76]. 
However,, Di Carli et al. [74] showed that basal coronary flow in transplant recipients 
wass similar in different coronary territories, despite apparent differences in the 
sympatheticc innervation between these territories. This finding was in line with 
studiess by Hodgson et al. [77] who showed that intracoronary infusion of 
phentolaminee induced minimal changes in epicardial diameter and coronary 
resistance,, in both normally innervated and denervated, cardiac transplant patients, 
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Figuree 2.7: Responses of normal and stenotic coronary arteries to dynamic exercise (Ex) 
afterr intracoronary phentolamine (PHE) administration in patients. Data are shown for 
controll  patients (•) and for patients receiving phentolamine (o). Coronary cross sectional 
areaa (CSA) is expressed in percent of resting luminal area. Normal vessel size remained 
unchangedd after phentolamine administration and increased during exercise in both the 
controll group and the group receiving phentolamine. However, in phentolamine treated 
patientss paradoxical stenosis vasoconstriction was prevented during exercise. (From Julius 
ett al. [805 

indicatingg that resting a-adrenergic tone was negligible. Furthermore, in healthy 
volunteerss without signs or risk factors of coronary artery disease, no difference in 
restingg perfusion (measured with PET) before and after ten days of oral treatment 
withh the selective arantagonist doxazosin was found [78]. Finally, Van der Stroom et 
al.. [79] found no change in coronary sinus blood flow following the intracoronary 
administrationn of increasing doses of urapidil in patients with coronary artery disease. 
Juliuss et al. [80] reported similar findings in a comparable group of patients, 
demonstratingg that cross sectional areas of both normal and stenotic vessel segments 
weree unaffected by intracoronary infusion of phentolamine. Thus, it appears that a-
adrenergicc coronary constrictor tone does not contribute to resting coronary vessel 
tonee [81,82]. 

MetabolicMetabolic eontmL The role of a-adrenergic mechanisms in the coronary response to 
dynamicc exercise was studied in patients given an a-adrenergic receptor blocker and 
inn control patients without a-adrenergic blockade. In response to exercise, coronary 
cross-sectionall areas of normal vessel segments increased similarly in both groups, 
indicatingg that in these normal segments metabolic coronary vasodilation was not 
influencedd by an a-adrenergic mechanism [80]. However, while in the control 
patientss the stenotic coronary segments constricted in response to exercise, this 
responsee was blunted and reversed to vasodilation in the patients taking 
phentolaminee (figure 2.7). Similarly, in dogs it was shown that the exercise-induced 
vasoconstrictionn of the left circumflex artery after endothelial denudation, was 
alleviatedd after the blockade of aradrenoceptors with prazosin [46]. Thus, the 
mechanicall removal of the endothelium unmasked the vasoconstrictor effect of the 
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exercise-inducedd catecholamine release at the level of epicardial coronary cij-
adrenoceptorss [83]. 

Thesee findings strongly suggest that a-adrenergic activation contributes to the 
exercise-inducedd vasoconstriction of stenotic coronary artery segments, whereas 
normall  segments remain unresponsive to the increased levels of circulating 
catecholaminess during exercise. Thus, it appears that exercise induced 
vasoconstrictionn of stenosed coronary arteries is mediated not only by endothelial 
dysfunction,, but also by a-adrenergic mechanisms. 

Inn summary, at rest there appears to be no a-adrenergic coronary constrictor tone 
inn the normal coronary circulation. In the presence of coronary atherosclerosis 
however,, a-adrenergic constriction is unmasked in response to sympathetic 
activation.. This latter mechanism also contributes to the observed exercise-induced 
vasoconstrictionn of coronary stenoses. 

4.22 Parasympathetic control 
Historically,, when studying the effect of the autonomic nervous system on coronary 
dynamics,, much emphasis has been laid on the sympathetic circuit of the autonomic 
nervouss system, whereas littl e attention has been paid to the parasympathetic system. 
Thiss may be due to the fact that it is notoriously difficult to obtain quantitative 
informationn on parasympathetic neuronal activity in vivo, because the 
neurotransmitterr of this system, acetylcholine is degraded extremely rapidly by 
acetylcholinee esterases. Therefore, information about the effect of the 
parasympatheticc system on the coronary vasculature is often obtained by studying 
thee coronary response to muscarinic receptor agonists such as acetylcholine and 
carbachol. . 

Parasympatheticc stimulation leads to coronary vasodilation, that can be blocked 
byy atropine. Since the acetylcholine-induced vasodilator response is secondary to the 
endotheliall  release of nitric oxide, many of the parasympathetic effects on the 
coronaryy circulation can thus be related to the effects of nitric oxide. For example, 
thee role of the parasympathicus in the regulation of coronary vasomotor tone will 
likelyy be reduced in the presence of endothelial dysfunction, because of the reduced 
nitricc oxide availability in that setting. Thus, besides the well known acetylcholine-
induced,, nitric oxide mediated effects of the parasympathicus, very littl e is known 
aboutt the role of the parasympathic nervous system itself in the process of coronary 
floww control. 

Inn isolated canine saphenous veins and rabbit ear arteries, stimulation of 
muscarinicc receptors on the sympathetic nervous system attenuated the release of 
noradrenalinee in response to electrical stimulation [84,85]. Thus, through inhibition 
off  sympathetic outflow, parasympathetic stimulation may also affect coronary 
vasomotorr tone. 

4.33 Peptidergic control 
Itt is generally believed that neural control depends primarily on the release of 
noradrenalinee and acetylcholine from sympathetic and parasympathetic nerve 
terminals,, respectively. However, it is now recognized that in addition to the classic 
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neurotransmitters,, other putative transmitters (including several vasoactive peptides) 
alsoo have vasoactive properties. These peptides identified in nerves associated with 
coronaryy vessels include calcitonin-gene-related peptide, neuropeptide Y and 
vasoactivee intestinal peptide. Most of these compounds influence coronary tone in a 
duall  action. Through their specific receptors on endothelial cells, they stimulate the 
formationn of endothelium-derived nitric oxide by activating endothelial nitric oxide 
synthase,, which leads to a reduction in vascular tone. In contrast, an increase in 
vascularr tone is achieved by their action on specific receptors located on the vascular 
smoothh muscle cells. The subsequent net effect on vascular tone depends on the 
relativee strength of these two opposing actions and, under pathophysiological 
conditions,, in particular on the functional integrity of the endothelium. 

Althoughh neuropeptide Y, which is co-stored and released with noradrenaline 
fromm sympathetic nerve terminals, has generally been regarded as a vasoconstrictor 
peptide,, its functional significance in the regulation of coronary vasomotor tone still 
hass to be defined [86]. This also applies to vasoactive intestinal peptide, which is 
presentt in post-ganglionic parasympathetic nerve fibers and has been shown to have 
aa direct vasodilatory effect on coronary arteries [87]. The precise role of the 
neuropeptide-containingg nerve fibers in the control of coronary flow is however at 
presentt still uncertain. 

5.. Endothelial modulation of coronary vascular tone 

Thee luminal surface of the coronary vessels is lined by endothelial cells which are in 
closee contact with the smooth muscle cells constituting the media. These endothelial 
cellss play a major role in the control of coronary blood flow, since they modulate the 
contractilee activity of the underlying smooth muscle through the secretion and 
synthesiss of substances with different biological activities in response to a variety of 
pharmacologicall  agents (e.g. acetylcholine and substance P [88]) and physical stimuli 
(e.g.. shear stress [89] and pulsatile flow [90]). 

5.11 Nitri c oxide and endothelial control of coronary vasomotor  tone 
Off  all the substances produced by the endothelium, endothelium derived relaxing 
factor,, generally believed to be similar to nitric oxide, is probably the most important 
[91].. In the vascular smooth muscle cell, nitric oxide activates soluble guanylate 
cyclase,, which increases the intracellular levels of cyclic guanosine monophosphate 
(cGMP)) from guanosine triphosphate [92]. This reduces the intracellular calcium 
concentrationn in the vascular smooth muscle cell, which leads to relaxation and 
vasodilationn [93,94]. 

Thee synthesis of nitric oxide by endothelial cells requires the presence of 
endotheliall  nitric oxide synthase (eNOS), a calcium sensitive enzyme, which is 
constitutivelyy expressed in endothelial cells. Under control of this enzyme, nitric 
oxidee and the amino acid L-citrulline are formed from L-arginine and oxygen, using 
NADPHH as a reductor. The activity of eNOS in turn is regulated by intracellular 
concentrationss of calcium. A variety of endothelium-dependent stimuli, including 
serotinine,, histamine, bradykinin and acetylcholine, which activate receptor-coupled 
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G-proteins,, finally lead to increased calcium concentrations in the endothelial cells 
andd may therefore increase the production and release of nitric oxide [95]. 

Analoguess of L-arginine, such as L-NAM E or L-NMM A can competitively block 
thee synthesis of nitric oxide by inhibiting eNOS [96-98]. For this reason, the arginine 
analoguess have been used extensively to study the contribution of nitric oxide in the 
processs of coronary flow control. 

Itt has become clear that endothelium-derived nitric oxide plays a crucial role in 
thee generation of the coronary vessel tone of coronary conduit arteries. This 
indicatess that the continuous, basal release of nitric oxide from endothelial cells 
keepss the conduit vasculature in a dilated state. However, whether this mechanism 
alsoo contributes to coronary vessel tone of coronary resistance vessels continues to 
bee disputed. Whereas in vitro studies suggested that the basal release of nitric oxide 
contributedd to basal coronary vasomotor tone of coronary resistance vessels 
[96,98,99],, in vivo studies in dogs could not confirm these findings 
[43,62,97,100,101].. In contrast, in humans it was demonstrated that during 
intracoronaryy infusion of L-NMM A coronary blood flow decreased and coronary 
vascularr resistance increased [48,50,52,102,103]. Thus, it appears that in humans the 
tonicc release of nitric oxide supposedly contributes to the vascular conductance of 
bothh epicardial as well as coronary resistance vessels and that role of nitric oxide in 
thee generation of basal coronary vasomotor tone of resistance vessels is more 
pronouncedd in man than in dogs. 

Ann alternative explanation may involve the heterogeneous vasoactive properties 
off  nitric oxide. In open-chest dogs, Jones et al. [104] measured coronary 
microvascularr diameters by stroboscopic epi-illumination and intravital microscopy 
andd demonstrated that L-NAM E constricted small arteries (> 100 ^m), whereas 
arterioless (< 100 |am) dilated (figure 2.8). These findings suggest that nitric oxide 
causess heterogeneously distributed vasodilation of the coronary microcirculation and 
thatt it aids in the maintenance of a normal distribution of coronary microvascular 
resistance,, by tonically dilating arteries between 100 and 300 ^m in diameter. In this 
way,, nitric oxide may preserve the vasomotor tone and vasodilator potential of the 
smallerr microvessels (<100 |im) which are most sensitive to metabolite- and 
pressure-mediatedd dilation [104]. This heterogeneous response of the coronary 
microcirculationn makes the interpretation of alterations in total coronary vascular 
resistancee in response to L-NMMA very difficult. The opposing responses of small 
arteriess and arterioles to L-NMMA may counteract each other in such a way that 
totall  coronary vascular resistance remains unaffected. Nitric oxide may thus regulate 
thee distribution of coronary microvascular resistance, without changing total 
coronaryy vascular resistance. 

Inn addition to basal release by the vascular endothelium, nitric oxide is also 
producedd in response to a variety of receptor-dependent and independent 
pharmacologicall  substances, including acetylcholine, bradykinin, substance P, and 
calciumm ionophore. In fact, it was the endothelial release of nitric oxide which 
explainedd the dual action of acetylcholine: although a potent vasodilator when 
administeredd in vivo, acetylcholine elicited contractile responses in most isolated 
vascularr smooth muscle preparations. After the discovery that relaxation induced by 
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Figuree 2.8: Scatterplot showing the percent changes in coronary microvascular diameters 
causedd by inhibition of nitric oxide synthesis with L-NAME plotted against baseline 
diameters.. L-NAME constricted small coronary arteries (> 100 micrometer) and dilated 
arterioless (< 100 micrometer). (From Jones et al. [104]) 

acetylcholinee was abolished by the removal of the endothelium [91], it became clear 
thatt it was the endothelial lining which was essential for the vasodilator action of 
acetylcholine,, because of the acetylcholine-induced endothelial release of nitric oxide. 

Inn addition to the acetylcholine induced release of nitric oxide, other 
acetylcholine-inducedd mechanisms may also contribute to its vasodilator activity, 
includingg the induced membrane hyperpolarisation of vascular smooth muscle cells, 
whichh by itself may cause vasodilation [105]. By some authors, nitric oxide itself was 
thoughtt to be responsible for the hyperpolarisation and several explanations for the 
hyperpolarizingg effect of nitric oxide have been proposed [106-110]. However, not 
alll the hyperpolarisation was explained by nitric oxide [111,112], and therefore, 
anotherr diffusable substance capable of mediating smooth muscle cell 
hyperpolarisationn and relaxation was suggested to be released by the vascular 
endotheliumm [113]. However, in subsequent years it appeared that the degree to 
whichh hyperpolarisation contributed to relaxation was reportedly small or even 
nonexistent,, since, frequently, endothelium-dependent effects on the membrane 
potentiall did not coincide with the relaxation or constriction of smooth muscle cells 
(forr review see Cohen et al. [114]). 
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Sincee nitric oxide is also released in response to physical stimuli such as shear 
stress,, it plays an important role in the flow-induced vasodilation of coronary 
arteries.. From animal experiments there is indeed ample evidence that the 
vasodilationn of large epicardial arteries in response to exercise is dependent on flow-
mediatedd relaxation, controlled by the release of endothelium-derived nitric oxide 
[45,46,115].. Several clinical studies [48-52,116] corroborated the animal experiments 
byy showing that inhibition of nitric oxide uniformly resulted in impaired epicardial 
vasomotorr responses to exercise and pacing. Thus, the endothelium is essential for 
epicardiall  coronary artery dilation in response to increased myocardial work through 
aa nitric oxide mediated mechanism, which is likely to be related to the metabolically 
inducedd increase in coronary blood flow and shear stress. 

5.22 Bradykinin and endothelial control of coronary vasomotor tone 
Increasedd shear forces stimulate the formation of bradykinin in vascular 
endothelium.. Bradykinin binds to two kind of receptors: the r^ and B, receptor. B2 

receptorss are more sensitive to bradykinin than B, receptors. Bradykinin-receptor 
stimulationn activates NOS in a calcium dependent manner, which leads to increased 
endotheliall  release of nitric oxide. In addition, bradykinin receptor stimulation results 
inn the release of another powerful vasodilator: prostacyclin. 

Theree are indications that bradykinin does not contribute to the maintenance of 
coronaryy vasomotor tone under physiological conditions; in conscious dogs it was 
shownn that coronary blood flow remained unchanged following the administration 
off  the specific bradykinin-receptor antagonist HOE-140, despite a slight, but 
significantt fall in endothelial nitric oxide production [117]. The acute effects of 
bradykininn on coronary vascular tone thus appear to be minimal, although its specific 
rolee in the regulation of coronary flow especially under pathophysiological 
conditions,, has not been clarified conclusively. 

5.33 Prostanoids and endothelial control of coronary vasomotor tone 
Thee prostaglandin-thromboxane system probably does not play a major role in the 
regulationn of myocardial perfusion under physiological conditions. These 
prostanoidss are derivatives of arachidonic acid and are produced by endothelial cells 
inn a reaction regulated by cyclo-oxygenase, which can be blocked by substances such 
ass indomethacin, acetylsalicylic acid (aspirin), and other non-steroidal anti-
inflammatoryy agents. 

Prostacyclinn (PGIj), or prostaglandin I2, is the major breakdown product of cyclo-
oxygenasee and the major vasodilatory prostaglandin. It is mainly synthesized in 
endotheliall  cells and platelets and it exerts its vasodilatory and anti-aggregatory 
functionn by receptor-mediated activation of adenylate cyclase. In the vascular 
smoothh muscle cell, the subsequent increase in cAMP causes relaxation. In platelets, 
thee increase in cAMP inhibits adhesion, aggregation and the release of pro-
aggregatoryy and vasoconstrictor compounds such as serotonin and thromboxane. 
Thee synthesis of PGI2 can be enhanced by a variety of endogenous substances (ATP, 
bradykinin,, histamine, catecholamines), and exogenous drugs (nifedipine, diltiazem, 
ACE-inhibitors,, nitrovasodilators, dipyridamole). 
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Thromboxanee in turn, is mainly formed in platelets and only to a small extent in 
thee vasculature, where it induces platelet aggregation and vasoconstriction, 
respectively.. This is achieved by increasing the cytosolic concentration of calcium, 
viaa formation of inositol-1,4,5-triphosphate and a protein kinase C mediated 
mechanism,, and a decrease in cAMP. However, the constrictor effect of 
thromboxanee may partially be offset by the simultaneous release of prostacyclin by 
functionallyy intact endothelium. 

Althoughh both prostacyclin and thromboxane have the potential to influence 
coronaryy flow, they do not appear to play an important role in the process of 
coronaryy flow regulation, at least not under physiological conditions. Coronary 
vasomotorr tone of functionally intact vessels was not substantially changed by 
blockadee of prostanoid formation. Thus, in dogs, no change in coronary blood flow 
waswas found after indomethacin or selective thromboxane receptor blockade [118,119]. 
Thee flow-response to an increase in myocardial oxygen consumption induced by 
exercisee was also preserved after indomethacin [118,119]. Thus, prostanoids are 
probablyy not involved in the process of metabolic coronary flow regulation. 

Inn contrast, in patients with coronary artery disease, coronary vascular resistance 
andd myocardial oxygen extraction increased substantially after intravenous 
administrationn of indomethacin [120,121]. This suggests that the contribution of 
prostacyclinn to the vasodilator state of the vasculature becomes more pronounced in 
coronaryy artery disease. This is in line with the observation that prostacyclin-
biosynthesiss is increased in patients with coronary artery disease [122]. In conscious 
L-NMMA-treatedd dogs, it was shown that the cyclo-oxygenase pathway was involved 
inn the coronary reactive hyperemia and in the residual relaxation to bradykinin, 
whereass in control dogs the cyclo-oxygenase pathway was not involved [123]. 

Thuss it is conceivable that in pathological conditions in which certain vasodilator 
mechanismm are not longer functional, other vasodilator mechanisms, e.g. 
prostacyclin,, may compensate for the reduced vasodilator potential. 

5.44 Endothelins and endothelial control of coronary vasomotor  tone 
Endothehnss (ET) are peptide hormones with a large array of potent biological 
actions,, acting as modulators of vasomotor tone, cell proliferation and hormone 
production.. To date, three members of the family have been described, ET-1, ET-2 
andd ET-3. ET-1 is exclusively produced in the endothelial cells, whereas a variety of 
otherr tissues produce ET-2 and ET-3. The synthesis and secretion of ET-1 can be 
activatedd within minutes. Initially 'big endothelin' is formed, from which ET-1 
originatess after extracellular proteolitic cleavage by endothelin converting enzyme. 
Thee synthesis and release of ET-1 can be elicited by various physico-chemical 
stimuli,, including shear stress and hypoxia. In addition, the process can be initiated in 
aa receptor-mediated manner by a variety of growth factors and vascular proteins, 
includingg thrombin, angiotensin II , interleukin-1, and insulin. 

Thee release of ET-1 is for 75% directed towards the vascular smooth muscle 
(abluminal)) side of the cells, where it can bind to specific receptors and cause 
vasoconstriction.. The circulating endothelin levels are generally small, in the 
picomolarr range, although levels are increased up to approximately fivefold under 
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Figuree 2.9: Endothelin is mainly released abluminally to interact with ETA and ETB 
receptorss on vascular smooth muscle. Activation of ETB receptors on the endothelium 
causess vasodilation. PGI2, prostacyclin; ECE, endothelin conerting enzyme. (From Lüscher 
ett al. [124]) 

conditionss of circulatory distress (e.g. shock, ischemia, shear stress). Plasma ET-1 is 
clearedd for 80-90% by the lungs during first passage. For these reasons, ET is 
regardedd more as a paracrine than as an endocrine hormone. 

Endotheli,iEndotheli,i receptr/,?. The biological effects of endothelins are mediated by three 
differentt receptors, ETA, ETB, and ETC, linked to a G (guanine nucleotide binding) 
protein.. ETA receptors have a high affinity to ET-1 and ET-2 and are expressed 
abundantlyy on vascular smooth muscle cells and cardiac myocytes. They mediate the 
vasoconstrictorr action of ET-1. 

ETBB receptors have a similar affinity for all three endogenous endothelins and are 
expressedd predominantly on endothelial cells and to a much lesser extent on vascular 
smoothh muscle cells. The ETB receptors on the endothelium mediate the release of 
relaxingg factors, such as nitric oxide and prostacyclin. However, several reports 
demonstratedd that ETB receptors on some vascular smooth muscle cells also 
contributee to ET-induced vasoconstriction (figure 2.9) [124,125]. 

Thee combined stimulation of both ETA and ETB receptors with exogenous 
endothelinn infused at supraphysiological concentrations, causes a transient coronary 
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dilatorr response, attributable to ETB receptor-mediated release of nitric oxide and 
prostacyclin,, followed by a severe and long lasting coronary constrictor response that 
cann be blocked by specific, rather selective antagonists of ETA receptors. This ability 
off  endothelins to produce severe coronary constriction has been suggested to be 
associatedd with the induction of coronary spasm [126]. However, any conclusive 
evidencee for a role of endothelin as the cause for coronary spasm is still missing. 

Endothelinss interact with a variety of hormones and other vasoactive substances, 
mediatingg some of their vascular effects. Of these interactions, the relation between 
ET-11 and angiotensin II appears one of the most important. Angiotensin II 
stimulatess the production of ET-1 and ET-1 can stimulate the conversion of 
angiotensinn I to angiotensin II . Inhibition of either angiotensin II-induced ET-1 
productionn or inhibition of ET-1 itself can therefore prevent the cardiac 
hypertrophicc effects of angiotensin II [127]. 

Thee interaction of endothelin with the vasodilators nitric oxide and prostacyclin 
mayy also be clinically relevant. Nitric oxide and prostacyclin inhibit the production of 
ET-1,, through a common cGMP-mediated mechanism [128,129]. Therefore, it 
cannott be excluded that the vasodilator action of these substances is mediated in part 
byy inhibition of the production and action of endothelin. 

EndothelinsEndothelins and coronary flaw control. It has been suggested that ET-1 and ETA 

receptorss contribute to the basal coronary vasomotor tone of human arteries, since 
infusionn of BQ-123, a selective ETA receptor antagonist, in the brachial artery 
resultedd in progressive vasodilation and a long lasting increase in forearm blood flow 
[130].. However, in the in vivo coronary circulation, ETA receptor antagonists only 
dilatedd large epicardial conductance arteries, whereas coronary flow remained 
unchangedd [131]. Importantly, these observations were similar before and after 
blockadee of nitric oxide, ruling out a putative functional interaction between 
endothelinn and nitric oxide [131]. Furthermore, ETB receptor blockade had no 
influencee on baseline caliber of either large epicardial arteries or coronary flow. 
Thesee observations demonstrate that ETA-receptor activation, but not ETB receptor 
activationn contributes to the basal coronary vasomotor tone of large epicardial 
vessels,, whereas coronary flow regulating resistance vessels are not affected [131], 

Inn contrast, endothelin's role in pathophysiological processes is probably much 
moree pronounced. In this context it should be noted that the vasoconstrictor effect 
off  endothelins is increased in atherosclerotic vessels, probably because the opposing 
vasodilatorr effect of nitric oxide in these vessels is lost. In addition, plasma 
endothelinn concentrations are markedly increased during myocardial ischemia and 
followingg myocardial infarction. In dogs and rats, blockade of endothelin receptors 
reducedd the extent of experimentally induced myocardial infarction by 40% 
[132,133],, suggesting a role for endothelins in the extent of myocardial damage. In 
addition,, the vasoconstrictor action of endothelins could contribute to the extent of 
myocardiall  reperfusion injury [134]. Finally, endothelins are probably involved in the 
pathogenesiss of congestive heart failure. In patients with moderate to severe 
congestivee heart failure, plasma ET-1 levels are elevated twofold to fourfold, and 
closelyy correlate with the severity of the disorder. ET antagonists in turn, 
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demonstratedd significant beneficial effects in conditions of congestive heart failure, 
pulmonaryy hypertension, and essential hypertension [135]. 

6.. Summary 

Coronaryy blood flow is primarily regulated by metabolic factors and both metabolic 
coronaryy vasodilation as well as autoregulation can be explained on the basis of this 
controll  process. In this process, changes in tissue levels of oxygen tension, other 
metabolicc substrates, or metabolites probably modulate coronary vasomotor tone 
continuously,, in order to maintain the balance between myocardial oxygen supply 
andd demand. The precise mediators and mechanisms linking metabolic activity to 
coronaryy vascular resistance however remain to be clarified. 

Theree are indications that ATP dependent potassium channels play an important 
rolee in the control of coronary flow, since both metabolic vasodilation and coronary 
autoregulationn were impaired after blockade of these channels. In addition these 
channelss are sensitive to oxygen and metabolites (e.g. ADP, lactate), which makes 
thesee structures a likely candidate to be involved in the (metabolic) control of 
coronaryy flow. 

Underr physiological conditions, adenosine does not contribute to coronary flow 
control.. However, under conditions of hypoperfusion, the release of this substance is 
greatlyy increased and some studies suggested that adenosine may constitute a 
compensatoryy mechanism that may increase coronary flow when other mechanisms 
faill  to maintain the balance between myocardial oxygen supply and demand. 

Thee endothelium releases several vasoactive relaxing and constricting factors, 
includingg nitric oxide, bradykinin, prostacyclin and endothelin, that may influence 
coronaryy flow control. Although nitric oxide is probably not directly involved in the 
initiall  metabolic adjustment of vascular tone in coronary arterioles, it contributes 
importantlyy to the (flow-induced) vasodilation of large coronary arteries. In the 
presencee of endothelial dysfunction, as in coronary artery disease, the absence of 
nitricc oxide mediated vasodilation may thus result in reduced coronary vasomotor 
responses. . 

Finally,, it has been shown that the neurohumoral contribution to coronary flow 
controll  is probably limited in the normal coronary circulation. However, in the 
presencee of coronary atherosclerosis and endothelial dysfunction, a-adrenergic 
constrictionn may predominate leading to inappropriated vasoconstriction. 

Thus,, many different substances may heterogeneously influence coronary 
vasomotorr tone. The important overall result, is a complex and well regulated system 
inn which coronary blood flow and ultimately oxygen delivery is adequately controlled 
too maintain myocardial function under a variety of physiological conditions. 
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CHAPTER3 3 

Abstract t 

Background.Background. For the assessment of metabolic coronary vasodilation, changes in 
systolicc rate pressure product (RPP) are frequently used to estimate the pacing- or 
exercisee induced changes in myocardial oxygen consumption (MVOj). The present 
studyy was designed to test whether this is justified in patients with coronary artery 
disease. . 

Methods.Methods. To study the relation between RPP and changes in MV0 2 under different 
conditions,, we used data from 21 patients who participated in two previous studies 
investigatingg the effect of nitroglycerin (NTG) and anesthesia on metabolic coronary 
floww regulation. At control, during administration of NTG 1 ng/kg/min (n = 11), 
andd during anesthesia (n = 10), coronary sinus blood flow, MV0 2 and RPP were 
measuredd at sinus rhythm and during atrial pacing (30 beats/minute above sinus rate) 
andd the relation between the percentage increase in RPP (A%RPP) and MV0 2 

(A^OMVOJ)) was analyzed, using standard linear regression analysis. 
Results.Results. Although a significant relation between A%MV02 and A%RPP was found at 
controll  and during anesthesia, prediction intervals were very wide and only 40 % and 
600 % of the variation in A%MV02, respectively, could be explained by the variation 
inn A%RPP. During administration of NTG 1 ng/kg/min no significant relation was 
foundd between A%MV02 and A%RPP. 

Conclusion.Conclusion. For the study of metabolic coronary flow regulation, pacing induced 
changess in MV0 2 cannot be predicted accurately from changes in RPP. 
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1.. Introductio n 

Metabolicc coronary flow regulation can be characterized by the linear dependency of 
coronaryy blood flow on myocardial oxygen consumption (MVOJ [1,2]. 

Too study this regulation process in patients with and without coronary artery 
diseasee (CAD), a growing number of investigators is using the coronary flow-velocity 
Dopplerr catheter in combination with quantitative coronary angiography [3-8]. Only 
inn a limited number of studies a coronary sinus catheter is introduced to draw blood 
forr the measurement of coronary sinus oxygen content [3]. Direct calculation of 
changess in MV0 2 is therefore frequently omitted and in stead, several hemodynamic 
parameters,, such as systolic rate pressure product (RPP) are used to estimate the 
metabolicallyy induced changes in MV0 2 [5-9]. However, it remains questionable 
whetherr this is justified. To date, the studies describing the relation between absolute 
valuess of MV0 2 and RPP in humans have yielded conflicting results, which may be 
relatedd to methodological pitfalls or to the different interventions and conditions 
thatt were studied [10-24]. Although the majority of these studies reported a 
significantt correlation between absolute values of MV0 2 and RPP, the accuracy to 
predictt chants in MV0 2 from changes in RPP has never been established. 

Sincee there is evidence that of all hemodynamic parameters RPP correlates best 
withh MV0 2 [12,14], the present study was designed to evaluate the accuracy and 
usefulnesss of the change in RPP as a predictor of the change in MV0 2 for the study 
off  metabolic coronary vasodilation. Therefore, we studied changes in MV0 2 and 
RPP,, induced by atrial pacing, in patients undergoing coronary artery surgery. 

2.. Material s and methods 

2.11 Patients 
Dataa from 21 patients with stable CAD, who participated in two previous studies 
investigatingg the effect of nitroglycerin (NTG) and anesthesia on metabolic coronary 
floww regulation [25,26], were used to study the relation between pacing induced 
changess in MV0 2 and RPP. All patients were scheduled for elective coronary artery 
surgeryy and gave written informed consent to participate in these studies, which were 
approvedd by the local ethical committee. 

2.22 Instrumentation 
Al ll  patients received a 20-gauge radial artery catheter, a thermodilution pulmonary 
arteryy catheter (Baxter Health Care Corporation, Irvine, CA) and a coronary sinus 
thermodilutionn catheter (Wilton-Webster Laboratories, Altadena, CA) as described 
previouslyy [25]. Coronary sinus blood flow (CSBF) was measured with the 
thermodilutionn technique, using normal saline at room temperature at a rate of 45 
ml/minn as indicator [27]. 

2.33 Protocol 
Inn all 21 participating patients, series of measurements were performed during sinus 
rhythm,, during pacing (at a pacing rate of 30 beats per minute above sinus rate) and 
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afterr discontinuation of pacing. After these control measurements, infusion of NTG 
att a rate of 1 ug/kg/min was started in 11 consecutive patients and additional series 
off  measurements were performed at sinus rhythm, during pacing at the same pacing 
ratee as during control pacing, and after the cessation of pacing. In the 10 remaining 
patients,, these series of measurements were repeated 15 minutes after the induction 
off  general anesthesia (fentanyl 100 ng/kg and pancuronium bromide 8 mg), 
endotracheall  intubation and the start of mechanical ventilation (F,02 =0.5). 

2.44 Measurements 
Eachh series of measurements included the recording of coronary sinus blood flow 
(CSBF),, arterial blood pressure (ABP), pulmonary artery pressure (PAP), right atrial 
pressuree (RAP), and ECG lead II for at least 30 seconds of steady state, the 
measurementt of pulmonary capillary wedge pressure and cardiac output (in triplicate) 
andd the simultaneous drawing of blood samples from the coronary sinus and radial 
artery,, for determination of plasma hemoglobin concentration, oxygen partial 
pressuree (ABL III , Radiometer, Copenhagen, Denmark), hemoglobin oxygen 
saturationn (OSM-II hemoxymeter, Radiometer, Copenhagen, Denmark) and lactate 
concentrationss [28]. 

2.55 Data analysis 
Alll  recordings were digitized on line by a custom made A/ D converter at a sampling 
ratee of 80 Hz and stored on disk of a personal computer for off line analysis. Using a 
signall  analysis program (Matlab v. 4.2c, MathWorks Inc., Natick, MA), mean values 
off  CSBF, ABP, PAP and RAP were calculated for each series of measurements, by 
averagingg the recording over a period of 30 seconds. Oxygen content was calculated 
accordingg to the standard formula. MV0 2 was calculated as the product of mean 
CSBFF and the arterio-venous oxygen content difference, RPP was calculated as the 
productt of systolic blood pressure (SBP) and FIR, whereas myocardial lactate 
extractionn (MLE) was determined as the quotient of the arterio-venous lactate 
concentrationn difference and the arterial lactate concentration. 

2.66 Statistical analysis 
Valuess obtained during sinus rhythm and values obtained during pacing were 
comparedd using two way paired standard t tests (i.e. the comparison of control vs. 
NTG,, and control vs. anesthesia). Results are presented as mean  SD. A value of p 
<< 0.05 was considered significant. 

Too study the relation between the percentage increase in RPP (A%RPP) and the 
percentagee increase in MV0 2 (A^oMVOj) induced by pacing, linear regression 
analysiss was used (Statistical Package for Social Sciences, version 6.1), yielding 
equationss for the regression lines obtained at control, during administration of NTG 
11 ug/kg/min and during anesthesia. The slopes of theses regression lines are 
reportedd with their 95 % confidence intervals and are compared using analysis of 
variancee for differences between regression slopes [29]. The accuracy of the 
predictionn of A%MV02 from A%RPP, was assessed by calculating the 95 % 
predictionn intervals which are depicted in the accompanying scatterplots. 

60 0 



C H A N GEE I N RPP AS I N D EX OF MVO2 

3.. Results 

Tablee 3.1 shows systemic and coronary hemodynamic variables and the coronary 
arterio-venouss oxygen content differences from which values of RPP and MV0 2 

weree derived. Values obtained at sinus rhythm and during pacing are reported for the 
threee conditions studied: control, during administration of NTG 1 ng/kg/min and 
duringg anesthesia. In each condition, the values obtained at sinus rhythm after 
cessationn of pacing, were similar to the values obtained at sinus rhythm before 
pacing.. Therefore, post-pacing values are not included in table 3.1. 

Duringg the study period in which patients were awake, none of the patients 
experiencedd episodes of angina. MLE did not change in response to pacing and 
remainedd positive in all our patients during all measurements series, both at control, 
duringg administration of NTG and during anesthesia. Furthermore, we did not 
observee electrocardiographical signs of myocardial ischemia. This implies that the 
possiblee confounding effects of myocardial ischemia did not play a role in the 
presentt study. 

Too investigate whether individual changes in RPP can be used to predict the 
pacingg induced changes in MV02, we analyzed the relation between A%RPP and 
A%MV02.. At control (figure 3.1, upper panel), the regression analysis resulted in a 
regressionn line with a slope of 0.87 (95% CI: 0.35-1.39, p = 0.002). The R2 value was 
0.40,, which indicates that despite the statistically significant slope, the majority of the 
variabilityy in A%MV02 could not be explained by the variation in A%RPP. 

Duringg administration of NTG 1 ng/kg/min (figure 3.1, middle panel), the slope 
off  the regression line was -0.27 (95% CI: -1.33-0.77, p = 0.56, R2 = 0.04). Thus, after 
thee start of the infusion of NTG, there no longer was a significant relation between 
A%RPPP and A%MV02. In addition, analysis of variance revealed that the slope of 
thee regression line obtained during infusion of NTG was significantly different from 
thee regression line obtained at control. 

Duringg general anesthesia (figure 3.1, lower panel), the regression line was 
characterizedd by a slope of 0.78 (95% CI: 0.26-1.31, p = 0.009). The R2 value (0.60) 
indicatedd that 60 % of the variability in A%MV02 could be attributed to the variation 
inn A%RPP. Thus, only at control and during anesthesia, but not during 
administrationn of NTG, a significant relation between A%RPP and A%MV02 was 
found.. The wide confidence intervals of the regression coefficients (i.e. slope of 
regressionn lines) however indicate that there is considerable doubt about the strength 
off  the estimated relationship. 

Figuree 3.1 also shows the 95 % prediction intervals for the prediction of 
A%MV022 for any given individual A%RPP. Both at control and during anesthesia, 
thesee prediction intervals were very wide, which indicates that for a given A%RPP 
theree is a substantial uncertainty about the accuracy of the prediction of A%MV02. 
Att control for example, a 50 % increase in RPP resulted in a prediction interval of -7 
%% to 76 %. 

Theree is thus a 95 % probability of an individual's A%MV02 being within this 
interval,, given the 50 % increase in RPP. These wide prediction intervals imply that it 
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Tablee 3.1: 
Systemicc and coronary hemodynamics at sinus rhythm and during pacing 

HR R 
(1/min) ) 

SBP P 
(mmHg) ) 

DBP P 
(mmHg) ) 

MAP P 
(mmHg) ) 

PAP P 
(mmHg) ) 

RAP P 
(mmHg) ) 

PCWP P 
(mmHg) ) 

CI I 
(1/min/m2) ) 

SVR R 
(dynes.s/cm5) ) 

CSBF F 
(ml/min) ) 

MVO2 2 
(mlC^/min) ) 

RPP P 
(mmHg/min) ) 

AVOX X 
(ml02/dl) ) 

Control l 
(n-21) ) 

SR R 

633 (9) 

147(25) ) 

71(10) ) 

99(14) ) 

21(6) ) 

7(3) ) 

11(5) ) 

2.7(0.6) ) 

1347(342) ) 

121(44 4 

15.3(6.8) ) 

9256(2253) ) 

12.6(1.9) ) 

Pacing g 

91(8)* * 

153(29) ) 

79(12)* * 

107(17)* * 

25(8)' ' 

5(4)* * 

10(5) ) 

3.5(0.6)* * 

1180(243)* * 

171(77)* * 

21.4(11.0)" " 

14008(2843)* * 

12.4(1.8) ) 

NTGG 1 |ig/kg/min 
(n=ll ) ) 

SR R 

68(9) ) 

143(19)+ + 

71(10) ) 

95(12)+ + 

18(6)+ + 

5(3)+ + 

7(3)+ + 

3.0(0.6) ) 

1276(318) ) 

108(33) ) 

13.0(3.3)+ + 

9729(1550) ) 

12.4(1.8) ) 

Pacing g 

96(9)* * 

148(19)* * 

77(8)* * 

101(10)* * 

18(6)+ + 

4(3)+ + 

6(2)+ + 

3.4(0.7)* * 

1236(343) ) 

137(40)* * 

17.0(4.2)*+ + 

14126(1458)* * 

12.6(1.3) ) 

Anesthesia a 
(n=10) ) 

SR R 

58(6) ) 

113(29)+ + 

60(14)+ + 

79(19)+ + 

22(7) ) 

8(4) ) 

11(3) ) 

2.3(0.6) ) 

1299(455)+ + 

102(37)+ + 

12.4(5.7)+ + 

6654(2187)+ + 

11.8(2.0)+ + 

Pacing g 

88(6)* * 

129(29)*+ + 

70(13)*+ + 

91(18)*+ + 

24(7)* * 

7(4) ) 

11(3) ) 

3.2(0.7)* * 

1128(373)*+ + 

149(48)*+ + 

18.2(8.0)*+ + 

11377(2631)*+ + 

11.9(2.1)+ + 

Valuess are mean (SD). Values of heart rate (HR), systolic blood pressure (SBP), diastolic blood 
pressuree (DBP), mean arterial blood pressure (MAP), mean pulmonary artery pressure (PAP), mean 
rightt atrial pressure (RAP), pulmonary capillary wedge pressure (PCWP), cardiac index (CI), systemic 
vascularr resistance (SVR), coronary sinus blood flow (CSBF), myocardial oxygen consumption 
(MVO2),, systolic rate pressure product (RPP) and coronary arterio-venous oxygen content difference 
(AVOX)) are shown at sinus rhythm (SR) and during pacing, for each condition: at control, during 
infusionn of NTG 1 mcg/kg/min and during general anesthesia. 
*,, p < 0.05 versus value at sinus rhythm, f, p < 0.05 versus corresponding control value. 
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iss practically impossible to predict relative changes in MV0 2 from relative changes in 

RPP. . 

4.. Discussion 

Forr the assessment of metabolic coronary flow regulation, information about the 
metabolicallyy induced changes in MV0 2 is a prerequisite. Frequently, the RPP is used 
ass an index of MV0 2 [5-9], based on the assumption that changes in MV0 2 are 
directlyy reflected by changes in RPP. However, the results from the present study do 
nott support this assumption. 

Tablee 3.2 summarizes most of the clinical studies describing the relation between 
RPPP and MV02. The majority of these studies originates from the field of 
cardiology,, since Robinson et al. [30] showed that the onset of angina in response to 
variouss types of exercise, was consistently related to a fixed, critical level of RPP. 
Manyy investigators also studied the relationship between RPP and MV0 2 in the peri-
operativee period, since it would provide the anesthesiologist with a potentially useful 
andd readily available predictor of myocardial ischemia [16-23]. In patients undergoing 
coronaryy artery surgery, Wilkinson et al. [16] found a significant correlation (r = 0.78) 
betweenn the two parameters and concluded that the hemodynamic changes which 
occurredd during anesthesia did not decrease the sensitivity of RPP as an index of 
MV0 2.. However, the clinical usefulness of this alleged relationship was disputed by 
otherss [22,31,32]. Moffit t et al. [22] could not confirm Wilkinson's findings in a 
similar,, though larger study, pointing out possible methodological pitfalls in the 
statisticall  analysis of the relation between RPP and MV02. 

Sincee in most studies shown in table 3.2, a repeated measures design was 
employed,, several observations were obtained in each subject under different 
conditions.. But, when multiple data points from individual subjects are included in a 
singlee regression analysis, the assumption of independent error terms (i.e. the error 
forr each observation is independent of the error terms of other observations) is 
probablyy violated [29]. The pooling of non-independent data may thus have resulted 
inn inadvertently positive correlations. 

Tablee 3.2 illustrates that high correlations between MV0 2 and RPP (r values: 
0.77-0.92)) were only found in those studies in which more than two data points from 
eachh patient were included in the analysis [10-16,23,24]. In contrast, low correlations 
(rr values: 0.09-0.28) were found in those studies in which only single data points 
fromm each subject were used to analyze the correlation of MV0 2 to RPP [17,22]. 
Thiss supports the conclusion that correlations obtained from pooled data of multiple 
observationss from individual subjects should be interpreted with caution and stresses 
thee importance of using independent observations for regression analysis, which 
impliess that only single data points per individual should be used [33]. 

4.11 Relation between pacing induced A%RPP and A % M V 0 2 

Too avoid pooling of non-independent data points in the present study, we analyzed 
thee relation between relative changes in RPP and MV0 2 using only single data points 
perr subject for the regression analysis. The regression of A%MV02 to A%RPP was 
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statisticallyy significant at control and during anesthesia. However, whether this 
relationn is clinically important is quite a different matter, because both at control and 
duringg anesthesia, only 40 and 60 % of the variation in A%MV02, respectively, could 
bee explained by the variation in A%RPP (figure 3.1). In addition, the 95 % prediction 
intervalss showed that for a given value of A%RPP there is a substantial uncertainty 
aboutt the accuracy of the prediction of A%MV02. To justify the use of the change in 
RPPP for the prediction of the change in MV02, a much tighter prediction interval is 
needed. . 

I tt is interesting that during administration of NTG the relationship between 
A%MV0 22 and A%RPP disappeared (figure 3.1, middle panel), which suggests that 
thee magnitude of the pacing-induced increase in MV0 2 during NTG was influenced 
byy other factors than the change in RPP. One possible factor may be found in the 
studyy by Bernstein et al. [34] who demonstrated that blockade of nitric oxide 
synthesiss with L-nitro-arginine resulted in an augmented increase in MV0 2 for 
comparablee increases in triple product. They concluded that nitric oxide directly 
impairedd myocardial metabolism, possibly by inhibiting the mitochondrial respiration 
[35],, leading to reduction in MV02 for comparable levels of cardiac work. Our 
previouss finding that administration of NTG as a nitric oxide donor attenuates the 
pacingg induced increase in MV02 [26], supports the notion that nitric oxide may 
impairr myocardial metabolism directly [36,37]. This may explain why NTG and L-
nitro-argininee may alter the magnitude of the metabolically induced change in MV02, 
whilee this change is not being reflected in the RPP. Thus, it is important to measure 
MV0 22 invasively, which can be illustrated by the following examples. Based on the 
observationn that RPP and coronary flow responses to pacing were similar before and 
afterr inhibition of nitric oxide, Canty et al. [38] and Egashira et al. [5] concluded that 
nitricc oxide had no effect on metabolic coronary vasodilation. However, they did not 
measuree MV0 2. If the pacing induced change in MV0 2 was greater after inhibition 
off  nitric oxide, as reported by Bernstein et al. [34], a greater change in coronary 
bloodd flow should have occurred. The fact that the associated increase in flow 
remainedd unchanged after inhibition of nitric oxide, suggests that, in contrast to their 
conclusion,, metabolic coronary vasodilation may have been impaired. 

4.22 Limitations . 
Becausee of the absence of a Gold Standard technique for the measurement of 
coronaryy blood flow, human studies addressing MV0 2 are always subjected to 
inaccuraciess related to the method of coronary flow measurement [39]. In the 
presentt study, the coronary venous thermodilution technique was chosen, because 
thiss technique measures the volume of coronary flow, allows sampling of coronary 
venouss blood, and can be repeated several times so that each patient can serve as 
his/herr own control. However, there are a number of limitations to its use, that are 
primarilyy related to the existence of cardiac venous intercommunications, resulting in 
drainagee of left anterior descending blood through routes other than the coronary 
sinuss [40], As a result, absolute values of CSBF, and thus MV0 2, may be 
underestimated,, which makes it difficult to compare absolute values of CSBF betoueen 
severall  patients. In addition, since the larger the underestimation of CSBF the 
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Figuree 3.1: Relation between pacing induced changes in rate pressure product (RPP) and 
myocardiall  oxygen consumption (MV02) at control (n - 21) (upper panel), during 
administrationn of nitroglycerin (NTG) 1 mcg/kg/min (n = 11) (middle panel), and during 
generall  anesthesia (n = 10) (lower panel). Pacing induced changes are expressed as % 
changee from values during sinus rhythm. The solid lines represent the regression lines with 
theirr 95 % confidence intervals (dotted lines). Dashed lines delineate the 95% prediction 
intervals. . 
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Tablee 3.2: 
Clinicall  studies reporting on the relation between RPP and MV02 

Authorr  year  CAD n data 

Holmberg[ll]]  1971 no 10 2-4 

Holmberg[12]]  1971 no 14 3 

Kitamuraa [13] 1972 no 10 2-3 2-3 stages of upright exercise 

Jorgensen[14]]  1973 no 

conditions s 

controll  and 1-3 stages of exercise 

control,, pacing, and pacing + 
exercise e 

99 2 

Nelsonn [15] 1974 no 10 3 

22 stages of upright exercise with 
propranolol l 

uprightt exercise, static exercise, 
andd combined 

Gobel[16]]  1977 yes 27 2 control and supine exercise 

Wilkinsonn [17] 1978 yes 16 2 controll  and 2 stages during 
anesthesia a 

Sonntag[18]]  1979 no 7 1 
2 2 

19811 yes 8 2 

88 2 

99 4 

100 2 

Reizz [19] 

Reiz[20]]  1981 yes 

Sonntagg [21] 1982 yes 

Reizz [22] 1982 yes 

0.98 8 

0.92 2 

0.90 0 

0.85 5 

0.88 8 

0.83 3 

0.78 8 

awake e 
loww and high dose halothane 
anesthesia a 
awakee and anesthesia 

0.28 8 
0.50 0 

0.46 6 

Moffitt[23]]  1984 yes 25 1 
1 1 

Hoeftt [24] 1991 yes 62 3 

Kodama[25]]  1993 yes 11 5-6 5-6 stages of supine exercise 0.81 

awakee and anesthesia 0.37 

44 stages during anesthesia 0.66 

awakee and anesthesia 0.66 

awakee 0.09 

anesthesiaa 0.38 

awakee and 2 stages during 0.77 
anesthesia a 

CADD indicates coronary artery disease, n indicates number of subjects included in the 
correlationn analysis. Data refers to the number of data points from each subject that was 
usedd for the statistical analysis. The r-value denotes the correlation coefficient. 
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smallerr the increase in CSBF, absolute (pacing induced) flow responses may become 

dependentt on initial flow values. In the present study, these possible confounding 

effectss were rninimized by using each patient as his own control and by focusing on 

thee relative in stead of absolute, changes in CSBF and MV0 2. Furthermore, 

recalculationn of data (using single observations per individual) from studies in which 

differentt methods of coronary flow measurement were employed [11],[10,15] 

revealedd that prediction intervals were similar to the ones found in the present study. 

Thiss suggests that the accuracy of the relationship between A%RPP and A%MV02 

wass not substantially affected by the technique of coronary flow measurement. 

4.33 Implication s 

Thee present study demonstrated that pacing induced changes in MV0 2 cannot be 

predictedd accurately from changes in RPP. Therefore, studies reporting on metabolic 

coronaryy vasodilation using changes in RPP as index of changes in MV0 2, should be 

interpretedd with caution. Direct measurement of the changes in MV0 2 is 

recommended. . 
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Abstract t 

Background.Background. Since myocardial oxygen consumption is the major determinant of 
coronaryy blood flow, the true vasodilating properties of coronary vasodilating drugs 
thatt may have an effect on oxygen consumption cannot be correctly assessed from 
bloodd flow changes alone. Therefore, we evaluated the vasodilator potency of 
intravenouss and intracoronary drugs in relation to normal coronary flow regulation. 
Methods.Methods. Normal coronary flow regulation was defined in a reference study of twelve 
awakee and anesthetized patients by measuring the change in myocardial oxygen 
supplyy induced by pacing (30 beats/min above sinus rhythm) in relation to the 
changee in myocardial oxygen demand. This myocardial oxygen supply/demand ratio 
determinedd in the reference study was compared with that induced by intravenous 
andd intracoronary drugs (nifedipine, felodipine, urapidil, and sodium nitroprusside) 
inn two pharmacological studies: patients with coronary artery disease undergoing 
cardiacc surgery (45 treated with sodium nitroprusside, 27 with nifedipine, and 27 
withh urapidil to manage arterial blood pressure), and patients with unstable angina 
undergoingg cardiac catheterisation for diagnostic purposes (ten treated with 
intracoronaryy nifedipine and ten with intracoronary felodipine). 
Results.Results. When awake, the ratio of pacing induced oxygen supply/demand changes in 
thee 12 reference study patients was 1.50 (95 % confidence interval (CI), 1.41-1.58), 
similarr to the 1.45 (1.35-1.56) measured in the same patients after induction of 
anesthesia.. Anesthesia per se did not increase coronary oxygen supply above the 
expectedd increase related to demand changes. Intravenously administered sodium 
nitroprusside,, urapidil, and nifedipine did not change the myocardial oxygen 
supply/demandd ratio. The only significant change in the oxygen supply/demand 
ratioo was induced by intracoronary bolus administration of nifedipine and felodipine 
(10.66 (SE 1.9) ml 02/min and 13.9 (SE 1.9) ml 02/min, respectively, above the 
demandd related supply). 

Gondusians.Gondusians. The intravenous administration of sodium nitroprusside, urapidil, or 
nifedipinee had limited coronary vasoactive effects. During infusion of these drugs, 
physiologicall  coronary flow control was still the major determinant of coronary flow. 
However,, intracoronary high dose bolus injection of nifedipine and felodipine 
resultedd in significant true vasodilation. Thus, quantification of coronary vasoactive 
propertiess in relation to the physiological reference ratio between myocardial oxygen 
supplyy and demand may be a powerful tool to differentiate between true and 
apparentt coronary vasoactive drugs. 
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1.. Introduction 

Normall  regulation of coronary blood flow is a multifactorial process possibly 
dependingg on metabolic, myogenic, neurohumoral and endothelial responses [1-6]. 
Thee overall effect of these combined responses leads to continuous matching of 
myocardiall  oxygen supply and demand [7-9]. In humans the myocardial oxygen 
supply/demandd ratio should be considered when the effects of coronary vasodilatory 
stimulii  are described. Although there is a wide body of literature dealing with the 
effectt of coronary vasodilators on myocardial blood flow and oxygen consumption, 
thee potential involvement of the normal regulation process of coronary flow is rarely 
takenn into account [10,11]. The purpose of the present study was to redress this 
inadequacyy in the assessment of the capacity of drugs to vasodilate the resistance 
vesselss of the coronary circulation. 

2.. Methods 

AA physiological reference study gathered data from 12 patients (both awake and 
anesthetized)) with multivessel coronary artery disease (CAD) undergoing coronary 
arteryy bypass surgery. These data were compared with those from 45 anesthetized 
patientss treated with sodium nitroprusside, 27 anesthetized patients treated with 
urapidil,, and 27 anesthetized patients treated with nifedipine. These patients had 
beenn studied to evaluate the effectiveness of the drugs in the management of arterial 
bloodd pressure during cardiac surgery [12-14]. They were also compared with a study 
off  awake patients undergoing cardiac catheterisation for diagnostic purposes: ten 
treatedd with intracoronary nifedipine and ten treated with intracoronary felodipine 
[15]. . 

2.11 Patient characteristics 
Al ll  patients gave informed consent to participate in one of the studies, that all had 
institutionall  approval. For the physiological reference study and for the drug studies 
underr anesthesia, the patients with stable coronary artery disease (CAD) were 
scheduledd for elective coronary artery surgery. Excluded from the study were 
patientss with left ventricular end diastolic pressure higher than 18 mmHg, left 
ventricularr hypertrophy, ejection fraction less than 45 %, atrioventricular conduction 
defects,, main stem stenosis or unstable angina. Patients undergoing additional 
surgicall  procedures - for example, valve replacement or aneurysmectomy, were also 
excluded.. In the pharmacological study of awake patients after cardiac 
catheterizationn for diagnostic purposes, patients were confirmed to meet similar 
criteriaa of CAD as the other groups [15]. 

2.22 Instrumentation 
Forr patients undergoing surgery, ECG leads were connected and leads II , II I and V5 
weree continuously monitored (HP Merlin System, Hewlett-Packard, Böblingen, 
Germany).. A wide bore peripheral infusion and a 20-gauge radial artery canula were 
insertedd under local analgesia. 
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Forr the awake patients, a triple lumen pulmonary artery catheter (Baxter Health 
Caree Corporation, Irvine, California, USA) and a coronary sinus thermodilution 
catheterr (Wilton-Webster Laboratories, Altadena, California, USA) were introduced 
viaa the left subclavian vein as described before [12,13,16]. The absence of right atrial 
admixturee in coronary sinus blood was checked by injection of cold saline in the 
rightright atrium, while coronary sinus temperature curves were recorded simultaneously 
[17,18].. Under fluoroscopy, pacing (via coronary sinus catheter) was practiced during 
10-300 seconds to ascertain the stability of the position of the tip of the coronary 
sinuss catheter in relation to the surrounding anatomical structures and fluoroscopic 
landmarks.. In addition, the electrical threshold for pacing was determined. For the 
measurementt of coronary sinus blood flow (CSBF) normal saline at room 
temperaturee was used as indicator and infused into the coronary sinus at a rate of 45 
ml/minn via a Mark IV infusion pump (Medrad Technology for people, Pittsburgh, 
Pennsylvania,, USA) [19]. Infusion rates were verified by timed volume collection and 
floww calculations reflected the indicator infusion rate used. 

2.33 Anesthesia technique 
Calciumm channel blockers and long acting nitrates were given until the evening 
beforee surgery. (3-adrenoreceptor blocking agents were continued until the morning 
off  surgery. Lorazepam 4-5 mg was given for premedication two hours before 
surgery. . 

Att the start of induction of anesthesia the patients were pre-oxygenated. 
Pancuroniumm bromide (2 mg) was given followed by fentanyl (100 Mg/kg) injected 
overr five minutes. When the patient became unresponsive to commands an 
additionall  6 mg dose of pancuronium was given, ventilation was assisted and then 
controlledd manually. After intubation of the trachea the lungs were ventilated with 
airr and oxygen (FI02 = 0.5). Ventilation was adjusted to maintain the end-tidal 
carbonn dioxide concentration between 4 % and 4.5 %. In the first 15 minutes 
followingg induction of anesthesia 250-500 ml of gelofusine (Vifor Medical SA, 
Crisier,, Switzerland) was infused to maintain a stable hemodynamic situation. 

2.44 Physiological reference study 
Thee measurement protocol and data analysis of the reference study are shown in 
figuree 4.1. After adequate instrumentation and a resting period of 20 minutes three 
measurementt series were obtained: at baseline, during pacing, and after 
discontinuationn of pacing. Twenty minutes after induction of anesthesia and 
endotracheall  intubation, the complete protocol was repeated. Each set of 
measurementss consisted of a steady state recording period of coronary sinus blood 
flow,, arterial blood pressure, pulmonary artery pressure, right atrial pressure, and ECG 
leadd II for 20 seconds. These recordings were stored on a computer disk for off-line 
analysis.. Furthermore, pulmonary capillary wedge pressure and single bolus cardiac 
outputss were obtained. Cardiac output was calculated as the average of at least three 
measurementss and reported as cardiac index (CI) (cardiac output / body surface area in 
1/min/m2).. Blood samples from the radial artery and coronary sinus were drawn to 
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Protocol: : 

Awake e Anaesthesia a 
sinuss rhythm pacing sinus rhythm sinus rhythm pacing sinus rhythm 

tt I ! !! t 1 
measurementt measurement measurement measurement measurement measurement 

seriess 1 series 2 series 3 series 4 series 5 series 6 

Dataa analysis and presentation: 

left t right t 

left t 

rightright • 

Figuree 4.1: The upper part shows the protocol: Each measurement series includes 20 seconds 
recordingg of coronary sinus blood flow, arterial blood pressure, pulmonary artery pressure, 
rightt atrial pressure and ECG lead II, followed by measurement of pulmonary capillary wedge 
pressure,, cardiac output and withdrawal of arterial and coronary sinus blood samples. 
Dataa analysis and presentation: The pacing induced changes in MVO2 and oxygen supply were 
calculatedd from the difference between values obtained in measurement series 2 and 1 (awake), 
andd 5 and 4 (anesthesia). Changes induced by cessation of pacing were calculated from the 
differencess between measurement series 3 and 2 (awake), and 6 and 5 (anesthesia). The results 
off this analysis are presented in figure 4.3. The effect of anesthesia was calculated by the 
changess in myocardial oxygen supply and demand between measurement series 4 and 3 (sinus 
rhythm),, and 5 and 2 (pacing). The results of the latter analysis are presented in figure 4.4. 

determinee plasma hemoglobin, partial pressure of oxygen (pO^, and oxygen saturation 
(SatOj). . 

Sat022 was measured by an OSM-II hemoxymeter (Radiometer, Copenhagen) and 
p0 22 by an ABL-III (Radiometer, Copenhagen). Myocardial metabolic indices were 
calculatedd according to standard formulae [16]. 

c022 = (Hb • Sat02 + 0.00136 • pO,) • 2.24 [ml O/dl] 

MV022 = CSBF • (c02iart - CC\CS) / 100 [ml 02/min] 

Myocardiall oxygen supply = CSBF • c02art / 100 [ml 02/min] 

wheree c02 is oxygen content, Hb is plasma hemoglobin, c O ^ is arterial oxygen 
content,, cOZcs is coronary sinus oxygen content, MV02 is myocardial oxygen 
consumption. . 
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2.55 Pharmacological studies 
Inn the pharmacological studies in patients undergoing coronary artery bypass grafting 
(CABG)) the protocol consisted of a series of baseline measurements 10 minutes 
afterr induction of anesthesia, followed by onset of continuous infusion of the study 
drug.. Infusion rates of each drug were adjusted to maintain systolic blood pressure 
betweenn 80 % and 120 % of baseline values. Additional measurements were 
obtainedd 10 minutes after the onset of infusion of the study drugs (before surgery 
started)) and after sternotomy when the pericardium was opened, representing 
maximall  surgical stress. The changes in oxygen supply and demand were calculated 
forr both measurement periods (start dose and following sternotomy) in relation to 
baselinee values as for the reference study. 

Inn the pharmacological study in awake patients after cardiac catheterization for 
diagnosticc purposes, a baseline measurement was obtained just before intracoronary 
boluss infusion of the study drug. Additional measurements were obtained 1, 3, 5, 7.5 
andd 10 minutes after the bolus injection. Changes in oxygen demand and supply 
weree measured one minute after bolus injection, when the change in myocardial 
oxygenn demand was maximal in all cases [15]. 

2.66 Statistical analysis 
Dataa were analyzed using paired standard t-tests. A value of P < 0.05 was considered 
significant.. Results are reported as mean (SD) unless stated otherwise. The change in 
coronaryy oxygen supply was related to the change in coronary oxygen demand by 
standardd regression analysis. In the physiological reference study using the pacing 
protocol,, a change in myocardial oxygen supply cannot occur without change in 
myocardiall  oxygen demand, therefore, this regression line was only calculated 
withoutt intercept (standard formula: A02 supply = ratio • A02 demand). For the 
quantificationn of the drug induced effects (including the effect of anesthesia) on 
myocardiall supply/demand ratios two regression analyses were performed, one with 
interceptt ( A 0 2 supply = ratio • A 0 2 demand + intercept) and one without intercept 
( A 0 22 supply = ratio • A02 demand). The estimated ratios (slopes of regression lines) 
andd intercepts are reported with their 95 % confidence intervals (95 % CI) only if the 
regressionn analysis resulted in a significant fit. 

Thee coronary microvascular vasodilating potency of each drug was calculated as 
thee mean difference between the expected change in oxygen supply (based on the 
physiologicall reference relation and the measured change in oxygen demand) and the 
actuall change in oxygen supply found in each patient. The coronary microvascular 
vasodilatingg potency is the mean difference between oxygen supplies found and 
oxygenn supplies expected on the basis of the measured oxygen demand and the 
referencee human oxygen supply/demand ratio (figure 4.2, solid line). Data points 
beloww the expected oxygen supply give a negative contribution to the mean coronary 
microvascularr vasodilating potency and data points above the line of expectancy a 
positive.. The physiological reference relation was obtained from the regression line 
fittedfitted to the pacing induced changes in oxygen supply and demand. 
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A022 supply 
(mll 02/min) 

20 0 

A 0 22 demand 
(mll 02/min) 

Figuree 6.2: Theoretical demonstration of calculation of coronary microvascular 
vasodilatingg potency in a virtual data set. • , supposed measurements; solid line, human 
physiologicall oxygen supply/demand ratio (= reference line); dotted lines, individual 
differencess between measured oxygen supply and expected oxygen supply. The mean 
coronaryy microvascular vasodilating potency is the mean vertical distance to the reference 
linee according to the dotted lines, where points below the reference line yield negative 
valuess and points above the line positive values. 

3.. Results 

3.11 Reference study 

PatientPatient characteristics 
Thee 12 patients participating in the reference study were comparable with respect to 
age,, weight, and height (table 4.1). Although six patients had suffered a previous 
myocardiall infarction and three had (treated) hypertension, there was no evidence of 
eitherr impaired left ventricular function and dilation, or left ventricular hypertrophy. 
Noo patient was excluded from the data analysis during the course of the study for 
anyy reason. 

HemodynamicHemodynamic and metabolic characteristics 
Hemodynamicc results obtained in both the awake and anestheti2ed condition are 
reportedd at baseline, after onset of pacing, and after discontinuation of pacing (table 
4.2). . 

Pacingg resulted in a small change in mean arterial pressure in the direction of the 
heartt rate change; during anesthesia changes in mean arterial pressure were 
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Tablee 4.1: 
Patientt  characteristics and clinical data of physiological reference study 

n n 
Men n 

Age(yr) ) 

Weightt (kg) 

Priorr myocardial infarction 

Treatedd hypertension 

Extentt  of coronary artery disease 
TwoTwo vessels 

Threee vessels 

12 2 

11/12 2 
62(8) ) 

799 (12) 

6/12 2 

3/12 2 

3/12 2 

9/12 2 

Dataa are expressed as n or mean (SD). 

significantlyy larger compared with the awake state (12 mmHg v 6mmHg). Similarly, 
thee discontinuation of pacing resulted in a blood pressure decrease of 3 mmHg in 
thee awake state, and a blood pressure decrease of 11 mmHg in the anesthetized state. 
Comparedd with the awake situation, mean arterial pressure decreased in all patients 
significantlyy after induction of anesthesia. 

Pulmonaryy artery pressure and pulmonary capillary wedge pressure did not 
changee significantly during the study. CI increased significantly as a result of pacing 
inn both awake and anesthetized patients. 

Arteriall  and coronary sinus oxygen content (c02art and c02cs), and oxygen supply 
andd demand were calculated at baseline, during pacing (after coronary sinus blood 
floww had reached a steady state), and after cessation of pacing. In awake and 
anesthetizedd patients, c02 cs did not change in response to heart rate changes, 
althoughh c02 cs increased 1.1 ml 02/ml (p<0.05) and c02art increased 1.5 ml 02 /ml 
afterr induction of anesthesia because of ventilation of the patient. MV0 2 increased 
significantlyy during pacing and this change was similar in both the awake and 
anesthetizedd state. 

3.22 Myocardial supply/demand ratios 

ReferenceReference study 
Figuree 4.3 shows the pacing induced change in oxygen demand related to the 
subsequentt change in oxygen supply, awake and after induction of anesthesia. For 
eachh patient (both awake and anesthetized) two supply/demand relations are shown 
inn each plot, one depicting the effect of pacing versus sinus rhythm, and the second 
showingg the effect of cessation of pacing. The regression lines calculated for both 
conditionss were not significantly different: awake, A02suppry = 1.50 • AMV02 (95 % 
CI,, 1.41-1.58); anesthetized, A02supply = 1.45 • AMV02 (1.35-1.56) (table 4.3). The 
coronaryy microvascular vasodilating potencies calculated for the pacing induced 
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Tablee 4.2: 
Hemodynamicc characteristics of physiological reference study 

HR R 
MAP P 
RAP P 
PAP P 
PCWP P 

CI I 

C02,art t 

C02,cs s 

MV0 2 2 

CSBF F 

Awake e 

baseline e 
61(8) ) 
1022 (21) 
5(4) ) 
23(4) ) 

13(4) ) 
2.55 (0.7) 
17.99 (2.2) 
6.33 (1.3) 
13(4) ) 
1088 (23) 

pacing g 
866 (6)'h 

1088 (22) 
4(4) ) 
26(5) ) 
11(6) ) 

3.22 (0.6)* 
17.99 (2.2) 
6.55 (1.3) 
188 (7)* 
1544 (35)* 

postt  pacing 
61(7) ) 

1055 (22) 
5(4) ) 
24(4) ) 
12(5) ) 
2.77 (0.7) 
17.99 (2.2) 
6.33 (1.3) 
13(5) ) 
1111 (24) 

Anesthesia a 

baseline e 
58(7) ) 
799 (17)+ 

7(4) ) 
20(6) ) 
11(3) ) 
2.44 (0.7) 
19.44 {2.iy 

7A7A (1.3)+ 

122 (5)+ 

999 (32)f 

pacing g 
877 (7)* 
911 (16) 
7(4) ) 
22(5) ) 

11(3) ) 
3.11 (0.8)* 
19.22 (2.2) 
7.22 (1.1) 
188 (7)* 
1433 (46)* 

postt  pacing 
59(8) ) 
800 (16) 
8(4) ) 
20(5) ) 
10(3) ) 
2.66 (0.7) 
19.22 (2.2) 
7.27.2 (1.1) 
133 (60) 
1000 (400) 

Alll  data are mean (SD); n - 12; HR, heart rate (beats/min); MAP, mean arterial pressure 
(mmHg);; RAP, right atrial pressure (mmHg); PAP, mean pulmonary artery pressure 
(mmHg);; PCWP, pulmonary capillary wedge pressure (mmHg); CI , cardiac index 
(1/min/m2);; cO2.an, arterial oxygen content (mlO:/100ml); cO2.cs, coronary venous oxygen 
contentt (mlOz/100ml); MVO2, myocardial oxygen consumption (ml02/min); CSBF, 
coronaryy sinus blood flow (ml/min). 
*,, significantly different from baseline;+, significantly different from awake state. 

resultss give an impression of the natural variation that may be expected in data of 
thiss kind. 

Figuree 4.4 shows the anesthesia-induced changes in myocardial oxygen demand in 
relationn to the pacing induced regression line in the awake condition {solid line, 
identicall  to solid line in figure 4.3, left panel). Compared with the awake situation 
MV0 22 was significantly reduced by anesthesia (table 4.2); however, this was 
associatedd with a matching decrease in coronary oxygen supply (r = 0.96). The 
calculatedd regression line is characterized as A02supply = 1.41 • A02demand (95 % 
CI,, 1.29-1.52). There was no significant intercept and the regression lines calculated 
att baseline heart rate and during pacing were not significantly different (table 4.3). 
Thee coronary microvascular vasodilating potency of anesthesia was not significantly 
differentt from zero. 

PhamiacologicalPhamiacological studies 

Thee changes in myocardial oxygen demand and supply measured during infusion of 
urapidil,, sodium nitroprusside, and nifedipine are presented in figure 4.5 for 
individuall patients during anesthesia. In all panels, the dashed lines represent the 
physiologicall supply/demand ratio obtained by pacing during anesthesia in the 
physiologicall reference study (figure 4.3, right panel). 

Leftt panels of figure 4.5 show the effect of a start dose of the different study 
drugss compared with baseline values. Mean oxygen supply in the control condition 
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A0 22 supply 
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Figuree 4.3: Physiological metabolic flow regulation; the effect of pacing (A) at 30 
beats/minn above sinus rhythm, and cessation of pacing (T) on myocardial oxygen supply 
andd demand in patients with coronary artery disease. Left panel: awake; right panel, after 
inductionn of anesthesia by fentanyl and pancuronium bromide. The lines represent the 
resultss of regression analysis to the data presented here and were used as reference in 
figuress 4.4 - 4.7. Details are shown in table 4.3. 

wass 21 (6) ml 02 /min. There was a small but significant mean difference in oxygen 
supplyy for sodium nitroprusside in relation to the oxygen supply based on the 
dashedd line in figure 4.5 of 0.55 (SE 0.21) ml 02/min. For both urapidil and 
nifedipinee the coronary microvascular vasodilating potency was not significantly 
differentt from zero under these conditions. 

Thee results of regression analysis of these data are presented without (table 4.3) 
andd with (table 4.4) intercept. Sodium nitroprusside, urapidil, or intravenous 
nifedipinee did not change the ratio between myocardial oxygen supply and demand 
significantly,, compared with the physiological ratio obtained by pacing during 
anesthesiaa (table 4.3). There was no significant increase in coronary oxygen supply, 
withoutt change in myocardial oxygen demand, for any of the drugs studied at start 
dose;; therefore, no significant intercept was found (table 4.4). 

Rightt panels of figure 4.5 show the effect of urapidil, sodium nitroprusside, and 
nifedipinee on myocardial oxygen supply and demand at higher infusion rates after 
sternotomyy and opening of the pericardium. Infusion rates were adjusted to keep 
meann arterial pressure between 120 % and 80 % of baseline values. The mean (SD) 
coronaryy microvascular vasodilating potency was calculated and was significant for 
sodiumm nitroprusside (1.78 (2.75) rrd02/min) and nifedipine (2.45 (5.12) ml 02/min) 
butt not for urapidil. 

Tablee 4.4 shows that regression analysis of the effect of sodium nitroprusside and 
nifedipinee reveals a small but significant intercept, indicating an increase in coronary 
oxygenn supply independent of myocardial oxygen demand. However, for nifedipine 
only,, the oxygen supply/demand ratio was significantly decreased, using regression 
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A022 supply 
(mll 02/min) 
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A022 demand 
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A022 demand 
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Figuree 4.4: Effect of anesthesia on myocardial oxygen supply and demand in patients with 
coronaryy artery disease. Left panel, at sinus rhythm; right panel, during pacing at 30 
beats/minn above baseline. The lines presented in these figures are the regression lines of 
thee physiological reference data obtained awake and presented in figure 4.3 (left panel). 
Resultss of regression analysis of the data and the calculated coronary microvascular 
vasodilatingg potency relative to the line shown are presented in table 4.3. 

analysiss with intercept estimation. All effects of nifedipine (significant coronary 
microvascularr vasodilating potency, significant intercept with the oxygen supply axis, 
andd decreased supply/demand ratio) resulted from an increase in myocardial oxygen 
supplyy larger than expected from the physiological supply/demand ratio (dashed 
line)) in only six of 27 patients. 

Figuree 4.6 shows the changes in coronary oxygen supply induced by lntracoronary 
boluss injection of felodipine or nifedipine in awake patients after cardiac 
catheterizationn for diagnostic purposes in relation to the concomitantly induced 
changess in myocardial oxygen demand. The solid lines represent the physiological 
supply/demandd ratio obtained by pacing in the awake patients in the physiological 
referencee study and were used as reference for the calculation of the coronary 
microvascularr vasodilating potency of these drugs under these conditions. 
Regressionn analysis of the changes in oxygen supply to the induced changes in 
oxygenn demand did not yield a significant correlation with or without intercept for 
eitherr intracoronary felodipine or intracoronary nifedipine. 

Forr nifedipine nine of 10 patients, and for felodipine all 10 patients showed an 
increasee in oxygen supply compared with the expected physiological values (solid 
line).. The coronary microvascular vasodilating potency was 13.9 (SE 1.9) ml 02/min 
forr felodipine and 10.6 (SE 1.9) ml 02/min for nifedipine. Both coronary 
microvascularr vasodilating potencies were significantly different from zero and 
indicatee substantial changes in oxygen supply. (Mean (SD) baseline oxygen supply 
wass 22.7 (4.3) ml 02/min for intracoronary nifedipine and 21.7 (6.3) ml 02/min for 
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Figuree 4.5: Effects of potentially vasoactive drugs (A, urapidil; B, sodium nitroprusside; 
andd C, nifedipine) administered intravenously, on myocardial oxygen supply and demand in 
anesthetizedd patients with coronary artery disease. Left panels, 10 minutes after start of drug 
infusionn before surgery was started; right panels, after sternotomy, while drugs are infused 
att a dose sufficient to keep blood pressure between 80% and 120% of preinfusion values. 
Dashedd lines in each panel represent the regression line of the physiological reference data 
shownn in figure 4.3 (right panel) obtained during anesthesia and are not fitted to the data 
shownn in this figure. These lines were used as reference to calculate the coronary 
microvascularr vasodilating potency of each drug. Results of the regression analysis of the 
dataa shown in this figure are presented in tables 4.3 and 4.4. 
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Figuree 4.6: Effect of intracoronary bolus infusion of felodipine and nifedipine on 
myocardiall  oxygen supply and demand in awake patients with coronary artery disease one 
minutee after bolus administration. Left panel, effect of felodipine bolus injection of 0.1 mg; 
rightright panel, effect of nifedipine bolus injection of 0.2 mg. The solid lines represent the 
regressionn line to the physiological reference data obtained in awake patients shown in 
figuree 4.3, left panel. These lines were used to calculate the coronary microvascular 
vasodilatingg potency of these drugs under these conditions (table 4.3). 

intracoronaiyy felodipine, both were not significantly different from each other or 
fromm the baseline condition in the awake patients of the reference study.) 

4.. Discussion 

Byy establishing the linear relation between myocardial oxygen supply and demand by 
pacingg the effect of putative vasodilating drugs can be divided between those in 
whichh this relation is unaffected (urapidil and sodium nitroprusside) and those which 
increasee the oxygen supply more than expected (intracoronary felodipine and 
nifedipine).. We interpreted the latter effect as a true opening of the resistance vessels 
off  the coronary circulation. The former drugs may dilate the proximal epicardial 
vesselss or the coronary veins, but not the resistance vessels that determine coronary 
bloodd flow and thus oxygen supply. Any effect of these drugs on oxygen supply 
resultss from the concomitant effect on metabolic rate - that is, myocardial oxygen 
consumptionn or oxygen demand. 

Thee aim of the present study was to quantify the physiological response of the 
coronaryy flow regulation process to pacing induced changes in myocardial oxygen 
demand.. These data were used to describe the effect of vasoactive compounds on 
thee coronary circulation in relation to this physiological regulation process, as these 
drugss may have separate effects on MV02. As the effects of these coronary 
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Tablee 4.3: 
Regressionn analysis: A 0 2 supply = ratio • A 0 2 demand 

intervention n 

pacing,, awake 

pacing,, anesthetized 

anesthesia,, sinus rhythm 

anesthesia,, pacing 

SNP,, start dose (iv) 

SNP,, sternotomy (iv) 

urapidil,, start dose (iv) 

urapidil,, sternotomy (iv) 

nifedipine,, start dose (iv) 

nifedipinee sternotomy (iv) 

nifedipinee awake (ic) 

felodipinee awake (ic) 

n n 

24 4 

24 4 

12 2 

12 2 

45 5 
45 5 

27 7 

27 7 

27 7 

27 7 

10 0 

10 0 

rati o o 

1.50 0 

1.45 5 

1.41 1 

1.35 5 

1.29 9 
1.50 0 

1.57 7 

1.43 3 
1.37 7 

1.48 8 

ns s 

ns s 

955 % CI 

1.41-1.58 8 

1.35-1.56 6 

1.29-1.52 2 

1.22-1.48 8 

1.14-1.44 4 
1.26-1.74 4 

1.38-1.75 5 

1.30-1.56 6 

1.08-1.65 5 
1.24-1.73 3 

ns s 

ns s 

r3 3 

0.98 8 

0.97 7 

0.93 3 

0.97 7 

0.87 7 
0.72 2 

0.90 0 
0.92 2 

0.73 3 

0.41 1 

ns s 

ns s 

Coronary y 
vasodilating g 
potency y 
0.055 (1.20) 

-0.255 (1.35) 

0.355 (1.26) 

0.699 (1.40) 

0.555 (1.47)* 

1.788 (2.75)* 

0.388 (1.50) 

0.855 (2.50) 

0.355 (2.25) 

2.455 (5.12)* 

10.577 (5.87)* 

13.855 (5.96)* 

Coronaryy microvascular vasodilating potency (ml O j / min) is calculated as explained in 
figuree 4.2, presented as mean (SD). All ratio's presented were significantly different from 
zero. . 
955 % CI - 95 % confidence interval; r2, regression coefficient; n, number of observations 
usedd to estimate the regression lines presented in tables 4.3 and 4.4; SNP, sodium 
nitroprusside;; iv, intravenous; ic, intracoronary; ns, no significant fit. 
*,, significantly different from zero. 

vasoactivee drugs were previously studied in awake and anesthetized patients, we had 
too determine the possible effect of anesthesia on the oxygen supply/demand ratio. 

Thee results indicate that the ratio between pacing induced changes in myocardial 
oxygenn supply and demand was 1.50 (0.1) in awake patients with CAD and 1.45 (0.1) 
afterr induction of anesthesia by fentanyl/pancuronium bromide; therefore, this type 
off anesthesia does not seem to affect the physiological coronary metabolic regulation 
att steady state. 

Subsequentlyy it was shown that vasoactivity of drugs was judged differently 
comparedd with normal physiological regulation of coronary blood flow. Intravenous 
administrationn of sodium nitroprusside, urapidil, and nifedipine showed rather 
similarr behavior, compared with the regression line obtained during pacing (figure 
4.5).. In the majority of patients studied, the induced changes in myocardial oxygen 
supplyy were related to changes in myocardial oxygen demand. Only a small 
additionall increase in coronary oxygen supply could be attributed to the 
administrationn of nifedipine and sodium nitroprusside, but not urapidil. In contrast, 
intracoronaryy administration of nifedipine or felodipine showed marked vasodilation 
inn spite of the decrease in MV02 . This was probably caused by the very high local 
concentrationn of nifedipine and felodipine in the coronary vascular wall and the 
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Tablee 4.4: 
Regressionn analysis: AO^ supply = rati o  A02 demand + intercept 

Intervention n 
anesthesia,, sinus rhythm 

anesthesia,, pacing 
SNP,, start dose (iv) 
SNP,, sternotomy (iv) 
urapidil,, start dose (iv) 
urapidil,, sternotomy (iv) 
nifedipine,, start dose (iv) 
nifedipine,, sternotomy (iv) 

n n 
12 2 
12 2 

45 5 
45 5 
27 27 
17 17 

17 17 

17 17 

Ratio o 
1.53 3 
1.36 6 
1.33 3 
1.40 0 
1.53 3 
1.34 4 

1.41 1 
1.01** * 

955 % CI 
off  ratio 
1.34-1.73 3 
1.17-1.54 4 
1.18-1.49 9 

1.19-1.60 0 
1.33-1.74 4 
1.20-1.49 9 

1.07-1.76 6 
0.70-1.32 2 

Intercept t 
0.64 4 
0.07 7 

0.45 5 
1.83* * 
0.25 5 
1.31 1 
0.28 8 
5.73* * 

955 % CI 
off  intercept 
-0.16-1.44 4 

-1.17-1.31 1 
-0.01-0.89 9 
1.01-2.65 5 

-0.45-0.96 6 
-0.03-2.46 6 
-0.85-1.41 1 
2.75-8.7 7 

r2 2 

0.94 4 
0.97 7 
0.88 8 
0.81 1 
0.90 0 
0.94 4 
0.74 4 
0.64 4 

Alll  ratios presented were significantly different from zero. All intercepts were on the 
myocardiall  oxygen supply axis in ml 02/min. 95 % CI, 95% confidence interval; r2, 
regressionn coefficient; SNP, sodium nitroprusside. 
*,, significantly different from zero; t. significantly different from regression without 
intercept;; £ significantly different from the reference regression obtained under similar 
conditions. . 

myocardium.. In addition, the intracoronary route of bolus administration is not 
associatedd with baroreflex mediated sympathetic activation, as is the case with 
intravenouss administration of vasodilators. 

4.11 Physiology of coronary flow regulation 
Coronaryy flow is determined by myocardial oxygen consumption and coronary 
perfusionn pressure [9,20]. These parameters may vary continuously over time; 
therefore,, coronary vascular resistance is adjusted in a continuous dynamic process. 
Thiss process is mediated by several mechanisms including myogenic, metabolic, 
neurohumoral,, and endothelial responses. The relative influence of each separate 
responsee on the overall regulation process is unknown [20,21]. 

I tt is well documented that myocardial oxygen supply and demand are tightly 
coupledd so that each change in demand is matched by a corresponding change in 
supplyy [7-9]. This phenomenon is the result of physiological coronary flow 
regulationn and, in the case of drug administration, this should not be referred to as 
drugg induced vasodilation or vasoconstriction. We propose to reserve the term 'true 
vasodilation'' for increases in coronary blood flow above the physiological regulation 
level.. This implies that the physiological coronary flow regulation should be known 
andd used as a reference when potential vasodilating agents are studied. 

Inn humans, this physiological regulation process has not been studied extensively. 
Inn 1972, Kitamura et aL measured coronary blood flow and MV0 2 in awake humans 
(young,, male volunteers) during rest and several levels of exercise [22]. The 
myocardiall  supply/demand ratio was estimated to be approximately 1.4. In 1978, 
Mohrmann and Feigl used myocardial supply/demand ratios to characterize the effect 
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off  a-adrenoreceptor blockade on coronaiy flow regulation in dogs [8]. They found a 
baselinee ratio of 0.85 and vasodilation caused by a-adrenoreceptor blockade 
increasedd this ratio to 1.23. In 1987, Vergroesen et aL reported a myocardial oxygen 
supply/demandd ratio of 1.4 (SE 0.2) in dogs and 1.5 (SE 0.2) in goats with and 
withoutt a separate coronary perfusion system [9]. The discrepancy between the 
resultss reported by Mohrman and Feigl, and Vergroesen et al\ study is possibly 
becausee of differences in the stimulus used to increase MV02. However the data of 
Vergroesenn et aL and Kitamura etal. are in good agreement with the present findings 
inn patients with CAD (figure 4.3 and 4.4, table 4.3). 

4.22 Use of A02supply/A02 demand ratio to evaluate vasodilating properties 

off  drugs 
AA large number of peripheral and coronary arterial vasodilators are currently 
availablee for the management of hypertension and ischemic heart disease. As in most 
studiess describing coronary pharmacodynamic effects only mean changes in 
coronaryy blood flow and MV02 are reported (as was done previously with the 
presentt data), the relative vasodilating potency of these different agents is not well 
defined.. A number of parameters that can be used to differentiate between the 
effectss of coronary vasodilators are shown in table 4.3. These include: the ratio of 
myocardiall  oxygen supply and demand at different infusion rates; the intercept with 
thee Y-axis (supply axis); and intrinsic coronary microvascular vasodilating potency, 
definedd as the mean difference between the measured increase in oxygen supply and 
thee expected increase in oxygen supply calculated from the reference supply/demand 
ratio. . 

Figuree 4.7 shows the theoretical effects of putative coronary vasodilators on 
myocardiall  oxygen supply in relation to the physiological reference supply/demand 
ratioo as measured in the present study. Six different types of drugs are shown that 
wouldd have been deemed coronary vasodilators according to current clinical practice, 
butt with this new method more differentiation is made. 

Comparingg theoretical effects of potential coronary vasodilators (figure 4.7) with 
thee data presented in figures 4.5 and 4.6, we see that the relation between changes in 
oxygenn supply and demand calculated on the basis of the physiological reference 
studyy in anesthetized patients (dashed lines in figure 4.5) predicted the expected 
changess in coronary oxygen supply to a very large extent for urapidil and nifedipine 
att low starting dose (type 6 vasodilation, figure 4.7). Only a few patients treated with 
highh dose intravenous nifedipine had significant vasodilation; therefore, nifedipine is 
aa type 4 vasodilator as shown from the regression line fit  with intercept estimation 
presentedd in table 4.4. Sodium nitroprusside appeared to induce a small but 
consistentt upwards shift of the oxygen supply demand ratio, apparent in the small 
butt significant coronary microvascular vasodilating potency (type 3 vasodilator). The 
factt that the coronary microvascular vasodilating potency for sodium nitroprusside 
wass significantly different from zero shows that this new method of quantification is 
highlyy sensitive. Clinical significance of such a small but consistent improvement has 
yett to be shown. However, the majority of patients treated with sodium 
nitroprussidee showed very littl e change in either oxygen supply or oxygen demand. 
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Figuree 4.7: Illustration of the potential of this new analysis. Theoretical vasodilator effects 
(•)) are presented in relation to physiological flow regulation (dotted line in each panel). All 
panelss show an average increase in myocardial oxygen supply as result of drug infusion; 
however,, with the present analysis not all drugs will be deemed coronary microvascular 
vasodilatingg drugs. Type 1: classic coronary vasodilator affects only coronary oxygen supply 
andd not myocardial oxygen demand. The mean change in oxygen supply will be equal to the 
meann vasodilating potency of this type of drug. Type 2: coronary vasodilator underestimated 
byy its change in oxygen supply alone. The induced reduction in oxygen demand enhances 
thee vasodilating potency of this type of drug. Type 3: coronary vasodilator characterized by 
aa consistent moderate increase in coronary oxygen supply above the expected physiological 
supply.. Coronary microvascular vasodilating potency and intercept of regression line are 
equallyy effective in quantifying its action. The ratio of oxygen supply and demand is 
unchanged,, (the legend to this figure is continued on the next page) 
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Figuree 4.7 continued: Type 4: this coronary vasodilator does not yield the same result in 
eachh patient. The intercept of the regression line indicates vasodilating possibilities at zero 
changee in oxygen demand, but the ratio decreases compared widi the physiological line. The 
coronaryy microvascular vasodilating potency will reflect the average change in myocardial 
oxygenn supply at the actual changes in myocardial oxygen demand. Type 5: this type of 
vasodilatorr shows an increased oxygen supply relative to the physiologically expected supply 
iff  myocardial oxygen demand is increased. At a decreased oxygen demand a larger decrease 
inn supply is expected as well. The intercept of the regression line would be equal to zero, 
butt the ratio will increase. The coronary microvascular vasodilating potency may be 
significantlyy greater than zero depending on the change in MVO2. Type 6: this type of drug 
iss not a true vasodilator. The increase in myocardial oxygen supply can be fully explained by 
thee physiological coronary flow regulation. The range of oxygen supply and demand 
changess shown here is only larger than induced by pacing in the reference study. 

Measurementt of the vasodilating properties of these drugs by the percentage 
increasess in oxygen supply alone would have overestimated the vasodilating 
propertiess of urapidil in both awake and anesthetized patients, and nifedipine at high 
dosee intravenous infusion. 

Figuree 4.6 shows the strength of this analysis. The increase in oxygen supply 
inducedd by intracoronary administration of nifedipine and felodipine relative to the 
referencee curve is much larger than the change in oxygen supply per se (type 2 
vasodilation,, figure 4.7). The reduction in MV0 2 following intracoronary bolus 
injectionn of high doses felodipine or nifedipine probably results from the potent 
negativee inotropic properties of these agents, separate from the relaxing effect on the 
coronaryy smooth muscle cells. Using physiological oxygen supply/demand ratios as a 
reference,, intracoronary administration of nifedipine clearly has more local effects on 
thee coronary resistance vessels than intravenous administration of the same agent 
(figuree 4.5 and 4.6). 

4.33 Contributio n of collateral flow to oxygen supply/demand rati o 
Inn the prospectively studied group of patients the contribution of potential 
collateralss (including those that cannot be seen by coronary angiography) to coronary 
sinuss blood flow was unknown. However, theoretically there is no reason to assume 
aa different oxygen extraction ratio (and thus supply/demand ratio) in myocardium 
perfusedd via collaterals unless these collateral vessels induce significant arteriovenous 
shunting.. As coronary venous oxygen tension remained constant during all 
interventionss in the present study, there is no indication of significant intracoronary 
shunting. . 

5.. Conclusions 

Physiologicall  regulation of coronary blood flow in awake and anesthetized patients 
withh CAD can be characterized by similar myocardial oxygen supply/demand ratios. 
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Thee myocardial oxygen supply/demand ratio and coronary microvascular 

vasodilatingg potency are potential tools for comparing coronary vasodilating drugs in 

clinicall  practice. 

Intravenouss administration of sodium nitroprusside, urapidil, and nifedipine in 

sufficientt doses to control arterial blood pressure during surgical stress has limited 

coronaryy vasoactive effects in the majority of patients with CAD. The physiological 

coronaryy flow control system is still the major determinant of coronary flow in these 

patients. . 

Intracoronaryy high dose bolus injection of nifedipine and felodipine results in 

significantt true vasodilation. 
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Abstract t 

Objective.Objective. To evaluate the effect of intravenous administration of the nitric oxide 
donorr substance nitroglycerin (NTG) on metabolic coronary flow regulation in 
patientss with coronary artery disease (CAD). 
Methods.Methods. In twelve patients with stable CAD, we measured coronary sinus blood 
flow,, myocardial oxygen supply and consumption (MVOj) at sinus rhythm and 
duringg atrial pacing (30 bpm above sinus rate), both at control, and during infusion 
off  NTG, 1 ng/kg/min, and NTG, 2 ng/kg/min. To study metabolic coronary 
vasodilation,, changes in myocardial oxygen supply were related to pacing induced 
changess in MV0 2, using standard regression analysis. The myocardial oxygen supply-
consumptionn ratio, i.e. the slope of the regression line at control, characterizing 
physiologicall  metabolic coronary flow regulation, was compared with the ratios 
obtainedd during infusion of NTG. 
Results.Results. Compared to control measurements, NTG 1 ng/kg/min and NTG 
22 ng/kg/min attenuated pacing induced increases in MVO, by 29% and 60% 
respectively,, while coronary blood flow during pacing remained unchanged. At 
control,, normal metabolic coronary flow regulation resulted in a myocardial oxygen 
supply-demandd ratio of 1.39 (95% CI: 1.29 - 1.49). This ratio did not change during 
NTGG 1 ng/kg/min: 1.44 (95% CI: 1.33 - 1.56). However, during NTG 2 ^g/kg/min, 
thiss ratio significantly increased to 1.84 (95% CI: 1.63 - 2.05; p<0.01). 
Gmdusvons,Gmdusvons, Intravenous administration of high dose NTG, a donor of exogenous 
NO,, blunts pacing induced increases in MV0 2 and may increase metabolic coronary 
vasodilationn in patients with CAD. 
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1.. Introduction 

Coronaryy blood flow is largely dependent on myocardial oxygen consumption 
(MVOj) ,, a process known as metabolic coronary flow regulation. Endothelium 
derivedd nitric oxide (NO) supposedly plays an important role in this regulation 
process,, since the coronary vasodilation in response to pacing induced increases in 
MV0 22 was reported to be attenuated after blockade of endogenous NO synthesis in 
bothh dogs [1,2] and humans [3-5], although some studies failed to demonstrate such 
aa role for NO [6,7]. In patients with coronary artery disease (CAD), epicardial and 
microvascularr vasomotor responses are attenuated [3,7-11], which may be explained 
byy the reduced endothelial NO release in those patients [12]. 

Sincee organic nitrates produce their biological effect by releasing NO and thus in 
manyy respects mimic the effect of endogenous NO [13], they have been used as N O 
donorss [14]. Whether supplementation of exogenous NO by organic nitrates 
improvess the attenuated metabolic coronary vasodilation in patients with CAD, is 
nott well defined. To date, the effect of nitrates on the adaptation of coronary blood 
floww in response to metabolic stimuli has only been studied during myocardial 
ischemia,, induced by rapid pacing or exercise [15-17]. Interpretation of these studies 
iss difficult, since during myocardial ischemia, other than metabolic coronary flow 
regulatingg mechanisms may prevail [18]. 

Too investigate the role of exogenous N O in mediating coronary vascular 
responsess to a metabolic stimulus in patients with CAD, we examined the coronary 
vascularr responses to small pacing induced changes in HR before and after the 
administrationn of the NO donor substance nitroglycerin (NTG). 

2.. Methods 

2.11 Patients 
Thee study group consisted of 12 patients (all men) with stable CAD, without clinical 
orr echocardiographic evidence of congenital, valvular or hypertrophic heart disease. 
Al ll  patients were scheduled for elective coronary artery surgery and were enrolled in 
thee study when left ventricular and coronary angiography revealed a left ventricular 
endd diastolic pressure lower than 18 mmHg, a left ventricular ejection fraction higher 
thann 45% and the absence of a left main stem stenosis. Patients with atrioventricular 
conductionn defects or unstable angina were excluded from the study. Calcium 
channell  blockers and long acting nitrates were discontinued the evening before 
surgery,, whereas only p-adrenoceptor blockers were given until the morning of 
surgery.. Premedication consisted of lorazepam 4-5 mg orally, which was given two 
hourss before start of the study. Al l patients gave written informed consent to 
participatee in this study which was approved by the local ethical committee and 
compliedd with the principles outlined in the Declaration of Helsinki. 

2.22 Instrumentation 
Onn arrival in the operating room, ECG leads were connected and lead II , II I and V5 
weree continuously monitored (HP Merlin System, Hewlett-Packard, Böblingen, 
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Germany).. A wide bore peripheral venous catheter and a 20-gauge radial artery 
catheterr were inserted under local analgesia. A thermodilution pulmonary artery 
catheterr (Baxter Health Care Corporation, Irvine, California, USA) and a coronary 
sinuss thermodilution catheter (Wilton-Webster Laboratories, Altadena, California, 
USA)) were introduced via the left subclavian vein. The coronary sinus catheter was 
advancedd into the coronary sinus using image intensification fluoroscopy and 
injectionn of contrast medium, so that the external thermistor lay 1.5-2 cm from the 
ostiumm and that there was no major sidebranching vein in the vicinity. The coronary 
sinuss catheter was connected to a Wilton Webster Wheatstone bridge. Coronary 
sinuss thermodilution signals were recorded with a multi-channel amplifier/recorder 
system.. Catheter calibration factors provided by the manufacturer were used. The 
absencee of right atrial admixture in coronary sinus blood was checked by injection of 
coldd saline in the right atrium, while coronary sinus temperature curves were 
recordedd simultaneously [19], Under fluoroscopy, atrial pacing (via coronary sinus 
catheter)) was used during 10-30 seconds to ascertain the stability of the position of 
thee tip of the coronary sinus catheter in relation to the surrounding anatomical 
structuress and fluoroscopic landmarks. If the stability of the catheter could not be 
guaranteed,, the experiment was discontinued. Two patients eligible for the present 
study,, were therefore not included. For the measurement of coronary sinus blood 
floww (CSBF) normal saline at room temperature was used as indicator and infused 
intoo the coronary sinus at a rate of 45 ml/min via a Mark IV infusion pump (Medrad 
Technologyy for people, Pittsburgh, Pennsylvania, USA) [20]. 

2.33 Measurements 
Afterr adequate instrumentation and a resting period of 20 minutes, three series of 
measurementss were performed in each patient. Each series included both an increase 
inn HR (HR step up, induced by pacing) and a decrease in HR (HR step down, 
inducedd by the discontinuation of pacing). The first series of measurements was 
performedd before infusion of NTG (control), whereas the second and third series of 
measurementss were performed during infusion of NTG 1 ug/kg/min and NTG 
22 ug/kg/min, respectively. 

Eachh series of measurements started at sinus rhythm with the measurement of 
capillaryy wedge pressure (PCWP) and cardiac output (CO), and the simultaneous 
samplingg of blood from the radial artery and coronary sinus. Subsequently, 
continuouss recording (digitized on-line at a sampling rate of 80 Hz) of CSBF, arterial 
bloodd pressure (ABP), right atrial pressure (RAP), pulmonary artery pressure (PAP) 
andd electrocardiographic lead II was started. Following ten seconds of steady state 
recording,, yielding values at sinus rhythm, HR was increased by 30 beats per minute 
(bpm)) above sinus rate by pacing via the coronary sinus catheter (HR step up). Ten 
secondss after a new steady state had been reached (usually well within 50 seconds 
followingg the HR step), yielding values during pacing, recording was stopped. The 
totall  duration of the recordings was about 70 seconds. Subsequently, CO and PCWP 
weree measured during pacing and blood sampling was repeated. Then, during 
recordingg of CSBF, ABP, PAP, RAP and ECG, pacing was stopped (HR step down) 
andd recording continued until a new steady state had been recorded, again yielding 
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valuess at sinus rhythm. A final series of PCWP and CO measurements and blood 
samplingg completed this series of measurements. 

Followingg the completion of this first series of control measurements, the effect 
off  the N O donor substance NTG on pacing induced changes in coronary blood 
floww was studied. Patients received an intravenous infusion of NTG at a rate of 1.0 
/ig/kg/min.. After an equilibration period of 15 minutes, the measurements series 
wass repeated, with the same pacing rate as was used during control. 

Inn the last ten patients, the infusion rate of NTG was increased to 2.0 /ig/kg/min, 
followedd by repetition of the measurement series. This high infusion rate of 
22 ng/kg/min was chosen to ascertain an effect in patients possibly desensitized to 
NTGG by long acting oral nitrates [13]. 

2.44 Laborator y analysis and calculations 
Att each measurement point, thermodilution CO was obtained in triplicate, using 
normall  saline at room temperature as injectate. These three CO values were 
subsequentlyy averaged and are reported as cardiac index. 

Arteriall  and coronary sinus blood samples were analyzed to determine plasma 
hemoglobinn concentration, oxygen partial pressure (pOj) (ABL III , Radiometer, 
Copenhagen,, Denmark), hemoglobin oxygen saturation (SÔ  (OSM-II 
hemoxymeter,, Radiometer, Copenhagen, Denmark) and lactate concentrations [21]. 

Myocardiall  oxygen content was calculated as 1.39 • Hb • SO, + 2.241 • 0.00136 • 
p0 2 ;; MV02 was calculated as CSBF • arterio-coronary sinus oxygen content 
difference.. Myocardial oxygen supply was calculated as CSBF • arterial oxygen 
content.. Myocardial lactate uptake (MLU) was calculated as CSBF • (arterio-coronary 
sinuss lactate concentration). The myocardial lactate extraction percentage was 
calculatedd as (arterio-coronary sinus lactate concentration / arterial lactate 
concentration)) • 100%. 

2.55 Data analysis 
Usingg a signal analysis program (Matlab v 3.5j, The MathWorks Inc., Natick, 
Massachusetts,, USA), ABP, PAP, RAP and CSBF were averaged over periods of 
eightt seconds of steady state, before and after the HR step up and down . Therefore 
twoo values were obtained during pacing, one after the HR step up, and one before 
thee FIR step down. Since these values during pacing were not significantly different, 
reflectingg both the same steady state situation, they were averaged. 

TheThe steady state aspects of metabolic flaw regulation were analyzed by means of the 
oxygenn supply-demand diagram, showing myocardial oxygen supply as a linear 
functionn of MV0 2 (demand), for a given perfusion pressure [22]. As reported 
previously,, we modified this diagram by plotting the changes in oxygen supply 
againstt the changes in MV0 2 that were induced by cardiac pacing, to correct for the 
influencee of the variation in coronary perfusion pressure and heart weight [23]. The 
changess in 0 2 supply are related to the changes in MV0 2 by standard regression 
analysiss without intercept, since in response to pacing, a change in myocardial 
oxygenn supply cannot occur without a change in MV02> yielding the equation: A 0 2 
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supplyy = ratio • A M V 0 2 . The slope of the obtained line is the reference supply-
demandd ratio, defining normal metabolic coronary flow regulation [23,24]. 

Inn the present study, the reference supply-demand ratio was used to evaluate the 
effectt of NTG on coronary metabolic regulation. This ratio (defining metabolic 
regulationn at control) was therefore compared with supply-demand ratios, obtained 
fromm pacing induced changes in supply and consumption, during infusion of NTG 
11 jig/kg/min and NTG 2 ^g/kg/min (defining metabolic regulation during infusion 
off NTG). Upward deflection of the regression line, i.e. an increase in the supply-
demandd ratio, then implies increased metabolic vasodilation, whereas downward 
deflectionn means decreased metabolic vasodilation. 

TheThe dynamic aspects of metabolicflow regulation were quantified as described earlier [25]. 
Inn short, the rate of change of an index of coronary vascular resistance (CRI) in 
responsee to a HR step was quantified by a t50-value, which was defined as the time in 
secondss after the HR step at which the change in CRI had reached 50% of its total 
change.. This value was calculated by fitting a high order polynomial to a part of the 
signal,, over a period of at least 10 seconds, around the 50% value of the CRI-change 
[25].. In the present study, CRI was calculated as the quotient of beat averaged ABP-
RAPP and CSBF [25]. Thus, t50 values of HR steps up and HR steps down were 
obtainedd at control, and during NTG 1 ng/kg/min and NTG 2 |ig/kg/min. 

2.66 Statistical analysis 
Dataa obtained at control, during NTG 1 ng/kg/min and NTG 2 ng/kg/min were 
comparedd using two-way analysis of variance for repeated measurements. Paired 
standardd t-tests were used to compare values at sinus rhythm to values obtained 
duringg pacing. A value of p< 0.05 was considered significant. Results are reported as 
meann (SD) or as percentage change (SD) where applicable. 

Changess in myocardial oxygen supply were related to changes in MV0 2 using 
standardd regression analysis. To compare the slopes of the regression lines obtained 
att control, during NTG 1 ng/kg/min and NTG 2 Mg/kg/min, we used analysis of 
variancee for differences between regression slopes [26]. The slopes of the obtained 
regressionn lines, i.e. the myocardial oxygen supply-consumption ratios, are reported 
withh their 95% confidence intervals (95% CI). 

3.. Results 

3.11 Characteristics of the patients 
Patientss characteristics and pre-operative chronic medication are shown in table 5.1. 
Thee patients were all male and comparable with respect to age, weight, and height. 

Sixx patients were suffering from three-vessel CAD, five from two-vessel CAD, 
whereass only one patient had single-vessel CAD. All were using triple therapy for 
angina,, consisting of long acting nitrates, (3-adrenergic blocking agents and calcium 
channell blockers, except patient 3 who did not use a calcium channel blocker. 
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Tablee 5.1: 
Patientt characteristics and angiogragphic findings 

Patient t 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

Sex x 

(m/f) ) 

m m 

m m 

m m 

m m 

m m 

m m 

m m 

m m 

m m 

m m 

m m 

m m 

Age e 

(years) ) 

64 4 

69 9 

62 2 

50 0 

59 9 

67 7 

64 4 

68 8 

62 2 

53 3 

71 1 

52 2 

Height t 

(cm) ) 

172 2 

168 8 

168 8 

174 4 

180 0 

168 8 

168 8 

170 0 

170 0 

174 4 

176 6 

170 0 

Weight t 

(kg) ) 

85 5 

71 1 

77 77 

84 4 

90 0 

72 2 

92 2 

82 2 

68 8 

79 9 

92 2 

79 9 

Extentt of C A D * 

RCA A 

100 0 

N N 

80 0 

N N 

100 0 

90 0 

90 0 

99 9 

100 0 

100 0 

99 9 

N N 

LAD D 

70 0 

N N 

90 0 

100 0 

N N 

50 0 

70 0 

70 0 

80 0 

N N 

70 0 

90 0 

LCX X 

50 0 

90 0 

99 9 

80 0 

99 9 

99 9 

90 0 

70 0 

N N 

100 0 

70 0 

90 0 

^CADD indicates coronary artery disease, reported as percentage narrowing of coronary 
arteryy lumen diameter (N denotes normal). RCA, right coronary artery; LAD, left anterior 
descendingg coronary artery; LCX, left circumflex coronary artery. 

3.22 Normal metabolic coronary flow regulation: the reference supply-
consumptionn ratio 

Pacingg the heart at an average 29 bpm above sinus rate at control, resulted in a 
significantt increase in MV02 from 13.7 (3.4) ml 02/rnin during sinus rhythm to 19.9 
(5.3)) ml 02/min during pacing (figure 5.1). This increase was completely matched by 
ann increase in CSBF from 104 (30) to 149 (45) ml/min ,since myocardial oxygen 
extractionn percentage remained unchanged (figure 5.1). Following cessation of 
pacing,, values of MV02 and CSBF always returned to pre-pacing values. 

Individuall  changes in myocardial oxygen supply, related to pacing induced 
changess in MV02, are shown in the supply-demand diagram in figure 5.2 (upper 
panel).. Metabolic coronary flow regulation is illustrated by the linear relationship 
betweenn changes in oxygen supply and consumption. The slope of the calculated 
regressionn line (the supply-demand ratio), which is used as reference ratio quantifying 
metabolicc regulation, was 1.39 (95% CI: 1.29-1.49). 

3.33 NTG during sinus rhythm 
Thee effect of NTG on baseline values of hemodynamic variables at sinus rhythm are 
shownn in table 5.2. In response to NTG 2 ug/kg/min, there was a small reflex 
increasee in sinus rate, associated with the concomitant decrease in mean arterial 
pressure.. In addition, NTG decreased cardiac preload, reflected by a substantial 
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Tablee 5.2: 
Systemicc hemodynamics at sinus rhyth m before pacing 

HRR (1/min) 

SBPP (mmHg) 

MAPP (mmHg) 

PAPP (mmHg) 

RAPP (mmHg) 

PCWPP (mmHg) 

CII  (1/min/m2) 

SVRR (dynes.s/cm5) 

RPPP (mmHg/min) 

Control l 

(n-12) ) 

65(7) ) 

1455 (21) 

1011 (11) 

22(5) ) 

7(3) ) 
10(5) ) 

2.899 (0.38) 

13155 (230) 

94588 (1696) 

NTG G 
11 ug/kg/min 

(n-12) ) 

67(8) ) 

1399 (20)* 

955 (11)* 

188 (4)* 

55 (3)* 

77 (3)* 

2.933 (0.55) 

12888 (303) 
93211 (1682) 

NTG G 
22 ug/kg/min 

(n=10) ) 

699 (8)* 

1388 (21)* 

900 (12)* 

177 (3)* 

55 (3)* 

66 (2)* 

3.000 (0.48) 

11933 (267) 

95566 (1729) 

Valuess are mean (SD). Vaiues at sinus rhythm of heart rate (HR), mean systolic arterial 
bloodd pressure (SBP), mean arterial blood pressure (MAP), pulmonary artery pressure 
(PAP),, right atrial pressure (RAP), pulmonary capillary wedge pressure (PCWP), cardiac 
indexx (CI), systemic vascular resistance (SVR) and rate pressure product (RPP) are reported 
att control, during NTG 1 ^ig/kg/min and during NTG 2 ug/kg/min. *p < 005 v 
correspondingg control value (ANOVA) 

decreasee in PCWP. NTG had little effect on cardiac afterload, since SVR remained 
unchanged. . 

Att sinus rhythm, NTG 1 ug/kg/rnin did not affect CSBF, but decreased MV0 2 

(figuree 5.1). However, during NTG 2 ug/kg/min, neither CSBF nor MV0 2 were 
differentt from control, despite the significant reduction in preload. The absence of a 
changee in MV0 2 during NTG 2 ug/kg/min may however be related to the small 
reflexx increase in sinus rate at that time. At sinus rhythm, NTG 1 ug/kg/min and 
NTGG 2 ug/kg/min did not influence myocardial oxygen extraction percentages. 
Thesee findings suggest that neither NTG 1 ug/kg/min nor NTG 2 ug/kg/min 
causedd any direct coronary vasodilation. 

3.44 NTG and metabolic coronary flow regulation 
Comparedd to control, pacing induced changes in HR were smaller during infusion of 
NTG,, since sinus rate increased from 65 (7) bpm at control to 69 (8) bpm during 
NTGG 2 ug/kg/min, while pacing rate remained unchanged (94 (6) bpm, 95 (8) bpm 
andd 95 (8) bpm at control and during NTG 1 ug/kg/min and NTG 2 ug/kg/min, 
respectively). . 

Thee increase in MV0 2, that was induced by pacing, was significantly attenuated 
byy infusion of NTG (figure 5.1). The accompanying increase in CSBF was also 
reducedd during NTG infusion, but to a lesser extent than the increases in MV0 2. 
Consequently,, MV0 2 during pacing was significantly reduced during NTG 1 
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Figuree 5.1: Values of coronary sinus blood flow (CSBF), myocardial oxygen consumption 
(MVO2),, and coronary sinus hemoglobin oxygen saturation (S„02) are shown at sinus 
rhythmm (SR), during pacing, and again at sinus rhythm (after cessation of pacing) for each of 
thee following conditions: control, during infusion of nitroglycerin (NTG) 1 ^g/kg/min, and 
duringg NTG 2 ugAg/min. Note that values after cessation of pacing always returned to 
valuess obtained before pacing. Values are shown as mean (SEM). ""p<0.05 v corresponding 
valuee at control (ANOVA). 
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Responsee to pacing 
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Figuree 5.2: Effect of nitroglycerin (NTG) on metabolic coronary flow regulation. Shown is 
thee effect of small pacing induced changes in heart rate (30 beats/min above sinus rhythm) 
onn myocardial oxygen supply (O2 supply) and myocardial oxygen consumption (MVO2) at 
controll  (upper panel) during administration of NTG 1 ng/kg/min (middle panel) and NTG 
22 ng/kg/min (lower panel). The dashed line in the upper panel, characterizing metabolic 
coronaryy flow regulation at control, is the result of regression analysis to the data (AO2 supply 
== 1.39 (95% CI: 1.29 - 1.49) • AMVO2) and was used as reference in the middle and lower 
panelss . The regression line (AO2 supply = 1.44 (95% CI: 1.33 - 1.56) • AMVO2) calculated 
fromm the data during infusion of NTG 1 ng/kg/min was not significantly different from the 
referencee line at control. During NTG 2 ng/kg/min, the slope of the calculated regression 
linee (AO2 supply = 1.84 (95% CI: 1.63 - 2.05) • AMVO2) was significantly increased compared 
too the reference line at control (ANOVA: p<0.01), suggesting increased metabolic coronary 
vasodilationn during NTG 2 ng/kg/min. 
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jig/kg/minn and NTG 2 (ig/kg/min, compared to MV0 2 during pacing at control, 
whereass CSBF during pacing remained unchanged (figure 5.1). 

Thee individual changes in myocardial oxygen supply related to the pacing induced 
changess in MV0 2 during NTG 1 ng/kg/min and NTG 2 ng/kg/min, are shown in 
figuree 5.2 (middle and lower panel, respectively). During NTG 1 ng/kg/min, 
metabolicc regulation was characterized by a supply-demand ratio of 1.44 (95% CI: 
1.333 - 1.56), which was not significantly different from the supply-demand ratio at 
control.. However during NTG 2 (ig/kg/min, this ratio was significantly increased to 
1.844 (95% CI: 1.63 - 2.05; ANOVA: p < 0.01). Thus, during NTG 2 ng/kg/min, the 
increasee in myocardial oxygen supply, related to the pacing induced change in MV0 2, 
wass larger than at control. This was also illustrated by an increase in coronary sinus 
S022 (S^Oj) during pacing, from 30 (5) % at control to 34 (7) % during NTG 
22 ng/kg/min (p = 0.018) (figure 5.1). 

3.55 Rate of metabolic coronary flow regulation 
Thee coronary response rates to pacing and cessation of pacing, during control, NTG 
11 ng/kg/min and NTG 2 ng/kg/min, were quantified by t50-values. The individual t50 

valuess for the dilating and constricting responses, induced by increases and decreases 
inn HR, were averaged, since no direction sensitivity of t50 values was observed [25]. 
Att control, the mean t» value of the coronary response to pacing was 6.2 (0.8) s. 
Duringg NTG 1 ng/kg/min and NTG 2 ng/kg/min, the t50 value of this coronary 
responsee remained unchanged, being 6.2 (1.1) s and 5.5 (1.4) s, respectively. 

3.66 Lactate balance 
Figuree 5.3 shows the calculated values of ML U during all measurements at sinus 
rhythmm and during pacing. Due to the pacing induced increases in CSBF, MLU 
tendedd to increase during pacing, which reached significance during administration 
off  NTG 1 ng/kg/min (p=0.029). 

However,, during the entire study period both at sinus rhythm and during pacing 
myocardiall  lactate extraction remained unchanged. Furthermore, none of the 
patientss showed conversion from myocardial lactate extraction to production in 
responsee to the relatively modest changes in HR that were induced by pacing. In 
addition,, we did not observe electrocardiographical signs of myocardial ischemia 
throughoutt the study period. Thus, changes in myocardial oxygen supply most likely 
resultedd from physiological metabolic coronary flow regulation, without the effect of 
confoundingg factors brought about by myocardial ischemia. 

4.. Discussion 

Thiss study in patients with CAD showed that infusion of the N O donor substance 
NTGG attenuated pacing induced increases in MV0 2 and increased the ratio of pacing 
inducedd changes in myocardial oxygen supply and MV0 2. This ratio, reflecting 
normall  metabolic coronary flow regulation, was 1.39 (95% CI: 1.29 - 1.49) at control. 
Duringg NTG 2 ugAg/min, this ratio increased to 1.84 (95% CI: 1-63 - 2.05). This 
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Figuree 5.3: Values of myocardial lactate uptake (MLU) are shown at sinus rhythm (SR), 
duringg pacing, and again at sinus rhythm (after cessation of pacing) for each of the 
followingg conditions: control, during infusion of nitroglycerin (NTG) 1 Mg/kg/min, and 
NTGG 2 ug/kg/min. Values are shown as mean (SEM). *p<0.05 v value at sinus rhythm 
beforee pacing. 

suggestss that infusion of the NO donor substance NTG at a rate of 2 ug/kg/min 
causedd more metabolic coronary vasodilation than at control. 

Inn the present study, metabolic coronary flow regulation was quantified by the 
myocardiall  oxygen supply-consumption ratio. Recently, Noble [24] recommended 
thee use of this ratio as a refinement to more conventional analysis techniques used to 
evaluatee coronary vasodilator drugs, since the effect of these drugs on coronary 
bloodd flow may also result from simultaneous drug induced changes in MV0 2 and 
normall  metabolic coronary flow regulation. 

Usingg this technique in the present study, we were able to evaluate the effect of 
NTGG on metabolic coronary flow regulation, while accounting for the possible 
confoundingg effect of the drug on the metabolic stimulus itself (i.e. the pacing 
inducedd increase in MVOj) . This is particularly important, since NTG has been 
reportedd to attenuate pacing induced increases in MV02, as was shown by Ihlen et 
al.,, who studied the potential adverse effects of NTG on myocardial ischemia in 
patientss with CAD [27]. 

Inn agreement with the study by Ihlen, we found that pacing induced increases in 
MV0 22 were attenuated by 60 % during NTG 2 ug/kg/min (figure 5.1). This may 
partlyy be attributed to the 22 % lesser increase in rate pressure product (i.e. the 
productt of HR and SBP), that was found during NTG 2 ug/kg/min [28]. Since 
pacingg rate was kept constant, the lesser increase in RPP was mainly attributable to 
thee decrease in SBP. However, since the reduction in arterial blood pressure 
occurredd both at sinus rhythm and during pacing, this cannot serve as an explanation 
forr the reduced pacing-induced increase in MV0 2 during NTG 2 ug/kg/min. 
Additionall  explanations for the attenuated increase in MV0 2 during NTG infusion 
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mayy have resided in an inhibiting effect of NTG on myocardial function [14,29], and 
involvementt of the Gregg phenomenon. 

Pauluss et al. [14] showed that bicoronary infusion of the N O donor substance 
sodiumm nitroprusside reduced left ventricular pressure development in patients 
withoutt CAD investigated for atypical chest pain. Although the mechanism behind 
thiss observation has not yet been elucidated, it might be related to recent fingdings 
byy Hintze and co-workers [30-33], suggesting that N O directly reduces MV0 2 for 
comparablee levels of cardiac work, possibly by inhibiting the mitochondrial 
respiration.. Thus, in addition to its well established vasodilatory effect, N O may also 
functionn to modulate myocardial metabolism. This latter mechanism might 
theoreticallyy explain the negative inotropic effect of NO, since if mitochondrial 
functionn is depressed by elevated N O levels, ATP synthesis needed for force 
developmentt is probably reduced. Our present findings that administration of an 
N OO donor reduces oxygen consumption more than can be explained by the 
confoundingg change in rate-pressure product indeed supports the idea that NO may 
impairr myocardial metabolism and may extend the previous findings in dogs [30,32] 
andd non-human primates [31] to patients with coronary artery disease. 

Thee reduction in ABP during administration of NTG may have induced the 
Greggg phenomenon, i.e. the coronary-perfusion-pressure-dependency of MV0 2. 
However,, to the best of our knowledge, the Gregg effect has only been described in 
animall  experiments, whereas it has never been documented in humans, which makes 
thee clinical relevance of this phenomenon questionable. In the present study, both at 
sinuss rhythm and during pacing a similar reduction in ABP was observed after 
administrationn of NTG. Thus, if the Gregg effect had played a role, it should have 
influencedd MV0 2 both at sinus rhythm and during pacing. However, MV0 2 at sinus 
rhythmm was not changed by administration of NTG 2 jig/kg/min., which pleads 
againstt an important role for the Gregg effect, although we cannot rule out the 
possibilityy that the minor reflex-increase in sinus rate during NTG 2 ng/kg/min may 
havee masked a Gregg-effect-induced decrease in MV0 2. 

Whateverr the cause of the attenuated increase in MV0 2, this finding 
demonstratess the importance of measuring MV0 2 directly, while studying the effect 
off  a drug on metabolic coronary flow regulation. This is illustrated in figure 5.1. 
Fromm the graph depicting CSBF, one might erroneously conclude that metabolic 
coronaryy vasodilation was attenuated during NTG 2 |ig/kg/min, since pacing 
inducedd increases in CSBF were blunted at that time. However, the opposite is true, 
sincee changes in CSBF are dependent on, and should be related to pacing induced 
changess in MV02. If coronary flow remains unchanged in the presence of reduced 
mycoardiall  oxygen demand, vasodilation has occurred. Looking at changes in both 
CSBFF and MV0 2, it is clear that in addition to the blunted pacing-induced increase 
inn MV0 2, more metabolic vasodilation has occurred with NTG 2 ^g/kg/min. The 
increasedd supply-consumption ratio and the increase in Scs02 during pacing in 
responsee to NTG 2ng/kg/min, support this finding. Therefore, conclusions 
regardingg metabolic coronary vasodilation based on coronary blood flow values 
alone,, should be interpreted with caution. 
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4.11 The role of nitri c oxide in metabolic coronary vasodilation 
Althoughh the effect of N O donor substances on coronary blood flow and MV0 2 has 
beenn studied in conditions of myocardial ischemia [15-17,27,34], the effect on the 
regulationn process itself has not been studied before. Kedem et al. [15] reported that 
exogenouss N O administered as NTG 20 ng/kg i.v. improved myocardial oxygen 
supply-consumptionn ratios of partially ischemicc areas of canine myocardium and they 
concludedd that NTG improved the microregional relationship between coronary 
bloodd flow and metabolism [15,34]. However, their finding may at least partly have 
beenn the result of an effect of exogenous NO on coronary metabolic flow regulation. 
Thee present study, looking at the effect of exogenous N O on physiological 
metabolicc coronary flow regulation (in response to submaximd changes in HR 
withoutt inducing myocardial ischemia), supports this finding. 

Inn this perspective, it is interesting that endothelium derived NO has recently 
beenn suggested as a mediator in metabolic coronary flow regulation [5]. In both dogs 
andd humans, it was shown that inhibition of NO synthetase significantly attenuated 
pacingg induced increases in coronary blood flow [1,3-5,11]. However, others could 
nott confirm these findings [6,7], which might be related to the erroneous assumption 
thatt inhibiting NO does not influence the increase in MV0 2 [30,32]. 

Furthermore,, it was shown that in patients with CAD metabolic coronary 
vasodilationn was reduced [3,7,8,11], which may be explained by diminished 
endogenouss NO activity associated with endothelial dysfunction in these patients 
[12,35],, N O donor substances may then act as a substitute therapy for a failing 
physiologicall  mechanism, thereby partly restoring the effect of the reduced 
endogenouss N O activity in these patients. Consequently, this may lead to more 
pronouncedd vasodilation in response to a metabolic stimulus, as was found in the 
presentt study. 

Alternatively,, the administration of NTG may have lead to changes in the 
vascularr distribution of total coronary vascular resistance [36-38], shifting the 
predominantt site of resistance in the direction of the smaller microvessels, that are 
mostt sensitive to metabolite- and pressure-mediated dilation [1,39]. If during 
administrationn of NTG, total coronary vascular resistance is mainly dominated by 
thesee smaller coronary vessels, then it is conceivable that a metabolite-induced 
stimuluss such as pacing, induces more pronounced vasodilation, compared with the 
situationn in which total coronary vascular resistance is dominated by the larger 
coronaryy vessels, located more upstream. Theoretically, this shift in the spatial 
distributionn of coronary vascular resistance may explain the more pronounced 
metabolicc coronary vasodilation in response to pacing found during administration 
off  NTG 2 ug/kg/min, and it may pose an alternative mechanism by wich NTG may 
influencee metabolic flow control. 

4.22 Limitation s 
Onee might argue whether the increased metabolic coronary vasodilation during 
NTGG 2 ug/kg/min, resulted from NTG induced vasodilation of epicardial stenoses, 
shiftss in the lower autoregulatory breakpoint, intracoronary shunting (coronary steal), 
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orr collateral flow. 
Inn our patients with CAD, potential vasodilation of coronary stenoses may have 

occurredd in response to NTG [40], But, this does not necessarily lead to increases in 
coronaryy blood flow, since coronary autoregulation is to compensate for the 
decreasedd pressure drop across the stenosis [41]. Only dilation of those critical 
stenosess that cause a pressure drop sufficient to induce maximal post-stenotic 
vasodilation,, will increase coronary blood flow, proportional to the increased post-
stenoticc perfusion pressure. But, if such a stenosis had been present in our patients, 
thenn a substantial decrease in Scs02 would probably have occurred in response to 
pacingg at control. (The stenosis would have limited an increase in flow, with the 
resultt that the increase in MV0 2 could only have been matched by an increase in 
myocardiall  oxygen extraction.) The findings that coronary blood flow did not 
increasee with NTG infusion, and that Scs02 did not decrease in response to pacing, 
thereforee suggest that vasodilation of critical coronary stenosis by NTG did not play 
aa major role in the present study, although regional differences in myocardial oxygen 
extractionn may have remained undetected in the coronary sinus. 

Inn dogs, Smith and Canty [42] showed that inhibiting NO synthase increased the 
lowerr autoregulatory break point from 45 mmHg to 61 mmHg. Inversely, although 
speculative,, NTG may reduce the autoregulatory breakpoint, which would increase 
coronaryy blood flow for pressures lower than the 'breakpoint-pressure'. However, if 
pacing-inducedd vasodilation would have lead to post-stenotic pressures lower than 
thee 'breakpoint-pressure', this would have lead to increased myocardial oxygen 
extraction,, which we did not observe. 

Thee finding that NTG did not change Scs02 at sinus rhythm pleads against the 
presencee of intracoronary shunting, because in case of shunting, an increase in Scs02 

wouldd have been expected. In addition, during infusion of NTG, none of the 
patientss complained of angina, showed ECG changes or converted to myocardial 
lactatee production. This is in line, with the concept that NTG, unlike other 
vasodilators,, does not have the capacity of inducing coronary steal [13]. 

Ann increase in collateral flow induced by NTG might also explain our findings 
[27,43].. However, these contributions to regional coronary blood flow have shown 
too be limited, especially when MV0 2 is increased [44]. 

4.33 Effect of NTG on dynamic coronary response to pacing 
Inn animal experiments it was shown that the dynamic coronary response to pacing is 
speciess dependent and can specifically be influenced by drugs [45,46]. To date littl e is 
knownn about the dynamics of coronary flow control in humans. Recently, Van 
Wezell  et al. [25] reported that in patients with CAD, the response rate by which 
coronaryy blood flow adjusts to changes in HR was characterized by a t50 value of 5.2 
(1.6)) s. This is in agreement with the t50 value found at control in the present study. 
Ourr findings furthermore show that NTG did not influence the rate of the coronary 
responsee to a change in MV0 2. Therefore, it is unlikely that exogenous NO plays a 
rolee in the rate of coronary blood flow regulation. 
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5.. Conclusions 

NTG,, a donor of exogenous NO, significantly blunted pacing induced increases in 
MV0 2.. Accounting for the blunted increase in MV0 2 during NTG 2 ug/kg/min, it 
waswas shown that the accompanying increase in myocardial supply was relatively larger 
duringg NTG 2 ug/kg/min, than at control. This suggests that exogenous NO may 
increasee metabolic coronary vasodilation in patients with CAD, possibly by restoring 
thee reduced endogenous N O activity in these patients and/or by changing the 
vascularr distribution of total coronary vascular resistance. 
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Abstract t 

Background.Background. The rate of adaptation of coronary blood flow in response to stepwise 
changess in heart rate has been extensively studied in dogs and goats, in order to 
improvee our understanding of the dynamics of coronary regulation processes, its 
pathophysiologyy and to obtain time constants for mathematical modeling of the 
coronaryy regulation. However, littl e is known about the dynamic characteristics of 
coronaryy flow adaptation in humans. In patients undergoing coronary artery surgery, 
wee investigated the rate of coronary adaptation in response to stepwise changes in 
heartt rate, in both the awake and anesthetized state. 

Methods.Methods. In 11 patients with stable coronary artery disease, arterial blood pressure, 
rightright atrial pressure and coronary sinus blood flow, measured by continuous 
thermodilution,, were calculated per beat. The ratio of beat averaged arterial blood 
pressuree minus right atrial pressure and coronary sinus blood flow was calculated to 
obtainn an index of coronary resistance. The rate of change of coronary resistance 
indexx was quantified by tw, defined as the time required to establish 50 % of the total 
changee in coronary resistance index. Responses of coronary resistance index after 
heartt rate changes, before and after induction of anesthesia, were compared. The 
anesthesiaa technique consisted of fentanyl 100 /xg-kg1, pancuronium bromide 0.1 
mg-kg"11 in combination with oxygen in air ventilation (F;02 = Q5). 
Results.Results. In the awake situation, t50-values of the dilating and constricting responses, 
inducedd by an increase and decrease in heart rate were 5.0 1 (SD) sec (range 2.6 
too 9.0 sec), and 5.7  1.2 sec (range 4.1 to 7.8 sec), respectively. During 
fentanyl/pancuroniumm anesthesia the rate of coronary flow adaptation was 
significantlyy slower, with t50-values of 10.2  2.1 sec (range 7.7 to 13.1 sec), after a 
heartt rate step up and 9.8  2.1 sec (range 6.6 to 13.2 sec), after a heart rate step 
down.. Compared to the awake situation arterial blood pressure was significantly 
reducedd during anesthesia, but coronary vascular resistance remained unchanged. 
Thiss implies that the steady state static regulation of coronary blood flow had not 
changed. . 

Conclusions.Conclusions. These preliminary data suggest that in patients with coronary artery 
disease,, the rate of change in coronary vascular resistance in response to pacing-
inducedd changes in heart rate is mitigated by fentanyl/pancuronium anesthesia 
duringg positive pressure ventilation. A further qualification of our findings in a larger 
numberr of patients is warranted. 
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1.. Introductio n 

Inn 1947, Eckenhoff et al. demonstrated that myocardial oxygen supply matches 
myocardiall  oxygen demand in steady state [1]. This finding was confirmed by a 
numberr of investigators, using different species of experimental animals [2-4]. The 
dynamicc behavior of the coronary arterial system was first described by Belloni and 
Sparkss in 1977 [5]. Using open chest dogs they calculated the time course of changes 
inn coronary vascular resistance (CVR) in response to pacing induced changes in heart 
ratee (HR). Using dogs and goats, Dankelman has shown that the rate of change of 
CVRR can be quantified by a t^ value, calculated from the ratio of beat averaged 
coronaryy perfusion pressure and coronary blood flow. This t^ value varies in 
differentt species and can be influenced by drugs [6-8]. Neither in experimental 
animalss nor in humans it is known whether there is a difference in the rate of 
coronaryy flow regulation during awake and anesthetized conditions, although the 
impactt of anesthesia on the static relation between myocardial oxygen consumption 
(MVOj )) and coronary blood flow is well documented. [9-13] The effect of a faster or 
slowerr coronary response to changes in HR and MV0 2 on physiological and 
pathophysiologicall  processes is also unknown. It is conceivable that especially in 
patientss with coronary stenoses, too slow a response might lead to myocardial 
ischemia,, while a faster response might preserve the ratio between myocardial 
oxygenn supply and MV02. This may be a simplification, because the mechanism 
involvedd in regulation of coronary blood flow is a complex process involving several 
factors,, including metabolic, myogenic, and neurohumoral regulation and endothelial 
responsess [3,14-18], The process can be described as a high order control system. 
Thesee types of control systems can oscillate depending on phase shifts and 
amplificationn factors within the system [19]. It is therefore conceivable that the 
mechanism(s)) involved in the dynamics of flow regulation and pathological 
processes,, including coronary artery disease (CAD) and endothelial lesions, may 
interactt with each other. Within such an interaction, a fast dynamic response of the 
coronaryy system (short t^ value) may lead to unstable flow regulation, which in turn 
mayy be associated with unbalanced flow distribution or vasospasm. There is evidence 
thatt coronary vasospasm plays an important role in the etiology of perioperative 
myocardiall  ischemia, developing in patients with CAD undergoing surgery [20,21]. 
Thesee ischemic episodes are significantly more prevalent in the period before 
inductionn of anesthesia (i.e. in the awake situation) than during deep surgical 
anesthesiaa [22-28]. 

Measuringg the response time of the human coronary system before and during 
anesthesiaa in the same patients is a first step in understanding the potential role of 
thee dynamics of coronary flow adaptation in the pathophysiology of coronary 
perfusionn in humans. Therefore, the present study was designed to measure the 
dynamicc characteristics of coronary flow adaptation in response to stepwise changes 
inn HR in awake and anesthetized patients with CAD, scheduled for coronary artery 
surgery. . 
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2.. Methods and materials 

2.11 Patients 
Elevenn patients with stable CAD, scheduled for elective coronary artery surgery, gave 
informedd consent to participate in this study which had institutional approval. 
Excludedd from the study were patients with the following conditions: left ventricular 
endd diastolic pressure > 18 mmHg, left ventricular hypertrophy (assessed by 
electrocardiographicc or echocardiographic criteria), ejection fraction < 45 %, 
atrioventricularr conduction defects, left main coronary stenosis or unstable angina. 
Patientss undergoing additional surgical procedures e.g. valve replacement or 
aneurysmectomyy were also excluded. 

2.22.2 Instrumentation 
Onn arrival in the operating room ECG leads were connected. Leads II , II I  and V5 

weree continuously monitored (HP Merlin System, Hewlett-Packard, Böblingen, 
Germany).. A wide bore peripheral infusion and a 20-gauge radial artery canula were 
insertedd under local analgesia. 

Inn awake patients, a triple lumen pulmonary artery catheter (Baxter Health Care 
Corporation,, Irvine, California, USA) and a coronary sinus thermodilution catheter 
(Wilton-Websterr Laboratories, Altadena, California, USA) were introduced via the 
leftt subclavian vein. The coronary sinus catheter was advanced into the coronary 
sinuss using image intensification fluoroscopy and injection of contrast medium, so 
thatt the external thermistor lay 1.5-2 cm from the ostium and that there was no 
majorr sidebranching vein in the vicinity. The coronary sinus catheter was connected 
too a Wheatstone bridge (Wilton-Webster Laboratories, Altadena, California, USA). 
Coronaryy sinus thermodilution signals were recorded with a multi-channel 
amplifier/recorderr system. Catheter calibration factors provided by the manufacturer 
weree used. The absence of right atrial admixture in coronary sinus blood was 
checkedd by injection of cold saline in the right atrium, while coronary sinus 
temperaturee curves were recorded simultaneously [29,30]. Under fluoroscopy, pacing 
(viaa coronary sinus catheter) was used during 10-30 sec to ascertain the stability of 
théé position of the tip of the coronary sinus catheter in relation to the surrounding 
anatomicall  structures and fluoroscopic landmarks. If the stability of the catheter 
couldd not be guaranteed at that time, the experiment was discontinued prematurely. 
Inn addition, the electrical threshold for pacing was determined. For the measurement 
off  coronary sinus blood flow (CSBF) normal saline at room temperature was used as 
indicatorr and infused into the coronary sinus at a rate of 45 ml-min'1 via a Mark rV 
infusionn pump (Medrad Technology for people, Pittsburgh, Pennsylvania, USA) [31]. 
Infusionn rates were verified by timed volume collection and flow calculations 
reflectedd the indicator infusion rate that was used. 

2.33 Anesthesia technique 
Calciumm channel blockers and long acting nitrates were given until the evening 
beforee surgery, p-adrenoreceptor blocking agents were continued until the morning 
off  surgery. Lorazepam 4-5 mg was given for premedication 2 hours before surgery. 
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Figuree 6.1: Flowchart showing a schematic representation of the protocol. All 
measurementss and interventions were performed in the same patients, both awake and after 
inductionn of anesthesia. 
IntermittentIntermittent measwmKrtis included; blood sampling from the radial artery and coronary sinus, 
andd measurement of cardiac output and pulmonary capillary wedge pressure. 
ContinuousContinuous recording included: coronary sinus thermodilution signals, arterial blood pressure, 
pulmonaryy artery pressure, right atrial pressure and electrocardiographic lead II. Heart rate 
(HR)) steps up were induced by pacing; HR steps down by discontinuation of pacing. 

Inn the operating room, while the patients breathed oxygen, pancuronium bromide 
22 mg was given, followed by fentanyl 100 ng'kg \ injected over 5 minutes. When the 
patientt became unresponsive to commands an additional dose of pancuronium 6 mg 
wass given and ventilation assisted and then controlled manually. After intubation of 
thee trachea the lungs were ventilated with air/oxygen (FIO2=0.5). Ventilation was 
adjustedd to maintain the end-tidal C02 concentration between 4-4.5 %. In the first 
155 minutes following induction of anesthesia, 250-500 ml of gelofusine (Vifor 
Medicall SA, Crisier, Switzerland) was infused to maintain a stable hemodynamic 
situationn after induction of anesthesia. Gelofusine is a gelatin solution, containing per 
5000 ml: modified gelatin 20 g; Na+ 77 mmol; Cl" 63 mmol; pH 7.1-7.7; osmolality 279 
mOsm/1. . 

2.44 Measurements 
Afterr adequate instrumentation and a resting period of 20 minutes the following 
measurementss were performed in awake and anesthetized patients (figure 6.1, 
flowchart). . 

Att the beginning of each series of measurements a complete set of hemodynamic 
measurementss profile including pulmonary capillary wedge pressure (PCWP) and 
singlee bolus thermodilution cardiac output was obtained, using injectate at room 
temperature.. Cardiac output (CO) is calculated as the average of at least three 
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measurementss and reported as cardiac index (CI). Blood samples from the radial 
arteryy and coronary sinus were drawn to determine plasma hemoglobin (Hb) 
concentration,, oxygen partial pressure (pO ,̂ hemoglobin 02 saturation (SatOj) and 
lactatee concentration. 

Afterr completion of the intermittent measurements, continuous recording of 
CSBF,, arterial blood pressure (ABP), right atrial pressure (RAP), pulmonary artery 
pressuree (PAP) and electrocardiographic lead II was started at a sampling rate of 80 
Hzz and stored on floppydisk. When a steady state in coronary sinus thermodilution 
signall  was obtained after 10-15 seconds of registration, HR was abruptly increased 
byy 25 beats per minute by pacing via the coronary sinus catheter. After a recording 
periodd of 70 seconds indicator infusion was discontinued. Pacing was continued at 
thee same rate. Immediately following the completion of the continuous recordings, 
alll  intermittent measurements and blood sampling were repeated. 

Duringg pacing, continuous measurements were resumed. After a steady state in 
CSBF-signall  was obtained (10-15 sec) pacing was stopped. Recording of 
thermodilutionn signals, blood pressures and ECG continued for a total duration of 
700 seconds. A final series of hemodynamic measurements and blood sampling 
completedd the measuring protocol in the awake patient. Than, anesthesia was 
inducedd following the technique described above. Twenty minutes after induction of 
anesthesiaa and tracheal intubation, the complete protocol was repeated. 

Below,, the increase and decrease in HR will be referred to as HR step up and HR 
stepp down, respectively. 

2.55 Laborator y analysis and calculations 
Sat022 was measured by an OSM-II hemoxymeter (Radiometer, Copenhagen, 
Denmark)) and p 02 by an ABL-II I (Radiometer, Copenhagen, Denmark). Lactate 
concentrationss were measured using standard enzymatic techniques [32]. 

Calculatedd hemodynamic parameters were obtained from measured hemodynamic 
signalss using standard formulae: 

CVRR = (ABP-RAP) / CSBF [mmHg/ml/min] 

CII  = C O / B SA [1/min/m2] 

Where:: CVR indicates coronary vascular resistance in steady state; ABP, mean 
arteriall  blood pressure; RAP, mean right atrial pressure; CSBF, coronary sinus blood 
flow;; CI, cardiac index; CO, cardiac output; BSA, body surface area;. 

Myocardiall  metabolic indices were calculated according to standard formulae: 

c 022 = (Hb • Sat02 + 0.00136 • pO^) • 2.24 [ml O /d l ] 

MV0 22 - CSBF • (c02(art - COjJ / 100 [ml 02 /min] 

MLEE - 100 • (lactate,,, - lactate J / lactate^ [ %] 

114 4 



ANESTHESIAA AND RATE OF CORONARY FLOW CONTROL 

beginn value 

endd value 

40 0 60 0 

Timee (s) 
Figuree 6.2: Method of calculating t5o-values. A high-order polynomial was fitted to the 
normalizedd coronary resistance index (CRI„), starting 2 s after the intervention (increase in 
heartt rate). The value of the polynomial at 2 s after the FIR step was used as begin value, 
whereass the average of the last 10 seconds of CRI„  was used as end value. The tso value , 
wass calculated as the time after the HR step at which the polynomial reached 50% of the 
differencee between begin and end value. 

Where:: c02 indicates oxygen content; Hb, plasma hemoglobin concentration; Sat02, 
hemoglobinn oxygen saturation; c02 m-c02 cs, difference between arterial and coronary 
sinuss 02-content; MV02, myocardial 02 consumption; MLE, myocardial lactate 
extractionn percentage; lactate.,,,, lactate concentration in arterial blood; lactatecs, 
lactatee concentration in coronary sinus blood. 

2.66 Data analysis 
Thee response of the coronary vascular tree to pacing induced stepwise changes in 
heartt rate was analyzed as described by Dankelman et al. [8]. ABP, RAP and CSBF 
weree averaged per beat. The coronary resistance index (CRT) was then calculated as 
thee quotient of beat-averaged ABP-RAP and CSBF. The CRI is identical to CVR in 
steadyy state. Under conditions in which flow and/or pressure vary so slowly that 
capacitancee effects can be ignored CRI reflects CVR. During fast dynamic changes in 
drivingg pressure or CSBF, CRI does not reflect CVR [7,33]. For this reason the first 
22 seconds after a heart rate step were not included in the analysis of CRI, since after 
22 seconds the major capacitive effects are complete. 

Thee rate of the coronary adaptation was quantitated by a t50-value, which was 
definedd as the time in seconds after a HR-step at which the change in CRI had 
reachedd 50 % of its total change. Using a signal analysis program (386-Matlab, 
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versionn 3.5j (1991), The MathWorks Inc., Natick, Massachusetts, USA), this value 
wass calculated by fitting a high order polynomial to a part of the signal over a period 
off  at least 10 seconds around the 50 % value of the coronary resistance index, (figure 
6.2) ) 

Too compare the time course of the response of the CRI to the different 
interventions,, the CRI was normalized. The normalized index was calculated by 
averagingg CRI over 8 sec prior to the HR step, yielding CRIQ. The normalized 
coronaryy resistance index is then given by: 

CRI^t)) = CRI(t) / CRIo 

Thee normalized response of the CRI starts at unity and as a result of the coronary 
regulationn process finally decreases (HR step up) or increases (HR step down). 

2.72.7 Statistical analysis 
Dataa were analyzed using paired standard t-tests. A value of p< 0.05 was considered 
significant.. Results are reported as mean + SD or as percentage change  SD where 
applicable. . 

3.. Results 

3.11 Characteristics of the patients 
Patientss characteristics and pre-operative chronic medication are shown in table 6.1. 
Thee patients were comparable with respect to age, weight, and length. Although five 
patientss had suffered a previous myocardial infarction and three had (treated) 
hypertension,, there was no evidence of either impaired left ventricular function and 
dilationn or left ventricular hypertrophy. One patient (#4) was not using chronic fi-
adrenoreceptorr blockers. Patients 3 and 5 were not using calcium entry blockers. 
Patientss 2, 6, 9 and 10 were not using long acting nitrates preoperatively. 

3.22 Hemodynamic and metabolic characteristics 
Systemicc and coronary hemodynamic variables and myocardial metabolic data are 
listedd in table 6.2. Hemodynamic results obtained in both the awake and anesthetized 
conditionn are reported at baseline, after onset of pacing (HR up), before and after 
discontinuationn of pacing (HR down). 

Thee stepwise changes in HR tended to be larger during anesthesia, because after 
inductionn of anesthesia, HR decreased from 60 to 55 beats per minute, while the rate 
off  pacing that was used in the awake situation was not changed. Al l HR steps 
resultedd in a change in ABP in the direction of the HR step and during anesthesia 
thesee changes in ABP were significantly larger, compared to the awake state. Awake, 
aa HR step up resulted in a blood pressure increase of 4 mmHg, while during 
anesthesiaa this pressure increase was 14 mmHg. Similarly, a HR step down resulted 
inn a blood pressure decrease of 3 mmHg in the awake state, and a blood pressure 
decreasee of 15 mmHg in the anesthetized state. Compared to the awake situation, 
ABPP decreased in all patients after induction of anesthesia. 
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Afterr a HR step up, mean CSBF increased by 46 % in the awake state, and also by 
466 % in the anesthetized state and after a HR step down mean CSBF decreased by 
299 % and 32 %, respectively. Compared to the awake situation, CSBF decreased in 
alll  patients after induction of anesthesia. CVR decreased significantly after a HR step 
up,, remained at the same level during pacing and increased after a HR step down. 
Thesee changes were in the same order of magnitude in both the awake and 
anesthetizedd condition (p >0.39) 

Beforee a HR step up, during a pacing period (with CSBF at steady state), and after 
aa HR step down (figure 6.1), coronary sinus oxygen tension (p^Oj, MV0 2 and MLE 
couldd be calculated. In the awake and anesthetized situation, pc s02 did not change in 
responsee to HR changes, although pc s02 increased 3-4 mmHg (p<0.05) after 
inductionn of anesthesia. 

MV0 22 increased significantly during pacing and this change in MV0 2 was similar 
inn both the awake and anesthetized state. However, at baseline before the HR step 
upp and step down, the level of MV0 2 was 1.3 ml Cymin"1 and 1.2 ml O/min'1 less 
(p<0.05)) during anesthesia than in the awake state. 

ML EE did not change during pacing and after induction of anesthesia and 
remainedd positive in all our patients, during all interventions. Furthermore, we did 
nott observe electrocardiographic signs of myocardial ischemia in any patient at any 
timee during the entire study period. 

Theree was no significant change in arterial-venous oxygen content difference 
betweenn the awake and anesthetized state. The arterial oxygen content increased 
fromm 8.0  0.9 mmolO^l"1 awake to 8.5  1.0 mmol02- l ' during anesthesia (p<0.05), 
whilee arterial oxygen supply decreased, due to a decreased coronary flow. The 
myocardiall  oxygen extraction percentage (M02E) did not change in response to the 
HRR steps, but decreased after induction of anesthesia, due to the increase in arterial 
oxygenn content. 

3.33 Dynamic characteristics of coronary control 
Typicall  results obtained by increasing HR, are shown in figure 6.3. In the awake 
state,, CSBF increased to a new steady state level, indicating coronary dilation. In the 
anesthetizedd state this vasodilating response became slower, as is clear from the 
normalizedd response of coronary resistance index. 

Thee response rates as induced by the different interventions of all individual 
patientss were quantified by t^-values, which are shown in table 6.3. Fentanyl 
anesthesiaa clearly reduced the rate of adaptation of the coronary resistance index. In 
thee awake situation, t50-values of the dilating and constricting responses, induced by 
ann increase and decrease in heart rate were 5.0 1 (SD) sec and 5.7  1.2 sec, 
respectively.. During anesthesia the rate of change of coronary flow adaptation was 
significantlyy decelerated with t50-values of 10.2 1 sec after a heart rate step up and 
9.88 1 sec after a heart rate step down. The rate of the vasoconstricting response 
too a decrease in HR and the vasodilating response to an increase in HR were similar 
andd this applied to both the awake and anesthetized state. 
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Figuree 6.3: Recordings showing the response of arterial blood pressure (ABP), right 
atriall  pressure (RAP), coronary sinus blood flow (CSBF) and normalized coronary 
resistancee index (CRIn) to an increase in heart rate at t=0 s, awake (left) and during 
anesthesiaa (right). 

4.. D iscuss ion 

Thee aim of the present study was to measure the rate of change of coronary blood 
floww in response to HR steps in awake and anesthetized patients with CAD. It was 
demonstratedd that in awake patients the dynamic process of adaptation of coronary 
floww in response to stepwise changes in HR and MV0 2 takes place in 5.2  1.6 
seconds.. Fentanyl/pancuronium anesthesia significantly (p<0.001) delayed this 
adaptationn to 10.0  1.7 seconds. 

4.11 Techniques 
Inn the present study the coronary venous thermodilution technique was chosen, 
becausee this technique has been used successfully in hundreds of patients undergoing 
bothh cardiac and non-cardiac surgery [34-36]. There are a number of limitations to its 
usee that are related both to the physiology and anatomy of the coronary venous 
drainagee and to the thermodilution technique itself [29,30,37-42]. The major 
anatomicall  problem is formed by the existence of extensive cardiac venous 
intercommunications,, resulting in drainage of left anterior descending arterial blood 
throughh routes other than the great cardiac vein and the coronary sinus [38,40,42]. 
Thiss may result in an underestimation of coronary blood flow. Since, in the present 
studyy we focused on the dynamic adaptation of flow, in response to HR steps and 
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Tablee 6.3: 
Ratee of coronary regulation in response to changes in heart rate 

t500 values 

HRR up HR down 

Patientt  no. 
1 1 
2 2 

3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 

10 0 
11 1 
mean n 

P P 
(SD) ) 

Awake e 
6.9 9 

--
9.0 0 
2.6 6 
4.2 2 
6.3 3 
7.0 0 
2.9 9 
3.5 5 

4.8 8 
3.2 2 

5.00  2.1 

Anesthesia a 
12.9 9 

10.6 6 
7.7 7.7 
7.9 9 
8.7 7 
12.9 9 

13.1 1 
11.0 0 
8.2 2 

11.0 0 
8.4 4 

10.22  2.1 
0.0001 1 

Awake e 
7.8 8 
5.4 4 
6.2 2 

--
4.1 1 
7.1 1 
5.9 9 
4.1 1 
6.0 0 
5.1 1 
5.3 3 

5.77  1.2 

Anesthesia a 
13.2 2 
71 71 
7.5 5 
11.9 9 

6.6 6 
10.7 7 
10.5 5 
10.2 2 
12.0 0 
8.7 7 
8.6 6 

9.88  2.1 
0.00003 3 

HRR indicates heart rate; tso-values, time in seconds after the heart rate step at which the 
coronaryy resistance index had changed 50% of its total change. 

nott on absolute blood flow values, these venous intercommunications and the 
potentiall  underestimation of the absolute coronary blood flow are probably of no 
importancee for this study. 

Movementt of the catheter in the coronary sinus may induce an important change 
inn measured flow, presumably because of the varying contribution of venous 
tributariess [37,41]. Both pacing and changes in heart size following the induction of 
anesthesiaa are factors that may have influenced the position of the coronary sinus 
catheter.. The effect of pacing on the stability of the tip of the coronary sinus catheter 
wass ascertained and we have no indication from the thermodilution recordings that 
shiftss in catheter position after a HR step occurred. 

Movementt of the catheter following induction of anesthesia could have been 
partlyy responsible for the absolute reduction in CSBF. However, this does not affect 
thee measurement of the rate of the coronary responses after a HR step. For the 
actuall  calculation of the t50-values, the rate of change of CVR in response to a HR 
stepp was used and therefore, absolute values of CSBF are of minor importance. 
Furthermore,, absolute CVR was similar before each series of measurements, both 
awakee and during anesthesia. 

4.22 Possible influence of the extent of coronary artery disease on the rate of 
changee of coronary flow 

Comparisonn of our findings with healthy human data is not possible, since, to the 
bestt of our knowledge, data describing the rate of adaptation of coronary flow in 
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humanss have not been reported. Table 6.4 shows the previously reported tw-values 
(recalculated)) of the coronary arterial systems of dogs and goats and the tM-values 
obtainedd in patients with GAD in the present study. Therefore all t^-values were 
calculatedd using the same analysis technique as described in the methodology section. 
Itt appears that the rate of coronary adaptation in anesthetized humans is similar to 
thee rate of coronary adaptation in anesthetized goats. In dogs and goats, using a 
coronaryy perfusion system, the effects of both constant pressure (CP) and constant 
floww (CF) perfusion could be studied. It was shown that the t^-values of the 
coronaryy system were  50 % larger at CF perfusion than at CP perfusion [6,7], CF 
perfusionn was induced by placing a clamp on the perfusion catheter which may 
resemblee the effect of a stenosis. All our patients had severe coronary lesions, 
althoughh not left main coronary stenosis. Hence, in case the coronary stenoses in our 
patientss had affected the results of the present study, the reported t50-values are 
probablyy larger than the values that we would have found in patients without 
coronaryy stenoses, in both the awake and anesthetized state. 

4.33 Rate of change of myocardial oxygen consumption and changes in 
coronaryy hemodynamics 

AA number of factors may have influenced the rate of change of the coronary vascular 
walll  after induction of anesthesia. These factors include: the rate of change of 
MV0 2,, the reduction in coronary perfusion pressure and CSBF and the increase in 
coronaryy venous p 02 . 

Inn our clinical experimental setup we could not measure oxygen consumption of 
thee myocardium continuously. Comparing the course of the rate pressure product 
(RPP)) as a measure of MV02, after a sudden change in HR in the awake and 
anesthetizedd state, the change in RPP after a HR step was always instant. This 
suggestss an instant and similar change in MV0 2 [43,44], both awake and during 
anesthesia.. It therefore seems unlikely that the rate of change of MV0 2 played a role 
inn the observed deceleration of coronary responses following induction of 
anesthesia. . 

Thee reductions in CSBF and ABP and thus coronary perfusion pressure, 
associatedd with induction of anesthesia are factors that also must be considered as a 
potentiall  explanation for the reduction in the rate of change in CRI. Animal 
experimentss have yielded evidence that the rate of coronary adaptation is relatively 
independentt of the level of coronary blood flow and that a reduction in coronary 
perfusionn pressure results in an increase and not a decrease in the rate of change of 
coronaryy resistance [6]. That implies that the in our study reported t^-values during 
anesthesiaa might have been even longer if ABP would have remained unchanged 
followingg induction of anesthesia Furthermore, it is unlikely thatt differences in CVR 
andd HR at baseline have affected the results of our study [45]. CYR's at baseline, in 
bothh the awake and anesthetized state, were similar. Although there was a significant 
reductionn in HR following induction of anesthesia (60 beats-min'1 awake versus 55 
beatsmin11 under anesthesia), this difference at baseline is within such a narrow 
range,, that it can hardly have played a role. 
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Tablee 6.4: 
Ratee of coronary regulation in response to changes in heart rate 

dogs s 
goats s 
patients s 
-withh CAD* 

Anesthesia a 
CP P 

HRR up HR down 

4.77  0.4 5.1  0.3 
9.44 1 11.1 9 

10.22  0.6 9.8  0.6 

CF F 
HRR up HR down 

7.99  0.6 10.0  1.3 
14.66  1.4 15.5  1.4 

Awake e 
CP P 

HRu pp HRdown 

5.00  0.7 5.7  0.4 

Meann  S.EM. t5o-values indicate time in seconds after change in heart rate at which the 
coronaryy resistance index has changed 50 % of its total change; CP, constant pressure 
perfusion;; CF, constant flow perfusion; HR, heart rate; CAD, coronary artery disease. 
t,, although coronary perfusion pressure could not be controlled with an extra corporeal 
perfusionn system, patient data are listed under constant pressure perfusion because constant 
pressuree perfusion resembles the situation with normal aortic perfusion, and not under 
constantt flow perfusion since coronary blood flow was not constant. 

Finally,, the increase in coronary venous p02 following induction of anesthesia 
mayy have influenced the rate of coronary flow adjustment. Dole et al. demonstrated 
inn anesthetized dogs that the strength of coronary autoregulation and its dynamic 
behaviorr is influenced by the level of coronary venous p02 [46]. They concluded that 
theree is a marked attenuation of autoregulation at venous p02 levels above 30 
mmHg.. In our study the venous p02 was below the threshold level of 30 mmHg at 
alll  time, although there was a small, but significant, change in coronary venous p02 

betweenn the awake and anesthetized state. 
Thus,, there are no myocardial metabolic or coronary hemodynamic factors that 

cann clearly explain the reported increase in the rate of coronary flow adjustment 
followingg the induction of anesthesia. 

4.44 Pharmacological effects directly or indirectly induced by anesthetic 
agents s 

InIn the present study, fentanyl and pancuronium bromide were the only 
pharmacologicall  agents used for the induction and maintenance of anesthesia and 
musclee relaxation. Unfortunately, little is known about the impact of these agents on 
thee multifactorial process of coronary flow regulation. Therefore, it is not possible to 
developp a specific pharmacological mechanism explaining the effect of anesthesia on 
thee dynamic response of human coronary flow regulation. 

Itt is known from animal models that the rate of change of coronary resistance can 
bee influenced by drugs [8]. It has been demonstrated in goats with normal coronary 
arteriess anesthetized with fentanyl, that glibenclamide, an antidiabetic drug with 
blockingg effects on ATP dependent potassium channels in vascular smooth muscle 
tissue,, can reduce the rate of change of coronary resistance by a factor of 4, without 
changingg the steady state relations of coronary hemodynamics [8]. Glibenclamide has 
beenn shown to have an inhibiting effect on membrane hyperpolarization of the 
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vascularr smooth muscle cell [47]. In contrast, fentanyl is associated with membrane 
hyperpolarizationn of neuronal cells via potentiation of the K+ channel current 
[48,49].. However, it is not known if there is a direct effect of fentanyl on myocardial 
orr coronary vascular smooth muscle membranes. An indirect effect of fentanyl, via 
reductionn of circulating catecholamine concentrations and sympathetic activity [50-
53],, appears to be an unlikely factor to explain our findings, because all patients 
(exceptt for patient #4) were adequately fi-blocked both awake and during anesthesia. 
However,, the involvement of coronary oc-receptor constrictor mechanisms (in the 
presencee of high levels of circulating catecholamines) competing with metabolic 
vasodilationn can not be excluded [54]. 

Pancuroniumm bromide is a steroid based non depolarizing muscle relaxant with 
additionall  blocking effects on muscarinic receptors [11,55]. Muscarinic receptors are 
involvedd in the local release of endothelium derived relaxing factor from 
endotheliumm [56-58]. This substance plays a role in the local regulation of coronary 
bloodd flow, via an effect on flow dependent dilation [59-61]. Theoretically, this 
mechanismm might affect our findings. 

4.55 Clinical implications of the present findings 
Thee clinical implications of our findings remain mostly speculative, since the present 
studyy was not designed to address a specific clinical problem and because the 
conceptt of dynamic coronary flow adaptation has never been described before as a 
parameterr of coronary function in humans. From the results of our study one can 
nott conclude that the awake coronary responses were "normal" and the responses 
obtainedd under anesthesia were slow or the opposite, i.e. that the responses in awake 
patientss with CAD were fast and the responses under anesthesia were "normal". 
Thuss far, no studies describing the dynamics of coronary flow in humans with 
normall  coronary arteries have been reported and thus we do not know the normal tM 

valuee of coronary flow adaptation in healthy humans. 

Thee higher rate of flow adjustment found during our measurements in awake 
patientss might imply that the coronary system can follow a high frequency of 
stimulationn and therefore, has littl e damping and a high probability of oscillation 
[19].. Oscillation may result in unstable flow regulation. Although highly speculative, 
itt is possible that unstable flow regulation in the presence of multiple rapid changes 
inn HR and MV0 2 may lead to an imbalance in flow distribution or coronary spasm 
andd subsequently myocardial ischemia. 

Finally,, the results of the present study suggest the existence of a specific 
mechanismm for controlling the dynamics of coronary resistance. Since fentanyl in 
combinationn with pancuronium can influence this mechanism, it may be possible to 
identifyy or develop other compounds with a specific effect on the rate of coronary 
floww adjustment. 

5.. Conclusions 

Fentanyl/pancuroniumm anesthesia did not change steady state regulation of coronary 
bloodd flow in patients with CAD. However, our preliminary findings suggest that in 
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thesee patients the rate of change of coronary flow adjustment is reduced by this 
anestheticc technique. A further qualification of our findings in a larger number of 
patientss is warranted. 
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Abstract t 

Objective.Objective. The effect of calcium channel blockers may affect the feedback mechanism 
betweenn myocardial metabolic activity and coronary blood flow. To test this 
hypothesiss we studied the effect of calcium channel blockade on metabolic coronary 
floww regulation. 

Methods.Methods. In ten patients with stable coronary artery disease, we measured coronary 
sinuss blood flow and myocardial oxygen supply and consumption (MVOj) both at 
sinuss rhythm and during atrial pacing (30 beats/min above sinus rate), at control and 
duringg infusion of felodipine, a vasoselective dihydropyridine. For the evaluation of 
metabolicc coronary flow regulation, changes in myocardial oxygen supply were 
relatedd to pacing-induced changes in MV02, using standard regression analysis. 
Results.Results. The myocardial oxygen supply/consumption ratio at control (i.e. the slope of 
thee regression line characterizing normal metabolic flow regulation) was 1.58 (95% 
CI,, 1.38 - 1.80). Following infusion of felodipine, systemic and coronary vascular 
resistancee during sinus rhythm decreased by 20  11 % and 23  15 %, respectively, 
whilee coronary venous oxygen saturation increased from 36  6 % at control to 42
77 % (p = 0.047) during infusion of felodipine. Pacing during infusion of felodipine 
resultedd in similar increases in MV02 compared to control. The myocardial oxygen 
supply/consumptionn ratio, characterizing metabolic flow regulation during 
felodipine,, was 1.52 (95% CI, 1.26 - 1.78) and thus not different from control. 
Gondusvms.Gondusvms. Metabolic coronary flow regulation was not affected by administration of 
aa calcium channel blocker, although the setpoint of this regulation mechanism might 
havee been offset by the initial drug-induced coronary vasodilation which persisted 
duringg pacing. 
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1.. Introductio n 

Calciumm channel blockers are widely used for the management of angina pectoris and 
hypertension.. In addition to their well established blocking-effects on the voltage 
gatedd L-type calcium channels, it has recently become clear that calcium channel 
blockerss may have a beneficial effect on endothelial dysfunction, because they 
reversee the impairment in endothelium-dependent, nitric oxide mediated vasodilation 
inn animals [1,2] and patients with risk factors for coronary artery disease [3,4]. 

Hypothetically,, both the effect of calcium channel blockers on the relaxation of 
coronaryy resistance and conduit vessels, and the effect of these agents on nitric oxide 
availability,, may affect the feedback mechanism between myocardial metabolic 
activityy and coronary blood flow. This process, known as metabolic coronary flow 
regulationn is characterized by the linear relationship between myocardial oxygen 
supplyy and consumption and is mainly active at the level of the coronary resistance 
vessels. . 

Surprisinglyy littl e is known about the effect of calcium channel blockers on 
metabolicc coronary flow regulation. FrieUngsdorf a al [5] and Kaufmann et aL [6] 
reportedd that intracoronary administration of calcium channel blockers normalized 
thee reduced epicardial coronary vasodilation in response to exercise in patients with 
hypertensionn and hypercholesterolemia, respectively. However, in those studies, only 
epicardiall  vasomotor responses were measured by biplane quantitative coronary 
angiography,, a technique not allowing for the assessment of coronary resistance 
vessell  responses, responsible for metabolic flow regulation. In addition, myocardial 
oxygenn consumption cannot be measured directly which is necessary to quantify the 
metabolicc challenge used to induce metabolic coronary vasodilation. 

AA different approach to analyze metabolic coronary vasomotor responses was 
recentlyy applied by Kal et al [7], who measured coronary venous blood flow and 
myocardiall  oxygen consumption (MVOj) to calculate the ratio of pacing induced 
changess in myocardial oxygen supply and MV0 2 in patients with CAD. This 
techniquee was used in the present study, which was designed to assess the effect of 
intravenouss administration of the vasoselective calcium channel blocker felodipine 
onn metabolic coronary flow responses in patients with multivessel CAD. 

2.. Methods 

2.11 Patients 
Thee study group consisted of 10 patients with stable CAD, without clinical or 
echocardiographicc evidence of congenital, valvular or hypertrophic heart disease. All 
patientss gave written informed consent to participate in this study which was 
approvedd by the local ethical committee. The patients were scheduled for elective 
coronaryy artery surgery and were enrolled in the study when left ventricular and 
coronaryy angiography revealed a left ventricular end diastolic pressure lower than 18 
mmHg,, a left ventricular ejection fraction higher than 45% and the absence of a left 
mainn coronary artery stenosis. Patients with atrioventricular conduction defects or 
unstablee angina were excluded from the study. Calcium channel blockers and long 
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actingg nitrates were discontinued at least 36 hours before surgery, whereas only p 
adrenoceptorr blockers were given until the morning of surgery. Premedication 
consistedd of lorazepam 2-3 mg orally, which was given two hours before start of the 
study. . 

2.22 Instrumentation 
Onn arrival in the operating room, ECG leads were connected and lead II , II I and V5 
weree continuously monitored (HP Merlin System, Hewlett-Packard, Böblingen, 
Germany).. A wide bore peripheral venous catheter and a 20-gauge radial artery 
catheterr were inserted under local analgesia. A thermodilution pulmonary artery 
catheterr (Baxter Health Care Corporation, Irvine, California, USA) and a coronary 
sinuss thermodilution catheter (Wilton-Webster Laboratories, Altadena, California, 
USA)) were introduced via the left subclavian vein. The coronary sinus catheter was 
advancedd into the coronary sinus using image intensification fluoroscopy and 
injectionn of contrast medium, so that the external thermistor lay 1.5-2 cm from the 
ostiumm and that there was no major sidebranching vein in the vicinity. The coronary 
sinuss catheter was connected to a Wheatstone bridge (Wilton-Webster Laboratories, 
Altadena,, California, USA). Coronary sinus thermodilution signals were recorded 
withh a multi-channel amplifier/recorder system. Catheter calibration factors provided 
byy the manufacturer were used. The absence of right atrial admixture in coronary 
sinuss blood was checked by injection of cold saline in the right atrium, while 
coronaryy sinus temperature curves were recorded simultaneously [8]. Under 
fluoroscopy,fluoroscopy, atrial pacing (via coronary sinus catheter) was used during 10-30 
secondss to ascertain the stability of the position of the tip of the coronary sinus 
catheterr in relation to the surrounding anatomical structures and fluoroscopic 
landmarks.. If the stability of the catheter could not be guaranteed, the experiment 
wass discontinued. For the measurement of coronary sinus blood flow (CSBF) 
normall  saline at room temperature was used as indicator and infused into the 
coronaryy sinus at a rate of 45 ml/min via a Mark IV infusion pump (Medrad 
Technologyy for people, Pittsburgh, Pennsylvania, USA) [9]. 

2.33 Measurements 
Afterr adequate instrumentation and a resting period of 20 minutes, two series of 
measurementss were performed in each patient. Each series included both an increase 
inn HR (HR step up, induced by pacing) and a decrease in HR (HR step down, 
inducedd by the discontinuation of pacing). The first series of measurements was 
performedd to obtain baseline values (control), whereas the second series of 
measurementss was performed during infusion of felodipine. 

Eachh series of measurements was started during sinus rhythm with the 
determinationn of capillary wedge pressure (PCWP) and the simultaneous sampling of 
bloodd from the radial artery and coronary sinus. In addition, thermodilution CO was 
obtainedd in triplicate, using normal saline at room temperature as injectate. The three 
COO values were averaged. Subsequently, continuous recording (digitized on-line at a 
samplingg rate of 80 Hz) of CSBF, arterial blood pressure (ABP), right atrial pressure 
(RAP),, pulmonary artery pressure (PAP) and electrocardiographic lead II was started. 
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Followingg ten seconds of steady state recording, yielding values at sinus rhythm, HR 
waswas increased by 30 beats/minute above sinus rate by pacing via the coronary sinus 
catheterr (HR step up). Ten seconds after a new steady state had been reached 
(usuallyy well within 50 seconds following the HR step), yielding values during pacing, 
recordingg was stopped. The total duration of the recordings was about 70 seconds. 
Subsequently,, CO and PCWP were measured during pacing and blood sampling was 
repeated.. Then, during recording of CSBF, ABP, PAP, RAP and ECG, pacing was 
stoppedd (HR step down) and recording continued until a new steady state had been 
recorded,, again yielding values at sinus rhythm. A final series of PCWP and CO 
measurementss and blood sampling completed this series of measurements. 

Followingg the completion of this first series of control measurements, the effect 
off  the calcium channel blocker felodipine (AstraZeneca, Mölndal, Sweden) on pacing 
inducedd changes in coronary blood flow was studied. Felodipine was dissolved in 
ethanoll  10 % and polyethyleneglycol (20 %) by the manufacturer. Patients received 
ann intravenous infusion of felodipine at a rate of 30 /zg/min for the first five 
minutes,, followed by an infusion at a rate of 5 /xg/min. For the measurement of 
plasmaa concentrations of felodipine, arterial blood samples were taken before, five 
andd 20 minutes after the start of the felodipine infusion. Measurements during 
felodipinee infusion were started immediately following the five minutes bolus 
infusion. . 

2.44 Laboratory analysis and calculations 
Arteriall  and coronary sinus blood samples were analyzed to determine plasma 
hemoglobinn concentration, oxygen partial pressure (pOj) (ABL III , Radiometer, 
Copenhagen,, Denmark), and hemoglobin oxygen saturation (SOJ (OSM-II 
hemoxymeter,, Radiometer, Copenhagen, Denmark). Felodipine plasma 
concentrationss were measured by automated capillary gas chromatography with 
electronn capture detection [10]. 

Coronaryy vascular resistance (CVR) was calculated as (ABP-RAP)/CSBF. 
Myocardiall  oxygen content was calculated as 1.39 • Hb • S0 2 + 2.241 • 0.00136 • p0 2 ; 
MV0 22 was calculated as CSBF • arterio-coronary sinus oxygen content difference. 
Myocardiall oxygen supply was calculated as CSBF • arterial oxygen content. 

2.55 Data analysis 
Usingg a signal analysis program (Matlab v 3.5}, The MathWorks Inc., Natick, 
Massachusetts,, USA), ABP, PAP, RAP and CSBF were averaged over periods of 
eightt seconds of steady state, before and after HR steps up and down. Therefore two 
valuess were obtained during pacing, one after the HR step up, and one before the 
HRR step down. Since these values during pacing were not significantly different, 
reflectingg both the same steady state situation, they were averaged. 

Thee steady state aspects of metabolic flow regulation were analyzed by means of 
thee oxygen supply-demand diagram, showing myocardial oxygen supply as a linear 
functionn of MV0 2 (demand), for a given perfusion pressure [11,12]. As reported 
previously,, we modified this diagram by plotting the changes in oxygen supply 
againstt the changes in MV0 2 that were induced by cardiac pacing, to correct for the 
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influencee of the variation in coronary perfusion pressure and heart weight [7]. The 
changess in oxygen supply are related to the changes in MV0 2 by standard regression 
analysiss without intercept, since in response to pacing, a change in myocardial 
oxygenn supply cannot occur without a change in MV0 2. This yields the 
equation:: A 0 2 supply = ratio • AMV02. The slope of the obtained line is the 
referencee supply-demand ratio, defining normal metabolic coronary flow regulation. 
[13] ] 

Inn the present study, the reference supply-demand ratio was used to evaluate the 
effectt of felodipine on coronary metabolic regulation. This ratio obtained at control, 
wass therefore compared with the supply-demand ratio, obtained from pacing 
inducedd changes in oxygen supply and MV0 2 during infusion of felodipine (defining 
metabolicc regulation during felodipine). Upward deflection of the regression line, i.e. 
ann increase in the supply-demand ratio, then implies increased metabolic 
vasodilation,, whereas downward deflection means decreased metabolic vasodilation. 

2.66 Statistical analysis 
Dataa obtained at control and during felodipine were compared using two-way 
analysiss of variance for repeated measurements. Paired standard t-tests were used to 
comparee values at sinus rhythm to values obtained during pacing. A value of p < 0.05 
wass considered significant. Results are reported as mean (SD) or as percentage 
changee (SD) where applicable. 

Changess in myocardial oxygen supply were related to changes in MV02 using 
standardd regression analysis. To compare the slopes of the regression lines obtained 
att control and during felodipine, we used analysis of variance for differences between 
regressionn slopes [14]. The slopes of the obtained regression lines, i.e. thee myocardial 
oxygenn supply/consumption ratios, are reported with their 95% confidence intervals 
(95%% CI). 

3.. Results 

3.11 Characteristics of the patients 
Patients'' characteristics and clinical findings are shown in table 7.1. The study group 
consistedd of seven male and three female patients, comparable with respect to age, 
weightt and height. Seven patients had three-vessel CAD, whereas three patients had 
two-vessell disease. All but three patients were using triple therapy for angina, 
consistingg of long-acting nitrates, beta-adrenergic blocking agents and calcium 
channell blockers. All patients discontinued the use of nitrates and calcium channel 
blockerss at least 36 hours before surgery. None of the patients was taking felodipine 
orally. . 

3.22 Normal metabolic coronary flow regulation: the reference 
supply/demandd rati o 

Pacingg the heart at an average of 32  1 beats/min above sinus rate at control 
resultedd in a significant increase in MV02 from 14.0  4.1 ml 0 2 /min during sinus 
rhythmm to 20.5  5.9 ml 02/min during pacing (figure 7.1). This increase was 
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Tablee 7.1: 
Patientt  characteristics and clinical data 

n n 

Men n 

Age(yr) ) 

Weightt (kg) 

Priorr myocardial infarction 
Treatedd hypertension 

LVEDPP (mmHg) 
Extentt  of coronary artery disease 
Twoo vessels 
Threee vessels 

Preoperativee medication 
Nitrates s 

Caa antagonist 

p-Blockers s 

Triplee therapy 

10 0 

7/10 0 
622 (10) 

7777 (6) 

4/10 0 

2/10 0 
100 (5) 

3/10 0 

7/10 0 

9/10 0 
9/10 0 

9/10 0 
7/10 0 

Dataa are expressed as n or mean (SD). LVEDP, left ventricular end-diastolic pressure 

completelyy matched by an increase in CSBF from 138  38 ml/min to 200 + 53 
ml/minn (through a 25  13 % reduction in CVR), because myocardial oxygen 
extractionn percentage remained unchanged (61  7 % and 62  4 %, respectively). 
Afterr cessation of pacing, values of MV02 and CSBF returned to preparing values in 
alll  patients (figure 7.1). 

Individuall  changes in myocardial oxygen supply, related to pacing-induced 
changess in MV02, are shown in figure 7.2 (top). Metabolic coronary flow regulation 
iss illustrated by the linear relation between the changes in oxygen supply and 
consumption.. The slope of the calculated regression line (the supply/demand ratio), 
whichh is used as reference ratio quantifying normal metabolic flow regulation at 
control,, was 1.58 (95% CI, 1.38-1.80). 

3.33 Felodipine plasma levels 
Felodipinee was not detected in the plasma of blood samples drawn before the start 
off  the felodipine infusion. Following five minutes bolus infusion of felodipine 30 
ug/min,, the mean plasma level of felodipine was 13  4 nmol/1. After 20 minutes of 
felodipinee infusion (five minutes bolus infusion and 15 minutes continuous infusion 
att a rate of 5 ug/min) the mean plasma level of felodipine was 4 +1 nmol/1. 

3.44 Systemic and coronary dynamic effects of felodipine 
Thee effect of felodipine on baseline values of hemodynamic variables at sinus 
rhythmm and during pacing are shown in table 7.2. In response to felodipine, there 
wass a reflex increase in sinus rate from 62  6 beats/min at control to 70  8 
beats/minn during felodipine, which was associated with a concomitant decrease in 
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Figuree 7.1: Values of coronary sinus blood flow (CSBF), myocardial oxygen consumption 
(MVO2)) and myocardial oxygen extraction (MO2E) are shown at sinus rhydim, during 
pacingg and again at sinus rhydim after cessation of pacing, both at control and during 
infusionn of felodipine. Note that values after cessation of pacing always returned to pre-
pacingg values. Values are shown as mean (SEM). *p < 0.05 versus corresponding value at 
control. . 
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Figuree 7.2: Effect of felodipine on metabolic coronary flow regulation. Shown is the effect 
off  small pacing-induced changes in heart rate (30 beats/min above sinus rate) on 
myocardiall  oxygen supply (O2 supply) and myocardial oxygen consumption (MVO2) at 
controll  (top) and during administration of felodipine (bottom). Top: the dashed line, 
characterizingg metabolic coronary flow regulation at control, is the result of regression 
analysiss to the data (A02 supply = 1.58 (95% CI: 1.38 - 1.80) • AMV0 2 ) and was used as 
referencee in the bottom panel. Bottom: the regression line calculated from the data during 
infusionn of felodipine (A0 2 supply = 1.52 (95% CI: 1.26 - 1.78) • AMVO2) was not 
significantlyy different from the reference line at control, suggesting that metabolic coronary 
floww regulation was not changed during infusion of felodipine. 
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arteriall  blood pressure. In addition, felodipine decreased left ventricular afterload, 
whichh is reflected by a significant decrease in SVR. Felodipine, had littl e effect on 
cardiacc preload, because PCWP did not change significantly. 

Followingg infusion of felodipine, CSBF increased from 143 + 38 ml/min to 170 
 47 ml/min (p = 0.030). This change in CSBF was associated with a decrease in 

CVRR of 23  15 %. The concomitant increase in MV0 2 was not significant: 14.9
3.88 ml 02/m in at control and 16.3  5.9 ml 02/min during infusion of felodipine (p 
== 0.37). Thus, the felodipine-induced increase in CSBF appeared to be larger than 
wass expected on the basis of the concomitant change in MV02, which suggests a 
truee coronary vasodilatory action of felodipine. Our finding that coronary venous 
oxygenn saturation increased significantly from 36 + 6 % at control to 42 + 7 % (p = 
0.047)) during infusion of felodipine, supports this suggestion. 

3.55 Felodipine and metabolic coronary flow regulation 
Thee pacing-induced increase in heart rate during infusion of felodipine, was 
comparablee to the pacing-induced change in heart rate at control. However, to 
correctt for the felodipine-induced increase in sinus rate, pacing rate was increased to 
1000  8 beats/min during infusion of felodipine, compared to the pacing rate of 94 

 6 beats/min at control. 
Felodipinee did not change the increase in MV0 2 that was induced by pacing. The 

accompanyingg increase in CSBF was 46  14 ml/min, which was not different (p = 
0.23)) from the pacing-induced increase in CSBF at control, being 62  33 ml/min. 
Thus,, in addition to the aforementioned felodipine-induced decrease in CVR of 23
155 %, CVR decreased further by 16  11 % in response to pacing (figure 7.3). This 
resultedd in a CVR which was significantly lower than the CVR during pacing in the 
controll  condition. 

Thee individual changes in myocardial oxygen supply related to the pacing-induced 
changess in MV0 2 during infusion of felodipine, are shown in figure 7.2 (bottom). 
Thus,, during felodipine, metabolic coronary flow regulation was characterized by a 
supply/demandd ratio of 1.52 (95 % CI, 1.26 -1.78), which was not significantly 
differentt from the supply/demand ratio at control. This suggests that infusion of 
felodipinee did not affect metabolic coronary flow regulation. 

4.. Discussion 

Thiss study in awake patients with CAD showed that intravenous administration of 
thee calcium channel blocker felodipine resulted in both peripheral and coronary 
vasodilation.. However, felodipine did not change the ratio of pacing-induced 
changess in myocardial oxygen supply and MVOz. At control, this supply /demand 
ratioo reflects normal metabolic coronary flow regulation [13]. Thus, metabolic 
coronaryy flow regulation was not affected by felodipine. 

Forr the present study felodipine was chosen as a pharmacological tool to study 
thee effect of calcium channel blockade on metabolic coronary flow regulation. This 
agentt is a second-degree dihydropyridine with a high degree of vasoselectivity, 
indicatingg that felodipine inhibits vascular smooth muscle tissue at concentrations 
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Tablee 7.2: 
Systemicc hemodynamics at sinus rhythm and during pacing 

SR R 
Pacing g 
SR R 

SR R 
Pacing g 

SR R 

SR R 
Pacing g 
SR R 

SR R 
Pacing g 
SR R 

SR R 
Pacing g 

SR R 

SR R 
Pacing g 
SR R 

SR R 
Pacing g 

SR R 

SR R 
Pacing g 

SR R 

SR R 
Pacing g 
SR R 

SR R 
Pacing g 
SR R 

Control l 

622 (6) 
94(6) ) 
611 (6) 

1477 (22) 
1555 (27) 
1499 (24) 

1000 (13) 
1088 (18) 
988 (15) 

69(8) ) 
800 (11) 
711 (7) 

255 (7) 

26(8) ) 
233 (6) 

8(4) ) 
55 (4) 
7(4) ) 

10(3) ) 
9(4) ) 
9(4) ) 

2.88 (0.3) 
3.33 (0.5) 
2.55 (0.4) 

13999 (264) 
13766 (315) 
15599 (225) 

91699 (1953) 
145699 (2822) 
91211 (1829) 

Felodipine e 

700 (8)* 
1000 (8)* 
700 (8)* 

1377 (19)* 
1466 (22)* 
1377 (18)* 

933 (11)* 
1022 (14)™ 
922 (11)* 

666 (7)" 
755 (9)-» 
699 (8)ns 

288 (8)* 
300 (ll) ns 

300 (12)* 

99 (5)ns 

77 (6)» 
99 (6)ns 

111 p j -
l ll  (5)ns 

122 (4)ns 

3.22 (0.4)* 
4.11 (0.5)* 
3.44 (0.7)* 

10944 (146)* 
10544 (246)* 
11244 (230)* 

96288 (2074) 
146455 (2574) 
96166 (1830) 

Valuess at sinus rhythm of heart rate (HR), mean systolic arterial blood pressure (SBP), mean 
arteriall  blood pressure (MAP), diastolic arterial blood pressure (DBP), pulmonary artery 
pressuree (PAP), right atrial pressure (RAP), pulmonary capillary wedge pressure (PCWP), 
cardiacc index (CI), systemic vascular resistance (SVR) and rate-pressure product (RPP) are 
reportedd at control and during infusion of felodipine. 
Valuess are expressed as mean (SD).*, p < 0.05 versus corresponding control value; ns, not 
significant. . 

HRR (beats/min) 

SBPP (mmHg) 

MAP(mmHg ) ) 

DBPP (mmHg) 

PAPP (mmHg) 

RAPP (mmHg) 

PCWPP (mmHg) 

CII  (L/min/m 2) 

SVRR (dynes/cm5) 

RPPP (mmHg/min) 
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thatt are free of significant negative inotropic activity [15,16]. This is of particular 
importancee since the direct negative inotropic effects of calcium channel blockade 
wouldd complicate the interpretation of drug actions upon metabolic coronary 
vasodilation.. Although other calcium channel blockers including nicardipine, 
amlodipinee or isradipine are also available, they are associated with more reflex 
tachycardia,, a lower degree of vasoselectivity, and a longer duration of action, 
respectivelyy [15]. 

Thee measured plasma levels of felodipine were within the therapeutic range for 
thee chronic treatment of patients with hypertension (2-20 nmol/1) and in accordance 
withh the felodipine plasma concentrations found by Emanuelsson etaL [17] following 
aa continuous infusion rate of 10-25 ng/min. Although the mean plasma level 
decreasedd following twenty minutes of felodipine infusion compared with the plasma 
levell  directly following the five minutes bolus infusion, stable hemodynamic 
conditionss existed; systemic and coronary hemodynamics at sinus rhythm after 
pacingg were not significantly different from values before pacing (table 7.2, figure 
7.1).. Thus, in the present study, stable hemodynamic conditions existed during 
infusionn of felodipine, during which the process of metabolic vasodilation could be 
studied. . 

4.11 Metabolic coronary flow regulation 
Althoughh the precise mechanisms responsible for metabolic coronary flow regulation 
remainn largely unknown, it has recently become clear that the coronary endothelium 
mayy play an important role. In patients with endothelial dysfunction (e.g. patients 
withh hypercholesterolemia, hypertension and/or CAD), metabolic coronary 
vasodilationn has been shown to be reduced [18-23], which has partly been explained 
byy the diminished release of endothelium derived relaxant factors, including nitric 
oxide.. Other studies demonstrated that after blockade of endogenous nitric oxide 
synthesiss with L-arginine analogues, metabolic coronary vasodilation was attenuated 
inn both dogs [24] and humans [22,25,26], suggesting that nitric oxide was a possible 
mediatorr in the metabolic control of coronary flow. However, others could not 
confirmm these findings [27]. Furthermore, nitric oxide donor substances have 
recentlyy been shown to increase metabolic coronary vasodilation in patients with 
CADD [7], which indicates that excess nitric oxide may restore the effect of the 
reducedd endogenous nitric oxide activity in these patients [28]. 

4.22 Calcium channel blockers and endothelial dysfunction 
Inn rabbits [1,2] and patients with hypertension [3] or hypercholesterolemia [4], 
calciumm channel blockers have been reported to reverse the impairment in 
endotheliumm dependent, nitric oxide mediated vasodilation. Since vascular resistance 
remainedd unchanged in these studies, this effect was probably not due to the calcium 
channell  blocking effects of these agents. However, it was suggested that this 
beneficiall  effect was caused by a specific improvement of impaired nitric oxide 
availabilityy due to a reduction in superoxide generation (resulting in reduced 
catabolismm of nitric oxide) [4,29]. The finding that lipid peroxidation in vitro is 
reducedd and that cultured endothelial cells and isolated rat hearts are protected 

140 0 



FELODIPINEE AND METABOLIC CORONARY VASODILATION 

(^-v v 

5̂ 5 

(Z (Z 
> > 

o o < < 

^.u u 

100 -

00 -

-100 -

-200 -

-300 -

-400 -

• • 
• • 

#P= = 
++ p= 

control l 
duringg felodipine 

0.0022 * ^ > 
0.0033 + 

** p<0.001 vs SR 

II I 

* * 

# # 

* * 
I I 

SRR Felo Pacing 

Figuree 7.3: Effect of pacing on coronary vascular resistance (CVR) at control (•) and 
duringg infusion of felodipine (•). Shown is the percentage change in CVR compared to the 
CVRR at sinus rhythm (SR) in the control condition. Values are shown as mean (SEM). Note 
thatt following the felodipine-induced decrease in CVR, a further decrease in CVR in 
responsee to pacing was observed, indicating that metabolic coronary flow regulation was 
stilll active during infusion of felodipine. Note also that the combined effect of pacing and 
felodipinee infusion on CVR was larger than the effect of pacing alone. However, this was 
nott due to increased metabolic vasodilation during infusion of felodipine (figure 7.2), rather 
thann felodipine-induced vasodilation which persisted during pacing. Thus, felodipine 
alteredd the setpoint for the process of metabolic coronary flow regulation. 

againstt free-radical-induced injury in the presence of a calcium channel blocker, 
supportss this idea [30-32]. In agreement, Kitikaze et al. [33] demonstrated in dogs 
thatt nifedipine acutely increased the release of nitric oxide metabolites in coronary 
venouss blood. Furthermore, the chemical structure of dihydropyridine calcium-
antagonistss is consistent with antioxidant properties, since these drugs possess 
aromaticc resonance rings, a feature common to most classic chain-breaking anti
oxidants.. Thus, it is conceivable that, besides their direct vasodilatory effect on 
vascularr smooth muscle, calcium channel blockers may have an effect on nitric oxide 
availability. . 

4.33 Calcium channel blockers and metabolic coronary vasodilation 
Althoughh the acute effects of calcium channel blockers, including felodipine, on 
coronaryy blood flow and MV02 have been studied extensively in conditions of 
pacingg induced ischemia [17,34-37], little is known about the effect of these agents 
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onn metabolic flow regulation itself. Regarding metabolic flow regulation, 
interpretationn of the aforementioned studies [17,34-37] is difficult because during 
myocardiall  ischemia, other than metabolic coronary flow regulating mechanisms may 
prevail.. Furthermore, most studies failed to report the magnitude of pacing or 
exercisee induced changes in MV02, which is a prerequisite for quantification of 
metabolicc vasodilation. 

Usingg biplane quantitative coronary angiography, but without measuring coronary 
bloodd flow or MV0 2, Kaufmann et al. [6] and Frielingsdorf etd. [5] studied the effect 
off  calcium channel blockers on the response of normal and stenotic epicardial 
arteriess to physiological exercise in hypertensive and hypercholesterolemic patients 
withh CAD. They concluded that the impaired epicardial vasodilation in response to 
exercisee in these patients was reversed by administration of nicardipine or diltiazem. 
Thiss was most likely due to drug-induced direct relaxation of smooth muscle in the 
epicardiall  vasculature, which persisted during exercise, but an effect of the calcium 
channell  blockers on endothelial function and nitric oxide availability could not be 
excluded.. In line with the findings by Kaufmann et d. [6] and Frielingsdorf et d. [5], 
butt using coronary venous blood flow responses, we found that the reduction in 
CVRR during pacing and felodipine infusion was more pronounced, compared to the 
reductionn in CVR during pacing in the control situation (figure 7.3). This extends 
theirr conclusions based on measurements in the epicardial vasculature to the 
coronaryy flow regulating microcirculation. However, these findings do not 
necessarilyy imply that felodipine improved or normalized impaired metabolic 
coronaryy flow responses. In the present study, despite the felodipine-induced 
decreasee in CVR, we observed a further decrease in CVR in response to pacing, 
whichh suggests that metabolic coronary flow regulation was still active during 
infusionn of felodipine. Comparing metabolic coronary vasodilation during infusion 
off  felodipine to control, we found that felodipine did not change the ratio of pacing-
inducedd changes in myocardial oxygen supply and consumption (figure 7.2). 
Therefore,, we conclude that with the techniques used in the present study, metabolic 
coronaryy flow regulation was not affected by administration of a calcium channel 
blocker,, although the setpoint of this regulation mechanism may have been offset by 
thee initial felodipine induced coronary vasodilation. 
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1.. Introductio n 

Althoughh the regulation of myocardial blood flow and its close relationship with 
myocardiall  oxygen consumption have been studied for many years, it is still not 
adequatelyy understood. However, it is becoming increasingly clear that regulation 
andd modulation of coronary blood flow is the result of heterogeneous control 
mechanisms,, including metabolic control, flow-mediated vasodilation, and myogenic 
responses,, as discussed in chapter 1. However, the relative importance of each 
mechanismm varies between different segments of the coronary (micro) circulation. 
Whereass flow mediated mechanisms are predominantly present in small coronary 
arteries,, mechanisms mediating autoregulation and metabolic regulation are located 
moree downstream in arterioles < 150 urn in diameter, that constitute the major 
fractionn of total coronary vascular resistance. The metabolic control of coronary 
bloodd flow in these vessels is thought to be the most important regulatory 
mechanismm in the coronary circulation. 

Severall  approaches to study metabolic coronary flow regulation in humans have 
beenn described. First, it should be noted that in light of the heterogeneous 
distributionn of the control mechanisms, quantitative coronary angiography is not 
suitedd to study metabolic coronary flow control. Studies using this technique [1] 
onlyy look at epicardial vasomotor responses, rather than metabolic coronary flow 
responses.. Although these epicardial responses are initially induced by a metabolic 
stimulus,, they are eventually the result of different control mechanisms. 

Alternatively,, ultrasonic Doppler techniques have been used to assess the 
metabolicallyy induced changes in coronary flow velocity [2]. However, the principal 
drawbackk of this technique is the fact that velocity rather than flow is measured. For 
thee correct interpretation of results, it is crucial to have precise knowledge of the 
magnitudee and direction of any change in the cross sectional area of the coronary 
vessell  in response to a metabolic stimulus. Otherwise, statements regarding changes 
inn absolute flow and metabolic coronary flow control are not valid. This has 
promptedd some authors to combine quantitative coronary angiography and Doppler 
flow-velocityy measurements to obtain a more reliable estimate of coronary blood 
floww in order to draw conclusions on metabolic coronary flow responses [3]. 
However,, this combined technique still precludes correction for differences in the 
magnitudee of metabolically-induced changes in myocardial oxygen consumption, 
unlesss a coronary sinus catheter is also introduced for the sampling of coronary 
venouss blood. Unfortunately, this has frequently been omitted, which renders the 
changee in myocardial oxygen consumption an important confounding factor of 
metabolicc coronary flow regulatory responses. 

Anotherr approach is applied in the present thesis. Using the continuous 
thermodilutionn technique, described by Ganz et al. [4] in 1971, absolute coronary 
sinuss blood flow (in contrast to velocity) could be measured and metabolic coronary 
floww responses could be evaluated. In addition, this technique has the advantage that 
coronaryy venous blood samples can be drawn for the determination of myocardial 
oxygenn consumption in order to correct coronary flow responses for the 
metabolically-inducedd changes in myocardial oxygen consumption. Using this 'old' 
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techniquee as a new approach to study metabolic coronary flow regulation, the effects 
off  exogenous nitric oxide, calcium-entry blockade and anesthesia with high dose 
fentanyl/pancuroniumm bromide on metabolic coronary flow responses were studied. 
Basedd on the results of the studies presented in this thesis and the available literature 
discussedd in chapters 1 and 2, several observations regarding metabolic coronary 
floww regulation can be made. 

1.11 Change in myocardial oxygen consumption 
Thee mechanisms involved in metabolic coronary flow regulation lead to a change in 
coronaryy blood flow that is proportional to the induced change in myocardial oxygen 
consumption.. In other words, coronary blood flow is linearly related to myocardial 
oxygenn consumption. Therefore, it is important to be informed about the magnitude 
off  the induced change in myocardial oxygen consumption. In chapter 3 it is 
demonstratedd that changes in other parameters, including the rate pressure product, 
cannott be used as surrogate for the adequate assessment of the change in myocardial 
oxygenn consumption. An additional finding in that study was that the relationship 
betweenn the percentage increase in myocardial oxygen consumption and rate 
pressuree product completely disappeared during administration of the nitric oxide 
donorr substance nitroglycerin, which was explained by the fact that nitric oxide 
mightt have influenced the change in myocardial metabolism directly, without having 
ann effect on the change in rate pressure product. 

Wee compared the results described in chapter 3, with previous studies [5-7], in 
whichh individual data points, obtained with different methods of coronary flow 
measurement,, were reported. The recalculated regression lines from those studies, 
togetherr with the regression lines from the study described in chapter 3, are shown 
inn figure 8.1. This figure once again illustrates that changes in myocardial oxygen 
consumptionn cannot be predicted accurately from the changes in rate pressure 
product.. In addition it is shown that, compared to pacing, exercise resulted in a more 
pronouncedd increase in myocardial oxygen consumption for comparable increases in 
ratee pressure product. A likely explanation may be that endogenous catecholamines, 
releasedd during exercise but not during pacing, contributed to the increase in 
myocardiall  oxygen consumption through an effect on myocardial metabolic and 
contractilee state, while this is not being reflected in the rate pressure product. Finally, 
thiss figure suggests that for comparable increases in rate pressure product, 
myocardiall  oxygen consumption increases more in patients with coronary artery 
diseasee than in patients without coronary artery disease. Knowing that in patients 
withh coronary artery disease nitric oxide availability is reduced [8], this observation is 
inn line with the finding that in the absence of nitric oxide an augmented increase in 
myocardiall  oxygen consumption for comparable increases in triple product was 
observedd [9]. Theoretically, this may further support the hypothesis that nitric oxide 
mayy impair myocardial metabolism directly [10,11] 

Inn conclusion, for the study of metabolic flow regulation, it is recommended to 
measuree myocardial oxygen consumption directly. In addition, it may be clear that 
studiess regarding metabolic flow regulation, that do not measure myocardial oxygen 
consumptionn directly, should be interpreted with caution. 
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Figuree 8.1: Shown are the recalculated regression lines from different studies in patients 
withh (solid lines) and without (dashed lines) coroanary artery disease (CAD). The regression 
liness characterise the relation between the percentage increase in rate pressure product 
(RPP),, either induced by pacing (thin lines) or exercise (bold lines), and the percentage 
increasee in myocardial oxygen consumption (MVO2). Pacing and exercise induced changes 
aree expressed as % change from values during sinus rhythm and resting conditions, 
respectively. . 

1.22 Heterogeneous distributio n of coronary vascular  resistance 
Ass stated above, coronary vascular resistance is heterogeneously distributed along 
thee coronary vascular tree, with the majority of resistance localized in the coronary 
resistancee vessels < 150 urn in diameter, that are most sensitive to changes in 
perfusionn pressure and metabolism. We believe that the importance of 
pharmacologicall  or pathophysiological changes in the distribution of this resistance 
iss underestimated, since this mechanism might theoretically explain many of the 
observedd changes in metabolic coronary vasodilation. For example, the observation 
inn chapter 5 that nitroglycerin increased metabolic coronary vasodilation in patients 
withh coronary artery disease was explained by the fact that administration of 
nitroglycerinn shifted the predominant site of resistance in the direction of the smaller 
microvessels,, responsible for metabolic flow control. A metabolic stimulus will then 
resultt in relatively more pronounced vasodilation, compared with the situation in 
whichh coronary vascular resistance is distributed in the larger coronary vessels, less 
sensitivee to changes in metabolism. On the other hand, following inhibition of nitric 
oxidee synthesis, it was shown that small coronary arteries constricted, whereas 
arterioless dilated [12], suggesting that the increase in coronary vascular resistance, 
observedd following L-arginine analogues, is the result of a more pronounced 
vasoconstrictionn of small coronary arteries, moving the predominant site of 
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Figuree 8.2: Relative significance of metabolites (Meta), nitric oxide (NO), and myogenic 
constrictionn (Myo) in large and small arterioles. Although under control conditions these 
influencess are balanced (see balance between constriction (C) and dilation (D), a reduction 
off  NO has functional consequences predominantly in large arterioles. (Redrawn from Pohl 
andd de Wit [15]) 

resistancee away from the metabolically active arterioles. Thus, under these 
conditions,, it may not be surprising that the coronary vasodilatory response to a 
metabolicc stimulus has been shown to be mitigated [3,13,14]. 

Thee distribution of the coronary vascular resistance in the presence of nitric oxide 
andd under conditions in which nitric oxide availability is reduced (e.g. during 
administrationn of NOS inhibitors, or in the presence of endothelial dysfunction) is 
schematicallyy shown in figure 8.2 [15]. This figure shows that metabolic control of 
arteriess increases from proximal to distal vessels, whereas nitric oxide effects 
decreasee in the same order [16], partly because the inhibitory effect of nitric oxide on 
myogenicc and sympathetic constriction is functionally more important in the 
vascularr section with larger arterioles. Based on the distribution of the relative 
significancee of these regulation mechanisms, Pohl and de Wit [15] hypothesized that 
inhibitionn of nitric oxide should not only result in a reduction in basal flow, but also 
inn an inadequate adaptation of blood flow to altered demands. The finding that 
metabolicc flow adaptation is attenuated in patients with endothelial dysfunction 
[3,13]]  and the finding that excess nitric oxide may restore metabolic vasodilation to a 
certainn extent (chapter 5) supports this idea. 

Thee absence of an effect of felodipine on metabolic coronary flow control can 
alsoo be explained on the basis of the heterogeneous distribution of coronary vascular 
resistance.. From the data presented in chapter 7, it is clear that intravenous 
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administrationn of felodipine resulted in vasodilation of coronary resistance vessels. 
Fromm experimental studies it is known that larger epicardial arteries also dilate in 
responsee to calcium channel blockers [17,18], which may be either due to a direct 
effectt on the smooth muscle cells or to a flow-dependent vasodilatory mechanism. 
Inn response to felodipine, the degree of coronary vasodilation may thus have been 
distributedd evenly along the total coronary vascular tree. Despite the substantial 
felodipine-inducedd decrease in coronary vascular resistance, the predominant site of 
resistancee probably remained unchanged, as was the flow response to the 
subsequentlyy induced metabolic stimulus. This suggests that metabolic coronary 
vasodilationn itself was not influenced by calcium channel blockade, even though the 
setpointt of this regulation process was changed to a higher level of coronary blood 
flow. . 

Thee different effects of nitroglycerin and felodipine on metabolic coronary flow 
regulationn may thus be explained by their different action on the distribution of 
coronaryy vascular resistance. However, it is not known what is more beneficial for 
thee patient with coronary artery disease: improved metabolic vasodilation as 
observedd with nitroglycerin, or unaffected metabolic vasodilation at a different 
setpointt as observed with felodipine. Their completely different effects on coronary 
vascularr resistance and myocardial oxygen consumption are summarized in figure 
8.3.. Both the observation that nitroglycerin induced a larger decrease in coronary 
vascularr resistance in relation to the pacing-induced increase in myocardial oxygen 
consumption,, as well as clinical experience suggest that nitroglycerin is beneficial for 
thee patient with coronary artery disease. However, this may also be related to other 
effectss of nitroglycerin, including its aforementioned direct effect on myocardial 
metabolism. . 

1.33 Coronary vasodilator  agents and metabolic vasodilation 
Knowledgee of metabolic coronary flow regulation should be used when evaluating 
thee potential coronary vasodilator action of various agents. As discussed before, 
mostt investigators interpret changes in vessel diameter measured angiographicalry as 
changess in myocardial oxygen supply [1,19]. Implicitly, they assume that aortic 
pressure,, myocardial oxygen consumption and distal coronary vessel tone remain 
unchanged.. To improve the interpretation of these measurements, coronary blood 
floww velocity is measured as well. This yields a measure of flow, if diameter and flow 
velocityy are measured at the same location [13]. If aortic pressure is known, 
resistancee can also be calculated [3]. Changes in myocardial oxygen consumption are 
usuallyy not monitored in these studies. To obtain this variable, both arterial and 
coronaryy sinus oxygen content should be measured. 

Itt has been suggested to monitor only coronary sinus oxygen content to judge the 
vasoactivityy of drugs [20]. Coronary venous oxygen content should increase with 
directt vasodilators. This is true, but from venous oxygen content alone one cannot 
judgee the stress impact (=degree of change in myocardial oxygen consumption) of 
thee vasoactive drug. In chapter 4 the use of the myocardial oxygen supply/demand 
ratioo was explained as reference for coronary vasodilatory drug effects. Using the 
myocardiall  oxygen supply/demand ratio, it was shown that many vasoactive drugs 
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Figuree 8.3: Effect of felodipine (Felo) (left panels) and nitroglycerin (NTG) (right panels) on 
pacingg induced changes in coronary vascular resistance (CVR) and myocardial oxygen 
consumptionn (MV02). Changes are percentage changes compared to the value at sinus rhythm 
(SR)) in the control condition. Values are mean + SEM. Note that metabolic vasodilation in 
responsee to pacing is still intact during felodipine infusion, although the setpoint of this 
regulationn mechanism is altered by the felodipine-induced vasodilation. Note also that NTG 
attenuatess the pacing-indcued increases in MV02, whereas the pacing induced-decrease in CVR 
remainss unchanged. Thus, in relation to the change in MV02, metabolic vasodilation is more 
pronouncedd during high dose NTG infusion. 

doo not exert a direct coronary vasodilatoiy effect, when administered intravenously 
inn physiologic doses. However, only when administered intracoronary, these drugs 
mayy produce direct coronary vasodilation, but under these conditions drug 
concentrationss are often unnaturally high. This makes extrapolation of data obtained 
underr those conditions to the effects of the same drugs when taken orally very 
difficult . . 

AA disadvantage of the use of the slope of the myocardial supply/demand ratio as 
measuree for drug induced vasoactivity is the fact that the same measurement of 
coronaryy blood flow is used for the calculation of myocardial oxygen supply and 

151 1 



CHAPTER8 8 

demand.. Errors in the coronary blood flow measurement and natural variations 
amongg patients add to the fit  of the regression line. The correlation coefficients 
obtainedd are artificially high and should be used with caution. The most ideal 
situationn would be to measure oxygen consumption by a method independent of 
coronaryy blood flow. In practice this cannot be done yet. As a second best 
alternative,, the oxygen extraction ratio being a flow independent measure, can be 
usedd for the test of statistical significance. Any significant change in oxygen 
supply/demandd ratio in a group of patients in reaction to any treatment, should yield 
aa significant change in oxygen extraction ratio as well (see chapters 5 to 7). 

Inn chapter 4, we introduced the coronary vasodilation potency as an additional 
measuree to describe vasoactivity. To quantify the average vasodilating potency of 
vasoactivee drugs, the mean difference between the measured coronary oxygen supply 
andd predicted oxygen supply, based on the physiological oxygen supply/demand 
relationn in humans, was calculated. The advantage of this measure is that it takes the 
normall  physiological variation in oxygen supply into account, while testing drugs for 
coronaryy vasoactivity. It was shown that the coronary vasodilating action of several 
intravenouslyy administered drugs, was mainly attributable to metabolically induced 
changess in myocardial oxygen supply. Metabolic coronary flow regulation, being the 
mostt predominant flow regulatory mechanism, thus frequently overrules any 
vasodilatoryy drug action. 

1.44 Dynamics of coronary flow regulation 
Althoughh a large number of studies has been done to unravel the mechanisms 
involvedd in the control of coronary flow, very few investigators looked at the rate of 
coronaryy flow control. However, several observations indicate that the dynamics of 
coronaryy flow regulation may provide additional information about the mechanisms 
responsiblee for the control of coronary flow. 

Inn 1994, Dankelman et al. [21] showed in anesthetized goats that the rate of 
coronaryy flow regulation in response to a change in heart rate could specifically be 
deceleratedd by glibenclamide. Furthermore, as discussed in chapter 1, it was shown 
thatt the rate of regulation was dependent on the mode of coronary perfusion. 
Constantt flow perfusion resulted in slower responses compared to constant pressure 
perfusion,, while during constant pressure perfusion, but not during constant flow 
perfusion,, the response rate was also dependent on the level of coronary perfusion 
pressure,, being faster at lower pressures [22,23]. Moreover, the dynamics of coronary 
floww regulation appeared to be species dependent, because the coronary response 
ratee appeared to be faster in the anesthetized dog, compared to the anesthetized goat 
[22,23].. That the importance of the dynamics of coronary flow regulation is easily 
overlooked,, is also illustrated by the fact that regulation mechanisms are sometimes 
presumedd to be involved in coronary flow control, while their time constants do not 
matchh with the observed coronary responses (chapter 1). Thus, these independent 
observationss demonstrate that the response time of the coronary system is a specific 
aspectt of coronary flow control, which should not be neglected. 

Inn this thesis, for the first time, the dynamics of metabolic coronary flow 
regulationn in humans have been described. In chapter 6 it was shown that in awake 
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patientss with coronary artery disease, the rate of coronary flow regulation in response 
too a change in heart rate could be characterized by a tso-value of  5 seconds. 
Furthermore,, it was shown that rate of regulation, but not the change in coronary 
vascularr resistance, was mitigated by high dose fentanyl/pancuronium bromide-
anesthesiaa to a t^-value of  10 seconds. 

Wee hypothesized that pancuronium bromide might have been responsible for the 
reducedd coronary response rate, since it may hypotheticaHy attenuate 
parasympatheticallyy mediated vasodilation due to its muscarinic receptor blocking 
effects.. In this respect, there has been one earlier observation in goats showing that 
thee type of general anesthesia may influence the rate of coronary flow regulation [23]. 
Thee coronary response to a pressure-step down (during constant pressure perfusion) 
wass significantly slower in goats anesthetized with atropine-sulphate and ketamine-
hydrochloridee (5.3 seconds), compared to a group of goats anesthetized with fentanyl 
andd pancuronium bromide (4.4 seconds) [23]. Since muscarinic receptor blockade is 
moree pronounced with atropine compared to pancuronium bromide, it may indeed be 
thatt muscarinic receptor blockade has been involved in the deceleration of the coronary 
responsee in the study described in chapter 6 too. 

Ann alternative explanation might involve the cardio cardiac reflexes, that were 
alreadyy mentioned in chapter 1 (section 5.2). It is conceivable that ventricular 
mechanoreceptors,, responsible for these reflexes, increase their rate of firing with an 
increasee in heart rate, since they are stimulated more often per minute. Since the main 
effectt of these receptors is a reduction in sympathetic tone and an increase in vagal 
tone,, reflex coronary vasodilation is expected to occur [24,25]. This reflex vasodilation 
probablyy speeds up the concomitant metabolic vasodilation, that also occurs in 
responsee to the increase in heart rate. This idea is supported by the observation that 
surgicall  denervation of the heart slowed down the speed of the coronary response to an 
increasee in heart rate in dogs [26]. Similarly, general anesthesia may impair these cardio-
cardiacc reflexes, which would at least partly explain the observed slower coronary 
responsee rate following an increase in heart rate under general anesthesia. 

I tt should be noted that at present we do not know whether a fast coronary 
responsee rate is more beneficial than a slow response rate, or whether patients with 
coronaryy artery disease have a different coronary response rate than patients with 
normall  coronary arteries. These questions still remain to be elucidated in future 
research.. Although at the present time the clinical relevance of measurement of the 
ratee of coronary flow control still remains uncertain, it is important that parameters 
describingg the dynamics of human coronary flow regulation have now become 
available,, so that they can be used for the modeling of the coronary control system in 
orderr to broaden our overall knowledge of the mechanisms responsible for the 
processs of coronary flow control. 

2.. Implication s 

Thee above considerations concerning metabolic coronary flow regulation may have 
somee direct implications. First, it has become clear that measuring the change in 
myocardiall  oxygen consumption is a prerequisite for the adequate interpretation of 
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metabolicc flow regulation and/or the assessment of the degree of metabolic 
vasodilation.. Second, the heterogeneous distribution of the coronary vascular 
resistancee should be taken into account when coronary blood flow regulating 
processess are studied, since many of the observed coronary (metabolic) responses 
cann be explained on the basis of redistribution of coronary vascular resistance. Third, 
thee conclusions that nitroglycerin, in addition to its unloading properties, specifically 
attenuatess heart rate-induced increases in myocardial oxygen consumption and 
furthermoree increases the associated metabolic coronary vasodilation, support the 
liberall  use of this agent in patients with coronary artery disease, both in the stable 
awakee situation and during the stressful peri-operative period. Finally, we have 
stressedd the importance of quantifying the degree of metabolic vasodilation when 
evaluatingg the true vasodilator potency of putative coronary vasodilator agents. 

3.. Future perspectives 

Inn this thesis, it has been shown that metabolic coronary flow regulation is an 
intriguing,, but extremely complex aspect of coronary flow control. This complexity 
iss related to a number of factors, including the number of different mediators that 
aree involved and the phenomenon that these mediators may substitute each other 
underr different physiological and pathophysiological conditions. The fact that 
metabolicc flow regulation is mainly governed by the smallest coronary resistance 
vesselss that are difficult to study directly, further complicates the search for the 
mechanismss involved in this regulation process. New technologies developed for the 
imagingg of the (human) microcirculation, such as orthogonal polarization spectral 
imagingg [27], might in this respect prove to be helpful. Thus, these complicating 
factorss wil l probably be overcome and in the future the mechanisms involved in 
metabolicc flow regulation will undoubtedly further be clarified. 

Inn future studies, the mediator nitric oxide will probably play an important role, 
especiallyy now it has become clear that 1. endothelial dysfunction is linked to a 
pathologicall  imbalance between the production of nitric oxide and superoxide, 
whichh is partly regulated by tetrahydrobiopterine, a cofactor of nitric oxide synthase 
[28],, 2. many exogenous agents, including ascorbic acid and calcium channel 
blockers,, improve nitric oxide availability by reducing the amount of circulating 
radicals,, through an anti-oxidant effect [29], 3. nitric oxide has an effect on larger 
coronaryy arteries rather than coronary resistance vessels, and 4. nitric oxide has an 
inhibitoryy effect on myocardial cell-metabolism [9]. However, these studies involving 
nitricc oxide may not clarify the mechanisms behind the initial metabolicalry induced 
changee in diameter of coronary resistance vessels, since other mechanisms are 
probablyy responsible for this initial response of metabolic control of coronary blood 
flow. . 
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Summary y 

Inn the past decades, experimental work in animals has given insight in static and 
dynamicc aspects of coronary blood flow control. In anesthetized open-chested dogs 
andd goats, coronary blood flow responses following changes in heart rate and 
perfusionn pressure have been extensively studied under different conditions. 
However,, in humans, there is little information about the control of coronary blood 
flow,flow, while there is no information at all about the dynamics of this control system. 
Therefore,, it is not known whether extrapolation of animal data to the human 
situationn is justified. In the present thesis, static and dynamic aspects of human 
coronaryy flow control are described. 

Inn chapter  1, the coronary circulation and aspects of coronary physiology are 
reviewed.. It is explained that the physiology of coronary flow control can be 
characterizedd by two phenomena, i.e. metabolic coronary flow control and 
autoregulation.. Metabolic coronary flow control is the matching of coronary blood 
floww to changes in myocardial oxygen consumption. This indicates that an increase 
inn myocardial oxygen consumption (e.g. in response to an increase in heart rate) 
leadsleads to vasodilation of coronary resistance arteries in order to maintain the balance 
betweenn myocardial oxygen and supply. Coronary autoregulation refers to the 
phenomenonn that coronary blood flow is relatively independent on coronary 
perfusionn pressure. An increase in coronary perfusion pressure leads to coronary 
vasoconstrictionn and, therefore, coronary blood flow remains relatively constant. In 
additionn to these static aspects, dynamic aspects of metabolic flow control are also 
discussed. . 

Otherr phenomena may also play a role in coronary flow control. In this context, 
bothh flow-induced vasodilation and myogenic vasoconstriction may contribute to 
changess in coronary vascular diameter. Furthermore, the increased coronary 
resistancee during systole often referred to as extravascular resistance, may also 
influencee coronary flow. Finally, the mechanical aspects of coronary stenoses, that 
mayy affect the coronary flow characteristics substantially, are discussed. 

Althoughh it is generally accepted that coronary blood flow is primarily regulated by 
metabolicc factors, the precise mediators and mechanisms Unking metabolic activity 
too coronary vascular resistance remain to be clarified. In chapter  2, a review is given 
off  a number of putative mediators and their role in coronary flow control. 

Theree are indications that ATP dependent potassium channels are important for 
coronaryy flow control, since both metabolic vasodilation and coronary 
autoregulationn were impaired after blockade of these channels. In contrast, 
adenosine,, does not appear to contribute to the control process under physiological 
conditions,, although its role may become more important under conditions of 
hypoperfusion.. Other potential mediators are released by the coronary endothelium. 
Thesee endothelium-derived relaxing and constricting factors include nitric oxide, 
bradykinin,, prostacyclin and endothelin. Finally, it is explained that the 
neurohumorall  contribution to coronary flow control is probably limited in the 
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normall  coronary circulation. Thus, many different substances play a role in coronary 
flowflow control. The important overall result, is a complex and well regulated system in 
whichh coronary blood flow and ultimately oxygen delivery is adequately controlled to 
maintainn myocardial function under a variety of physiological conditions. 

Forr the clinical assessment of metabolic coronary vasodilation, changes in systolic 
ratee pressure product (RPP) are frequently used to estimate the pacing- or exercise-
inducedd changes in myocardial oxygen consumption (MVOj). Chapter  3 describes a 
study,, which was designed to test whether this is justified in patients with coronary 
arteryy disease. 

Althoughh a significant relation between the percentage increase in RPP (A%RPP) 
andd MV0 2 (A^OMVOJ) was found at control and during anesthesia, prediction 
intervalss appeared to be very wide, which indicated that only 40 % and 60 % of the 
variationn in A%MV02, respectively, could be explained by the variation in A%RPP. 
Inn addition, during administration of nitroglycerin no significant relation was found 
betweenn A%MV02 and A%RPP, which was explained by the fact that nitric oxide 
mightt have influenced the change in myocardial metabolism directly, without having 
ann effect on the change in rate pressure product. On the basis of this study it was 
concludedd that for the study of metabolic coronary flow regulation, pacing-induced 
changess in MV0 2 cannot be predicted accurately by changes in RPP. 

Althoughh there is wide body of literature dealing with the effect of coronary 
vasodilatorss on coronary blood flow and myocardial oxygen consumption, the 
potentiall  involvement of the normal regulation process of coronary flow is rarely 
takenn into account. Chapter  4 describes a study in which the vasodilator potency of 
intravenouss and intracoronary drugs is evaluated in relation to normal coronary flow 
regulation.. Normal coronary flow regulation was defined in a reference study of 
twelvee awake and anesthetized patients by measuring the change in myocardial 
oxygenn supply induced by pacing in relation to the change in myocardial oxygen 
demand.. This myocardial oxygen supply/demand ratio determined in the reference 
studyy was compared with that induced by drugs administered intravenously or 
intracoronaryy (nifedipine, felodipine, urapidil, and sodium nitroprusside) in two 
pharmacologicall  studies: patients with coronary artery disease undergoing cardiac 
surgeryy (45 patients treated with sodium nitroprusside, 27 with nifedipine, and 27 
withh urapidil to manage arterial blood pressure), and patients undergoing cardiac 
catheterisationn for diagnostic purposes (ten patients treated with intracoronary 
nifedipinee and ten with intracoronary felodipine). 

Intravenouslyy administered sodium nitroprusside, urapidil, and nifedipine did not 
changee the myocardial oxygen supply/demand ratio. Thus, the intravenous 
administrationn of these drugs has limited direct coronary vasoactive effects, and 
underr these conditions, physiological coronary flow control is still the major 
determinantt of coronary flow. The only significant change in the oxygen 
supply/demandd ratio was induced by intracoronary bolus administration of 

nifedipinee and felodipine. Intracoronary high dose bolus injection of nifedipine 
andd felodipine thus results in significant true vasodilation. 
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Inn chapter  5, we evaluated the effect of intravenous administration of the nitric 
oxidee donor substance nitroglycerin (NTG) on metabolic coronary flow regulation. 
Inn twelve patients with stable coronary artery disease, we measured coronary sinus 
bloodd flow, myocardial oxygen supply and consumption (MVOj) at sinus rhythm 
andd during atrial pacing, both at control, and during infusion of NTG, 1 ng/kg/min, 
andd NTG, 2 ng/kg/min. To study metabolic coronary vasodilation, changes in 
myocardiall  oxygen supply were related to pacing-induced changes in MV0 2, using 
standardd regression analysis. The myocardial oxygen supply-consumption ratio, i.e. 
thee slope of the regression line at control, characterizing physiological metabolic 
coronaryy flow regulation, was compared with the ratios obtained during infusion of 
NTG.. Although NTG 1 ng/kg/min did not change the myocardial oxygen supply-
demandd ratio, NTG 2 (jg/kg/min significantly increased this ratio. This suggests that 
exogenouss nitric oxide may increase metabolic coronary vasodilation in patients with 
coronaryy artery disease, possibly by restoring the reduced endogenous nitric oxide 
activityy in these patients and/or by changing the distribution of the total coronary 
vascularr resistance over the different segments of the coronary circulation (i.e. 
shiftingg the predominant site of resistance in the direction of the smaller 
microvessels,, that are most sensitive to metabolite- and pressure-mediated dilation). 

Althoughh the rate of adaptation of coronary blood flow in response to stepwise 
changess in heart rate has been extensively studied in dogs and goats, littl e is known 
aboutt the dynamic characteristics of coronary flow adaptation in humans. In this 
thesis,, for the first time, the dynamics of metabolic coronary flow control in humans 
havee been described. In chapter  6, we studied the rate of coronary adaptation in 
responsee to stepwise changes in heart rate in awake and anesthetized patients 
undergoingg coronary artery surgery. In these patients, an index of coronary resistance 
wass calculated, and responses of coronary resistance index following heart rate 
changes,, before and after induction of anesthesia, were compared. Awake, the rate of 
coronaryy flow regulation was characterized by a t^-value of  5 seconds. Although 
steadyy state regulation of coronary blood flow was unchanged by 
fentanyl/pancuroniumm bromide anesthesia, the rate of flow regulation was 
significantlyy reduced by this anesthetic technique to a tso-value of  10 seconds. The 
exactt mechanism behind the decrease in the rate of coronary adjustment remains 
unclear,, but hypotheticaUy, it may be related to the muscarinic receptor blocking 
effectss of pancuronium bromide or to the anesthesia-induced impairment of cardio-
cardiacc reflexes (chapter 8). 

Inn chapter  7, we studied the effect of calcium channel blockade on metabolic 
coronaryy flow regulation, since both the effect of calcium channel blockers on the 
relaxationn of coronary resistance and conduit vessels as well as the effect of these 
agentss on nitric oxide availability, might affect the feedback mechanism between 
myocardiall  metabolic activity and coronary blood flow. At control and during 
infusionn of felodipine, a vasoselective calcium channel blocker, we measured the 
pacing-inducedd increases in coronary blood flow and myocardial oxygen 
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consumption.. This study showed that following infusion of felodipine, systemic and 
coronaryy vascular resistance decreased, while coronary venous oxygen saturation 
increased.. However, despite the felodipine-induced coronary vasodilation, we 
observedd a further decrease in coronary vascular resistance in response to pacing, 
whichh suggested that metabolic coronary flow control was still active during infusion 
off  felodipine. This was supported by the observation that, compared to control, 
felodipinee did not change the ratio of pacing-induced changes in myocardial oxygen 
supplyy and consumption. Thus, it was concluded that metabolic coronary flow 
regulationn was not affected by administration of a calcium channel blocker, although 
thee setpoint of this regulation mechanism might have been offset by the initial drug-
inducedd coronary vasodilation. 

Basedd on the results of the studies presented in this thesis and the available literature, 
severall  concluding observations regarding metabolic coronary flow regulation are 
madee in chapter  8. First, it has become clear that direct invasive measurement of the 
changee in myocardial oxygen consumption is a prerequisite for the adequate 
interpretationn of metabolic flow regulation and/or the assessment of the degree of 
metabolicc vasodilation. Second, the heterogeneous distribution of the coronary 
vascularr resistance should be taken into account when coronary blood flow 
regulatingg processes are studied, since many of the observed coronary (metabolic) 
responsess can be explained on the basis of redistribution of coronary vascular 
resistance.. Third, the conclusions that nitroglycerin, in addition to its unloading 
properties,, specifically attenuates heart rate-induced increases in myocardial oxygen 
consumptionn and furthermore increases the associated metabolic coronary 
vasodilation,, support the liberal use of this agent in patients with coronary artery 
disease,, both in the stable awake situation and during the stressful peri-operative 
period.. Finally, we have stressed the importance of quantifying the degree of 
metabolicc vasodilation when evaluating the true vasodilator potency of putative 
coronaryy vasodilator agents. 
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Experimenteell  onderzoek in dieren heeft de laatste jaren het inzicht in de statische 
enn dynamische aspecten van coronaire flow regulatie enorm verbeterd. In honden en 
geiten,, onder algehele anesthesie en met een open thorax, zijn de veranderingen in de 
coronairee bloedstroom in reaktie op veranderingen in hartfrequentie of coronaire 
perfusiee druk uitgebreid onderzocht onder vershillende omstandigheden. Echter, 
overr de regeling van de coronaire bloedstroom in de mens is weinig bekend, terwijl 
overr de snelheid van die regeling in de mens helemaal geen informatie voor handen 
is.. Om die reden is het onduidelijk of extrapolatie van de bevindingen in dieren naar 
dee menselijke situatie wel gerechtvaardigd is. Om hier meer duidelijkheid in te 
verkrijgenn worden in dit proefschrift de resultaten van enkele studies naar statische 
enn dynamische aspecten van de menselijke coronaire bloedstroom regeling 
beschreven. . 

Inn hoofdstuk 1 worden enkele aspecten m.b.t. de coronaire circulatie en de 
coronairee bloedstroom fysiologie samengevat. Uitgelegd wordt dat de fysiologie van 
dee coronaire bloedstroom regeling gekarateriseerd kan worden door twee 
fenomenen,, te weten: metabole coronaire bloedstroom regeling en autoregulatie. 
Metabolee coronaire bloedstroom regeling beschrijft het proces dat de coronaire 
bloedstroomm zich aanpast aan de zuurstof behoefte van het hart. Zo zal een toename 
inn de myocardiale zuurstof behoefte (zoals bij een toename in de hartfrequentie) 
leidenn tot vasodilatatie van coronaire weerstandsvaten, wat de coronaire bloedstroom 
doett toenemen, zodat de de balans tussen zuurstofbehoefte en aanbod bewaard 
blijft .. Coronaire autoregulatie beschrijft het fenomeen dat de coronaire bloedstroom 
relatieff  onafhankelijk blijkt te zijn van de coronaire perfusie druk. Dit betekent dat 
eenn toename in coronaire perfusiedruk zal leiden tot coronaire vasoconstrictie zodat 
dee bloedstroom min of meer gelijk blijf t ondanks de hogere perfusiedruk. In 
aanvullingg op deze statische processen worden in hoofdstuk 1 ook onkele 
dynamischee aspecten van de coronaire bloedstroom regeling besproken. 

Err zijn ook andere fenomenen die een rol spelen in de coronaire bloedstroom 
regeling.. Zowel bloedstroom geïnduceerde vasodilatatie als myogene vasoconstrictie 
dragenn bij tot coronaire diameter veranderingen. Daar komt nog bij dat de 
toegenomenn vaatweerstand tijdens de contractie van het hart, ook wel extra-
vasculairee weerstand genoemd, de bloedstroom ook beïvloedt. Ten slotte worden in 
hoofdstukk 1 mechanische aspecten van coronaire stenoses en hun effect op de 
coronairee doorbloeding besproken. 

Hoewell  over het algemeen geaccepteerd wordt dat de coronaire bloedstroom 
voornamelijkk gereguleerd wordt door metabole factoren, is het nog onduidelijk via 
welkee mediatoren of mechanismen dit proces verloopt. In hoofdstuk 2 wordt een 
overzichtt gegeven van een aantal mogelijke mediatoren en hun rol in de coronaire 
bloedstroomregeling. . 

Zoo zijn er aanwijzingen dat ATP afhankelijke kalium kanalen een belangrijke rol 
spelen,, omdat zowel metabole coronaire vasodilatatie als coronaire autoregulatie 
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verminderdd zijn na farmacologische blokkade van deze kanalen. Adenosine op zijn 
beurtt lijk t geen belangrijke bijdrage te leveren in dit regulatie proces, althans onder 
fysiologischee omstandigheden. Onder condities van hypoperfusie lijk t de bijdrage 
vann adenosine daarentengen veel belangrijker te zijn. Andere potentiële mediatoren 
diee de coronaire perfusie beïvloeden worden geproduceerd door het coronaire 
endotheel.. Voorbeelden van deze zogenaamde endotheliale relaxerende en 
constricterendee factoren zijn stikstofoxide, bradykinine, prostacycline en endotheline. 
Tenn slotte hebben neurohumorale invloeden een waarschijnlijk beperkte invloed op 
dee coronaire doorbloeding. Desalniettemin is het duidelijk dat vele verschillende 
mediatorenn bijdragen aan de coronaire bloedstroomregeling. Het eindresultaat is een 
complexx en goed gereguleerd systeem dat de coronaire bloedstroom en dus het 
myocaroüalee zuurstofaanbod adequaat reguleert om de myocardfunctie onder 
verschillendee fysiologische omstandigheden in stand te houden. 

Bijj  de studie van de metabole coronaire vasodilatatie wordt vaak gebruik gemaakt 
vann veranderingen in het rate pressure product (RPP) (het product van 
hartfrequentiee en systolische bloeddruk) als maat voor de grootte van de pacing- of 
inspanning-geïnduceerdee verandering in myocardiale zuurstof consumptie (MVOj) . 
Hoofdstukk 3 beschrijft een studie die was opgezet om te onderzoeken of dit wel 
gerechtvaardigdd is. 

Hoewell  er, zowel wakker als onder algehele anesthesie, een significante relatie 
gevondenn werd tussen de percentuele toename in RPP (A%RPP) en MV0 2 

(A^oMVOj),, bleek het predictie interval zeer groot te zijn. Dit betekende dat in de 
wakkeree conditie slechts 40 procent, en onder algehele anesthesie slechts 60 procent 
vann de variatie in A%MV02 verklaard kon worden op basis van de variatie in 
A%RPP.. Verder bleek dat tijdens intraveneuze toediening van nitroglycerine de 
significantee relatie tussen A%RPP en A%MV02 verdween, wat verklaard werd door 
hett feit dat stikstofoxide (een stof die door nitroglycerine wordt vrijgemaakt) de 
veranderingg in myocardiaal metabolisme mogelijk direct beïnvloedde, zonder een 
effectt te hebben op de verandering in RPP. Op basis van deze studie concludeerden 
we.. dat bij het bestuderen van de metabole coronaire bloedstroomregulatie, de 
groottee van de pacing geïnduceerde verandering in MV0 2 niet accuraat voorspeld 
kann worden op basis van de verandering in RPP. 

Hoewell  er veel wetenschappelijke literatuur over het effect van coronaire 
vasodilatatorenn op de coronaire bloedstroom en myocardiale zuurstof consumptie is, 
wordtt er zelden rekening gehouden met de rol van het normale regulatie proces op 
dee coronaire doorbloeding. Hoofdstuk 4 beschrijft een studie waarin de coronaire 
vasodilaterendee activiteit van intraveneus en intracoronair toegediende farmaca 
geëvalueerdd werd in relatie tot het effect van de normale coronaire 
bloedstroomregelingg op de coronaire doorbloeding. Normale coronaire 
bloedstroomregelingg werd gedefinieerd in een referentie studie van twaalf patiënten, 
zowell  wakker als onder algehele anesthesie, door de verandering in myocardiale 
zuurstoff  toevoer geïnduceerd door pacing, in relatie tot de verandering in 
myocardialee zuurstof consumptie, te meten. De myocardiale zuurstof 
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aanvoer/consumptiee ratio, aldus bepaald in de referentiestudie, werd vergeleken met 
dee ratio ten gevolge van intraveneus en intracoronair toegediende farmaca 
(nifedipine,, felodipine, urapidil, sodium nitroprusside) in twee eerder verrichte 
farmacologischee studies: patiënten met coronarialijden die bypass-chirurgie 
ondergingenn (om de bloeddruk constant te houden ontvingen 45 patiënten sodium 
nitroprusside,, 27 patiënten nifedipine, en 27 patiënten urapidil), en patiënten die een 
diagnostischee catheterisatie ondergingen (tien patiënten ontvingen nifedipine 
intracoronairr en tien patiënten ontvingen felodipine intracoronair). 

Hett bleek dat intraveneus toegediende sodium nitroprusside, urapidil en 
nifedipinee geen invloed hadden op de myocardiale zuurstof aanvoer/consumptie 
ratio.. Dit impliceert dat de intraveneuze toediening van deze farmaca in de gebruikte 
doseringenn geen directe coronair vasoactieve gevolgen heeft en dat onder deze 
omstandigheden,, de normale fysiologische bloedstroomregeling nog steeds de 
belangrijkstee determinant is voor de coronaire doorbloeding. De enige significante 
veranderingg in de myocardiale zuurstof aanvoer/consumptie ratio werd geïnduceerd 
doorr intracoronaire toediening van nifedipine of felodipine. De intracoronaire 
toedieningg van nifedipine en felodipine resulteert dus in werkelijke coronaire 
vasodilatatie. . 

Inn hoofdstuk 5 hebben we het effect van de intraveneuze toediening van de stikstof 
oxidee donor, nitroglycerine (NTG) op de metabole coronaire bloedstroomregeling 
onderzocht.. In twaalf patiënten met stabiel coronarialijden, maten we daartoe de 
bloedstroomm in de sinus coronarius, de myocardiale zuurstof aanvoer en consumptie 
(MVOj) ,, tijdens sinus ritme en tijdens pacing, zowel onder controle omstandigheden 
alss tijdens infusie van NTG 1 ng/kg/min en NTG 2 ng/kg/min. Voor het 
bestuderenn van de metabole coronaire vasodilatatie, werden de veranderingen in 
myocardialee zuurstof aanvoer gerelateerd aan de pacing-géïnduceerde veranderingen 
inn MV0 2 door middel van standaard regressie analyse. De myocardiale zuurstof 
aanvoer/consumptiee ratio, oftewel de helling van de regressielijn onder controle 
omstandighedenn die de fysiologische metabole coronaire bloedstroomregeling 
karakeriseert,, werd vergeleken met de ratios verkregen tijdens infusie van NTG. 
Terwijll  NTG 1 ^g/kg/min de myocardiale zuurstof aanvoer/consumptie ratio niet 
veranderde,, bleek NTG 2 (ig/kg/min deze ratio significant te verhogen. Dit 
suggereertt dat de exogeen toegediende stikstofoxide de metabole coronaire 
vasodilatatiee versterkt, wellicht door de afgenomen endogene stikstofoxide aktiviteit 
aann te vullen en/of door de heterogene distrubutie van de totale coronaire 
vaatweerstandd over de verschillende segmenten van de coronaire circulatie te 
veranderenn (door NTG wordt de weerstand relatief meer in de richting van de 
kleineree weerstandsvaatjes verschoven, welke gevoeliger zijn voor metabolisme- en 
druk-gemedieerdee dilatatie). 

Hoewell  de snelheid van aanpassing van de coronaire bloedstroom in reactie op 
stapsgewijzee veranderingen van hartfrequentie uitgebreid is onderzocht bij honden 
enn geiten, is slechts weinig bekend over de dynamische eigenschappen van de 
coronairee bloedstroomregeling bij mensen. In dit proefschrift wordt voor het eerst 
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dee dynamiek van metabole coronaire bloedstroomregulatie bij mensen beschreven. 
Inn hoofdstuk 6 bestudeerden wij de snelheid van coronaire aanpassing in reactie op 
stapsgewijzee veranderingen van hartfrequentie, bij wakkere patiënten en bij patiënten 
onderr anesthesie, die coronaire chirurgie ondergingen. Bij deze patiënten werd een 
indexx van de coronaire vaatweerstand berekend en de reacties van deze coronaire 
vaatweerstandd index op veranderingen in hartfrequentie werden voor en tijdens 
algehelee anesthesie vergeleken. Bij wakkere patiënten had de snelheid van coronaire 
bloedstroomregulatiee een t^-waarde van  5 seconden. Hoewel de steady state 
regulatiee van de coronaire bloedstroom niet veranderde na fentanyl/ 
pancuroniumbromide-anesthesie,, werd de snelheid van bloedstroomregulatie door 
dezee anesthesie techniek significant vertraagd naar een t50-waarde van  10 
seconden.. Het precieze mechanisme achter deze verlaging van de snelheid van 
coronairee adaptatie blijf t onduidelijk, maar in theorie kan het verband houden met de 
muscarine-receptor-blokkerendee effecten van pancuroniumbromide of met de door 
dee anesthesie geïnduceerde vertraging van de cardio-cardiale reflexen (hoofdstuk 8). 

Inn hoofdstuk 7, bestudeerden wij het effect van calciumkanaal-blokkade op de 
metabolee coronaire bloedstroomregulatie, daar zowel het effect van calciumkanaal-
blokkerss op de relaxatie van de coronaire weerstands- en conductance vaten, als het 
effectt van deze middelen op de stikstofoxide-beschikbaarheid het feedback-
mechanismee tussen myocardiale metabole activiteit en coronaire bloedstroom, 
zoudenn kunnen beïnvloeden. Voor en na toediening van felodipine, een 
vasoselectievee calciumkanaalblokker, maten wij de door pacing geïnduceerde 
toenamee van de coronaire bloedstroom en myocardiale zuurstofconsumptie. Deze 
studiee liet zien dat, ten gevolge van toediening van felodipine, de systemische en 
coronairee vaatweerstand verminderde, terwijl de coronair veneuze zuurstofsaturatie 
steeg.. Echter, bovenop de door felodipine geïnduceerde coronaire vasodilatatie, was 
err een verdere verlaging van de coronaire vaatweerstand in reactie op pacing, hetgeen 
suggereertt dat tijdens toediening van felodipine de metabole coronaire 
bloedstroomregulatiee nog altijd werkzaam was. Dit werd ondersteund door de 
bevindingg dat, vergeleken met de controle-metingen, felodipine de verhouding 
tussenn de door pacing geïnduceerde veranderingen in myocardiaal zuurstofaanbod en 
-consumptie,, niet veranderde. Concluderend blijkt dat de metabole coronaire 
bloedstrooomregulatiee niet beïnvloed wordt door toediening van calciumkanaal-
blokkers,, hoewel het setpoint van dit regulatie-mechanisme waarschijnlijk wel 
veranderdd is door de aanvankelijke felodipine-géïnduceerde coronaire vasodilatatie. 

Gebaseerdd op de resultaten van de onderzoeken uit dit proefschrift en de 
beschikbaree literatuur, worden in hoofdstuk 8 verschillende concluderende 
opmerkingenn gemaakt, betreffende metabole coronaire bloedstroomregulatie. Ten 
eerstee is duidelijk geworden dat het meten van de verandering van myocardiale 
zuurstofconsumptiee noodzakelijk is voor goede interpretatie van de metabole 
bloedstroomregulatiee en de mate van metabool geïnduceerde vasodilatatie. Ten 
tweedee zou bij studies naar de processen die een rol spelen in de coronaire 
bloedstroomregulatie,, rekening moeten worden gehouden met de heterogene 
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verdelingg van de coronaire vaatweerstand, daar waarschijnlijk veel van de 
waargenomenn coronaire (metabole) reacties, verklaard bannen worden op basis van 
redistributiee van de coronaire vaatweerstand. Ten derde vormt de conclusie dat 
nitroglycerine,, naast zijn bekende preload verlagende eigenschappen, enerzijds de 
hartfrequentiee geïnduceerde toename van myocardiale zuurstofconsumptie 
vermindertt en anderzijds de daaraan gerelateerde coronaire vasodilatatie doet 
toenemen,, een ondersteuning voor het liberale gebruik van dit middel bij patiënten 
mett coronarialijden, zowel in de stabiele wakkere situatie, als in de stressvolle peri-
operatievee periode. Tenslotte benadrukken we het belang van het bepalen van de 
matee van metabole coronaire vasodilatatie, wanneer men het werkelijke 
vasodilaterendee vermogen van vermeende coronair vasodilaterende middelen wil 
bepalen. . 
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Naa vijf jaar onderbroken onderzoek naar de mechanismen die een rol spelen in de 
metabolee regeling van de bloedstroom door de kransslagaders van hett hart, is het de 
hardee realiteit dat je slechts een kleine bijdrage levert aan de bestaande wetenschap 
overr zoiets complex als de coronaire fysiologie. Het onderzoek naar de coronaire 
bloedstroomm regulatie gaat daarom door, maar dit proefschrift is af. Realiseert u zich 
datt vele mensen, naast alle patiënten, hebben meegeholpen aan de totstandkoming 
vann dit proefschrift. 

Dr.. H.B. van Wezel, beste Harry, co-promotor en ex-kamergenoot, zonder jou 
geenn proefschrift. Heel veel tijd heb jij in dit proefschrift zitten, waarvoor ik jee zeer 
veell  dank verschuldigd ben. Je nooit aflatende optimisme, doorzettingsvermogen en 
humorr zijn voor mij een groot voorbeeld. De discussies over velerlei onderwerpen 
zullenn hopelijk ook na het afronden van dit proefschrift voortgezet worden. Echter, 
hett lijk t mij dat er voorlopig geen enkele reden meer is om mij zondagochtend uit 
bedd te bellen. 

Prof.. dr. A. Trouwborst, beste promotor en opleider, hartelijk dank voor het 
vertrouwenn en de mogelijkheden die u me binnen de afdeling anesthesiologie 
gegevenn heeft voor het verrichten van het in dit proefschrift beschreven onderzoek. 
Voorr mij hét voorbeeld van hoe wetenschappelijk onderzoek met klinische zorg 
gecombineerdd kan worden. 

Prof.. dr. ir. J.A.E. Spaan, beste Jos en promotor, bedankt voor het onderricht in 
dee coronaire flow fysiologie en de mogelijkheid die je me als geneeskunde-student 
gebodenn hebt om vanuit jouw laboratorium onderzoek in de kliniek te verrichten. 
Bedanktt ook voor je kritische commentaar op de verschillende hoofdstukken van dit 
proefschrift. . 

Dr.. I. Vergroesen, beste Isabelle, ook jij hebt een zeer belangrijke rol gespeeld bij 
dee totstandkoming van dit proefschrift. Als directe begeleider tijdens mijn 
wetenschappelijkee stage heb je me destijds de eerste beginselen van de coronaire 
floww regulatie bijgebracht. Verder zijn je analytisch vermogen en inzicht in het 
regelsysteemm van onschatbare waarde geweest bij de stukken die we hebben 
geschreven.. Bedankt daarvoor. 

Ir .. J. Dankelman, beste Jenny, veel van het werk in dit proefschrift borduurt voort 
opp jouw experimentele werk in de hond en de geit. Zonder dat onderzoek zou dit 
proefschriftt er waarschijnlijk ook niet geweest zijn. Verder dank ik je voor je 
adviezenn en commentaar in de beginfase van het project. 

Marjoleinn Porsius, zonder jouw adequate hulp tijdens de proeven zou de data-
aquisitiee een stuk moeilijker zijn geweest. Menigmaal hebben we samen de 
thermodilutiee catheter de sinus coronarius ingekeken, als het Harry eens een keer 
niett lukte om die meteen in de eerste poging te catheteriseren. Dank ook voor je 
gezelligheidd en je niet aflatende goede humeur als we weer eens een keer in alle 
vroegtee een proef aan het opstarten waren. 

Nennyy Santosa, Robert Videier, en andere anesthesiemedewerkers, bedankt voor 
diee keren dat julli e de rol van Marjolein met verve overnamen. Johan Lust, Martin 
Beenhakker,, en Coen Weber, bedankt voor het feit dat julli e altijd wel een 
anesthesiemedewerkerr vrij konden maken om ons tijdens de proeven te helpen. 
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Prof.. dr. J.G. Bovill, dr. D.J.G.M Duncker, Prof. dr. C. Ince, Prof. dr. B.A.J.M. 
dee Mol, Prof. dr. J.J. Piek, Prof. dr. CA. Visser, en Prof. dr. P.A. van Zwieten wil ik 
hartelijkk danken voor de bereidheid plaats te nemen in de beoordelingscommissie 
vann dit proefschrift. 

Dirkk Jan Veldman, Eddy de Beaumont, Jules Biervliet, Joseph Odoom, Connie 
Blom,, en Jacques Peper, bedankt dat julli e er nooit een probleem van maakten als ik 
eenn van jullie*  patiënten in het onderzoek wilde includeren. Ook bedank ik julli e 
voorr julli e geduld en klinische zorg voor de overige patiënten als wij weer eens een 
proeff  deden. 

Prof.. dr. L. Eijsman en sfafleden Bas de Mol, Toon de Jong, Jaap Kloek, Jan van 
derr Meulen, Albert van den Brink en Ely Broekhuis, zonder julli e welwillendheid, 
flexibiliteitflexibiliteit  en geduld ten aanzien van het onderzoek in cardiochirurgische patiënten 
zouu een project als dit onmogelijk zijn geweest. Veel dank daarvoor. 

Stafledenn en arts-assistenten van de afdeling anesthesiologie, bedankt voor de 
steunn en de getoonde interesse in mijn promotieonderzoek. Bedankt ook voor julli e 
extraa inzet in de afgelopen periode, waardoor ik de mogelijkheid kreeg om aan dit 
proefschriftt te werken. 

Arts-assistentenn cardio-pulmonale chirurgie, perfusionisten en operatie-
medewerkers,, dank voor julli e geduld als de operaties, ondanks al onze inspanningen, 
tochh uitliepen. 

Medewerkerss van de röntgen, bedankt voor julli e hulp bij het catheteriseren van 
dee sinus coronarius. Bedankt ook voor julli e flexibele opstelling ten aanzien van het 
gebruikk van de 'infusor pomp' van de angiokamers. 

Medewerkerss van de catheterisatiekamer, veel dank voor het gebruik van julli e 
Medradd pomp. 

Michiell  van der Meer, met jouw kennis van onze enigszins gedateerde computer 
hebb je me verschillende keren fantastisch geholpen. Het item 'geitnr.' uit het Sampler 
menuu heb ik echter nog steeds niet veranderd. 

Aartt Boekee, bedankt voor je zorgvuldige onderhoud en gastvrijheid ten aanzien 
vann de bloedgasapparatuur. 

.Leoo Mesman, Cees Romijn, en andere collega's van het instrumenteel bedrijf, veel 
dankk voor julli e hulp als we weer een of ander 'technisch' probleem hadden. Alleen 
tegenn draadbreuk in een sinus coronarius catheter zijn zelfs julli e niet opgewassen. 

Jann Fiolet en Cees Schumacher, veel dank voor de bepaling van de lactaat 
concentratiess in de bloedmonsters. 

Joss Wesselman, Jurgen van Teeffelen, Daphne Merkus, Luc Bos, Annemieke 
Cornelissen,, en Hans Vink, bedankt voor de altijd even goede goede sfeer op het lab, 
dee vele koppen koffie, en de ervaringen met het dier-experimentele onderzoek. Voor 
eenn student geneeskunde heb ik het toch niet onaardig gedaan? 

Marjannaa van Westing en Jetty Stam, dank voor julli e secretariële en 
organisatorischee ondersteuning en de zo net getypte FedEx briefjes. 
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