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VI I 

Generall  discussion 

Inn a healthy heart, the oxygen consumption is rather similar in the inner 
andd outer layers of the heart muscle. During autoregulation, this is reflected 
byy comparable flows in sub-endocardial and sub-epicardial regions. However, 
theree are differences in the driving pressure and impediment to perfusion in 
bothh layers. Thus, the perfusion of the sub-endocardium is strongly impeded 
byy cardiac contractions, while also a lower perfusion pressure exists here due 
too the pressure drop along the transmural vessels. These impediments must be 
compensatedd by structural and functional adaptations of the microvasculature. 
Furtherr adaptations in the vulnerable sub-endocardium are required in the case 
off  development of coronary stenoses. In order to understand the control of sub-
endocardiall  perfusion under normal conditions and during progression of the 
conduitt vessel disease, the mechanisms for vasodilation and remodeling in the 
resistancee vessels need to be identified. In this thesis, we have addressed this 
onn the basis of isolated vessel experiments. We show that biophysical factors 
suchh as shear stress and pressure play a key role in this adaptation, providing 
mechanismss for vasodilation and control of structure. This thesis also shows 
thatt changes in the microvascular hemodynamics as would occur in stenosis 
formm a drive for deeper tone and also inward remodeling of the larger resistance 
vessels.. In this general discussion we will consider the applied methodology, the 
interactingg effects of biomechanical factors on vascular tone and structure and 
thee clinical relevance of these data. We end the discussion with suggestions for 
futuree research. 

6.11 Methodological considerations and study lim-
itations s 

6.1.11 In vitro approach 

Inn order to investigate the contributions of dynamic pressure-induced and 
flow-inducedflow-induced responses to the tone control under well-defined conditions, we have 
chosenn the in vitro cannulation set-up. This system allowed for a good control of 
hemodynamicc profiles and the biochemical environment of the vessel. Moreover, 
thee diameter changes could be continuously followed. However, there are some 
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limitations.. Thus, for a good diameter recording, the vessel has to be isolated 
andd cleaned from all surrounding tissue. Such intervention places the vessels in 
ann artificial environment, where the possible restrictive effects of the myocardial 
tissuee on vessel compliance disappear. Recent data provided by Hamza et al. [1] 
suggestt that the myocardium restricts the compliance of the epicardial arteries. 
Whenn negative pressure was applied, the LAD collapsed in vitro but not in situ. 
Thee effects of myocardial tissue on compliance could be even more substantial 
inn sub-endocardial arterioles since these arterioles are fully embedded in the 
tissuee rather than running along the surface of the heart muscle. A further 
concernn of the in vitro technique is the altered biochemical environment. Thus, 
variouss tone agonists such as endothelin, metabolites, etc., are present in vivo. 
Also,, vessels are perfused with blood and such circulating elements may affect 
vascularr responsiveness. However, the presence of albumin in the intraluminal 
solutionn in our experiments provided good endothelial function in the isolated 
vessels. . 

Thee in vitro approach forces the choice for a given vessel size rather than 
ann integrated measurement over the whole branching network. In the present 
study,, arterioles with a rather narrow size range, of about 150 /im inner diame-
ter,, were employed. However, the regulatory mechanisms have a heterogeneous 
distributionn along the microvascular network. We did not specifically study the 
size-dependentt sensitivity to the pulsating pressure or flow-dependent effects. 

6.1.22 Control of hemodynamics 

Thee in vitro set-up allowed accurate and independent control of pressure 
andd flow in the vessels. By modulating the cannula pressures we generated 
variouss combinations of intraluminal pressure and flow patterns in our vessels, 
accordingg to the equations 4.1 — 4.6 in Chapter 4. The accuracy by which we 
couldd control intraluminal pressure and flow was shown as follows: as mentioned 
inn Chapter 2, using the servo-null technique we measured the intravascular 
pressuree profile in a small cannulated arteriole during application of pulsating 
pressure.. The measured intravascular pressure precisely matched the calculated 
pressure.. Also, using an optical Doppler intravital velocimeter we measured 
thee intravascular flow centerline velocities. As shown in Chapter 3, Fig. 3.9. 
thee measured flow velocity profiles were within 10% of the applied flow for 
frequenciess up to 2 Hz. 

Ourr experiments in cultured vessels were done in the absence of flow. The 
experimentss were designed to specifically address the role of pressure profiles 
onn arterial remodeling. However, flow clearly is an important component of 
vascularr tone and structure control. Technically, controlling the shear in arte-
rioless cultured under pressure for 3 days is less straight-forward than in acute 
experiments.. This is because the pressure gradient necessary to generate a cer-
tainn shear on a cannulated vessel must vary as the vessel diameter changes. 
Feedbackk regulation of the pressure gradient in order to maintain shear stress 
constantt despite changes in diameter might theoretically be possible. However, 
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FigureFigure 6.1: Example of free radical detection over time, by fluorescence, during 
steadysteady and oscillating flow. 

suchh regulation would depend on continuous accurate measurements of vascular 
diameter.. Such diameter tracking systems are sensitive to artifacts. Currently 
inn our laboratory an experimental set-up similar to the one used in Chapter 5 
hass been adapted to control flow in cultured vessels, and experiments on flow 
effectss on vascular remodeling are conducted. 

6.1.33 Free radical measurements 

Thee production of oxygen radicals during dynamic flow was indirectly demon-
stratedd in Chapter 3 by the effects of SOD and DPI on the vessels. However, 
directt measurements of the oxygen radicals and nitric oxide produced during 
applicationn of oscillating or steady flow are desired. We have attempted to 
applyy the dihydroethidium technique for the continuous measurements of O^ 
generationn in the cannulated vessels. This technique is based on the oxidation 
too ethidium and the subsequent binding of ethidium bromide to the DNA, which 
resultss in fluorescence. Fig 6.1. shows an example of fluorescence detection over 
time,, during steady and oscillating flow. While this figure suggests that both 
flowsflows induce O  ̂ generation, we are still uncertain about the interpretation of 
thesee results and therefore have not included them in Chapter 3. Several prob-
lemss occurred when trying to use this technique. In particular, in several cases 
wee observed the fluorescence signal to drop after cessation of flow, which is 
inn disagreement with the concept that binding of the ethidium to the DNA is 
irreversible.. Reproducibility of this technique was low. Attempts to derive a 
reliablee protocol based on incubation with the dye either before, during or after 
thee flow stimulus failed. We suggest that this technique, frequently used as 
staticc measurements on frozen tissue, should be re-evaluated. 
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6.22 Behavior of sub-endocardial arterioles 

AA scheme summarizing the most important effects of cardiac contraction on 
sub-endocardiall  arterial tone is presented in Fig 6.2. It has been shown that 
cardiacc contraction affects flow in the sub-endocardium. This effect has two 
components,, an increased resistance and capacitive flow movement. However, 
experimentss described in this thesis as well as previous studies [2, 3] show that 
suchh dynamic regime could also provide compensatory dilatory mechanisms for 
thee vessels lowering the microvascular resistance. In the next section, on the 
basiss of the current findings we will discuss these effects of cardiac contraction 
onn vascular resistance. 

Cardiacc inotropic state influences the amplitude of the local transvascular 
pressuree pulsations in the embedded microvessels. Higher extravascular tissue 
compressionn results in larger transvascular pressure amplitudes. As shown in 
Chapterr 2, such pressure pulsations induced dilation of isolated coronary arte-
rioless when the amplitude exceeds 40 mmHg. Moreover, the amount of dilation 
increasedd with increasing amplitude of the pulsations (Figs. 2.5 and 4.2). How-
ever,, an increase in pulsation frequency, reflecting an increase in heart rate, did 
nott lead to extra dilation (Fig. 2.4). These observations leave littl e room for a 
rolee of pulsation-induced dilation in the control of vascular tone in response to 
changingg heart rates but it may play an active role during variations in inotropic 
state. . 

Thee effect of cardiac contraction on the flow profile was explained by differ-
entt models [4, 5] and visualized using light-reflecting microspheres [6]. However, 
thee role of such a dynamic flow pattern on the tone control of small coronary 
vesselss was not studied. In Chapter 3 we found that a dynamic flow profile 
inducess dilation of small sub-endocardial arterioles only when a net forward 
flowflow component is present. Dynamic modulations in amplitude or frequency 
off  steady flow did not add to this response. During normal autoregulation in 
aa healthy heart, time-averaged flow seems comparable in the sub-endocardium 
andd sub-epicardium. Under these conditions, a similar role for flow-induced di-
lationn as a proximal amplifier of metabolic dilation in distal vessels may exist in 
bothh layers, irrespective of the pulsatile nature of sub-endocardial flow. How-
ever,, since autoregulation is easier exhausted in the sub-endocardium, also the 
contributionn of flow-dependent dilation could be less here under conditions of 
increasedd demand or enhanced flow impediment such as at high heart rates. 

Thesee mechanisms of tone control do not act independently. Our results de-
scribedd in Chapters 2 and 4 of this thesis, as well as previous data [7, 8] indicate 
thatt interactions exist between such mechanisms. A complete description of the 
interactivee effects of mean pressure, pressure pulsations, flow and metabolic va-
sodilatorss is difficult to distill from in vivo experiments, since their variations are 
soo closely linked. It would also be difficult to apply all the possible combinations 
off  these stimuli in vitro. However, a scenario of an interactive compensatory va-
sodilationn in the subendocardium can be imagined from the currently available 
data.. In a normal situation, a perfusion pressure of approximately 60 mmHg 
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FigureFigure 6.2: Scheme summarizing the most important effects of cardiac contrac-
tiontion on sub-endocardial arterial tone. 

couldd in the absence of any other factors induce an active diameter reduction 
inn resistance arteries of 25 — 35% of their maximal dilated value. At this level 
off  tone, a net forward component to the flow profile of 15 — 20 dyne/'cm2 to-
getherr with transvascular pressure pulsations in the order of 60 — 80 mmHg 
peak-peakk would induce a dilation of approximately 25%, due to their mutual 
potentiationn effect shown in Chapter 4. These factors would reduce the 25 — 35% 
tonee of sub-endocardial arterioles to less than 10%. This suggests that in vivo 
sub-endocardiall  arterioles are almost fully dilated in normal conditions. Such 
loww tone and consequently lower dilatory reserve, would offer a possible expla-
nationn for the increased vulnerability of the endocardium to ischemia. Such a 
shalloww level of basal tone under resting conditions seems unrealistic, though. 
Thus,, even though it is well established that coronary flow reserve is limited in 
thee sub-endocardium, it is larger than the approximately 32% that is predicted 
byy this level of tone on the basis of Poiseuille's law and 70% of the coronary 
resistancee located in the arterioles. In vivo, more factors including metabolic 
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andd neurogenic agonists may contribute to the level of vascular tone. Merkus et 
al.al. [9] indeed showed that endothelin had a constrictor effect on coronary arte-
rioless at low metabolic demand, while its influence decreased during increased 
metabolism. . 

Inn the presence of a coronary stenosis, the hemodynamic factors determining 
thee vascular tone change (see Fig. 6.2, dotted lines). First, the perfusion pres-
suree to the sub-endocardium is strongly decreased. The behavior expected to 
suchh decrease in pressure is compensatory myogenic vasodilation. However, the 
dilatoryy reserve in the sub-endocardium may be limited by the reduced amount 
off  tone in the microvessels. Moreover, Kuo et al. [10] have shown that dur-
ingg a decrease in pressure, sub-endocardial arterioles of similar size showed a 
passivee decrease in diameter rather than a myogenic dilatation. Furthermore, 
ourr results on the cultured arterioles (Chapter 5) show that the myogenic re-
sponsee is not stable over time. Rather, constant low pressure resulted in deep 
constriction.. As hypothesized by Bakker et al. [11], such chronic constriction 
cann lead to inward remodeling limiting the dilatory capacity of the arterioles. 
Altogether,, this seems littl e reason to believe that the reduced mean pressure 
itselff  could lead to compensating dilation and outward remodeling. 

Second,, the maximal possible flow decreases. This could have limited the 
contributionn of flow-induced dilation to autoregulation. However, in Chapter 4 
wee showed that shear as low as 5 dyne/cm2 potentiates the dilation to pulsating 
transvascularr pressure and lowers the threshold amplitude for pulsation-induced 
dilation.. The observation that the most important augmenting effect of flow on 
pulsatingg pressure appears below 40 mmHg becomes of relevance for flow control 
distall  to a stenosis. We speculate that this aspect of pulsating pressure-flow 
interactionn acts as a compensatory mechanism to support vasodilation in the 
sub-endocardiumm in very restrictive situations. 

Third,, the possible drop in tissue oxygen tension induced by the decreased 
perfusionn induces release of metabolites such as adenosine. The concentration of 
circulatingg adenosine seen by vessels of 150 — 200 /im in diameter is not known. 
I tt is also not known whether in vivo adenosine plays a role in tone control of 
vesselss of this size. However, our data indicate that pulsating pressure, occurring 
inn the normal heart, sensitizes vessels of such caliber to lower concentrations of 
adenosine.. Whether this sensitization of arterioles to adenosine by pulsating 
pressuree also takes place at the low pulsation amplitudes occurring distal to a 
stenosiss remains to be established. 

Myocardiall  perfusion depends not only on control of tone, but at a larger 
timee scale also on regulation of coronary structure. Such regulation is deter-
minedd by the complicated interaction of the factors described above, and of 
manyy others acting in vivo. In vivo and in vitro experiments have shown that 
changess in flow induce vascular remodeling in large arteries [12] and systemic 
arterioless [13] as an adaptation process to maintain a physiological level of shear 
inn the vessels. Pressure-induced remodeling in systemic resistance vessels is also 
documentedd in patients with essential hypertension [14] and in hypertensive 
animall  models [15]. The arterioles showed eutrophic inward remodeling upon 
chronicc increase in pressure. This process is believed to be a mechanism to re-
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storee the mean circumferential wall stress to its normal value [16, 17]. However, 
limitedd data were available on coronary microvasculature adaptive responses to 
hemodynamicc changes as occur distal to a stenosis. Inward remodeling with 
intimaa hyperplasia was observed in small intramyocardial porcine coronary ar-
terioless distal to a severe coronary stenosis [18]. We now find, in vitro, that a 
decreasee in either mean pressure or amplitude of transvascular pressure pulsa-
tionss induces deep tone associated with inward remodeling within three days in 
isolated,, cannulated sub-endocardial arterioles. No intima hyperplasia was seen 
inn the remodeled vessels. However, it is far from clear how the structure of the 
coronaryy microcirculation adapts in coronary artery disease (CAD). 

6.33 Coronary microvascular resistance 

Recently,, Chamuleau et al. [19] measured the minimal microvascular resis-
tancee (MMR) in patients with coronary stenosis, before and after angioplasty. 
Thee MMR was calculated from pressure and flow velocity measurements distal 
too the stenosis at maximal vasodilation with adenosine. The minimal resistance 
beforee treatment was higher in the diseased area than distal to a non-stenotic 
branch.. After treatment, the MMR was actually lower in the diseased area 
thann in the remote area. The severity of the stenosis appeared to be correlated 
withh the degree of decrease in minimal resistance after treatment. Such results 
couldd be interpreted as outward remodeling in the microvessels from the area 
perfusedd by the stenotic vessel, even though these authors do not provide direct 
dataa on structural remodeling. This would be in disagreement with the inward 
remodelingg that we found and that was observed by Hong et al.. One of the 
differencess could be the antianginal vasodilator medication with nitrates and 
CaCa2+2+ blockers received by the patients, treatment which was not administered 
too the experimental animals. Our in vitro experiments indeed show outward 
remodelingg in small arterioles cultured in the presence of amlodipine under 
"stenotic""  pressure profile. An alternative explanation may stem from the nor-
malizationn procedure in such clinical studies. During intervention cardiology, 
myocardiall  volume perfused by a diseased vessel is unknown. However, it is as-
sumedd that large vessels perfuse larger volumes, such that velocity as measured 
byy the Doppler probe reflects flow per gram tissue. This assumption may not 
holdd in CAD. In particular, inward remodeling of the main vessel would give 
aa high velocity and thereby an underestimation of microvascular resistance. In 
anyy case, it is clear that future work should aim at better understanding the 
microvascularr structure in CAD. 

6.44 Future experiments 

Inn order to better understand the difference in microvascular functional and 
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structurall  adaptation to chronic hypoperfusion seen in patients and animal mod-
els,, a good experimental animal model truly reproducing the human pathology 
needss to be created. An interesting animal model showing many characteristics 
off  the human diseased myocardium is the pig model of hibernating myocardium 
[20].. The development of myocardial hibernation after creation of a stenosis 
occurss through different phases. In the first 1 -2 months, chronic myocardial 
stunningg occurs, representing a reduction in wall motion without reduction in 
basall  flow. This is followed by the real hibernation (3 — 4 months) when the 
restingg flow decreases as well, with a larger decrease in the sub-endocardium. 
Inn such a model one could independently study the effects of the cardiac con-
tractionn on microvascular remodeling during normal flow as well as during flow 
reduction. . 

Inn the present study sub-endocardial microvessels were studied. However, 
littl ee is known about the sub-endocardial microvascular anatomy. While his-
tologicall  data suggested no difference in microvascular density between sub-
endocardiumm and sub-epicardium [21, 22], no data on the branching patterns 
aree available. One way to study this is using the cryo-microtome technique. In 
ourr group, the cryo-microtome is used for the reconstruction of the coronary 
arteriall  tree. After the coronary vessels are filled with a fluorescent dye, the 
heartt is frozen, mounted in the cryo-microtome and sliced. From each slice, 
digitall  images are taken. In this way a reconstruction of the arterial tree can 
bee made and these data can be used to study the branching patterns in the 
sub-endocardium.. Furthermore, by using different colors and filters, the same 
systemm could be used to detect fluorescent microspheres injected in normal and 
diseasedd hearts. By superimposing the microspheres distribution images with 
thee reconstructed arterial tree, one could get information on the local coronary 
perfusionn under different conditions and the role the branching pattern plays in 
thiss distribution. 

Inn this thesis we have addressed the behavior of healthy vessels, in some 
casess subjected to hemodynamic conditions reflecting coronary artery disease. 
Thus,, in Chapter 5 we studied the functional and structural adaptations of 
arterioless to "diseased" pressure profile. The vessels used in that study were, 
however,, healthy vessels, with normal endothelial and smooth muscle function. 
Ourr motivation for using only healthy vessels is that the behavior of such vessels 
underr different hemodynamic conditions was not known yet. Now that we have 
obtainedd more data on this, such studies could be extended with truly diseased 
vessels,, isolated from a hypoperfused myocardium. The evaluation of responses 
off  such vessels to both "diseased" and "healthy" conditions would give valu-
ablee information on in vivo changes induced by coronary artery disease in the 
microvasculature. . 

Thee very complicated interaction of mechanical, metabolic and neurogenic 
factorss on tone control in the sub-endocardium is very difficult to study, both 
inin vivo and in vitro. Such studies are limited in vivo, by the contracting my-
ocardiumm surrounding the vessels, and in vitro by the limited amount of inter-
ventionss that could be performed on one vessel at the time. In Chapter 4, we 
combinedd pressure and flow profiles on cannulated vessels. The results empha-
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sizee that the effects of individual stimuli are far from additive. However, a full 
systematicc evaluation of all possible combinations seems not feasible, certainly 
nott if the combined control of functional and structural responses is studied. 
Thereforee the development of new methods combining live experiments and 
computerr simulations is required for such a purpose. 

6.55 Clinical relevance 

Thee studies presented in this thesis were aimed at understanding some of 
thee tone control mechanisms in the sub-endocardium. We could show that car-
diacc contraction does not only impede flow in the sub-endocardium but also 
providess mechanisms for vasodilation in this layer. In Chapter 2 we show that 
pulsatingg pressure induces dilation, but also sensitizes vessels to low concentra-
tionss of vasodilators such as adenosine and bradykinin. Such observations could 
providee means for pharmacological vasodilation of specifically vessels from the 
sub-endocardium,, where pressure pulsations are greatest. 

Inn Chapter 4, we show that in the presence of steady flow, the dilation to 
pulsatingg pressure becomes larger, and occurs also at very low pulsation ampli-
tudes.. Since NO was the mediator of this interaction and SNP could reproduce 
thee augmenting effect of flow on pulsating pressure-induced dilation, extrinsic 
applicationn of very low doses of NO donors that would not affect vascular tone, 
couldd provide a pharmacological tool for specific sub-endocardial vasodilation 
inn conditions of reduced NO bioavailability. 

Inn Chapter 5, significant inward remodeling in response to low mean pressure 
orr low transvascular pressure pulsations was seen in cultured sub-endocardial 
arterioles.. Such strong remodeling was reversed to outward remodeling in the 
presencee of a calcium blocker, amlodipine. Amlodipine also reduced the sensi-
tivit yy of the arterioles to endothelin, a very potent vasoconstrictor which was 
shownn to increase in concentration during pathological situations. These data 
supportt the possibility of a beneficial effect of such vasodilator therapies in im-
provingg sub-endocardial vasodilation and perfusion in conditions of reduced flow 
too the sub-endocardium. 

6.66 Conclusion 

Inn conclusion, multiple factors interact to control vascular tone and structure 
inn the sub-endocardial microvasculature in healthy hearts and CAD. Using iso-
latedd vessels, we demonstrated the importance of hemodynamic profiles in this 
adaptation.. The new insights in this work provide a more complete understand-
ingg of sub-endocardial flow control under physiological and pathophysiological 
conditions.. Thereby it offers suggestions for new therapies aimed at improving 
sub-endocardiall  perfusion and cardiac function. 
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