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ABSTRACT 

Pressure-flow relations in the hindlimb are best explained by a model which 

incorporates a vascular waterfall at the level of the arterioles. The mechanisms 

controlling the critical pressure at the waterfall (PcriJ and arterial resistance (~) were 

examined in the canine hindlimb. Lowering carotid sinus pressure (Pear) caused both 

Pcrit and R8 to increase (neural response). Increases in local perfusion pressure (Pper) 

caused Pcrit to increase (predominantly a myogenic response), but R8 to decrease 

(predominately a passive or flow-mediated response). When tone was increased by 

blocking the synthesis of endothelium-derived relaxing factor or through acactivation, 

the myogenic response of Pcrit increased and the decrease in Ra with increasing Pper was 

abolished. The myogenic response of Pcrit was not eliminated with a calcium-channel 

blocker, nor when reactive hyperemia was abolished with maximal vasodilation. 

However, maximal vasodilation lowered P crit below the downstream pressure, thereby 

eliminating waterfall behaviour during normal flow. These findings suggest that Pcrit 

and R8 are dependent on the interaction of several different control systems. 
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RESUME 

C'est le modele integrant une cascade de reactions vasculaires au niveau des 

arterioles qui peut le mieux rendre compte des relations entre la pression et le debit 

dans les membres anterieurs. Les mechanismes qui controlent la pression critique au 

point de cascade (P eriJ et la resistance arterielle (R8) ont ete etudies dans les membres 

anterieurs de chiens. L'abaissement de la pression du sinus carotidien (Pear) a entraine 

une augmentation de Peril et de R8 (reponse neurale). L'augmentation de la pression 

locale a provoque !'augmentation de Peril (reponse avant tout myogenique), mais un 

abaissement de Ra (reponse avant tout passive ou a mediation par le debit). 

L'augmentation de tonus par blocage de la synthese du facteur de relaxation derive de 

!'endothelium ou par activation a.l a provoque !'augmentation de la reaction 

myogenique de Peril et l'abaissement de R8 , qui est fonction de !'augmentation de Pper' a 

ete supprime. L'administration d'un inhibiteur des voies du calcium n'a pas supprime 

la reaction myogenique de Peril' non plus que la vasodilatation maximale n'a fait 

disparaitre l'hyperemie reactive. Toutefois, la vasodilatation maximale a abaisse Perit 

sous la pression en aval, supprimant ainsi le phenomene de cascade pendant le debit 

normal. Ces resultats semblent indiquer que Perit et R8 
dependent de 1 'interaction de 

plusieurs systemes de contrOle distincts. 
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PREFACE 

This thesis is divided into eight chapters. The introduction in Chapter 1 
provides a review of landmark studies about pressure-flow relations, and background 
information concerning the physics of flow and the factors affecting vessel tone and 

diameter. In chapters 2, 3, 4, 5, and 6, I have opted to include original papers on the 

mechanisms controlling the critical closing pressure and arterial resistance as per "The 

Guidelines Concerning Thesis Preparation" of McGill University. The study described 

in chapter 2 has been accepted for publication in the American Journal of Physiology. 
The studies in chapters 3-6 are under review at the American Journal of Physiology. 

Chapter 7 discusses the general conclusions of the thesis and is followed by Claims of 

Originality. 

The experiments in chapter 2 were performed with the assistance of Dr. S.N.A. 

Hussain from the Royal Victoria Hospital and his name appears as co-author on the 

paper. My supervisor Dr. Magder is the senior author on all manuscripts published or 
under review. 

I have used the American Physiological Society guidelines for the format of 

chapters 1-6 and in the units of measurements. The corresponding SI units are listed in 

Appendix I. Appendix II is a list of the abbreviations used in the thesis. 
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1.1. HISTORY OF PRESSURE-FLOW RELATIONS 

The relationship between perfusion pressure (P per) and circulatory flow has been 

studied for more than 50 years. Early studies measured steady-state flow during step

wise reductions in P per (steady-state pressure-flow relation). Although the slope of the 

relationship is mathematically equivalent to 1/resistance (i.e. Q/ t:\P where Q is flow 

and t:\P is the pressure drop across the vascular bed), it actually represents a 

combination of baseline resistance and autoregulation (a change in resistance when Pper 

is changed in an attempt to maintain flow constant, figure 1.1) (42, 127). 

oL-~----------------~ 

Pressure 

Figure 1.1: The solid line represents the steady-state pressure-flow 

relationship. If the perfusion pressure is increased from point A, the 

flow increases from A to B. The vasculature reacts to the increased 

pressure and/or flow by increasing resistance to flow, which decreases 

flow to C. The slope of AB is dependent on the baseline resistance and 

compliance. The change in resistance between point B and C is referred 

to as autoregulation. 

More recently, investigators have measured the instantaneous changes in flow 

with changes in pressure in an attempt to eliminate reflex adjustments (dynamic 

pressure-flow relation, figure 1.2). The slope of the relationship is again equivalent to 

1/resistance, but is also affected by vessel compliance. No matter which method is 
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used, i.e. steady-state or dynamic relations, the pressure-intercept at zero-flow (Pzr) is 

positive which indicates that a large arterial-venous pressure gradient exists at zero

flow. In addition, several authors have shown that raising venous pressure (Pv) does 

not affect inflow until a critical value is reached. 

A 

B 

Tine (sec> 

Pressure 

Figure 1.2: The top two figures represent analog signals for flow and 

perfusion pressure over time. Venous pressure is equal to zero. At 

point A, flow is decreased to zero over several seconds and the perfusion 

pressure falls. At point B, the flow is equal to zero, but a large arterial

venous pressure gradient remains. In the lower figure, the value of flow 

at any point in time is plotted against the perfusion pressure at that point 

in time, to yield the dynamic pressure-flow relation. 

These findings are difficult to explain if the circulation is modelled as a series of 

rigid tubes. Instead, the weight of the evidence suggests that vessels behave like 
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collapsible tubes, and a Starling resistor-like mechanism may be operative at the 

arteriolar level. The goal of this thesis is to analyze the behaviour of the vasculature of 

the dog hindlimb in terms of this model. In Section 1.1 , I will review the history of 

the steady-state pressure-flow relationship, the dynamic pressure-flow relationship, and 

the evidence supporting the existence of a Starling resistor-like mechanism in the 

circulation. In Section 1.2, I will discuss the physics of flow through rigid and 

collapsible tubes, and in Section 1.3, I will review the factors that might alter the 

Starling resistor-like mechanism or arterial resistance through a change in vessel tone. 

l.l.a. Steady-State Pressure-Flow Relations 

In 1933, Whittaker and Winton systematically studied pressure-flow relations in 

the canine hindlimb (134). They varied the hematocrit of blood and interpreted the 

changes in the steady-state pressure-flow relation as changes in the apparent blood 

viscosity. Pappenheimer and Maes later found that the steady-state pressure-flow 

relation was affected by vessel tone (106). Under control conditions, the pressure-flow 

relationship was linear down to low flows, but then became curvilinear (convex to the 

pressure axis). The curvilinearity of the relationship was increased when vascular tone 

was increased with epinephrine, and the curvilinearity was eliminated when smooth 

muscle tone was abolished with 0.1% chloral hydrate. They interpreted the results as an 

effect on the apparent blood viscosity rather than an affect on vessel diameter or 

resistance (106). Pappenheimer and Maes also noted that the extrapolation of the linear 

portion of the relationship to zero-flow gave a positive zero-flow pressure intercept 

(Pzr) which they attributed to a back pressure caused from edema compressing the 

vessel wall ( 1 06). 

In 1951, Burton proposed a similar but slightly different explanation for the 

pressure gradient at zero-flow (23). Since arteriolar vessels are not rigid cylinders, 

Burton hypothesized that when the vessel wall is in an equilibrium state, the expanding 
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forces on the wall (intravascular pressure) must be balanced by the constricting forces 

on the wall (smooth muscle tension, elastic wall tension, interfacial tension). 1 If the 

intravascular pressure is decreased, the radius shortens until a new equilibrium is 

reached. However, if the intravascular pressure is reduced below the tension generated 

by the smooth muscle, the vessel is forced closed. Under these conditions, flow ceases 

even though a large arterial-venous pressure gradient remains. Burton called the 

arterial pressure at which the vessel collapses "the critical closing pressure". This 

explanation differs from Whittak:er and Winton because 1) the critical closing pressure 

is due to the interaction of all compressive forces and not only interstitial pressure, and 

2) the critical closing pressure does not act as a back pressure but instead, only affects 

flow when the vessel collapses. 

Burtonls concept was based on extrapolations of curvilinear pressure.:.flow 

relations. In order to measure the true zero-flow pressure intercept, Nichol et al. 

reduced pressure slowly but continuously over 10-30 minutes, and the fall in both 

pressure and arterial flow2 were recorded until flow ceased (102). There was always a 

15-20 mmHg pressure gradient across the vascular bed at zero-flow (i.e. Pzr>· 

Furthermore, epinephrine increased P zf and Ringers 1 solution decreased P zf (but never 

eliminated it). Nichol et al. interpreted these findings to mean Pzr was tone-dependent, 

and the decrease in P zr with Ringers 1 solution was due to the absence of circulating 

pressor agents. If vascular tone was eliminated with cyanide, a small gradient still 

existed. Since it could be abolished with wetting agents, this was attributed to 

interfacial tension as per Burtonls analysis (23). Nichol et al. found that an arterial-

1 This concept is covered in more detail in the section "Physics of Flow". Note that Burton 

did not include interstitial pressure since it is not important under normal circumstances. 

2 In this study, Nichol et al. measured arterial flow whereas previous authors measured venous 

outflow. 
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venous pressure gradient at zero-flow occurs in frog's legs, excised rabbit's ear, and in 

situ rabbit's leg. 

Since Nichol et al. measured arterial inflow to the hindlimb instead of venous 

outflow, complete isolation was necessary for meaningful results (102). This is 

because collateral circulation will maintain microcirculatory flow even though pump 

flow through the flow-meter has stopped. The Pzr measured under these conditions will 

not represent a true "zero-flow pressure intercept", but will reflect the pressure drop 

across the collateral vessels, i.e. Pzr equals the pressure at the site where collateral 

vessels join with the artificially perfused arterial circulation (102). The excised rabbit 

ear was clearly isolated, and for the in situ hindlimb, the authors tied off any possible 

collateral vessels and clamped the tissues above the cannulation site. 

Burton's analysis predicts closure of arteriolar vessels (23). Since venous 

vessels would remain open, Nichol et al. hypothesized venous outflow would continue 

after arterial inflow stopped. This hypothesis was confirmed (102). 

According to Burton's analysis, the collapsible arteriolar vessels suddenly close 

when the expanding forces due to perfusion pressure decline below the constricting 

forces of the vessel wall. When the vessels are open, flow is determined by 

Poiseuille's Law. However, in 1963, Permutt and Riley noted that if the constricting 

forces surrounding a collapsible tube are greater than the downstream pressure but less 

than the upstream pressure, a Starling resistor-like mechanism is created (107). Under 

these conditions, the constricting forces that are responsible for the critical closing 

pressure act as a back pressure to flow. 3 Flow is therefore determined by the 

difference between perfusion pressure and the critical closing pressure, divided by the 

resistance between the two (as determined by Poiseuille's law). Changes in downstream 

3 This is actually the same explanation provided by Whittaker and Winton (134), only the force 

responsible for the back pressure is due to the sum of all constricting forces. 



8 

pressure or resistance have no effect on regional inflow, although they would affect 
capillary pressure, microcirculatory distribution, and venous return. Since this model 

is similar to a waterfall where the altitude or resistance in the river below the falls does 
not affect the amount of water flowing over the falls, the Starling resistor-like 
mechanism is sometimes called a vascular waterfall. 4 

Since the work of Nichol et al., many authors have decreased flow to zero and 
shown positive zero-flow pressure intercepts during steady-state perfusion. Regions 

studied include rabbit hindlimb (46), the human forearm, calf and finger (3), canine 
lung (111,126), canine liver (99), canine heart (31), the canine abdominal periphery 
(18), and the canine gastrocnemius muscle (127). 

l.l.b. Dynamic Pressure-Flow Relations 
In 1978, Bellamy studied dynamic coronary pressure-flow relations in conscious 

dogs (10). The purpose was to measure Pzr without the influence of autoregulation, 

anaesthesia, or surgical trauma. Bellamy examined recordings of pressure and flow in 
the aorta and circumflex artery during long diastoles, and plotted the instantaneous 
changes in flow against the instantaneous changes in Pper to obtain a dynamic pressure
flow relation. His approach was similar to that of Nichol et al. (102) except Nichol et 
al.'s apparatus decreased pressure so slowly that it required 10-30 minutes to reach 

zero-flow (102). These long periods meant that autoregulation could occur during the 
measurements (12,71), whereas in Bellamy's work, this was minimized since the 
measurements were completed within seconds. 

Although the dynamic pressure-flow relation was linear in Bellamy' s 

experiments, diastole was not long enough to allow flow to reach zero. Therefore, 

Bellamy also examined electrically paced dogs with complete heart block (10). In these 

4 This concept is covered in more detail in the section "Physics of Flow". 
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cases, the dynamic pressure-flow relation remained linear down to zero-flow and had a 

zero-flow pressure intercept of approximately 45 mmHg (compared to Pzc of 15-20 

mmHg for the steady-state (102)). Bellamy also found that the Pzc and arterial 

resistance following a 15 second arterial occlusion were lower compared to control 

conditions. In 1980, Bellamy published another paper with Ehrlich and coworkers 

which showed a similar phenomenon in the canine hindlimb (34). These results 

strongly suggested that a tone-dependent critical closing pressure exists, and that it's 

value under control conditions is greater than previously hypothesized from steady-state 

pressure-flow relations. If true, arterial resistance, which is one of the most important 

measurements in vascular physiology, cannot simply be calculated as the (Pper-Pv)/Q. 

Vascular beds in which dynamic pressure-flow relations indicate a zero-flow pressure 

intercept include monkey brain (33), canine hindlimb (34,92), and canine heart (10), 

Bellamy's paper revived a dispute that continues today. In 1982, Eng, Jentzer, 

and Kirk recognized that a discharging arterial compliant region could theoretically 

cause the arterial pressure to remain above venous pressure, even though proximal flow 

decreased to zero (36). For instance, when arterial pressure is decreased to the value 

of the compliant region, flow between the two regions stops, whereas flow downstream 

from the compliant region continues. Therefore, a Pzr is present even though 

microcirculatory flow is still present. Eng et al. also noted that compliance effects are 

only important during dynamic changes, whereas they have no effect if pressure is 

maintained constant. Therefore, they developed an experimental setup in which 

coronary flow could be instantaneously switched to a reservoir source (constant 

pressure) at the same time that diastole was induced. The pressure of the reservoir 

could be varied, and flow was measured over a wide range of pressures. In order to 

avoid autoregulatory reflexes, measurements were taken as quickly as possible after 

switching perfusion sources. The authors compared the dynamic and static (constant 
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pressure) pressure-flow relations under both normal and maximally vasodilated 

conditions. Figure 1.3a is a schematic diagram of their observations taken from figure 

4 of their paper. Eng et al. found the dynamic Pzr during control conditions was 

27.1±6.6 mmHg, whereas the static Pzr was ~11 mmHg. Furthermore, dynamic and 

static P zf under vasodilated conditions were similar to the static P zf under control 

conditions. Since the static Pzr under control conditions and the static Pzr under 

maximally-vasodilated conditions were approximately equal, the authors concluded that 

1) 11 mmHg represents the true ~ritical closing pressure (PcriJ, 2) Pzr is affected by a 

discharging compliant region and 3) P zf is not affected by vascular tone. 5 

The conclusions of Eng et al. were both supported and contradicted by Dole and 

Bishop (figure 1.3b (30)). Using similar methods, these authors also found the static Pzr 

was significantly less than the dynamic Pzr (at Pper=12S. mm}{g, ·37.2+2.3 ~er.sus 

48.4± 1.8 mmHg), indicating that vascular compliance affects the dynamic Pzr· 

However, unlike Eng et al., these authors found that adenosine decreased the static P zf 

(from 37.2+2.3 to 15.2+0.7 mmHg) in addition to decreasing the dynamic Pzr (from 

48.4±1.8 to 23.7±1.5 mmHg). Therefore, these authors concurred with Eng et al. 

that Pzr is affected by compliance, but unlike Eng et al., their results suggested Pzr is 

tone-dependent. 

5 Pzr is dependent on both the true critica1 closing pressure (Pcrit), and the vessel compliance. 
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Figure 1.3: In A, schematic representations of the static (dashed lines) and 

dynamic (solid lines) pressure-flow relations under control and 

vasodilated conditions are shown as presented in the paper by Eng et al. 

(adapted from (36)). The static zero-flow pressure intercept (Pzr) under 

control conditions is much less than the dynamic Pzr under control 

conditions, but not different from the static or dynamic P zf under 

vasodilated conditions. These results suggest Pzr is affected by 

compliance but is not tone-dependent. However, since the initial flow is 

higher during the static pressure-flow relation compared to the dynamic 

pressure flow relation despite the same initial perfusion pressure (for 

either condition), vasodilation must have occurred during the switch 

from normal perfusion to reservoir perfusion. In B, schematic 

representations of the static and dynamic pressure-flow relations under 
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control and vasodilated conditions are shown as presented in the paper 

by Dole and Bishop (adapted from 30). In these experiments, no 

vasodilation occurred during reservoir perfusion. Similar to the results 

of Eng et al., comparison of static and dynamic pressure-flow relations 

shows that compliance affects P zr· However, unlike the results of Eng et 

al., comparison of vasodilated and control conditions suggests Pzr is 

tone-dependent. 

12 

The reason for the different results with vasodilation despite similar methods is 

unclear. Dole and Bishop suggested that the basal vasomotor tone during control 

conditions in the experiments by Eng et al. might have been very low, and therefore 

the static Pzr would be only minimally affected by vasodilation. However, since·flow 

at normal perfusion pressures increased approximately three-fold with vasodilation, this 

is an unlikely explanation. Another possibility is that the preparation by Dole and 

Bishop was not completely isolated, and therefore collateral flow might have acted as a 

back pressure to flow. However, if this were the case, P zf would be due to the 

collateral circulation and should not have been affected by local vasodilation through 

the perfused circumflex artery. 

Although these papers have received considerable attention m the literature, 

there is an important observation that has not yet been noted. In figure 1.3a (figure 4 

of Eng et al.), the static and dynamic pressure flow relations under control conditions 

are divergent and never intersect. This means that steady-state flow increased when 

perfusion was switched from natural perfusion to the reservoir source (for the static 

pressure-flow relation), even though Pper remained unchanged. In fact, according to 

the figure shown, flow more than doubled at Pper=80 mmHg. Therefore, resistance to 

flow (i.e. either arterial resistance, Pzr• or both) was considerably less during reservoir 

perfusion than during normal perfusion. In figure 1.3b, a schematic representation of 



0 

13 

Dole and Bishop's results shows this was not the case in their preparation. It is not 
clear from Eng et al.'s paper why the reservoir apparatus would cause such an effect, 
but possibilities include infected tubing, temperature control, and red blood cell 
damage. Regardless of why it occurred, the effect makes comparison of the dynamic 
and static pressure-flow relations in Eng et al.'s paper questionable. The results from 
Dole and Bishop support Bellamy's conclusion that Pzr is tone-dependent. 

In 1984, Aversano et al. used another method to eliminate the effect of 
compliance in the measurement of Pzr (4). Using the isolated, maximally vasodilated, 
paced canine heart, these authors recorded dynamic pressure-flow relations during a 
decrease in flow, and also during the subsequent increase in flow back to normal. The 
authors hypothesized that if the compliant region was discharging during diastole and 
causing measured flow to be artificially low at each pressure (pressure-flow relation 
shifted to the right), then flow during the up-ramp would be disproportionately large as 
the compliant region filled (pressure-flow relation shifted to the left). The compliance
free curve would be the line bisecting the two relationships. Aversano et al. found that 
the difference between the down and up curves narrowed as the rate of change in 
pressure was decreased, and at 3 mmHg·s-1, the pressure-flow relations for decreasing 
and increasing flow were identical (i.e. compliance-free curves). Finally, the Pzr 
obtained by these methods was similar to the P zr obtained with steady-state methods 
(N.B.: autoregulation during steady-state measurements should have no effect because 
the vascular bed was maximally vasodilated). The authors concluded that dynamic 
pressure-flow relations with slow rates of decrease represent compliance-free curves. 

The findings of A versano et al. were interesting, but not conclusive. Most 
importantly, they studied the maximally vasodilated bed and it was not known whether 
their methods could be applied to a vascular bed with tone. In 1990, Magder published 
a study in which he isolated the effects of compliance on Pzr in a hindlimb with tone, 
and therefore measured the true Pcrit (92). Magder realized that if a discharging 
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compliant region maintained proximal pressure high at "zero-flow" even though 
microcirculatory flow continued, then Pzf should decrease if the compliant region is 
allowed to empty. Therefore, P zf should be dependent on the time taken to reach zero
flow (ramp time). With longer ramp times, the compliant region will partially 
discharge, and a lower Pzr will be recorded. On the other hand, if the Pzr was due to a 
Starling resistor-like mechanism creating a critical closing pressure, Pzf should be 
unaffected by the time taken to reach zero-flow. Magder used a pump-perfused canine 
hindlimb and recorded the dynamic pressure-flow relations as the ramp time was varied 
between 1-10 seconds. He then plotted the Pzf of each run against !}le ramp time for 
that run (figure 1.4). The results showed that Pzf decreased as the ramp time was 
increased from 1-4 seconds, confirming the effect of a discharging compliant region. 
However, the Pzr for ramp times between 5-10 seconds were simil~. The. author 
compared these observations with predictions from three different mathematical models 
of the circulation. The first model was based on one compliant region (venous) with 
resistances pre and post. The second model had two compliant regions in series 
(arterial and venous). The third model was identical to the second except a Starling 
resistor-like mechanism was added at the arteriolar level. Only the Starling resistor 
model could predict a constant P zf with ramp times between 5-10 seconds (figure 1.4b). 
However, Magder also observed a decline in Pzr with ramp times between 1-4 seconds, 
indicating that compliance was an important variable and could not be ignored. 
Therefore, Pzr represents Pcrit only if the ramp time is between 5-10 seconds. The ramp 
time required to allow the arterial compliant region to fully discharge is dependent on 
the system's time constant (t), and is independent of the initial P per or flow. 
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three different ramp times. When flow was decreased to zero over 0.56 
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incorporated. Pcrit is the Pzr with ramp times between 5-10 seconds. 
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During the dynamic pressure-flow relations, Magder noticed that Pper continued 
to decline after flow reached zero. However, if the vessels were closed as Burton 
predicted, then pressure should remain constant. In addition, during a sudden arterial 

occlusion, Pper rapidly falls below Peril (within 2 seconds, i.e. before autoregulation), 
and stabilizes after 10-30 seconds at a much lower pressure. In the same paper, 
Magder showed that the Starling resistor model could still explain these observations if 
a small number of vessels did not exhibit a critical closing pressure (e.g. arterial
venous anastomoses) (92). In fa~t, the model exactly predicts the decline in pressure 
below Peril if these channels accommodate only 1.5% of flow at normal perfusion 
pressures. These results are important because they indicate that compliance-free 
measurements of Pzr using the "static pressure-flow relation" as suggested by other 
authors (19,30,36) will underestimate Periv and hence overestimate arterial resistance. . . . . 
For instance, flow through these bypass channels allows perfusion pressure to decrease 
below Peril during the sudden change in P per that is used to obtain the static pressure
flow relations previously described by both Eng et al., and Dole and Bishop (i.e. static 

Pzr<dynamic Pzr' (30,36)). Finally, Magder also showed that Peril is affected by 
reactive hyperemia, indicating tone-dependence of Peril· However, he did not 
systematically study how vasodilation affects Peril' arterial resistance, or arterial 
compliance (92). 

The predictions for the Pzr versus ramp time relationship shown in figure 1.4b 
were based on models in which resistance and compliance remained constant 
throughout the pressure-flow relation. Although a Starling resistor-like mechanism is 
the simplest explanation, one could also explain the data with a two-compartment 
model (no Starling resistor) in which both compliance and resistance varied during the 
pressure-flow relation. However, experiments by Judd and Mates suggest that 
impedance to flow (dependent on resistance and compliance) is unchanged during the 
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dynamic pressure-flow relation (74)6 • If resistance and compliance are constant during 
the dynamic pressure-flow relation, then a Starling resistor-like mechanism becomes 
the only explanation for Magder' s observations. Since Judd and Mates studied heart 
rates between 60 and 150 beats·min-1, it is still possible that resistance and compliance 
vary during longer diastolic periods. 

The actual force responsible for creating Pcrit is controversial. Some authors 
believe it is the interstitial pressure (106). However, this would not explain the tone
dependent behaviour of Pcrit (19,81,92). In fact, vasodilation should cause an increase 
in interstitial pressure (and hence an increase in PcriJ through an increase in capillary 
hydrostatic forces, whereas experimentally, vasodilation causes a decrease in P crit 

(19,81 ,92). Returning to Burton's analysis, Pcrit is most likely created by the addition 
of all compressive forces, i.e. interstitial pressure, passive elastic recoil, smooth muscle 
tone, and interfacial tension. The relative importance of each depends on the 
conditions of the experiment. 

l.l.c. Waterfall Behaviour 

If the arteriolar vessels are behaving as collapsible tubes, then waterfall 
behaviour should be observed in addition to vessel closure (107)1. Waterfall behaviour 
means that flow is unaffected by changes in downstream resistance or pressure until the 
downstream pressure becomes greater than the pressure at the waterfall (32,60). 
Magder showed that a vascular waterfall does indeed exist in the isolated canine 
hindlimb (92). When P v was increased during constant pressure conditions there was 
no effect on flow until a critical value was reached, and when P v was raised during 

6 These authors actually showed that coronary impedance to flow is unchanged throughout the 
cardiac cycle (systole and diastole). 

7 This concept is covered in detail in the section "Physics of Flow". 
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constant flow conditions, there was no effect on Pper until a critical value was reached. 
Similar observations have also been made in the heart (38), liver (99), and lung (126). 
Other studies that have not shown this effect increased venous pressure in large steps 
and the waterfall was probably overcome with the first increase in venous 
pressure (29,34). These results strongly suggest the presence of waterfall behaviour, 
although one could still theoretically explain the results with a model in which 
increasing venous pressure results in decreasing resistance through passive effects. 
However, this is an unlikely explanation because the decrease in resistance would have 
to exactly offset the decrease in driving pressure. 

Another explanation for waterfall behaviour was suggested by Dole et al. in 
1984 (29). These authors hypothesized that the microcirculation behaved like a 
variable resistor and exhibited a critical closing pressure similar to nurton' s analysis, . 
except the model incorporated compliant arterial and venous regions. Unlike the 
Starling resistor model in which waterfall behaviour was due to a true dissociation 
between arterial and venous pressure, the variable resistor model explained the same 
effect through a combination of changing resistance, compliance, and P zf· According 
to their model, changes in venous pressure always affect the pressure-flow relation (i.e. 
Pzr and R8), although the overall effect on regional inflow may be negligible. This 
hypothesis was recently refuted by Braakman et al. who showed that the compliance
free measurement of Pzr under control conditions in in vitro skeletal muscle is not 
affected by venous pressure elevation until Pv is increased by 28.5+9.5 mmHg (19). 
Therefore, the most likely explanation for pressure-flow relations and waterfall _) 

behaviour is that a Starling resistor-like mechanism is operative at the arteriolar level. 

l.l.d. In Vivo Microscopy 

The phenomenological observations noted above support the concept of a 
critical closing pressure and waterfall behaviour. If Pcrit is due to vessel closure, then 
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this should be observable using in vivo microscopy techniques. Before discussing the 
results of microscopic studies, several points should be noted. 

The waterfall model hypothesizes that the back pressure to flow is created by an 
external force that dissociates the hydraulic gradient from the energy gradient (32). 
Vessels are not closed during conditions of flow but only when pressure is decreased 
below Pcrit' It should therefore be stressed that when pressure is reduced in steps, the 
decreased myogenic stimulus and increased metabolic stimulus cause the vessel smooth 
muscle tone to decrease (12,71). Whereas this causes a decrease in Pcriv the change in 
vessel diameter will depend on the interaction between passive and active factors. 
Therefore, one may see vasodilation during step-wise reductions in pressure. Actual 
vessel closure would occur only if pressure was reduced fast enough so that 
autoregulation could not occur, i.e. less than 10 seconds (12,71). All studies to date 
have used step-wise reductions in pressure. 

On the other hand, even during step-wise reductions in pressure, a large 
arterial-venous pressure gradient remains at zero-flow, and vessel closure should be 
observed at this time. Direct visualization of blood vessels in vivo has led to 
conflicting reports about vessel closure during step-wise reductions in pressure. From 
1962 through 1977, Baez and colleagues published a series of articles showing that 
metarterioles and precapillary vessels close when pressure is decreased below a critical 
value (6-8,89). They measured external and internal wall diameter simultaneously, and 
have also shown that increasing sympathetic tone will cause previously open 
metarterioles and precapillary sphincters to close (8). This work has been supported by 
the findings of some authors (16,132) but not others (71,78,122-124). In fact, some 
studies show vasodilation with reductions in pressure as per the myogenic response, 
even if flow is decreased to zero. The reason for the conflicting results is not clear at 
the present time. 
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l.l.e. Clinical Relevance 

The presence of a vascular waterfall in the circulation means that systemic 

arterial pressure or local flow can be controlled through changes in either Pcrit or 

arterial resistance (R
8
). The advantages of this system are discussed below using the 

example of hemorrhagic blood loss (decrease in cardiac output) and hypotension. 

If no waterfall is present, arterial pressure after hemorrhage can only be 

increased by increasing total resistance <RtoJ· Since the blood vessels to a region (e.g. 

hindlimb) can be modelled as several resistances in series (i.e. arterial, capillary, and 

venous), ~ot can be increased by increasing any of the individual resistances, 

presumably through an increase in sympathetic activity. However, the sympathetic 

nervous system would require an extremely sensitive feedback system to accurately 

return blood pressure to normal. This is because the proportional change in resistance 

(RiR1) is equal to r1
4/r2

4 where R1 is the original resistance, R2 is the new resistance, 

r1 is the original radius, and r2 is the new radius. Therefore, a small change in radius 

would have a large effect on blood pressure. This type of control system is appropriate 

for coarse changes, but is not appropriate for a system requiring fine control. 

Furthermore, the important radius determining resistance is the internal radius. As will 

be shown in the next section, the lumen of a thick-walled vessel such as an arteriole 

(lumen to wall ratio of 0.5) is obliterated if the external smooth muscle layer shortens 

by only 13.5%. Therefore, the ability of the body to fine-tune resistance in thick

walled arterioles is even more limited when the anatomical features of the blood vessel 

wall are considered. 

A waterfall model allows the pressure to be controlled through changes in either 

Pcrit or Ra. In this model, changes in Ra represent the coarse control for pressure, and 

changes in P crit represent the fine control. This is because P crit is determined by the 

force generated by the smooth muscle, and not by the diameter of the vessel. For 

instance, if the sympathetic activity is increased and augments smooth muscle tension 
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by the equivalent of 5 mmHg, arterial pressure will increase by 5 mmHg, . The actual 

change in vessel diameter is not important because the increased tone is acting as a back 

pressure to flow, and not as a change in resistance. 

There are other advantages to the presence of a waterfall. First, variations in 

venous pressure such as those that occur with respiration, do not affect regional flows 

because they occur downstream from the waterfall. Second, capillary pressure can be 

maintained constant through changes in venous resistance without affecting flow into 

the region. Third, in contrast to the no waterfall condition, local changes in capillary 

resistance will redistribute flow without causing changes in total flow to the region. 

Finally, a sudden decrease in cardiac output will not cause as rapid a fall in arterial 

pressure when a waterfall is present. This is because the decay in pressure follows a 

monoexponential curve (104, 128) which is dependent on both the time constant of the 

system and the final pressure that is reached. Therefore, the rate at which arterial 

pressure falls is dependent on the magnitude of the total decrease in pressure. For the 

same time constant, the pressure drop during sudden decreases in cardiac output in a 

circulation without a waterfall has to be greater than one in which a back pressure is 

present because the pressure drop [(Pper-Pv) versus (Pper-Pcri~l] is greater. Thus, a 

vascular waterfall may help prevent syncope during sudden decreases in cardiac output 

that occur upon changing position, or sudden cessation of exercise. 

l.l.f. Summary 

Recent experimental evidence strongly supports the Starling resistor hypothesis. 

First, compliance-free dynamic pressure-flow relations have a positive zero-flow 

pressure intercept (4,92). Second, resistance and compliance are constant during 

dynamic pressure-flow relations (74). Third, raising Pv has no effect on flow until a 

critical value is reached (38,92). Finally, although some investigators did not observe 
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critical closure of vessels using in vivo microscopic techniques (78, 122), others claim 

to see it often (7, 16, 132). 

Clinically, the presence of a Starling resistor means 1) a more precise control of 

regional inflow and blood pressure, 2) variations in P v that occur with respiration will 

not affect regional blood flow, 3) capillary pressure can be independently controlled 

from inflow, 4) redistribution of blood flow can easily occur downstream from the 

Starling resistor without affecting total inflow, and 5) a sudden drop in cardiac output 

will not produce as large a fall in arterial pressure. 

Despite the phenomenological evidence presented in this s~tion, controversy 

over the Starling resistor hypothesis remains. One major objection was raised by 

Azuma and Oka in 1971. These authors challenged Burton's analysis and showed that 

critical closure of vessels was theoretically impossible (5).. Although this article .. has 

been cited in several major reviews (28,58), there is an undiscovered flaw in their 

analysis. Once corrected for, the methods described by Azuma and Oka show that 

critical closure of arteriolar vessels as originally described by Burton, and modified by 

Permutt and Riley, can occur under certain conditions. The following section first 

describes Burton's analysis in detail, then Azuma and Oka's analysis, and finally, my 

revision of Azuma and Oka's analysis after correcting their error. 

1.2. THE PHYSICS OF FLOW 

1.2.a. Poiseuille's Law 

In 1840, Poiseuille developed the following equation which relates pressure and 

flow through a rigid cylinder: 

Ef_. 
L1P=l281rd'~Q 

..................................... (1.1) 
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where AP is the pressure drop across the cylinder, J.l. is the viscosity of the fluid, L is 

the length of the cylinder, Q is flow, and d is diameter (24). This equation can be 

simplified to resemble Ohm's Law for an electrical circuit 

AP=Q*R ............................................ (l.2) 

where R is resistance and is equal to 

R = 12 8 J.l :;~~ 
1r .......................................... (1.3) 

Vascular physiologists often rearrange the equation to describe the determinants of flow 

through a vascular bed: 

. ~er-Pv 
Q=~-

Rtot ......................................... (1.4) 

where P per is the perfusion pressure, P v is the venous pressure, and ~ot is the total 

resistance of the vessels between the two. If one assumes a constant vessel length (89) 

and constant blood viscosity, then resistance changes are indicative of changes in vessel 

diameter. Furthermore, if intravascular pressures are measured at various sites along 

the arteries and veins, the total resistance of the vascular bed can be divided into an 

arterial resistance, microcirculatory resistance, and venous resistance ( 12-14). 

Although Poiseuille's Law is routinely used by vascular physiologists, there are 

several assumptions that are not valid for the circulation. These include constant 

viscosity, laminar flow, and modelling the vessels as straight, rigid cylinders. 

Assumption 1: Viscosity 

There are several factors in the circulation that affect blood viscosity. First, 

because blood contains large particles (i.e. cells), it is not a Newtonian fluid. Unlike a 

Newtonian fluid in which viscosity is independent of shear rate, there is a decrease in 

the apparent viscosity of blood with increases in shear rate because of 1) the 

deformation and rotation of individual red cells, and 2) the breakup of rouleaux 

formations (24). The relationship is asymptotic, with rapid declines in viscosity as 
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shear rate is increased from 0.1 to 10 s-1• At shear rates between 10 and 1000 s-1 (e.g. 

femoral artery ::::::170 s-1), the viscosity decreases only slightly with increases in shear 

rate, and viscosity is constant at shear rates above 1000 s-1 (arterioles and 

capillaries) (24). 

Second, the apparent blood viscosity increases with increasing hematocrit (134). 

Since the cells do not deform as easily as the plasma in which they are suspended, there 

must be an increased deformation of the plasma at any given flow as the concentration 

of cells is increased (24). T~is translates into an increased energy dissipation 

(i.e. greater pressure drop) for higher hematocrits. Based on Poiseuille's Law, an 

increased pressure drop must be due to an increase in viscosity if the length and 

diameter are kept constant. Furthermore, in blood, a second fluid-solid interface exists 

between the red blood cell wall and the plasma in addition to the fluid ... solid interface at 
' . ' ' 

the vessel wall (24). Therefore, there is an additional shearing rate which increases 

the energy dissipation, and thus increases the apparent viscosity. The effect of 

hematocrit on apparent blood viscosity means that whenever resistance is calculated in 

vivo, hematocrit should be maintained constant through saline infusion (to replace fluid 

losses) or blood infusion (to replace hemorrhagic losses). 

A third factor affecting blood viscosity is plasma skimming (24). When blood 

flows through large vessels, the red blood cells migrate toward the center and leave a 

plasma-rich area near the vessel wall. Since the blood supply to a small vessel 

branching off the larger vessel comes from the region near the wall, the hematocrit in 

the small vessel will be less than the large vessel, and consequently the viscosity will be 

less. 

Finally, the Fc\rhaeus-Lindqvist effect says that apparent blood viscosity 

decreases as the tube diameter decreases below 1 mm (39). This is because the cell

free plasma layer adjacent to the vessel wall occupies a greater percentage of the vessel 

lumen as the vessels become smaller. 
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The apparent blood viscosity in the large arteries is therefore affected by 

changes in flow that accompany changes in perfusion pressure. This effect is not 

observed in the microcirculation (arterioles, capillaries, and venules) because apparent 

blood viscosity is constant at the high shear rate present in these vessels. Apparent 

blood viscosity may be different in different vessels due to plasma skimming and the 

Farhaeus-Lindqvist effect. 

Assumption 2: Laminar Flow 

Poiseuille's Law accounts for the energy loss due to viscous forces that occur 

during laminar flow, but not for the energy loss due to inertial forces that occur during 

turbulent flow. Turbulent flow occurs when the Reynolds number is greater than 2500 

(24). The Reynolds number is a dimensionless term that represents the ratio of inertial 

to viscous forces and is given by the equation 

_ inenial forces _ __pJJ4_ 
Re- viscousforces - f.J. ••••••••••••••••••••••••••••• (1.5) 

where Re is the Reynolds number, p is the density of the fluid, U is the mean fluid 

velocity, d is the diameter of the tube, and 1.1. is the viscosity of the fluid. Inertial 

energy loss is relatively minimal in the microcirculation since the Reynolds number is 

only 0.09 in the arterioles, and decreases even further in the capillaries (24). 

However, the peak Reynolds number for the descending aorta is 3400 and turbulence 

should occur. Therefore, resistance calculations of the aorta based on Poiseuille's Law 

may lead to erroneous conclusions about changes in vessel diameter. The peak 

Reynolds number in the femoral artery is normally around 1000 during resting flow 

(24), but may increase above 2500 when flow increases during exercise. 

Since flow at the entrance of a tube is never Poiseuille Flow (e.g. any 

bifurcation), and the arterial tree repeatedly divides, there are numerous regions of 

non-Poiseuille Flow in the circulation. The length of the tube downstream from the 

bifurcation before Poiseuille Flow returns is known as the entrance region. When the 
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Reynolds number is less than 1, the entrance region extends for only one diameter of 

the tube. This means resistance calculations in the microcirculation (e.g. arterioles and 

capillaries) should represent a good approximation of the true resistance to flow (24). 

In the larger vessels, the entrance length can be predicted by the formula 

X=0.03d (Re) ...................................... (l.6) 

where X is the entrance length before laminar flow exists, d is the diameter of the tube, 

and Re is the Reynolds number. Thus, the entrance length for the femoral artery with 

a Reynolds number of 1000 and an internal diameter of 0.4 cm, is 12 cm (24). 

Therefore, resistance calculations of this region must take into account non-Poiseuille 

Flow and should not be calculated with Poiseuille's Law. 

Assumption 3: Vessel Shape and Rigidity 

The circulation is not a single tube and a certain percentage of blood vessels are 

closed during normal perfusion (8). Decreasing vasomotor tone may result in 

recruitment of previously closed vessels, and an overestimation of changes in vessel 

diameter as predicted by Poiseuille's Law. Furthermore, Poiseuille's Law is only true 

for straight cylinders, whereas the large vessels are often curved (e.g. aortic arch). As 

the blood is forced around the curve, energy is lost. Therefore, the pressure drop 

across these vessels is greater than predicted by Poiseuille's Law (24). 

Finally, the arterioles sometimes exhibit vasomotion which means their diameter 

oscillates about a mean value (121). Under these conditions, the effective resistance is 

less than the resistance calculated using the mean radius (121). For example, if a 

vessel has a constant radius of 1 unit (i.e. resistance= 1 unit), and the pressure gradient 

across the vessel is 100, then flow is equal to 100. To illustrate the effect of 

vasomotion, let us say that the vessel radius oscillates in a square-wave manner 

between 2 units (resistance= 1/16 units) and 0 units (resistance=infinity), and spends 

50% of its time in each state (i.e. mean radius equals 1). Under these conditions, when 
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the radius=2, flow= 1600, and when the radius=O, flow=O. Since the vessel spends 

equal time in each state, the average flow is 800. Thus, for the same mean radius, 

flow is much greater when vasomotion occurs (i.e. the effective resistance is less). 

This effect is dependent on the amplitude of the oscillations, and also on the pattern of 

oscillations (i.e. sinusoidal-wave, square-wave, etc). Therefore, when vasomotion 

occurs, calculations of changes in vessel diameter based on resistance changes (and vice 

versa if the mean radius is used) will lead to inaccurate conclusions. 

In summary, the application of Poiseuille's Law in the large arterial vessels is 

not appropriate because viscosity is dependent on flow rate, turbulent flow exists, the 

entrance length is large, and the vessels are curved. However, in the microcirculation, 

viscosity is independent of flow rate, the entrance length is minimal, and flow will be 

laminar except at large curves of the vessels. Therefore, one might suggest the 

application of Poiseuille's Law in the microcirculation creates only a small error. 

However, Poiseuille's Law actually creates a large error because it applies to flow 

through rigid cylinders. Blood vessels, which can be compressed by external forces, 

could also be modelled as collapsible tubes which close when the extraluminal pressure 

is greater than the intraluminal pressure (107). Flow under these conditions is 

therefore partially dependent on the forces compressing the vessel. Since the 

extraluminal pressure is not incorporated into Poiseuille's Law, some modifications to 

equation 1.1 are required to accurately describe the physical determinants of flow 

through collapsible tubes. Before discussing these modifications, I will first review the 

theoretical analyses which discuss the possibility of arteriolar vessel closure. 

1.2.b. Do Arterioles Collapse? 

Some authors have hypothesized that arteriolar vessels will be forced close if the 

pressure generated by the arteriolar smooth muscle tone is greater than the intraluminal 

pressure (23, 107). There has been much disagreement in the literature about whether 
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or not arteriolar vessels collapse. Based on theoretical analyses, there are those who 

believe they do and quote Burton (23), and those who believe they do not and quote 

Azuma and Oka (5). This section discusses each of their assumptions, points out the 

fallacies in both, and shows that vessels can collapse under certain conditions. 

Burton's Analysis 

In 1951, Burton and colleagues showed that arterial pressure remains well above 

venous pressure at zero flow (102). To explain these findings, Burton hypothesized 

that arteriolar vessels act as collapsible tubes and close when the intravascular pressure 

declines below a critical value which they called the critical closing pressure (PcnJ· A 

brief description of his theoretical analysis is provided below (23). 

Based on the Law of Laplace for a cylinder, Burton noted that wall tension of a 

blood vessel is equal to 

Tw=Ptm *r ........................................... (1.7) 

where Tw is wall tension, Ptm is transmural pressure, and r is the radius of the cylinder. 

He pointed out that T w has three components, elastic tension {T ~ generated by tissue 

elastance if the wall is stretched, active tension generated by the smooth muscle (TA), 

and interfacial tension due to the interaction between the intravascular fluid and the 

surface wall. In addition, since the external pressure of a blood vessel is usually 

assumed to be atmospheric and was used as the reference point, Ptm was simplified to 

be the intravascular pressure, Pin· 

In his analysis, Burton superimposed the graph for Tw versus radius based on 

Laplace's Law (a straight line through the origin with a slope equal to the intraluminal 

pressure (Pin) from equation 1.7), with a graph of TE versus radius for the relaxed 

vessel (i.e. TA =0, figure 1.5a). At equilibrium, the expanding forces are balanced by 

the passive stretch of the relaxed wall, and the radius is r1 (point A). If the smooth 

muscle develops tone, the vessel contracts to a new radius r2 at point B. The total wall 
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tension is the sum of the passive elastic tension (T ~ and the smooth muscle active 

tension (TA). 8 Burton pointed out that if the radius exceeds r1 without a change in 

active tension, the elastic wall tension will exceed the wall tension produced by the 

intravascular pressure and the vessel will return to the equilibrium state at r1• 

A 

Figure 1.5: A plot of wall tension versus radius. In A, the straight line 

through the origin (with a slope equal to the intravascular pressure) gives 

the intravascular tension at any given radius as calculated by the Law of 

Laplace. The dark curved line represents the passive elastic tension of 

the wall at any given radius. If the vessel has no tone, then the vessel 

8 Interfacial tension is small and was not included in this part of Burton's analysis. 
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radius is r 1, since this is where the intravascular tension and wall tension 

are in equilibrium (point A). If the vessel develops tone and the lumen 

decreases to r2 (point B), then the total wall tension is given by the sum 

of the passive elastic tension (T~ and the active tension (TA). In B, the 

wall tensions for several different intravascular pressures are given 

(P 1 > P 2 > P 3). The dark solid line represents the same vessel as Panel 

A, but TA is kept constant (i.e. the graph of Tension versus radius is 

shifted upwards by TA). I~ the intravascular pressure declines from P 1 to 

P2, the equilibrium point changes and the vessel shortens from r1 to r2• 

However, if the pressure declines further to P 3, the wall tension is 

always greater than the intravascular tension and therefore the vessel is 

forced closed (adapted from Burton, (23)). 
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Figure 1.5b is also a plot of tension versus radius. The dark solid line now 

represents the theoretically possible total wall tension when TA is kept constant at 

some positive value, i.e. the T E versus radius graph in figure 1.5a is shifted upwards by 

a constant value equal to TA. Note that once the radius is shorter than the "unstretched 

radius" in figure 1.5a (i.e. TE=O), Tw is constant and is equal to TA. If Pin is P1, the 

equilibrium tension would occur at a radius equal to r1, and if it is P2, the equilibrium 

tension would occur at a radius equal to r2• However, if the pressure is P3 , Tw is 

always greater than the tension generated by the intravascular pressure, i.e. the forces 

tending to close the vessel are greater than the forces keeping it open and the vessel 

collapses. Burton called the intraluminal pressure below which the vessels closed, the 

"critical closing pressure" (PcriJ· 

There are two major problems in Burton's analysis. The first is that arterioles 

are thick-walled vessels whereas his analysis used the Law of Laplace which is only 

suitable for thin-walled vessels. Burton argued that one could model the wall as if it 
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were made of several different layers of tissue, and the mean of the tensions across all 

the layers represents the average tension across the wall. This assumption was later 

shown to be incorrect by Azuma and Oka (see below) (103). The second problem was 

that the rigidity of thick walled vessels might prevent complete closure. However, he 

pointed out that this is only a theoretical problem since thick walled vessels are often 

observed to close when their wall is traumatized. 

In summary, Burton hypothesized that arteriolar vessels will close when the 

intravascular pressure declines below a critical value. In Burton's analysis, the vessel 

would have a sizeable lumen just above the critical closing pressure, and suddenly close 

when the pressure was decreased below Pcrit· In addition, his analysis predicts that 

flow through the open vessel is governed by Poiseuille's Law, and that flow into a 

region is immediately affected by changes in venous pressure or resistance. 

Azuma and Oka's Analysis 

Burton's analysis assumed that Laplace's Law can be applied to thick-walled 

vessels. However, Azuma and Oka (5,103) argued that Laplace's Law cannot be used 

for a thick cylindrical wall that is homogenous, isotropic, and has Hookean elasticity. 

Instead, they developed a general formula for wall tension that could be applied to any 

cylinder regardless of its homogeneity, isotropicity, or length-tension characteristics. 

Their equation was: 

Tw=Piri-Pere ........................................ (1.8) 

where Pi and Pe represent the internal and external pressures respectively (in mmHg), 

and ri and re represent the internal and external radii respectively (103). Azuma and 

Oka suggested that critical closure of blood vessels as discussed by Burton (23) is 

theoretically impossible (5). In their analysis, arteriolar closure could occur, but it 

depends only on smooth muscle tone, and is independent of the intravascular pressure. 

If true, this means that if TA is high enough to cause the vessel to collapse, no amount 
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of intravascular pressure can open the vessel. Thus, their theory did not contradict the 

observation that vessels close when the lumen is traumatized. However, it did 

contradict Burton' s theory that vessels collapse when the intravascular pressure is 

lowered below a critical value (23). 

An important point in Azuma and Oka's analysis was that Burton's use of 

atmospheric pressure as zero was arbitrary. Instead, they argued that the absolute 

pressure in mmHg should be used to calculate wall tension. Since re is always greater 

than ri, equation 1.8 means that unless Pi=Pe=O, wall tension must be negative at zero 

transmural pressure. In a thick walled arteriole with ri = 10 urn, re =20 urn, and 

Pe=760 mmHg, the wall tension is negative until the internal pressure reaches 1520 

mmHg. Azuma and Oka therefore concluded that under physiological conditions, the 

vessel wall is always being compressed (negative wall tension). 

If Pi> Pe, how can wall tension be negative? According to Newton's Second 

Law, a stationary object experiences no net force. At an atmospheric pressure of 760 

mmHg, the external force tending to collapse a vessel segment is the outside pressure 

multiplied by the surface area i.e. 760*2nrel where 1 is the length of the vessel 

segment. The internal force tending to expand the vessel is 760*2nril. Since re> ri, the 

compressive force is greater than the expansive force. If the wall is in equilibrium, 

there must be a force resisting the compression, i.e. the mean wall tension is negative. 

Azuma and Oka based their analysis on several principles that must be 

reviewed. First, the Law for Conservation of Mass means that the volume of a thick

walled vessel cannot change when the vessel constricts. If the arterial tree is tethered at 

either end thereby fixing length, then cross-sectional area of the wall must be constant. 

This has been studied in vivo, and no significant difference in cross-sectional area was 

noted with changes in perfusion pressure (89). Therefore: 

2 2 K 2 r -r. =----,r-= k 
e ' •••••••••••••••••••••••••••••••••••• (1.9) 
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where K and k are constants. Solving this equation for re and substituting into equation 

1.8 gives: 

Tw=P; 'i -E:)(k2+r/) .............................. (1.10) 

When the vessel is collapsed, ri=O and the wall tension equals 

Tw=-Pe*k ......................................... (1.11) 

In figure 1.6, Tw is plotted against internal radius for a vessel with a cross

sectional area of 942 urn (e.g. ri=10 urn and re=20 urn). These dimensions were 

chosen because vessels with internal diameters of 10-20 urn have been shown to close 

when sympathetic activity is increased (8). 
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Figure 1.6: Wall tension is plotted against the internal radius (urn) of a 

hypothetical vessel with a cross-sectional wall area of 942 urn (e.g. 

ri = 10 urn and re =20 urn). The dotted line EC0 represents the 

equilibrium tension curve for the vessel when the internal and external 

pressure both equal 760 mmHg (transmural pressure, Ptm =0 mmHg). 

The dotted line EC200 represents the equilibrium tension curve for the 

same vessel when the external pressure=760 mmHg, and the internal 

pressure=960 mmHg. These equilibrium curves represent all the 
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possible wall tensions and internal radii that can exist for this vessel 

under the specified pressure conditions, and are analogous to the straight 

lines through the origin illustrated in figure 1.5b. The actual radius or 

wall tension will depend on the smooth muscle tone (see figure 1.8). 
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Line EC0 is called the equilibrium curve and represents all the possible wall 

tensions for the vessel when Pe=Pi=760 mmHg (P1m=O). In Burton's analysis, the 

equilibrium curve was the straight line through the origin with a slope equal to the 

intravascular pressure. Similar to Burton's analysis, the actual value of Tw requires 

information about the elastic tension curve of the vessel, and T w cannot be discerned 

simply from the equilibrium curves (see below). If Pi is increased to 960 mmHg (line 

EC200), the equilibrium curve rotates counter-clockwise (equivalent to a ~hange in s~~pe 

in Burton's analysis), and the wall tension is increased (i.e. less negative) at the same 

radius because Pi is increased. They-intercept however, is unchanged because it is only 

dependent on Pe (equation 1.11). 

The elastic tension curve of a vessel is dependent on its resistance to stretch and 

is derived from the pressure-volume curve of the vessel (this assumes no reflex 

adjustments in vessel diameter). Figure 1. 7 (solid line) shows a hypothetical pressure

volume curve for a short vessel segment when Pe =760 mmHg. Note that the y-axis is 

plotted as transmural pressure. Under the specified hypothetical conditions, this vessel 

has an "unstressed volume" of 100 units (1 unit=volume of vessel when ri = 1 urn), and 

internal pressure only begins to rise when the volume is increased above this level. In 

order to decrease ri below 10 microns, transmural pressure must become negative. 

Azuma and Oka extrapolated the elastic tension curve by increasing external pressure, 

and calculated the theoretical wall tension. The dotted line represents the extrapolation 

and I have kept the shape sigmoidal in order to be consistent with Azuma and Oka' s 

analysis. 
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Figure 1. 7: A hypothetical pressure-volume curve for a vessel with the same 

wall cross-sectional area as figure 1.6. Ptm is measured in mmHg. For 

volume, 1 unit represents the volume of a vessel with an internal radius 

of 1 urn and a fixed length. The solid line represents Ptm obtained by 

increasing intravascular pressure above 760 mmHg. The dashed line 

represents an extrapolation of Ptm below 0 mmHg by increasing external 

pressure above 760 mmHg, or by decreasing internal pressure through 

the application of negative pressure. The shape of the curve is sigmoidal 

in order to be consistent with the analysis of Azuma and Oka (5). 
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Azuma and Oka converted the pressure-volume curve to a tension-radius graph, 

and superimposed it over the equilibrium curves just as Burton had done (figure 1.8a). 

The actual radius of the vessel wall at a given Pi is derived from the intersection of the 

elastic tension curve and the equilibrium curve. 
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Figure 1.8: In A, the elastic tension curve calculated from the pressure-volume 

relationship in figure 1. 7 is superimposed on the equilibrium curves in 

figure 1. 6. The solid line represents the elastic tension curve for Ptm > 0 

mmHg obtained by increasing internal pressure. The dashed line 

represents the extrapolation of the elastic tension curve that would be 

obtained if P1m is decreased below 0 mmHg through an increase in 

external pressure. The vessel radius at a given internal pressure is given 

by the intersection of the equilibrium curve for that pressure, and the 

elastic tension curve. In B, the dashed line now represents the elastic 

tension curve obtained when Ptm is decreased below 0 mmHg through a 

further decrease in internal pressure. The shape of the elastic tension 
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curves are different, even though they were obtained from the same 

pressure-volume curve. 
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In figure 1.8a, ri=lO at a Ptm=O. At a Ptm=200, ri~19.5 urn. If smooth 

muscle tone is increased, Azuma and Oka said the elastic curve would shift upwards 

thereby affecting the y-intercept. When smooth muscle tone increased enough to cause 

closure at Ptm=O (line EC0), the vessel would also be closed for Ptm=200 (line EC200). 

Therefore critical closure of the vessel wall would be dependent only on smooth muscle 

tone, and would be independent of internal pressure. 

Azuma and Oka's Analysis Revisited 

In their analysis, Azuma and Oka superimposed equilibrium tension curves for a 

vessel of a given cross-sectional area, with a hypothetical elastic tension curve for the 

vessel. Both the equilibrium curves and the elastic tension curves at positive Ptm were 

calculated with a constant external pressure. However, Azuma and Oka then calculated 

the elastic tension curves at negative transmural pressures by continuously increasing 

the external pressure. This shift in the reference point means the equilibrium curves 

are no longer valid because they refer to a vessel with a constant external pressure. 

The authors should have obtained the elastic wall tension curves for negative Ptm by 

decreasing internal pressure below 760 mmHg instead of increasing the external 

pressure. This is important because ri;t:re and therefore the calculated total wall tension 

will be different depending on whether Pi or Pe is changed (equation 1.8). Figure 1.8b 

shows the change in wall tension when Ptm is decreased by lowering Pi instead of 

raising Pe. The y-intercept of the elastic tension curve is the same as the equilibrium 

curves if P e is unchanged because the wall tension must equal -P e *k at ri = 0. When 

smooth muscle tone is increased, an external force is applied and the elastic tension 

curve will change shape. However, they-intercept of the tension versus radius graph 
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still remains constant because it must be equal to Pe*k at ri=O. Correcting this small 

error in Azuma and Oka's analysis results in very different conclusions. 

In order to examine the effects of increasing smooth muscle tone on the shape of 

the elastic tension curve, one must first study the effects on the pressure-volume curve. 

Figure 1.9 shows that when vessel tone is increased, the pressure-volume relationship 

may theoretically be shifted upwards (a change in capacitance, dashed line), rotated to 

the left (a change in compliance, broken line), or a combination of both (not shown). I 

will first examine what happens if the curve is shifted upwards. 
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Figure 1.9: Theoretical changes in the pressure-volume curve of figure 1.7 

(solid line) that might occur if smooth muscle tone is increased. An 

increase in tone may cause a parallel upward shift in the curve (dashed 

line, y-intercept=45.5 mmHg), a change in the slope (broken line), or a 

combination of both (not shown). 

According to the pressure-volume curve, the vessel lumen is closed until the 

internal pressure exceeds the external pressure by a critical value (45.5 mmHg). After 

the lumen opens, pressure increases as volume is injected. 
'· 
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The new pressure-volume curve can now be converted into an elastic tension 

curve. The change in the shape of the elastic tension curve is not the same as the 

pressure-volume curve because Tension oc ri but volume oc r?. This actually represents 

a second fault in Azuma and Oka's analysis. They extrapolated the tension-radius 

graph to yield a sigmoidal shape, since the aorta pressure-volume curve was sigmoidal. 

However, the slope of the graph in their paper at small and large radii are almost 

identical, implying a pressure-volume curve with a very steep initial slope and only a 

gradual slope at higher volumes. In fact, the pressure-volume curve of a vessel is very 

steep at high volumes, presumably due to the low compliance of the outer fibrous 

layer (70). 

Figure 1.10 shows equilibrium curves for EC0, EC20, EC40, EC100, EC200, and 

the shift in the elastic tension curve when vessel tone is increased. 
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Figure 1.10: This graph of wall tension versus radius shows five different 

equilibrium curves (dotted lines) for the hypothetical vessel in figure 1. 7 

with external pressure always equal to 760 mmHg. The five curves 

represent P1m of (from inferior to superior) 0 mmHg, 20 mmHg, 40 

mmHg, 100 mmHg, and 200 mmHg. The solid line represents the 

elastic tension curve in figure 1.8b, whereas the dashed line represents 
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the elastic tension curve if smooth muscle activation causes a parallel 

upward shift in the pressure-volume curve of the vessel (figure 1. 9 -

dashed line). Although all the lines appear to converge below a radius 

of 2 urn, it can be shown that the elastic tension curve with increased 

smooth muscle tone never intersects the EC40 curve (see figure 1.11). 
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First, in contrast to Azuma and Oka's analysis, increasing smooth muscle tone 

does not affect the y-intercept because their equation predicts that T w at zero radius is 

constant if P e and wall cross-sectional area are kept constant (equation 1.11). Under 

conditions of increased smooth muscle tone, the elastic tension curve rotates to the left, 

and intersects EC200 at a smaller radius. 

The analysis can also be used to predict the critical closing pressure. In fi~ure 

1.10, there is a clear intersection of the elastic tension curve with both EC200 and 

EC100• If critical closure is to occur at 45.5 mmHg as the pressure-volume curve 

predicts (dashed line in figure 1.9), there should be no intersection between the elastic 

tension curve and the equilibrium curves EC40 or EC0 (EC40 was chosen instead of 

EC45 .5 for clarity). However, all the lines in the figure appear to converge below ri=3. 

Figure 1.11 is therefore an enlargement of figure 1.10 at ri = 1 urn. Since the elastic 

tension of the constricted vessel wall is greater than the equilibrium tension of EC40, 

the vessel will continue to close. It can be shown that this occurs until ri =0 for any 

equilibrium curve of 45.5 mmHg or less, and the vessel therefore exhibits critical 

closure at a Ptm=:45.5 mmHg. 
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Figure 1.11: An enlargement of figure 1.10 at an internal radius of 1 urn. The 

elastic tension of the vessel with increased tone (T et) is still greater than 

the EC40 curve. The vessel wall will therefore continue to constrict if 

intravascular pressure is only 40 mmHg. 
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The preceding analysis assumed that an increase in smooth muscle tone caused a 

parallel upward shift of the pressure-volume curve. However, it is also possible that 

the curve rotates instead of shifting, i.e. a change in compliance rather than a change in 

capacitance (figure 1.9, broken line). If this occurred, the elastic diagram would still 

rotate to the left (figure 1.12). The elastic tension curve would continue to intersect 

every equilibrium curve it had previously intersected, but the radius at the intersection 

points would be decreased. In figure 1.12, ri would change from 10 urn to 4.5 urn if 

smooth muscle tone increased and Ptm was kept constant at zero. Critical closure would 

effectively exist when the red blood cells could no longer squeeze through the lumen 

(~2-3 urn). 



0 

internal radius (urn) 
0 2 4 6 8 1 0 12 14 1 6 1 8 20 

3000 

c: 
0 ........ 0 ·- E 0 
c: :::s -3000 

CD Q 
-6000 1- ::::t: 

- E -9000 - E ea 
3: 

...... 
-12000 

.... 

, 

/ 
,/' ... 

constricted / .. · · · .·. . . . . · 
./~·. . . . . . . . ..... 

/:.~·-r....... . ..... . 
·.·.~· ,• l 

........ ·.··~ relaxed 

-15000 

Figure 1.12: Equilibrium curves for Ptm =0, 100, and 200 mmHg (external 

pressure=760 mmHg), and the shift in the elastic tension curve that 
' I 

would occur if the slope of the pressure-volume curve i's affected by 

smooth muscle activation (figure 1.9 - broken line). In this example, 

smooth muscle activation (keeping Ptm =0) decreases the internal radius 

from 10 urn to 4.5 urn, and decreases the total wall tension (more 

negative). 

Discussion of the Models 
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Using the same formula for wall tension as Azuma and Oka (5,103), I have 

shown that critical closure can theoretically exist in the arterial vasculature if the 

pressure-volume curve for a short segment of the arterial tree corresponds to the dashed 

line in figure 1.9. The dynamic pressure-volume curve of the microvascular tree is 

unknown. Experimentally, Baez et al. used in vivo microscopy and observed critical 

closure of metarterioles and precapillary sphincters during steady-state measurements 

following intravascular pressure reductions in an isolated intestine preparation (6,7). 
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Thus, correcting the false assumption in Azuma and Oka's analysis reconciles the 

theoretical analysis with experimentally obtained results. 

A few salient points of my analysis should be discussed. Some authors have 

commented on the folding of the endothelium and internal elastic lamina that occurs 

with blood vessel constriction (47). My analysis, and that of Azuma and Oka's, 

assumes the lumen to be circular. This simplification only means that closure would 

exist at a higher pressure than the analysis predicts. For example, a relaxed vessel that 

is distended by intravascular pressure will have a circular internal and external 

circumference. If the vessel wall contracts, the new external re can be measured. One 

can then calculate the total lumen area by subtracting the total wall cross-sectional area 

(which is unaffected by vessel contraction) (89). ri represents the maximal radius 

possible for this calculated total lumen area. If folds exist, the area actually available 

for blood flow is the calculated total lumen area minus the area between the folds. 

Therefore, the effective lumen area is smaller than the calculated total lumen area, and 

blood flow will cease even when the calculated ri is well above zero (i.e. Pcrit is higher 

than predicted). 

In order for the vessel to close, smooth muscle shortening must occur. In vitro 

and in vivo, smooth muscle shortens only 30-40% (109). Therefore, Alexander 

suggested that the smooth muscle must be helical and have a pitch of 30-45 degrees in 

order for the lumen to close (1). However, the amount of shortening required to 

obliterate the lumen of a thick-walled vessel is affected by the ratio of ri to re. For 

example, using the vessel described in my analysis (re =20 urn, ri =0.5re at full 

relaxation and zero transmural pressure), the external smooth muscle layer only has to 

shorten 13.5% to obliterate the lumen (i.e. re=17.3 urn). If ri=0.7re, then 28.6% 

shortening must occur before closure results. Therefore, vessel closure does not require 

helical arrangement of smooth muscle cells in the arterioles, although such an 
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arrangement would decrease the magnitude of the smooth muscle tension necessary to 

cause vessel closure. 

Finally, several control systems interact to determine the new vessel diameter 

following an increase in perfusion pressure. These are discussed in the section on 

vessel tone and include central factors, the myogenic response, endothelial-derived 

factors (EDRF, prostaglandins), metabolic stimulus, and passive mechanics of the 

vessel wall. Thus far, my analysis dealt only with the equilibrium states that are 

present during stable conditions. If perfusion pressure is increased, myogenic reflexes 

and metabolic control would tend to increase smooth muscle tone, whereas EDRF 

would decrease tone. Observations in cat skeletal muscle arterioles show an immediate 

dilation of the vessels when the pressure is increased, followed by a constriction to a 

radius below the previous level (17). Figure 1.13 shows how these vessel diameter 

changes might occur as predicted by the model. First, an increase in pressure from 100 

mmHg to 200 mmHg results in an increase in radius from point A to point B along the 

elastic tension curve. This is followed by an increase in smooth muscle tone shifting 

the elastic tension curve to the left, and a decrease in radius to point C. The radius is 

now less than the original point A, and the total wall tension is greater (less negative). 

The model also illustrates that Pcrit is dependent on tone and not diameter. For 

instance, if the increase in smooth muscle tone following the pressure rise was not as 

great as shown in figure 1.13, curve C would have intersected EC200 at a radius which 

was still greater than control conditions. Although the vessel would be dilated 

compared to control, Pcrit would still be increased. 
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Figure 1.13: This figure illustrates how the model would predict wall tension 

and radius changes if myogenic reflexes were present. Equilibrium 

curves EC0, EC100, EC200, and the elastic tension curves in figure 1.10 

are superimposed. Point A refers to the starting point at Ptm = 100 

mmHg. An increase in intravascular pressure to 200 mmHg causes 

movement along the elastic tension curve to Point B, and therefore an 

increase in radius. When the myogenic reflex increases vascular tone in 

response to the increased perfusion pressure, the elastic tension curve is 

rotated to the left, and now intersects EC200 at Point C. This represents 

a radius smaller than that at Ptm of 100 mmHg. The final internal radius 

will be dependent on the strength of the myogenic response, and might 

be less than or greater than the original radius. The critical closing 

pressure however, will always be increased with increases in smooth 

muscle tone. 
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In summary, I have shown that Azuma and Oka' s conclusion that critical 

closure cannot exist is based on a false assumption. Once corrected, the model shows 

that arterioles can theoretically exhibit a critical closing pressure. The critical closing 
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pressure is dependent on the tone of the smooth muscle and not the absolute vessel 

diameter. Furthermore, this analysis suggests that the vessels gradually close as 

intraluminal pressure is reduced, whereas Burton's analysis suggested a sudden collapse 

of the vessels. Since Poiseuille's Law assumed a rigid tube, it cannot be applied to a 

model incorporating a collapsible segment. I will now discuss the effects of a 

collapsible segment on the physical determinants of flow, and how the incorporation of 

a collapsible segment at the arteriolar level can explain both the zero-flow pressure 

intercept and waterfall behaviour noted in the section "History of Pressure-Flow 

Relations". 

1.2.c. Effects of a Collapsible Segment on Flow 

Once one accepts that closure of vessels is theoretically possible, the next step is 

to discuss the mechanism behind waterfall behaviour and the zero-flow pressure 

intercept. 

Starling's Variable Resistor 

In 1912, Knowlton and Starling diverted aortic blood flow through a collapsible 

rubber tube placed within a pressurized chamber in an attempt to control arterial 

pressure (82). They found that if the chamber pressure was greater than the 

downstream pressure, the tube collapsed and the pressure in the aorta was equal to the 

pressure surrounding the collapsible tube over a wide range of flows. The authors 

suggested that this occurred because the collapsed segment of the rubber tube began to 

open as the flow rate was increased, and therefore resistance declined with increasing 

flow. Arterial pressure was maintained constant because the tendency towards an 

increased pressure with increases in flow was balanced by the tendency towards a 

decreased pressure with decreases in resistance. In honor of the principle investigator 

in the study, a collapsible tube placed inside a pressurized chamber has become known 

as the Starling resistor. 
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Although Starling used collapsible tubes as a method to control arterial pressure, 

it was Holt who showed that blood vessels sometimes act as Starling resistors in 

vivo (60). Holt studied the large veins as they entered the thorax, and found that 

decreases in right atrial pressure are only transmitted to the femoral vein if the right 

atrial pressure is above zero. Once right atrial pressure becomes negative, the great 

veins collapse near their entry into the thorax where the extraluminal pressure (outside 

the thorax) is greater than the pressure inside the vein. When veins collapse, femoral 

venous pressure is unaffected by further decreases in right atrial pressure. Holt 

concluded that veins are collapsible tubes and can act as variable resistors. 

Waterfall Behaviour 

The study of flow through collapsible veins was elaborated upon by Duomarco 

and Rimini (32). These authors brought attention to the importance of Bernoulli's 

Theorem and energy gradients in determining flow through collapsible tubes, rather 

than the previously stressed hydraulic (pressure) gradients used for rigid tubes. When 

the pressure surrounding a collapsible tube is greater than the intraluminal pressure, the 

cross-sectional area of the lumen decreases. The tube is no longer in the shape of a 

cylinder and Poiseuille's Law cannot be used. For example, the velocity of flow 

increases as tube diameter decreases. This results in the conversion of potential energy 

(pressure) into kinetic energy and is measured as a fall in pressure. If the tube 

diameter increases downstream, pressure rises as kinetic energy is converted back into 

potential energy. Therefore, in a non-cylindrical tube, flow can occur against a 

pressure gradient and it is the energy gradient that should be used to describe flow 

through the tube. Duomarco and Rimini used several examples to show that energy 

and hydraulic gradients are often dissociated in nature. One example is a river 

interrupted by a waterfall. In this situation, the altitude (pressure) of the river below 

the falls can be increased or decreased, without affecting the flow over the falls, unless 

the downstream river becomes higher than the falls themselves. This is analogous to 
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the effect observed by Holt previously noted, in which changes in right atrial pressure 

below atmospheric pressure were not transmitted to the femoral vein (60). The 

dissociation between downstream pressure/resistance and flow has therefore been called 

"waterfall behaviour" or "vascular waterfall" (107). 

Permutt and Riley's Analysis 

In 1963, Permutt and Riley used the waterfall concept to reinterpret Burton's 

results concerning the critical closing pressure in the arterial circulation. These authors 

hypothesized that if the arterioles act as collapsible tubes, then flow through the 

vascular bed should be governed by the physics of flow through collapsible tubes. In 

contrast to previous authors who hypothesized venous waterfalls, Permutt and Riley 

suggested that waterfall behaviour is present at the level of the arterioles. Furthermore, 

they hypothesized that if the outflow pressure (Pout) is less than the pressure 

surrounding the tube (P criJ, then flow is determined by the difference between the 

inflow pressure (Pin) and Peril' divided by the resistance between the two (i.e. arterial 

resistance up to the site of vessel collapse). As ·in Duomarco and Rimini's waterfall 

model (32), downstream resistance (venous resistance) has no effect on flow through 

the collapsed vessel unless the waterfall is overcome. As I have shown in the section 

on "History of Pressure-Flow Relations", waterfall behaviour has been shown in the 

heart (38), liver (99), lung (126), and skeletal muscle (92). Finally, Permutt and Riley 

also hypothesized that flow is zero when Pin is less than Pcrit (i.e. the altitude of the 

upstream river was lower than the falls). 

Wave-Speed Hypothesis 

Following Permutt and Riley's analysis, many authors began investigating flow 

through collapsible tubes using a penrose drain in a pressurized chamber. In contrast to 

Permutt and Riley's hypothesis, Conrad showed that flow occurred as soon as 

Pin> P out• even when Pin< Pcrit (figure 1.14 (26)). Although the tube was collapsed, its 

shape was similar to a dumbbell and flow occurred through two side channels that 
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always remained open. As Pin was increased, flow increased linearly until Pin=Pcrit· 

At this point, further increases in flow caused the length of the collapsed segment to 

become shorter as the tube began to open, and iriflow pressure remained essentially 

constant. This was due to the decrease in resistance of the penrose drain (i.e. decrease 

in length of the collapsed segment) with increases in flow, as previously explained by 

Starling (82). Eventually, the tube opens completely and under these conditions, Pin 

increases as per Poiseuille's Law. 

Flow 

Figure 1.14: Inflow pressure (Pin) minus outflow pressure (P ouJ is plotted 

against flow (adapted from Conrad (26)). Once Pin is greater than Pout' 

flow occurs through side channels and the slope of the line is 

approximately equal to the resistance of the collapsed tubing. As flow 

increases, Pin increases and when it exceeds Peril' the tube begins to 

open. Further increases in flow cause the collapsed segment to open and 

Pin remains essentially constant. However, the increase in flow causes 

an increase in pout because there is a fixed resistance downstream from 

where Pout is measured. Therefore, Pin minus Pout decreases with 

increases in flow. With any further increases in flow, the 
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continuous rise in Pout means Pout will eventually exceed Pcrit and the 

collapsible tube will be fully open. The relationship between Pin and Pout 

then becomes linear with a slope equal to the resistance of the open 

collapsible tube. 
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The occurrence of flow when Pin <Pcrit is incompatible with the waterfall model 

as described by Permutt and Riley. Although one might suggest this is an artifact due 

to the low compliance of penrose tubing, no one has yet shown that higher pressures, 

or more compliant tubing, will eliminate the effect. Furthermore, Permutt and Riley's 

"critical closing pressure-waterfall hypothesis" does not explain the constant Pin with 

increasing flow that occurred in both Starling's and Conrad's experiments. Since the 

critical closing pressure-waterfall hypothesis did not correlate with the observed data 

using penrose drains, other hypotheses were proposed to explain the waterfall 

phenomenon of the Starling resistor. 

In 1969 and 1971, Griffiths published a series of articles describing flow 

through collapsible tubing and used the term "flow-limitation" to describe "waterfall 

behaviour" (48-51). The term flow-limitation is appropriate because for a constant Pin' 

flow increases as Pout is decreased but reaches a maximum when Pout=Pcrit· There is no 

further increase in flow as Pout is decreased below Pcrit· Griffiths showed that flow

limitation could be due to transitions in "supersonic flow" to "subsonic flow" and a 

resultant hydraulic jump associated with energy dissipation through turbulence. This is 

analogous to the wave-speed limitation theory which suggests that decreasing 

downstream pressure results in the velocity of flowing fluid becoming greater than the 

wave-speed through the tube. Therefore, the increased fluid velocity cannot be 

transmitted upstream and flow-limitation occurs (77, 119). In Griffiths analysis, flow 

limitation will occur if there is a sudden constriction in the vessel, and does not require 

that the vessels close when Pin< Pcrit· Therefore, this analysis explains waterfall 
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behaviour, and does not contradict Conrad's experiments. On the other hand, Griffiths 

analysis does not explain the arterial-venous pressure gradient measured at zero-flow as 

observed in the previously mentioned section on the "History of Pressure-Flow 

Relations". The combination of Griffiths analysis and Azuma and Oka's analysis has 

been used to suggest that waterfall behaviour is not due to a critical closing pressure, 

and that the zero-flow pressure intercept is due to an as yet unexplained phenomenon. 

However, more recent experiments by Lyon et al. on the effects of the Reynolds 

number allow for a unifying hypothesis of all the observed data. 

Reynolds Number and the Starling Resistor 

In 1980, Lyon et al. examined the effect of the Reynolds number on flow 

through a Starling resistor (91). When they used a low viscosity fluid with a maximum 

Reynolds number of 2000 (water; 0.01 stoke), they obtained similar results to Conrad 

(26) in that flow occurred through side channels and increased linearly as soon as 

Pin> Pout' even though Pin< Pcrit· Furthermore, at high flows, Pin remained essentially 

constant, and flow was associated with marked flutter of the tubing. In contrast to 

Conrad's experiments, Lyon et al. did not incorporate a resistance. downstream from 

where Pout was measured, but instead kept Pout constant. Therefore, Pin-Pout did not 

decrease with increasing flow. When Lyon et al. increased the viscosity so that the 

maximum Reynolds number was only 40 (Dow Coming series 200 silicone fluid; 0.5 

stoke}, the observations were similar except that the rise in pressure with increasing 

flow for the initial phase was greater. However, when the viscosity of the fluid was 

increased further so that the maximum Reynolds number was 2 (Dow Coming serries 

200 silicone fluid; 10 stokes), flow no longer occurred through the side channels of the 

collapsed tubing, and a true zero-flow pressure intercept was obtained. The value of 

the intercept was equal to the pressure surrounding the tube, i.e. Pcrit· Furthermore, 

when flow did occur at the higher pressures, the relationship between flow and pressure 

was linear and the slope was only slightly higher than the calculated resistance from 
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Poiseuille's Law for the fully open tube. Finally, the authors noted that the tube never 
fluttered, even at the highest flow rates. These results indicate that the physical 

determinants of flow through collapsible tubes is dependent on the Reynolds number, 

and that "critical closing pressures" can only be observed when the viscous forces 
approach the magnitude of the inertial forces (Reynolds number of 1 by definition). 

Since the Reynolds number in the arterioles is 0.09 (24), a Starling resistor at this level 

(as hypothesized by Permutt and Riley) would reveal both a critical closing pressure 

and waterfall behaviour, but not a constant Pin with increasing flow, i.e. exactly what 

has been observed experimentally (92). 

low Reynolds number 

\ 
high Reynolds number 

~~-~~~~-.--.--; . .-......¥'-.--:-. ..-.. .---.--. · · · · · · ~rit 

Flow 

Figure 1.15: Inflow pressure (PiJ minus outflow pressure (P ouJ is plotted 

against flow at high Reynolds numbers (solid line) and low Reynolds 

numbers (dashed line) (adapted from Lyon et al. (91)). At high 

Reynolds numbers, flow occurs as soon as Pin> Pout through open side 

channels in the collapsed tube, even though Pin < P crit. As flow 

increases, the collapsible tube begins to open, and the slope of the 

apparent plateau in the relationship reflects the resistance of the 

completely open collapsible tube. This is barely distinguishable from the 
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x-axis. At low Reynolds numbers, no flow occurs until Pin> Pcrit and a 

true zero-flow pressure intercept is obtained. 
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Although Lyon et al.'s experiments were done using large penrose drains and 

highly viscous fluids, the results have been supported by experiments using blood and 

240 urn diameter penrose tubing (120). Sipkema and Westerhof observed a shift in the 

pressure-flow relation when the Reynolds number was only 18 that was similar to 

Lyon's observations at Reynolds number of 40. Although they did not obtain a true 

zero-flow pressure intercept, it is very likely that smaller diameter tubes (lower 

Reynolds number) would have exhibited a "critical closing pressure" just as Lyon et al. 

showed at a Reynolds number of 2. 

The experiments by Lyon et al. (91) and Sipkema and Westerhof (120) now 

allow for the unifying concept of the Starling resistor. First, if waterfall behaviour is 

defined as the dissociation of energy and hydraulic gradients [i.e. increases in Pout do 

not affect flow (under constant pressure conditions), or pressure (under constant flow 

conditions), until a critical value is reached (figure 1.16)], then waterfall behaviour is 

always observed in a Starling resistor model regardless of the Reynolds number. This 

effect is adequately explained by both the wave-speed hypothesis, and the critical 

closure hypothesis. If the analogy to a waterfall includes the fact that the upstream 

pressure (altitude of river) must be greater than the waterfall pressure (altitude of 

waterfall) in order for flow to occur, then a Starling resistor only exhibits waterfall 

behaviour when the Reynolds number is low, i.e. when a critical closing pressure exists 

(figure 1.15). When the Reynolds number is high, the Starling resistor results in an 

almost constant inflow pressure despite large increases in flow. Since this does not 

occur with flow over a waterfall, the waterfall analogy is not valid for high Reynolds 

numbers. Therefore, figures 1.15 and 1.16 show that both the wave-speed hypothesis 

and the critical closure hypothesis can explain the relationship between flow and venous 
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pressure, but only the critical closure hypothesis can explain the relationship between 

flow and perfusion pressure. 

Pout 

·_-:o 
::::::~ 

Figure 1.16: The solid line (left y-axis) illustrates the concept of flow 

limitation that occurs with a Starling resistor. If inflow pressure (Pin) is 

kept constant and' outflow pressure (P ouJ · is decreased, flow increases 

until Pout becomes less than the pressure surrounding the tube (PcriJ· 

Further decreases in Pout do not increase flow, i.e. maximum flow is 

limited. The dotted line (right y-axis) shows the relationship between Pin 

and Pout when flow is kept constant and Pin is allowed to change. As Pout 

is increased, there is no effect on Pin until the Pout>Pcrit· These 

relationships are true at low and high Reynolds numbers. 

Finally, it is important to note the differences between the penrose drain models 

and blood vessels. When the pressure surrounding the penrose drain is increased, the 

tubing becomes dumbbell shaped (26). However, the pressure generated by smooth 

muscle constriction produces a different effect because the smooth muscle actually 

shortens which creates a physical limitation to the shape of the vessel lumen. Indeed, 
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the endothelium and internal elastic lamina of the vessel become folded and do not take 
on the dumbbell shape (47). This means blood cells will occlude the vessel lumen at a 

higher intraluminal pressure than would occur if the dumbbell shape occurred. 

1.2.d. Summary 

Poiseuille's Law is valid for laminar flow of a Newtonian fluid through a rigid 

cylinder. Whereas many of these assumptions are not met in the circulation, the most 

important difference is that arteriolar vessels can be modelled as collapsible tubes 

surrounded by an external pressure that is generated by the smooth muscle tone. This 

model is similar to the variable resistor described by Knowlton and Starling in 

1912 (82) that is now known as the Starling resistor. Recent evidence suggests that 

flow through a Starling resistor is partially dependent on the Reynolds number. Flow

limitation occurs at both low and high Reynolds numbers. However, a critical closing 

pressure will only occur at low Reynolds number, whereas flow at high Reynolds 

numbers results in a constant inflow pressure over a wide range of flows. The analogy 

to a waterfall is completely applicable for flow at low Reynolds numbers, but only 

partially applicable for flow at high Reynolds numbers. 

When a vascular waterfall is present, flow is determined by the difference 
between inflow pressure and Pcri1

9, divided by the arterial resistance between the two. 

Since both P crit and arterial resistance can be affected by changes in smooth muscle 

activation, I will now discuss some of the factors that alter vessel tone and diameter. 

9 Critical closing pressure, critical pressure, and waterfall pressure are all synonymous with 

pcrit· 
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1.3. FACTORS AFFECTING TONE AND DIAMETER 

Vessel tone is affected by central and local factors. Central factors include the 
sympathetic nervous system, parasympathetic nervous system, and hormones 
(e.g. epinephrine, norepinephrine, angiotensin II, atrial natriuretic hormone). 
Activation of the sympathetic system generally results in vasoconstriction (15). 

Activation of the parasympathetic system results in vasodilation but the mechanism may 
be indirect through the release of local endothelial-derived factors (22). Some 
hormones cause vasoconstriction (e.g. angiotensin II, (95)) whereas others cause 
vasodilation (e.g. atrial natriuretic peptide, (115)). Platelets and inflammatory cells 
can also affect vessel tone through inflammatory mediators such as histamine, 
bradykinin, etc. (76). 

Whereas central factors are well characterized, many questions remain about 
local regulation of blood flow. The following sections discuss the role of pressure, 
flow, ischemic metabolites, and passive mechanics of the vessel wall in the local 
control of vessel tone. The role of the endothelium in coordinating the vasodilator 
responses of the micro- and macro-circulations are also discussed. 

1.3.a. Myogenic Factors 

In 1902, Bayliss suggested that vessel resistance was affected by the local 
perfusion pressure (9). In his experiments, he measured changes in hindlimb blood 
volume and inferred changes in vessel tone. When Bayliss increased systemic blood 
pressure by stimulating the peripheral ends of the splanchnic nerves, the hindlimb blood 
volume increased. Bayliss suggested this effect was due to vessel distention secondary 

to the higher pressures. When he then reduced arterial pressure back to normal, 

hindlimb volume decreased substantially below control which suggested that the blood 
vessels held less volume compared to the control condition, i.e. vasoconstriction had 
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occurred during the increased arterial pressure. Bayliss also observed the opposite 
effect if he initially reduced arterial pressure by partially clamping the abdominal aorta. 
The volume changes occurred in both the innervated and denervated hindlimb which 
suggested that the responses were due to local effects and were not sympathetically 
mediated. 

In Bayliss' experiments, the increase in arterial pressure was associated with an 
increase in flow. To rule out flow-mediated changes, he studied carotid arteries under 
no flow conditions in vitro (9). When he increased intraluminal pressure, he visually 
observed an initial dilation of the arterial segment, but this was followed by an active 
constriction which reduced the diameter towards control. When Bayliss reduced the 
pressure back to normal, the opposite effect was noted. Since the response occurred in 
excised tissue, Bayliss suggested the constriction was due to a change in vessel wall 
tension, and called it a "myogenic response". These in vitro results suggest the in vivo 
"Bayliss response" was due to the same myogenic mechanism. 

In 1912 Anrep suggested that the in vivo Bayliss response was due to changes in · 
circulating epinephrine from the adrenal glands (2). Bayliss had increased arterial 
pressure with splanchnic nerve stimulation and asphyxia, both of which might cause 
adrenal release of norepinephrine and epinephrine. Anrep showed that the Bayliss 
response was eliminated in the adrenalectimized animal. However, in these 
experiments, Anrep increased the blood pressure over 20 seconds, and the subsequent 
decrease in blood pressure took up to 90 seconds. These long periods of time mean 
that autoregulatory mechanisms may have occurred during the lowering of blood 
pressure and therefore might have masked the myogenic response. In another series of 
experiments, Anrep rapidly changed perfusion pressure to the forelimb by occluding the 
abdominal aorta and observed similar results (2). However, in this protocol, the 
elevated blood pressure was maintained for only 10 seconds which may not have been 
long enough to observe the myogenic response. More recent studies using in vivo 
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microscopy suggests that the myogenic response in mesenteric arterioles has a lag time 
which averages 13 seconds and a time constant of 36.9 seconds (71). Upon careful 
examination of published tracings, the same conclusion can be made for rat cremasteric 
arterioles (100) and porcine coronary arterioles (86). In fact, the decreases in volume 
that Bayliss observed also only began to occur after approximately 20 seconds (9). 

Anrep also found that arterial pressure occasionally remained constant during 
asphyxia (i.e. centrally-induced vasoconstriction did not occur). In these experiments, 
vasodilation occurred instead of vasoconstriction. He therefore hypothesized that the 
vasodilation Bayliss observed during a decrease in systemic arterial pressure was 
actually due to local tissue release of vasoactive metabolites (acids and carbon dioxide) 
secondary to ischemia. To test this hypothesis, he clamped the inflow and outflow of 
the rabbit ear for 30 seconds. Following the occlusion, the volume of the ear 
increased, i.e. vasodilation occurred, and Anrep again concluded the Bayliss response 
was not pressure-mediated. However, Anrep did not comment on the fall in arterial 
pressure during the time of occlusion. Therefore, changes in myogenic and metabolic 
factors occurred, both of which would cause· vasodilation. Therefore, it is not possible 
to separate myogenic and metabolic causes of vasodilation in these experiments. 
Finally, with regards to Bayliss' in vitro experiments, Anrep was unable to reproduce 
the findings. The reason for this is unclear since observations from more recent 
experiments support Bayliss' observations (37,85). 

In 1949, Folkow showed convincing evidence that Bayliss' original hypothesis 
was correct (41). Unlike Bayliss and Anrep who only measured regional volumes, 
Folkow measured venous outflow directly and calculated changes in resistance. First, 
he examined the role of vasoactive metabolites during reactive hyperemia following 
partial aortic occlusions in the cat hindlimb. After measuring reactive hyperemia 
during control conditions, Folkow denervated the hind limb and· found that resting flow 
doubled. He then decreased flow in the denervated limb by partially occluding the 
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aorta, but still maintained it higher than pre-denervation levels. When the partial 
occlusion was released, reactive hyperemic flow still occurred. Folkow suggested it 
was unlikely that vasoactive metabolites were being produced during the partial 
occlusion because flow under these conditions was greater than flow during control 
conditions. 

Folkow also studied the effect of hypoxemia and hypercapnia on regional flow.· 
He showed that reducing the oxygen concentrations down to 50%, or increasing carbon 
dioxide concentrations up to 5%, had only minimal effects. Since these concentrations 
are more extreme that those reached during short periods of arterial occlusion which 
also cause vasodilation, these results further support the hypothesis that metabolites 
play a minimal role in the regulation of blood flow to the resting hindlimb. 

Finally, Folkow showed a myogenic response must exist by comparing changes 
in reactive hyperemic flow due to 1) arterial occlusion and 2) venous occlusion. 
Whereas decreasing arterial pressure results in both a myogenic and metabolic 
vasodilator stimulus, venous occlusion results in a metabolic vasodilator stimulus, but a 
myogenic vasoconstrictor stimulus. Therefore, the two methods should have identical 
effects on flow if the myogenic response did not exist, but different effects if it did. 
Folkow found that immediately after a 15 second arterial occlusion, there was a 
decrease in blood pressure and an increase in flow (due to distal vasodilation). 
However, a 50 second venous occlusion produced no change in blood pressure, and 
only a slight increase in venous outflow. 10 These results strongly suggest that 
vasodilation from a 15 second arterial occlusion is not due to vasodilator metabolites, 
and most likely reflects a myogenic response. The lack of vasoconstriction during the 

10 The increased venous outflow was most likely due to engorgement of the capillary and 
venous systems during venous occlusion, and does not necessarily reflect an increase of 
inflow to the hindlimb. 
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50 second occlusion in which arteriolar pressure was significantly increased probably 
reflects the balance between an increased myogenic stimulus which produces 
vasoconstriction, and a vasodilator stimulus due to accumulation of metabolites over 50 
seconds of ischemia. 

Considered together, these results strongly suggest that the myogenic response is 
the major factor responsible for reactive hyperemia following short occlusions in the 
resting hindlimb. Interestingly, Folkow also noted an increase in venous outflow 
following arterial occlusions as short as 3 seconds. According to the in vivo 
microscopic studies previously mentioned which showed more than a 10 second time 
lag before the myogenic response occurs (71,86,100), this could not have been due the 
myogenic response. Furthermore, it could not have been due to refilling of a 
compliant region because Folkow measured venous outflow and not arterial inflow. 
These discrepancies have not yet been addressed in the literature and the mechanism for 
reactive hyperemia of short occlusions remains unknown. One possibility is that during 
the short occlusions, vessel diameter does not change because the decrease in forces 
compressing the vessel (myogenic tone) is balanced by the decrease in forces distending 
the vessel (intravascular pressure). When the occlusion is released, the intravascular 
pressure suddenly increases, distends the vessel, and flow increases secondary to the 
decrease in resistance. With longer occlusions, the decreased myogenic tone may 
become more important than the decreased pressure, and microscopic studies will 
measure an increase in diameter. This hypothesis underscores the need for careful 
interpretation of studies using microscopy, and the importance of understanding that the 
relationship between tone and diameter is indirect and dependent on changes in 
transmural pressure. 

The Mechanism of the Myogenic Response 

Since Folkow's article in 1949, various studies have shown that the myogenic 
response occurs in arteries (113), arterioles (37,85), and veins (133). The response is 
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eliminated if a calcium-free medium is used, or if calcium is chelated with 
EDTA (130). Some studies have shown dihydropyridine calcium channel blockers 
eliminate the myogenic response (84), whereas others show either no effect on the 
myogenic response or only a partial inhibition depending on which calcium channel 
blocker is used (55,64). 

Originally, it was believed that pressure-induced vasoconstriction was a property 
of smooth muscle (130), perhaps resulting from stretch-induced depolarization (72). 
However in the late 1980's, some studies suggested that the myogenic response of 
vascular smooth muscle was dependent on the presence of endothelium (52,79,113). 
For example, Rubanyi used a bioassaytechnique to study the response in canine carotid 
arteries (113). Briefly, he perfused a donor vessel segment and allowed the effluent to 
superfuse another vessel segment (the bioassay ring) which was connected to a tension 
transducer. Therefore, if a stimulus applied to the donor segment caused an increase in 
the bioassay ring tension, then a transferable vasoconstrictor substance must have been 
released into the effluent. When Rubanyi increased perfusion pressure in the donor 
vessel from 0 mmHg to 33.5 mmHg by increasing outflow resistance at constant flow, 
both the donor vessel and bioassay ring constricted. However, if the endothelium of 
the donor segment was removed with mechanical rubbing, the donor segment passively 
dilated and there was no effect on the bioassay ring. 

Although the work by Rubanyi and others was convincing, more recent work 
has shown the myogenic response is not always dependent on endothelium (37,85). 
Kuo, Chilian, and Davis dissected out 40-70 urn vessels from the coronary circulation 
and cannulated both ends with glass pipettes (85). The pipettes were then connected to 
reservoirs hung from the ceiling. The authors varied the intraluminal pressure of the 
vessel between 20-140 cmH20 by adjusting the height of the reservoirs and showed that 
mechanical removal of the endothelium in these vessels had no effect on the observed 
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myogenic response. Similar results were obtained with 135-200 urn cremasteric skeletal 
muscle arterioles (37). 

The differing results with respect to endothelial-dependence were explained by 
Falcone et al. who noted that all studies indicating an endothelial dependence of the 

myogenic response were done on large vessels and/or cerebral arteries (37). 
Endothelium-independent myogenic responses were shown in lung, heart, ear, and . 
skeletal muscle arteries and arterioles (37). I~ is therefore likely that cerebral and large 
artery smooth muscle behave differently from the peripheral microcirculation. 

Finally, there is some evidence suggesting that in vitro responses may be 

different from in vivo responses. Meininger et al. showed that an increase in P per 

caused first order cremasteric arterioles to dilate in vivo (94), but constrict in vitro (37). 

The different results in the two studies may be due to different pressure ranges, an 
intact neural supply, anaesthesia, etc. Therefore, extrapolation of in vitro results to in 
vivo conditions should be done cautiously. 

1.3.b. Metabolic Factors 

Even though Folkow's experiments suggested that metabolic factors do not 

contribute to vascular tone in resting skeletal muscle, they may play a role during 
reactive hyperemia and exercise. For instance, although the normal oxygen supply to 
skeletal muscle is sufficient to support muscle metabolism for short periods of 
ischemia, longer periods would certainly decrease 0 2 concentration below 50% and 
therefore cause vasodilation (41). In addition, several vasodilator substances including 
C02, lactic acid, and adenosine are released during ischemia (101) and during muscle 

contractions (114). Recently, Bjornberg et al. showed that myogenic mechanisms alone 
could not fully explain reactive hyperemia for occlusions longer than 10 seconds (12). 
Which of the proposed metabolites is the major factor remains unknown. 
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Finally, one should not make conclusions on the role of vasoactive metabolites 
in exercise based on studies using reactive hyperemia because the effects of decreasing 
oxygen supply (reactive hyperemia) and increasing oxygen demand (exercise) are not 

necessarily the same. When Harrison et al. reduced the oxygen supply to skeletal 
muscle with hypoxia, there was an initial decrease in capillary flow but an increase in 

femoral arterial flow (54). If instead they increased the oxygen demand of the muscle 

with low level muscle stimulation, they observed an initial increase in capillary flow 
with no change in femoral arterial flow (53). These results show that decreasing 
oxygen supply does not necessarily produce the same results as increasing oxygen 

demand, and therefore, changes observed during reactive hyperemia may not 

necessarily apply to exercise-induced vasodilation. 

1.3.c. Passive Factors 

Since the vessel wall is a visco-elastic tissue, passive factors also affect vessel 

diameter. An increase in intraluminal pressure should cause a passive increase in 

diameter. Since the elastance of the vessel wall is curvilinear and the wall becomes 

stiffer at higher pressures, the change in diameter for a given change in pressure is 

dependent on the initial pressure (70). In addition, when a load is applied to a visco

elastic tissue and maintained, the initial change in length is followed by a slow, passive 
increase in tissue length due to "creep" (24).11 In vivo however, arterioles actively 
constrict in response to an increased pressure (94). Therefore, creep is not a major 
factor in determining arteriolar vessel diameter although it may attenuate the 

vasoconstrictor responses observed. In contrast to the behaviour of arterioles, venous 

11 Creep is similar to Stress Relaxation. Creep occurs when a constant load is applied to a 

visco-elastic tissue, whereas stress relaxation refers to the decline in tension after a 

constant length change is applied. 
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resistance decreases with increases in pressure (73,97) and passive factors may play a 
larger role in these vessels. 

1.3.d. The Role of the Endothelium 

During exercise, local microcirculatory vasodilation is most likely due to the 
release of metabolites from working muscles. However, the large proximal arteries 
also dilate even though they are not exposed to vasoactive metabolites (56). This 
proximal vasodilation is crucial if the increased demands for oxygen during exercise are 
to be met (117). For instance, the pressure in the mid-size cremasteric muscle 
arterioles (70-110 urn) or mid-size spinotrapezius arterioles (130-186 urn) is only 
65-75% of the femoral artery pressure in an intact muscle preparation (27). Therefore, 
if the pressure drop across the bed is from 100 mmHg in the femoral artery to 
approximately 0 mmHg in the femoral vein, then the pressure in the arterioles is 
approximately 70 mmHg. Assuming a resting flow of 5 ml·min·I.IOOg-1 and no 
Starling resistor-like mechanism, total resistance (~0J is 20 units, with proximal 
resistance being 6 units (R1) and distal resistance (R2) being 14 units. If blood pressure 
remains constant and distal resistance approaches zero, then flow would increase only 
3-fold to 16.7 ml·min-I.JOOg-1• However, flow can increase 4-5 fold during exercise 
(21,90,129). Therefore, proximal vessels must receive a signal to relax. A model 
incorporating a Starling resistor-like mechanism at the arteriolar level would require 
even more proximal vasodilation because decreases in resistance downstream from the 
vascular waterfall would not affect regional inflow. The myogenic response may be 
partly responsible through the following mechanism. The decrease in downstream 
resistance and increase in flow means that the pressure drop across the proximal vessels 
not exposed to vasodilator metabolites must increase (L\P=Q*R

8
, where L\P is the 

pressure drop across the arterial vessels and Ra is constant because the vessels have not 
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yet changed diameter). If inflow pressure is constant (i.e. arterial pressure), then 
intraluminal pressure must decrease along the entire length of the vessel (117). Thus, 
the myogenic stimulus is decreased and relaxation might occur. However, the 
endothelium may also mediate the response through flow-mediated vasodilation or 
intercellular communication. 

The Endothelium and Flow-mediated Vasodilation 

In 1980, Furchgott and Zawadzki showed that the endothelium is not simply a 
passive barrier, but also releases vasoactive substances into the local environment (45). 
Previous to 1980, it was known that acetylcholine infusion in vivo consistently caused 
vasodilation whereas acetylcholine infusion in vitro caused vasoconstriction. Furchgott 
and Zawadzki found that if the endothelium was carefully protected during the in vitro 
setup, acetylcholine caused vasodilation similar to the in vivo results (45). They 
hypothesized that the endothelium released a substance into the abluminal space 
(endothelial-derived relaxing factor (EDRF)) which was responsible for the smooth 
muscle relaxation. This substance was not a prostenoid because vasodilation occurred 
in the presence of cyclooxygenase inhibitors. Other substances which stimulate the 
release ofEDRF include bradykinin, thrombin, and calcium ionophore A23187 (44).· 

Besides its role in mediating pharmacologically-induced vasodilation, the 
endothelium is also responsible for mediating flow-induced vasodilation (61, 108, 125). 
For instance, Pohl et al. isolated a segment of the canine femoral artery in vivo, and 
measured both flow and diameter (108). When the authors infused acetylcholine distal 
to the segment under study, flow increased and the proximal arterial segment dilated. 
This was not a myogenic vasodilation secondary to the flow-induced decrease in 
intraluminal pressure because arterial pressure reduction by other means caused a 
passive vasoconstriction. After endothelial removal by either intimal damage or 
hydrogen peroxide infusion, flow-mediated increases in diameter were abolished. The 
absence of vasodilation after endothelium removal was not due to smooth muscle 
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damage because reactivity to nitroglycerin and norepinephrine were unchanged. The 
stimulus for EDRF release is now believed to be an increase in shear stress (87). 

The vasodilator substance released by endothelium in response to different 
chemical (e.g. acetylcholine, or bradykinin, or thrombin) and mechanical stimuli (shear 
stress) is 1) species dependent (43), 2) region dependent (112), and 3) stimulus 
dependent (76). The different substances hypothesized include nitric 
oxide (EDRF12), endothelial-derived hyperpolarizing factor (EDHF, (40,96)), and 
prostaglandins (76,83). Some of these substances also play a larger role in 
homeostasis. For instance, EDRF is also a neurotransmitter (20) and inhibits platelet 
aggregation (59). The role of these substances in the control of vascular tone will now 
be discussed individually. 

Endothelial-derived Relaxing Factor 

Many authors have confirmed the findings of Furchgott and Zawadzki' s since 
1980. Acetylcholine-mediated EDRF is not a prostaglandin because Furchgott and 
Zawadzki showed that' acetylcholine-induced · vasodilation is not affected by 
cyclooxygenase inhibitors (45). Studies which showed that the half-life is prolonged by 
free-radical scavengers led to the hypothesis that EDRF is a free radical (66,93). In 
addition, the action of EDRF is associated with an increase in smooth muscle [cGMP], 
similar to the nitrovasodilators already commonly in use (68,93). Finally, EDRF is 
inactivated in vivo by hemoglobin which results in a very short half-life (66,80). 
These results have led to the current hypothesis that the original EDRF described by 
Furchgott and Zawadzki is nitric oxide (NO) (63,66,67) or an S-nitrosothiol (65). The 
enzymes responsible for EDRF synthesis have been characterized (20,65), and 
L-arginine may be an essential substrate (105). This has led to the development of 

12 The originaJ EDRF described by Furchgott and Zawadzki is now believed to be nitric oxide. 
Some authors now abbreviate this substance as EDNO. 
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pharmacological agents designed to block EDRF synthesis. The most commonly used 
drugs are L-nitro-monomethyl-arginine (L-NMMA) (131), L-nitro-arginine 
(L-NNA) (11 ,69), and L-nitro-arginine-methyl-ester (L-NAME) (22,62). 
Endothelial-derived HyperpoklrUing Factor 

During the 1980's, it became apparent that other substances may also contribute 
to acetylcholine-induced vasodilation. Feletou and Vanhoutte demonstrated that 
acetylcholine releases a substance that hyperpolarizes the smooth muscle membrane 
(endothelial-derived hyperpolarizing factor, EDHF), which should theoretically cause 
relaxation through a decrease in calcium release (40). Removal of the endothelium 
eliminated both hyperpolarization and relaxation. However, ouabain blocked only the 
hyperpolarization and had no effect on relaxation (40). In a subsequent study using 
large canine coronary arteries, Hoeffner et al. (57) showed that ouabain (a blocker of 
EDHF) reduces acetylcholine-induced relaxation, but not bradykinin-induced 
relaxation. These results suggest acetylcholine causes the release of a second substance 
besides EDRF, and this substance is associated with smooth muscle hyperpolarization. 

Despite the report by Hoeffner et al., EDHF remains a controversial topic. 
Some authors have suggested that nitric oxide (EDRF) also causes hyperpolarization, 
but this response is not necessary for relaxation. For instance, Rand and Garland 
measured both tension and membrane potential simultaneously in the rabbit basilar 
artery (110). They showed that repeated exposure to acetylcholine eliminated the 
hyperpolarization, but did not affect relaxation. In addition, L-arginine analogues 
known to block EDRF synthesis abolished the hyperpolarizing effect. Therefore, they 
concluded that both effects are due to NO. Alternatively, it is possible the L-arginine 
analogues blocked the formation of the still unknown EDHF. 

Prostagklndins 

Prostaglandins represent a family of compounds derived from arachidonic acid. 
Some have vasoconstrictor properties and others have vasodilator properties. Although 
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Furchgott and Zawadzki originally showed that cyclooxygenase inhibitors do not affect 
acetylcholine-induced relaxation, Koller and Kaley found that indomethacin abolishes 
flow-induced vasodilation in a rat cremasteric muscle preparation (83). Later studies 
showed that cyclooxygenase inhibitors also affect bradykinin-induced endothelium
dependent vasodilation (75) and hypoxia-induced endothelium-dependent vasodilation 

' -(?8) in rat cremasteric muscle. Finally, prostaglandins are also involved in 
acetylcholine-induced vasodilation in rabbit h~ (88). 

The Endothelium and Intercellular Communication 

Although flow-mediated and myogenic factors may be involved in coordinating 
micro- and macrocirculatory vasodilation, other mechanisms may also play a role. As 
early as 1959, Hilton showed that cat femoral artery dilates with muscle contraction, or 
with infusion of 1) acetylcholine, 2) histamine, 3) bradykinin, and 4) nicotine, even 
when the infusion is distal to the site of measurement (56). The dilation occurred in 
the denervated limb and therefore was not due to spinal or central reflexes. However, 
it was abolished by eliminating intercellular communication with transection of the 
femoral artery, or by abluminal application of cocaine (56). 

Recently, Segal and Duling have confirmed that intercellular communication 
can coordinate dilation of large and small vessels (116,118). This cross-talk occurs via 
the endothelial cells and not via smooth muscle or neural reflexes. Using the hamster 
cheek pouch, Segal and Duling applied pulses of acetylcholine or adenosine to 
arterioles. After a delay of 1-3 seconds, they observed vessel diameter changes more 
than 800 urn upstream (116,118). Vasodilation was not due to local diffusion of 
acetylcholine because an identical stimulus applied in the interstitial space 215 urn away 
from any vessel had no effect. In addition, they found that the amount of dilation 
decayed with the distance from the applied pulse, and had a length constant of 
approximately 2.1 mm (116). The ascending vasodilation was not flow-mediated 
because it also occurred in vessels that were occluded proximally with external 
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pressure. It was not due to nerve involvement because the response was unaffected by 
tetrodotoxin (116). Further investigations showed that intercellular dye transfer 
occurred only between endothelial cells, but not between smooth muscle fibers, or 
between endothelial cells and smooth muscle fibers (117). These results strongly 
suggest that endothelial intercellular communication may play a role in 
micro/macrocirculatory coordination. 

1.3.e. Interactions Between Different Factors 
Vessel tone and diameter are affected by central (autonomic nervous system and 

hormones) and local (myogenic response, vasoactive metabolites, vessel wall 
mechanics, and endothelium-dependent factors) factors. In order to show that each 
variable is important, one must attempt to control all other variables so that it is clear 
which factor is responsible for the effects observed. However, changes in one variable 
may affect the response of other variables, and so keeping all other variables constant 
cannot give a complete picture of vascular physiology. For example, Kuo et al. 
showed that there is an interaction between myogenic activity and flow-induced 
vasodilation (86). Similar to their paper previously discussed in the section on 
"Myogenic Factors" (85), the authors used two reservoirs connected to an isolated 
arteriole in vitro, and raised the height of the reservoirs to increase the myogenic 
stimulus. To study the effects of flow-mediated vasodilation, they raised one reservoir 
and lowered the other by exactly the same amount. Therefore, the pressure in the 
middle of the arteriole was unaffected and the authors could manipulate pressure (mean 
height of the reservoirs above the vessel) and flow (difference in height between the 
reservoirs) independently. The authors showed that flow-mediated vasodilation was 
attenuated when intraluminal pressure was increased, and similarly, the myogenic 
response was attenuated when flow was increased (85). Other studies have also shown 
an interaction between EDRF and the vasoconstrictor effects of angiotensin 11, 
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norepinephrine, phenylephrine, and vasopressin (25). These results suggest there is a 
complex interaction between the different variables responsible for vasomotor tone. 

1.3.f. Summary 

Vessel diameter and tone are affected by many different variables which include 
myogenic, metabolic, endothelium-dependent, passive and central factors. The effect 
of changing any individual factor may be different in different experiments due to 
anaesthesia, surgical preparation, or basal levels of the other factors known to affect 
tone. 

The goal of this thesis is to examine the mechanisms controlling the critical 
closing pressure and arterial resistance in the hindlimb. In "History of Pressure-Flow 
Relations", I discussed the phenomenological evidence supporting the critical closing 
pressure and waterfall hypothesis. In "Physics of Flow", I discussed the assumptions 
behind Poiseuille's Law, the conflicting theoretical evidence concerning the critical 
closing pressure hypothesis, and the effect of the Reynolds number on flow through 
collapsible tubes. The preceeding section . discussed those factors that could 
theoretically change the critical closing pressure or arterial resistance through a change 
in vascular tone. The final section of the introduction will discuss the rationale for the 
experiments discussed in chapters 2-6. 

1.4. RATIONALE FOR THESIS EXPERIMENTS 

Since the original hypothesis of a tone-dependent vascular waterfall was 
proposed (107), there has been very little work on reflex and metabolic control of Peril 
and R8 • The studies described in Chapters 2-4 were designed to test the neural, 
mechanical, and flow-mediated control of Peril and R

8 • In the studies in Chapters 5 and 
6, the effects of vasodilators on P cril and R

8 were anal yzed. 
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1.4.a. Neural Control of Peril and Ra 
The carotid sinus baroreflex is responsible for maintaining arterial pressure 

relatively constant despite wide fluctuations in cardiac output that occur with positional 
changes, exercise, or hemorrhage. Sympathetic activation releases norepinephrine from 
nerve terminals along the vascular tree, and also hormonal vasoconstrictors from the 
adrenal medulla. In Chapter 2 of this thesis, I tested the hypothesis that altering· 
sympathetic tone through the carotid sinus baroreflex would affect Peril in addition to 
affecting R.. We measured these variables in the canine hiildlimb during both an 
increase and decrease in carotid sinus pressure. The carotid sinuses were isolated and 
perfused with a pump. The animals were vagotomized to remove the effects of other 
baroreceptors. 

1.4.b. Mechanical Control of Peril and Ra 
Arterial and arteriolar vessels exhibit a myogenic response in vitro (37, 113). In 

vivo, Meininger et al. have shown that an increase in Pper results in vasoconstriction of 
3rd and 4th order cremasteric arteriolar vessels, but vasodilation of 1st and 2nd order 
vessels (94). Chapter 3 of the thesis therefore investigates what the mechanical effects 
of increased Pper are on the variables Peril and R.. In the study, we measured Peril and 
R. in the canine hindlimb over perfusion pressures ranging from 75 to 175 mmHg. In 
addition, we also lowered carotid sinus pressure and repeated the measurements over 
the same range of perfusion pressures to investigate the interaction between neural and 
mechanical stimuli. 

1.4.c. Flow-mediated Control of Pcrit and Ra 

In 1980, Furchgott and Zawadzki showed that acetylcholine causes the 
endothelium to release a non-prostenoid powerful vasodilator (45). This substance was 
later termed endothelial-derived relaxing factor (EDRF), and is released by the 
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endothelium in response to increases in shear stress (87). EDRF is believed to be 
important in mediating the large vessel vasodilation that is necessary to allow 
appropriate flow increases to muscle during exercise (117). Therefore, Chapter 4 
investigates the role of EDRF in the control of Peril' R8 , and Rv· Since in vitro 
experiments suggest a reciprocal inhibition between EDRF and the myogenic 
response (86), we also investigated the interaction between EDRF and the effects of 
increasing P per· 

1.4.d. The Effect of Vasodilators on Pcrit and Ra 

The back pressure at the site of the waterfall is believed to be created by 
arteriolar smooth muscle tone (92,107). In order for waterfall behaviour to be 
observed, the downstream pressure must be less than the pressure generated by the 
constricting vascular smooth muscle. It is therefore possible that decreasing smooth 
muscle tone will abolish waterfall behaviour, but Peril could still be observed if the 
perfusion pressure declined below a critical value. Chapter 5 describes a series of 
experimental protocols designed to investigate the effects of vasodilation with a solution 
of nitroprusside and adenosine on waterfall behaviour. The drugs were infused at a 
rate that eliminated reactive hyperemia. Three protocols were used. First, we 
measured P zf during dynamic pressure-flow relations with ramp times varying between 
1-10 seconds before and after vasodilation. The relationship of Pzr versus ramp time 
was plotted and the results compared with different models of the circulation (presence 
or absence of vascular waterfall). Second, we raised venous pressure during constant 
flow conditions and measured changes in perfusion pressure. Third, we measured the 
changes in Peril and R8 with changes in P per· 
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1.4.e. Effects of a Calcium Channel Blocker on Pcrit and Ra 
In chapters 3-5, I found that Peril increases when Pper is increased, i.e. there was 

a myogenic response. The effect was accentuated when vascular tone was increased 
with both EDRF blockade and phenylephrine, and was reduced when vascular tone was 
decreased with a nitroprusside/adenosine solution. 

As previously discussed, the myogenic response in vitro requires calcium (130). 
Therefore, in chapter 6, I tested the hypothesis that nifedipine (a calcium channel 
blocker) eliminates the myogenic response of Peril' 
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2.1. ABSTRACT 

Sympathetically mediated changes in blood pressure are thought to occur 

through changes in arterial resistance <Ra>· To test if the critical closing pressure (PcriJ 

could also play a role, we pump-perfused the vascularly isolated canine hindlimb at 

constant flow. Carotid sinuses were isolated and both vagus nerves cut. Carotid sinus 

<?car), arterial (Pa), perfusion (Pper) and venous (Pv) pressures, and flow to the hindlimb 

(Q, electromagnetic flow probe) were measured. By decreasing pump flow to zero 

over time periods of 1-10 seconds and measuring the pressure at zero-flow, it was 

possible to estimate arterial compliance (Ca), and Pent· Ra was calculated as 

(Pper-PcriJIQ. Venous resistance (~) was calculated as (Pe1-Pv)/Q, where Pe1 is the 

pressure in the compliant region obtained by the double occlusion technique. Raising 

Pear from 115±7 mmHg to 203±10 mmHg (n=6) decreased Pcrit from 49.7+4.3 to 

25.9±2.6 mmHg and Ra from 10.7±1.2 to 6.8±0.9 mmHg·min·lOOg·ml-1 (p<0.05). 

Lowering Pear from 119±6 mmHg to 71 ±6 mmHg (n=6) increased Pcrit from 

37.0±3.3 to 61.0±8.5 mmHg and Ra from 10.0± 1.6 to 14.0+2.4 

mmHg·min·100g·ml-1 (p < 0.05). C8 increased when carotid sinus pressure was raised 

(p < 0.05), and decreased when sinus pressure was decreased (p < 0.1). Venous 

resistance~) did not change when Pear was altered. In conclusion, changes in carotid 

sinus stimulation alters blood flow to the hindlimb through changes in both Pcrit and R
8

• 
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2.2. INTRODUCTION 

Poiseuille's Law states that flow ( Q) through a tube is equal to the pressure drop 

across the tube, divided by the resistance [8nl/(1tr4)] between the inflow and 

outflow (18). Therefore, when there is no flow, the inflow pressure should equal the 

outflow pressure. However, many authors have shown that there is an arterial-venous 

pressure difference at zero flow (2,3,8,13,16,21). In 1951, Burton hypothesized that 

an instability in the elastic wall causes arterial vessels to suddenly collapse 

(i.e. resistance increases up to infinity) when the inflow pressure declines below a 

certain value (7). He called the perfusion pressure at zero-flow the critical closing 

pressure (PeriJ. However, in 1963, Permutt and Riley showed that the pressure gradient 

at zero-flow (18) is better explained by a Starling resistor mechanism that creates a 

vascular waterfall at the level of the arterioles. The back pressure of the collapsible 

segment is created by the tone of the smooth muscles in the arterioles. When the 

intravascular pressure overcomes the tension generated by the smooth muscle, the 

vessel opens, but a waterfall effect is still present because the energy is lost in keeping 

this segment open. The arterioles thus act almost like sphincters. Flow under this 

condition is determined by the difference between arterial pressure (P8), Perit' and the 

arterial resistance (R8 ) between the two. Downstream resistance and pressure have no 

effect on flow. Unlike Burton's model, Peril affects flow throughout the pressure-flow 

relation, and not only at zero-flow. 

There are several important implications to the presence of a Starling resistor

like mechanism in the arterial circulation (13). First, resistance calculations based on 

pressure-flow relations may lead to erroneous conclusions (both quantitative and 

qualitative) if venous pressure (P v) is used as the downstream pressure. Hence, any 

inferences about changes in vessel wall diameter may also be in error. Second, P
8 

or 

flow can be altered by two mechanisms, changing Peril or changing R
8

• Third, capillary 
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pressure can be adjusted by changing downstream resistance without affecting flow into 

the region, since capillary pressure is below Peril' Fourth, fluctuations in P v that occur 

with respiration will not affect flow into the region. And finally, a sudden decrease in 

cardiac output will not produce as rapid or extreme a fall in P8 • 

If Peril is generated by smooth muscle tone, it should be affected by neuro

humoral mechanisms. Indeed, adenosine, norepinephrine (6) and reactive 

hyperaemia (13) have been shown to alter the critical closing pressure. However, the 

role of Peril in the normal control of blood pressure has not been investigated. We 

hypothesized that the carotid sinus baroreflex alters arterial pressure through changes in 

Peril in addition to changes in R8 • We used the method of Magder (13) to measure Peril 

and R8 • Briefly, in a pump-perfused isolated hindlimb, Peril can be estimated by slowly 

turning the pump flow down to zero over 5-10 seconds, and measuring the zero flow

pressure intercept (Pzr) (13). It should be noted that perfusion pressure continues to 

decline after flow has ceased. This can be explained by a small amount of collateral 

circulation (amounting to only 1.5% of th~ total conductance) which bypasses the 

Starling resistor (13). The Pzr is the pressure measured at zero-flow, and not the final 

plateau perfusion pressure. If the ramp time to zero-flow (lzr) is less than 4 seconds 

(e.g. sudden stop flow, diastolic decay curve), the Pzr is affected by the arterial 

compliance (C8 ) and overestimates the actual Peril (Pzr>PcnJ (2,13,19). However, if lzr 

is greater than 10 seconds, metabolic factors may begin to have an effect, and Peril is 

underestimated (Pzr<PeriJ (4). If lzr 1s between 5-10 seconds, Pzr is an approximation 

of Peril' Ra is then calculated using Peril as the downstream pressure. 

2.3. METHODS 

Twelve dogs weighing 18-34 kg were anaesthetized with a-chloralose 

(75 mg·kg-1) after initial induction with sodium pentothal (1 mg·kg-1). Supplemental 
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doses of a.-chloralose were given as needed. The animals were intubated, ventilated 

(Harvard Apparatus), and given supplemental oxygen as needed. We cannulated the left 

carotid artery to monitor Pa and to obtain arterial blood samples. Normal saline was 

infused into the right jugular vein to maintain proper hydration and sodium bicarbonate 

was given to maintain acid-base balance. Heparin (10,000 units) was given to prevent 

blood clotting. 

Surgical Preparation 

The preparation is illustrated in figure 2.1. We isolated the carotid sinuses by 

ligating the lingual, external carotid, and internal carotid arteries bilaterally. Blood 

flow was diverted from the right common carotid artery, through a pump (Masterflex 

#16 Tygon tubing) and then to both carotid sinuses via the distal stumps of the common 

carotid arteries. Carotid sinus pressure (Pear) was measured via a side port on the 

tubing distal to the pump. A bilateral vagotomy was performed to remove the 

influence of aortic baroreceptors. 

The vascular supply to the left hindlimb was isolated as previously described 

(13). In brief, all branches of the femoral artery and vein in the femoral triangle were 

tied. Blood flow was diverted from the right femoral artery, through an in-line 

electromagnetic flow probe (Carolina Medical #10), and into the left femoral artery. 

Perfusion pressure (Pper) was measured through a side port downstream from the flow 

probe. Two side ports upstream from the flow probe allowed blood flow to be diverted 

through a second pump (Masterflex #16 Tygon tubing) and back to the femoral artery. 

The direct line was used for measuring the natural flow of the hindlimb at a given 

carotid sinus pressure. During experimental runs, flow was controlled by clamping the 

direct line and adjusting the pump speed. We cannulated the left femoral vein and 

returned the outflow to the animal via the right jugular vein. Femoral venous pressure 

(P v) was measured from a Y -connector close to the femoral vein cannulation site. 
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Figure 2.1: Experimental setup (see text for complete details). 
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We passed surgical wires through the thigh with a 12-14 gauge needle, and tied 

them securely around either side of the femur to eliminate any collateral flow. 

Measurements 

Pressures were measured with Trantec transducers. Flow (Q) was measured 

using a square-wave electromagnetic flow meter and in-line probe (Carolina Medical). 

Signals were filtered at 3 Hz. All signals were processed through Gould amplifiers and 

simultaneously recorded on an eight-channel Graphtec recorder and on an IBM 

compatible computer using CODAS software program (DATAQ Instruments Inc.) for 

A-D conversion and analysis. 

Protocol 

Due to the length of the experiments, separate groups of animals (n=6 per 

group) were used to study the effects of raising and lowering the carotid sinus pressure .. 

In one group, the carotid sinus was initially perfused at either normal (Pcar~P8 , 

Pear= 115±7 mmHg, mean±S.E.M.) or high (Pcar=203± 10 mmHg) pressure, and the 

natural flow to the hindlimb was measured. The tubing between the two side ports 

upstream from the flow probe was then clamped, and the pump speed adjusted to the 

same rate as the natural flow. To obtain the zero-flow measurements, we decreased 

pump flow to zero over time periods ranging from 1-10 seconds (random order). In 

between each run to zero-flow, the pump speed was reset to the initial flow, and 

perfusion pressure was allowed to return to baseline before proceeding. After a series 

of measurements (5-8 per carotid sinus pressure), the clamp was removed, hindlimb 

natural flow restored, and the carotid sinus pressure was either increased or decreased 

depending on the original condition. After a 15 minute equilibration period, the natural 

flow to the hindlimb was remeasured during the new carotid sinus pressure, and the 

pump flow reset to this value. Another set of zero-flow measurements was then 

obtained at the new carotid sinus pressure. 
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Statistics 

We used paired t-tests to analyze changes in measured or calculated variables 

when the carotid sinus pressure was altered. Results were considered significant if 

p<0.05. 

2.4. RESULTS 

The pH and PC02 ranged from 7.28-1.45 and 30-46 mmHg respectively. The 

P02 ranged from 90-210 mmHg. Animals were only included if the hematocrit was 

above 30%. The effects of altering carotid sinus pressure on Pa and hindlimb are 

shown in table 2.1. 

pear pa pper Q 
(mmHg) (mmHg) (mmHg) (ml·min-1·100g-1) 

High Carotid Group 
Control 115±7 137±11 119±9 7.2+ 1.4 

High Carotid 203±10 85±17* 65±11 * 6.4± 1. 7 

Low Carotid Group 
Control 119±6 122±13 111 ± 12 8.4+1.7 

Low Carotid 71+6 169+12* 164+ 15* 8.6+ 1.8 

Table 2.1: Effect of carotid sinus pressure (P car) on arterial pressure (P a), 

perfusion pressure (Pper) and flow (Q). Carotid sinus pressure was 

set~ arterial pressure for control runs. All values are mean+S.E.M .. 

(n=6 for each group). * Significantly different from value obtained at 

normal carotid sinus pressure for that group. 

In the High Carotid Group, an increase in Pear from 115±7 mmHg to 203+10 

mmHg resulted in a decrease in Pa from 137±11 mmHg to 85±17 mmHg (p<0.01). 

Similarly, a fall in Pear from 119±6 mmHg to 71±6 mmHg caused a significant rise in 

http:7.28-1.45
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Pa from 122+13 mmHg to 169±12 mmHg (p<0.01). Pper was set to the pressure 

measured under free flow conditions at each carotid sinus pressure. Due to the 

resistance of the tubing, this was always less than the Pa. Natural flow to the hindlimb 

was not affected by the change in p car· 

Figure 2.2a is a plot of the observed and predicted Pzr against lzr from one 

animal. 
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Figure 2.2: The zero-flow pressure intercept (Pzr) is plotted against the time taken to 

reach zero-flow (lzr). In 2a, the closed triangles represent actual data obtained 

from one animal under normal carotid sinus pressure. The open circles and solid 

line are the values predicted using equation 2.1 (see text). Figure 2.2b, from the 

same experiment, shows the shift in the curve with different carotid sinus 

pressures. In this experiment, Pear was raised from a low pressure (LC) to a normal 

pressure (NC). The shift downwards indicates a decreased critical closing 

pressure. 



0 

0 

96 

In this animal, equation 2.1 was solved for compliance using a lzr of 1.5 

seconds. This value of compliance was then used to predict what the P zf would be for 

other lzr values. The data were well predicted by this approach. It can be seen that the 

Pzr initially declines with increasing lzr, but reaches a plateau with ~r greater than 4-5 

seconds. Figure 2.2b shows a plot of the observed data from the same animal under 

conditions of normal carotid (NC) and low carotid (LC) sinus pressures. The solid line 

again represents the calculated values according to equation 2.1. At low carotid sinus 

pressure, the curve is shifted upwards, i.e. Pcrit is increased. 

Mean data for R8 , ~,Pent' and Ca are shown in figure 2.3. 
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Figure 2.3: Mean+S.E.M. for arterial resistance (R
8
), venous resistance (~), 

critical closing pressure (PcriJ, and arterial compliance (C
8

) in two 

groups of six animals (N.B. n=5 in the NC/LC group for the calculation 

of~ ). Each animal was studied at only two sinus pressures, i.e. at a 

normal carotid sinus pressure (NC), and at either low carotid sinus 
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pressure (Le), or high carotid smus pressure (He). * indicates 

significant differences at p < 0.05. 
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When the carotid sinus pressure was lowered from 119±6 mmHg to 71 +6 

mmHg, P cril increased 62 + 10% and Ra increased 42 + 15% (p < 0. 05). When P car was 

raised from 115+7 mmHg to 203±10 mmHg, Peril decreased 45+8% and Ra 

decreased 34+9% (p<0.05). Therefore, the changes in Ra were qualitatively similar 

but quantitatively smaller than the changes in Peril· ~ did not change significantly with 

either an increase or decrease in carotid sinus pressure. ea (expressed per 100 g) 

increased significantly with an increase in Pear (p < 0.05). A decrease in Pear resulted in 

a decreased ea in 5 of 6 animals but a slightly increased compliance in one animal 

(p<0.1, not significant). 

Figure 2.4a shows the expected changes in Pper with changes in Pear if flow is 

kept constant, and one takes into account only the change in Ra or only the change in 

Peril' or both. The left black bar represents the Pper at a normal Pear· The hatched bar 

shows the results if only Ra was affected when the Pear was changed 

[i.e. Pper=(Q*Ra)+Pcril' where Q and Peril are obtained under normal carotid 

conditions, and Ra is the value obtained under Le/He conditions]. Similarly, the dotted 

bar shows the increased Pper if only Pcrit had been affected. Under Le conditions, an 

isolated change of Ra would have increased Pper from 111±12 mmHg to 142+21 

mmHg. An isolated change of Peril would have increased Pper to the similar value of 

135±16 mmHg. The calculated Pper are significantly different from the initial Pper' but 

not from each other. In the He group, the results were similar. The cross-hatched bar 

shows the calculated P per when both Ra and P cril are allowed to vary, but flow is kept at 

the same value as control. Finally, the right black bar shows the actual Pper measured 

when Pear was lowered. This is not identical to the cross-hatched bar because the 
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theoretical changes in P per were calculated using the values for flow under control 

conditions, which were slightly different than the actual flow under experimental 

conditions. 

In the previous analysis, arterial pressure (and thus the set perfusion pressure) 

was allowed to change when the carotid sinus pressure was altered. However, in the 

intact circulation, the baroreflex acts to maintain sinus pressure (and therefore arterial 

pressure) constant. Under these conditions, flow becomes the dependent variable. We 

therefore calculated what would happen to hindlimb blood flow if perfusion pressure 

was maintained constant (i.e. as exists in the closed-loop baroreflex of the intact 

circulation), and only one variable changed, i.e. either R8 or Pcrit [Q =(Pper-PcriJ/Ra]. 

The results are presented in figure 2.4b with the same legend as in figure 2.4a. 
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Figure 2.4: Theoretical changes in pressure (A) and flow (B) if the carotid 

baroreflex affected only one variable (Pcrit or R8). Carotid sinus pressure 

was lowered in one group of animals (LC), and raised in another group 
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of animals (HC). In A, the solid bar shows the observed data when the 

carotid sinus pressure is normal. The hatched bar shows the theoretical 

change in pressure if only Ra was affected by the baroreflex [i.e. 

P per= ( Q*Ra) + P crit• where Q and P cril are obtained under normal carotid 

conditions, and Ra is the value obtained under LC/HC conditions]. 

Similarly, the dotted bar shows the theoretical change in pressure if only 

Pcrit was affected by the baroreflex. There was no significant difference 

between these two values in either group. The cross-hatched bar shows 

the calculated change in pressure if both P erit and Ra were allowed to 

vary. This is slightly (not significantly) different than the observed 

change in pressure under the new carotid sinus pressure (LC/HC) since 

measured flow fluctuated slightly. Figure 2.4b represents a similar 

analysis, except P per was kept constant, and the theoretical changes in 

flow were calculated varying only one variable at a time. This analysis 

attempts to predict the changes in flow that would have occurred if we 

had not opened the loop of the carotid sinus baroreflex control system. 

The values predicted by changing either Ra or Peril were not significantly 

different from each other. 
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If only Ra changed when Pear was lowered, then flow would have fallen from 

8.4±1.7 ml·min-l.lOOg-1 to 6.4±1.3 ml·min-l.lOOg-1• If only Peril changed when Pear 

was lowered, then flow would have fallen to the similar value of 6.3+ 1.5 

ml·min-Ll()()g-1• If changes in flow are calculated when both Ra and Perit are altered but 

with the control value for Pper• flow would have been 4.8±1.2 ml·min-LIOOg-1. This is 

very different than the cross-hatched bar because the theoretical changes in flow were 

calculated using the control values of P per which were very different than P per under 
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experimental conditions. Therefore, a fall in arterial pressure activates the carotid 

baroreflex, which restores systemic arterial pressure to normal by increasing both Pcrit 

and Ra. This results in a large decrease in flow to the hindlimb. When theoretical 

changes in flow with a high carotid sinus pressure are examined, the results are again 

similar. 

2.5. DISCUSSION 

Our results indicate that R8 , Pent' and Ca in the hindlimb are altered by carotid 

sinus mediated changes in sympathetic drive, whereas ~ is not. Therefore, when the 

carotid sinus pressure is low, the baroreflex increases blood pressure by increasing Pcrit 

in addition to increasing R8
• Whereas the relative changes in Ra and Pcrit are 

qualitatively similar, quantitatively Pcrit changed more than R8 • Before discussing these 

results in detail, some technical factors need to be considered, including the influence 

of other baroreceptors, the completeness of the hindlimb isolation, and the effects of 

compliance on the measurement of Pcrit· 

Carotid sinus pressure was controlled with a pump, and the bilateral vagotomy 

should have removed most of the thoracic baroreceptor reflexes. If any baroreflexes 

still remained, they would only have blunted the responses we observed. 

Complete hindlimb isolation is necessary to obtain accurate values for Pzr (9). 

When pump speed is decreased, the perfusion pressure measured at the femoral artery 

declines. However, any arterial inflow bypassing the hindlimb isolation would remain 

equal to arterial pressure. When femoral pressure becomes less than this collateral 

arterial pressure, flow through the flow probe will stop even though the hindlimb is 

being perfused. This results in an artificially high Pzr· Collateral venous flow should 

not affect the Pzr' but must be eliminated to obtain accurate recordings of Pe1 (and hence 

accurate calculations of~). As discussed in the Methods section, we used the double 
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confirmed. 

0 

The zero-flow pressure intercept of a dynamic pressure flow relation can also be 

affected by vessel compliance (2,8, 13, 19). The reasoning is similar to how collateral 

inflow can yield artificially high values. For instance, if inflow is instantaneously 

decreased to the value in the compliant region, the pressure gradient decreases to zero. 

Flow measured at the femoral artery would therefore cease, even though flow continues 

downstream from the compliant region. Thus, an artificially high Pzr would be 

recorded. Magder recognized this problem and compared the observed results for the 

relationship of P zf versus ramp time with several different models of the circulation 

(13). The plateau in the relationship (figure 2.2) could not be explained by modelling 

the region as a single compliant region, nor as two compliant regions in series with 

resistances, but could only be explained if a Starling resistor-like mechanism was 

operative. On the other hand, the decrease in P zf when ramp time is increased from 1-4 

seconds indicates that compliance effects cannot be ignored. This effect is minimized if 

lzr is long enough to allow the compliant regions to empty (i.e. > 5 time constants, t). 

The t of discharge of a region can be described by the product of its compliance and 

downstream resistance. In this experiment, the compliance is the arterial compliance, 

and the resistance is the arterial resistance located above the Starling resistor. The 

average t thus calculated was 0.34±0.27 seconds (mean±S.D.) and therefore 

compliance effects on Pcrit (i.e. the Pzr when lzr > 5 seconds) could be considered 

negligible. t was not affected by the carotid sinus pressure (i.e. the change in 

resistance was matched by the change in compliance), which is in agreement with 

observations made by Osberg and Langille (17). 

The t in our experiment is considerably less than the arterial t estimated in 

other experiments (e.g. 0.76 seconds in whole body rat (12), 1.15-1.59 seconds in 

http:1.15-1.59
http:O.34�O.27
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pressure reported by other authors (22), and must therefore occur upstream from the 

capillaries. Second, an increase in carotid sinus pressure induced vasodilatation which 

theoretically, should have increased tissue edema and increased Pcrit· However, we 

observed a decrease. Our results are more consistent with Permutt and Riley's model of 

the circulation where the back pressure of the Starling resistor mechanism (P cnJ is 

generated by the arteriolar smooth muscle tone (18). A decrease in vasomotor tone 

(vasodilation) is then expected to result in a decrease of Pcrit· 

Work from other laboratories has suggested that Pcrit may be controlled through 

neural and/or hormonal mechanisms. In 1962, Ashton measured pressure and flow in 

the human forearm and finger ( 1). By decreasing local perfusion pressure in steps and 

waiting for a steady-state flow to develop each time, she was able to plot the steady

state pressure-flow relation and obtain a steady-state Pzr· Ashton found the steady-state 

pressure-flow relation was shifted to the right with cooling of the forearm (i.e. an 

increase in Pzr due to vasoconstriction), and shifted to the left with heating. In two 

subjects, vasodilation to the finger was indu~ed by nerve block, and the pressure-flow 

relation was again shifted to the left. Later, Braakman et al. showed that vasoactive 

drugs can affect the pressure-flow relation and the steady-state Pzr in the isolated, 

pump-perfused canine iliac periphery (5). 

The usefulness of steady-state measurements for assessing P crit is limited since 

they include changes from autoregulation. As flow is decreased in steps and the tissue 

becomes hypoxic, one would expect Pcrit and Ra to decrease. Therefore, the Pcrit 

obtained using these methods does not reflect the instantaneous Pcrit that exists at higher 

flows. If the value of P crit is unreliable, then resistance calculations (Ra = (P per-P criJ/ Q) 

are also unreliable. Therefore, inferences on vessel diameter changes may be in error. 

Recently however, Braakman et al. (6) used dynamic conditions to assess the effects of 

norepinephrine and adenosine. Their method was to decrease P per in multiples of 
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7.5 mmHg (over <200 ms), and measure the flow response. When flow became zero, 

the set Pper was considered the Pent· As noted in the introduction, and confirmed by 

our results, this method overestimates Pcrit due to the effects of compliance. 

Acknowledging these limitations, their results still suggest that adenosine and 

norepinephrine affect the critical closing pressure. Since norepinephrine is released 

during increased sympathetic drive, the results support our conclusions that Pcrit can be 

controlled by neural activity. 

The value for arterial compliance that we obtained is in the same range as that 

obtained by Magder (13). Our study also confirms previous results that arterial 

compliance is affected by the carotid sinus baroreflex (17). When we increased the 

carotid sinus pressure, ea increased, and when we decreased carotid sinus pressure, ea 
tended to decrease (The non-significant result in the low carotid group most likely 

represents a B-error in statistical analysis). Two possibilities exist to explain this. 

Since increasing carotid sinus pressure causes smooth muscle relaxation in response to 

the increased sinus pressure, one would expect that the vessel wall would be more 

compliant. However, it is also possible to model the vessel as having smooth muscle in 

series with an elastic component in the wall. In this model, the compliance of the 

elastic component is much greater than the compliance of the smooth muscle. Therefore 

changes in smooth muscle~ tone would have negligible effects on the overall wall 

compliance. Compliance changes in our experiment could then be considered 

secondary to the observed changes in arterial pressure. Since arterial pressure fell (and 

therefore our set perfusion pressure fell) during increased carotid sinus pressure, the 

elastic component would be less stretched, and therefore more compliant (assuming a 

non-linear compliance). Our study was not designed to answer this question. 

Venous resistance of the hindlimb did not change when carotid sinus pressure 

was varied. This is in agreement with Magder and Deschamps (15). Therefore, if there 

is neural control of venous tone, it is limited to the small venules. 
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Our main finding was that the %change in Pcrit was greater than the %change in 

R
8

• However, each of the variables contributed equally to the observed change in 

pressure, and to the theoretical changes in flow (figure 2.4). It is important to realize 

that when flow is kept constant and P per allowed to vary, it is the absolute changes in 

P crit' and not the relative changes that are important. Regardless of its initial value, a 5 

mmHg increase in Pcrit causes a 5 mmHg increase in Pper [Pper=Pcrit+(R8 *Q)]. 

The analysis of theoretical changes in flow is more complex. The rationale for 

the analysis was to estimate changes in an intact circulation (Le. P8 constant), rather 

than the open-loop control system created by carotid sinus isolation. Our results 

indicate that the relative effects of changing R
8 

and Pcrit are again, approximately equal. 

In this analysis however, the effect of any given absolute change in Pcrit affects flow 

only in relation to how the driving pressure is changed [ Q = (P per-P criJIR8]. Expressing 

changes in Pcrit as a percentage increase does not solve the problem. For instance, it 

can be shown mathematically that the effects of a 25% increase in Pcrit can result in less 

than, equal, or greater than a 25% decrease in flow depending on the initial values of 

Pper and Pcrit· Therefore, the results may have been different if we set the Pper to 

another value. However, it is also possible that Pper and Pcrit are linked to each other 

through the myogenic response of the vasculature. If so, raising P per artificially might 

also raise Pent' and keep the ratio constant. Our study does not resolve this question. 

In conclusion, when the transmural carotid sinus pressure is increased, arterial 

pressure is lowered by a decrease in the tone of the Starling resistor mechanism in the 

hindlimb in addition to a decrease in the arterial resistance. Conversely, a decrease in 

carotid sinus transmural pressure results in an increase in both Ra and Pent· Whereas 

%changes in Pcrit were quantitatively greater than %changes in R
8

, they both 

contributed equally to the observed changes in pressure. 



0 

c 

106 

2.6. REFERENCES 

1. Ashton, H. Critical closing pressure in human peripheral vascular beds. Clin. 
Sci. 22: 79-87, 1962. 

2. Aversano, T., F.J. Klocke, R.E. Mates, and J.M. Canty,Jr .. Preload-induced 
alterations in capacitance-free diastolic pressure-flow relationships. Am. J. Physiol. 
246: H410-H417, 1984. 

3. Bellamy, R.F. Diastolic coronary artery pressure-flow relations in the dog. 
Circ. Res. 43(1): 92-101, 1978. 

4. Bjornberg, J., U. Albert, and S. Mellander. Resistance responses in proximal 
arterial vessels, arterioles and veins during reactive hyperaemia in skeletal muscle and 
their underlying regulatory mechanisms. Acta Physiol. Scand. 139: 535-550, 1990. 

5. Braakman, R., P. Sipkema, and N. Westerhof. Pressure-flow relationships of 
the canine iliac periphery and systemic hemodynamics: Effects of sodium nitroprusside 
and adenosine. Pfliigers Arch. 407: 432-439, 1986. 

6. Braakman, R., P. Sipkema, and N. Westerhof. Two zero-flow pressure 
intercepts exist in autoregulating isolated skeletal muscle. Am. J. Physiol. 258: 
H1806-H1814, 1990. 

7. Burton, A.C. On the physical equilibrium of small blood vessels. Am. J. 
Physiol. 164: 319-329, 1951. 

8. Eng, C., J.H. Jentzer, and E.S. Kirk. The effects of the coronary capacitance 
on the interpretation of diastolic pressure-flow relationships. Circ. Res. 50: 334-341, 
1982. 

9. Green, H.D., C.E. Rapela, and M.C. Conrad. Resistance (conductance) and 
capacitance phenomena in terminal vascular beds. In: Handbook of Physiology. 
Circulation. Section 2, Volume II. Washington, D.C.: American Physiological 
Society, 1963, p. 935-960. 

10. Johnson, P.C. Review of previous studies and current theories of 
autoregulation. Circ. Res. 14-15 (Suppl. 1): 12-19, 1964. 

11. Laskey, W.K., H.G. Parker, V.A. Ferrari, W.G. Kussmaul, and A. 
Noordergraaf. Estimation of total systemic arterial compliance in humans. J. Appl. 
Physiol. 69(1): 112-119, 1990. 



0 

0 

107 

12. Levy, B.I., J. Benessiano, P. Poitevin, L. Lukin, and M.E. Safar. Systemic 
arterial compliance in normotensive and hypertensive rats. J. Cardiovasc. Pharmacol. 
7(Suppl 2): S28-S32, 1985. 

13. Magder, S. Starling resistor versus compliance. Which explains the zero-flow 
pressure of a dynamic arterial pressure-flow relation? Circ. Res. 67: 209-220, 1990. 

14. Magder, S. Vascular mechanics of venous drainage in dog hindlimbs. Am. J. 
Physiol. 259: H1789-H1795, 1990 . 

. 
15. Magder, S. and A. Deschamps. Role of regional blood flow distribution, 
venous resistance and unstressed volume in :the vascular volume mobilization by the 
baroreceptor reflex. FASEB J. 5(4): A774, 1991.(Abstract) 

16. Nichol, J., F. Girling, W. Jerrard, E.B. Claxton, and A.C. Burton. 
Fundamental instability of the small blood vessels and critical closing pressures in 
vascular beds. Am. J. Physiol. 164: 330-344, 1951. 

17. Osberg, C. and B.L. Langille. Reflex control of arterial compliance in rabbits. 
Can. J. Physiol. Pharmacol. 60: 1475-1481, 1982. 

18. Permutt, S. and R.L. Riley. Hemodynamics of collapsible vessels with tone: the 
vascular waterfall. J. Appl. Physiol. 18(5): 924-932, 1963. 

19. Spaan, J.A.E. Coronary diastolic pressure-flow relation and zero flow pressure 
explained on the basis of intramyocardial compliance. Circ. Res. 56: 293-309, 1985. 

20. Sylvester, J.T., R.D. Gilbert, R.J. Traystman, and S. Permutt. Effects of 
hypoxia on the closing pressure of the canine systemic arterial circulation. Circ. Res. 
49: 980-987, 1981. 

21. Van Huis, G.A., P. Sipkema, and N. Westerhof. Instantaneous and steady-state 
pressure-flow relations of the coronary system in the canine beating heart. Cardiovasc. 
Res. 19: 121-131, 1985. 

22. Zweifach, B.W. Local regulation of capillary pressure. Circ. Res. 28-29 (Suppl. 
1): 1-129-1-134, 1971. 



108 

0 

0 



0 

0 

109 

3.1. ABSTRACT 

The dynamic pressure-flow relationship in the canine hindlimb at normal arterial 

pressure is best explained by modelling a Starling resistor (critical pressure, P cnJ at the 

level of the arterioles. Regulation of flow can therefore occur at the Starling resistor 

through changes in P crit' or along the length of the vessel through changes in arterial 

resistance (R~). We hypothesized that increasing perfusion pressure (Pper) would 

increase Pcrit due to the myogenic response, but decrease ~ due to flow-mediated 

vasodilation and passive effects. We pump-perfused vascularly isolated hindlimbs of 

anaesthetized dogs and measured P crit and calculated R8 over P per range of 75-175 

mmHg. When Pper was increased from 75 to 175 mmHg, Pcrit increased from 33±2 

mmHg to 48±6 mmHg (mean±S.E.M.), whereas R8 decreased from 10.1±1.2 

mmHg·min·lOOg·ml-1 to 7.86±0.7 mmHg·min·lOOg·ml-1 (p<O.Ol). Thus, the 

responses of Pcrit and R8 to an increase in Pper were dissociated. In a second part of the 

study, we lowered carotid sinus pressure to determine the effects of central factors on 

local autoregulation. A decrease in carotid sinus pressure increased Pcrit and R
8 

at each 

P per (p < 0. 05). We conclude that an increase in P per causes the arterial vasculature to 

constrict at the level of the Starling resistor, and dilate more proximally. The carotid 

baroreflex causes an increase in tone throughout the arterial vasculature, but does not 

alter the local response to increases in perfusion pressure. 
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3.2. INTRODUCTION 

Poiseuille's Law states that flow (Q) through a tube is equal to the pressure drop 

across the tube, divided by the resistance between inflow and outflow (32). Therefore, 

inflow pressure and outflow pressure should be equal when flow is zero. However, 

many authors have shown that arterial pressure is greater than venous pressure at zero 

flow (2,5,11,27,31,39). In 1951, Burton hypothesized that an instability in the elastic 

wall causes arterial vessels to collapse when the inflow pressure declines below a 

critical value (PcriJ (9). Permutt and Riley later showed that the zero-flow pressure 

gradient is better explained by a Starling resistor-like mechanism at the level of 

arterioles that behaves like a vascular "waterfall" (32). The collapsible segment of the 

Starling resistor exists at the arteriolar level, and the "external pressure" is due to 

smooth muscle tone. Flow under these conditions is similar to a natural waterfall in 

which flow is determined by the difference in altitude between the upstream lake and 

the waterfall, divided by the river's resistance. It is not affected by the actual height of 

the falls nor by the resistance to flow in the river below the falls. Similarly, when a 

vascular waterfall is present, the appropriate downstream pressure to calculate arterial 

resistance {R
8 ) is Pcriv and not venous pressure (P). Unlike Burton's model, the critical 

pressure due to a vascular waterfall determines flow throughout the pressure-flow 

relation (as long as Pent is greater than the downstream pressure), and not only at zero

flow. 

A Starling resistor-like mechanism created by arteriolar tone in the circulation 

has several important implications (27). First, resistance calculations (and therefore 

inferences about changes in vessel diameter) which are based on arterial-venous 

pressure gradients may lead to erroneous conclusions (both quantitative and 

qualitative). For instance, when Pper is increased, flow increases and peripheral 

resistance calculated as (Pper-P)/Q has been shown to decrease (5,6). However, small 
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arterioles exhibit a myogenic response and constrict in response to increased 

pressure (21). Therefore, classical calculations of resistance do not correlate with 

direct microvascular observations. Second, arterial blood pressure (P8 ) or flow can be 

altered by two mechanisms, i.e. a change in Pcrit or a change in R8 • Third, fluctuations 

in P v or venous resistance (~) that occur with respiration or reflexes will not affect 

flow into a vascular region, although they will still affect capillary pressure, 

microcirculatory flow distribution, and venous return. Finally, a sudden decrease in 

cardiac output will not produce as rapid or extreme a fall in P8 • 

If Pcrit is due to arteriolar smooth muscle tone, it should be affected by 

mechanisms that affect vascular tone. In support of this, we have shown that changes 

in carotid sinus pressure alter Pcrit and R8 (34). However, arterial pressure in that study 

increased when carotid sinus pressure was lowered. Therefore, it is possible that Perit 

and R
8 

increased due to a local myogenic response (the constriction of a vessel when 

exposed to increased transmural pressure), and not directly due to the carotid 

baroreflex. In vivo, Meiriinger et al. showed that 3rd and 4th order cremasteric arterial 

vessels constrict in response to increased P per' whereas 1st and 2nd order vessels 

dilate (30). Since Pcrit is thought to be at the level of arterioles (32)), we hypothesized 

that raising perfusion pressure would cause an increase in Pent' but a decrease in R8 • 

Perfusion pressure is not the only variable that can affect arterial tone. The 

final vessel diameter depends on the integration of all the vasodilator and 

vasoconstrictor forces present (i.e. passive, myogenic, metabolic, neurogenic, and 

endothelial-derived factors). Since lowering Pear increases sympathetic tone, we further 

hypothesized that lowering Pear would increase both Perit and R8 at any given perfusion 

pressure. 

Theoretical Analysis of a Starling Resistor 

Since Permutt and Riley's analysis, many authors· have investigated the 

properties of flow through collapsible tubing using Penrose drains. Most studies have 
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concentrated on why flow becomes limited when the downstream pressure is decreased 

below the pressure surrounding the tube (P criJ. One theory proposes that flow is 

supersonic at the constriction of the collapsible tubing, but becomes subsonic at some 

downstream point ( 16). The transition from supersonic to subsonic flow is abrupt and 

creates a hydraulic jump which dissociates the energy and pressure gradients. This 

theory is similar to the wave-speed hypothesis and choke-point analysis (22). 

However, although these hypotheses adequately explain the dissociation between flow 

and changes in venous pressure observed in the circulation (14,27), they do not explain 

the large arterial-venous pressure gradient which is observed at zero-flow (2,27). In 

the in vitro penrose drain studies, flow occurs even when inflow pressure is less than 

Pcrit (through side channels that had remained open) (10, 16). Although one might 

suggest that this is an artifact due to the low compliance of penrose tubing, no one has 

yet shown that higher pressures or more compliant tubing will eliminate the effect. 

Therefore, the zero-flow pressure gradient requires further analysis. 

In 1980, Lyon et al. demonstrated that the mechanics of flow through 

collapsible tubing is dependent on the maximum Reynolds number (26). When they 

used a low viscosity fluid (high Reynolds number}, flow initially occurred through side 

channels, and they obtained the same relationship as previous authors. When the 

viscosity of the fluid was increased, the steepness of the initial portion of the curve was 

increased (Reynolds number of 40}, but side-channel flow still occurred. However, 

when very viscous fluids were used (maximum Reynolds number of 2), two different 

observations were noted. First, flow did not occur through side-channels and only 

began once the inflow pressure exceeded Pcrit· Therefore a true zero-flow pressure 

gradient was present. Second, oscillations in the tubing that occurred at higher 

Reynolds number were absent. These results suggest that the mechanics of flow 

through collapsible tubes is dependent on the Reynolds number. Since the Reynolds 
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number in the arterioles is less than 2 (26), a Starling resistor-like mechanism at this 

level will cause both a flow-limitation and a zero-flow pressure gradient. 

A repeated concern about the Starling resistor hypothesis has been the lack of 

microcirculatory data to support the existence of vascular closure. We therefore feel 

that it is important to cite the work of Baez and eo-workers who stated that "closure at 

~sitive pressure values occurred often in pre6ipillary sphincters and metarterioles" (3). 

In their work, the internal diameter of vessels which closed was 16 p. (as measured 

during Pper=50 mmHg) and occurred at an arterial pressure of 25 mmHg. One would 

predict that closure would occur at higher pressures if the vascular tone was increased. 

This was observed by Van Citters (38) by infusing epinephrine into the mesentery of 

the dog, and by Baez during stimulation of sympathetic nerves to the rat mesoappendix 

and cremasteric muscles (4). 

3.3. METHODS 

Twelve dogs weighing 18-34 kg were anaesthetized with a.-chloralose 

(75 mg·kg-1) after initial induction with sodium pentothal (1 mg·kg-1). Supplemental 

doses of a.-chloralose were given as needed. The animals were intubated, ventilated 

(Harvard Apparatus), and given supplemental oxygen as needed. We cannulated the left 

carotid artery to monitor P8 and to obtain arterial blood samples. Normal saline was 

infused into the left jugular vein to maintain proper hydration and sodium bicarbonate 

was given to maintain acid-base balance. Heparin (10,000 units) was given to prevent 

blood clotting. 

Surgical Preparation 

The preparation is illustrated in figure 3.1. We isolated the carotid sinuses by 

ligating the lingual, external carotid, and internal carotid arteries bilaterally. Blood 

flow was diverted from the right common carotid artery, through a pump (Masteflex 
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#16 Tygon tubing) and then to both carotid sinuses via the distal stumps of the common 

carotid arteries. We measured Pear via a side port on the tubing distal to the pump. A 

bilateral vagotomy was performed to remove the influence of aortic baroreceptors. 

The vascular supply to the left hindlimb was isolated as previously 

described (27,34). In brief, we tied all branches of the femoral artery and vein in the 

femoral triangle. Blood flow was diverted from the right femoral artery, through an 

in-line electromagnetic flow probe (Carolina Medical #10), and into the left femoral 

artery. A side port placed distal to the flow probe was used to measure the pressure 

perfusing the limb (Pper). We placed two side ports proximal to the flow probe so that 

blood flow could be diverted through a second pump (Masterflex #16 Tygon tubing) 

during the experimental runs. The direct line was used for measuring the natural flow 

of the hindlimb at a given carotid sinus pressure. During experimental runs, flow was 

controlled by clamping the direct line and adjusting the pump speed. We cannulated the 

left femoral vein and returned the outflow to the animal via the right jugular vein. Pv 

was measured from a side port close to the cannulation site. 

We passed surgical wires through the proximal thigh with a 12-14 gauge needle. 

The wires were tied securely around either side of the femur to eliminate any collateral 

flow. 
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Measurements 

Pressures were measured with Trantec transducers. We measured flow (Q) with 

a Carolina Medical electromagnetic flow meter and an in-line probe. Signals were 

filtered at 3 Hz. All signals were processed through Gould amplifiers and 

simultaneously recorded on an eight-channel Graphtec recorder and on an IBM 

compatible computer using CODAS software program (DATAQ Instruments Inc.) for 

A-D conversion and analysis. Lactate levels were measured on a YSI Model 23L 

lactate analyzer (Yellow Springs Instrument Co. Inc) and oxygen content on an 

Instrumentation Laboratory 282 eo-oximeter. 

Protocol 

Experimental runs were performed at both normal carotid pressure (Pear~P8 , 

mean of 129 mmHg), and low carotid pressure (mean Pear of 65 mmHg) in random 

order. Pear was set by changing carotid sinus perfusion rate, and the natural flow to the 

hindlimb was measured. The tubing was then clamped between the two proximal side 

ports, and pump flow adjusted to give the same perfusion pressure as natural flow 

conditions. Pump flow was then manually turned down to zero over a ramp-time period 

ranging from 5-10 seconds (The pressure-flow intercept under these conditions 

approximates P erit (27)). This was repeated a second time at the same perfusion 

pressure. Perfusion pressure was then changed, and we allowed the pressure to 

stabilize before continuing (approximately 5 minutes). The pump flow was again 

decreased to zero over two separate runs at the new Pper· We repeated this procedure at 

perfusion pressures 75, 100, 125, 150 and 175 mmHg in random order. To assess the 

metabolic contributions to vasomotor tone, arterial and venous blood samples for 

oxygen content and lactate levels were taken from the femoral vessels of the perfused 

hindlimb during perfusion at the two lowest pressures in three animals. 
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Hindlimb inflow and outflow were simultaneously occluded (double occlusion) 

before and after each series of measurements to ensure isolation (28). A continuous 

rise in venous pressure indicates collateral arterial inflow, and a continuous fall in 

venous pressure indicates collateral venous outflow. The surgical wires were then 

tightened and another double occlusion performed. We continued the experiment only 

after complete isolation was obtained. 

At the end of the experiment, the hindlimb was amputated at the level of the 

surgical wires and weighed. Flow and resistance are expressed per 100 g of hindlimb. 

Data Analysis 

The data were digitized and sampled using the CODAS software program at 50 

Hz per channel. Mean Pear• P8 , Pper• Pv, and Q were obtained before each zero-flow 

pressure measurement. 

In general, the relation between flow and perfusion pressure during a ramp to 

zero flow was linear. In a few experimental runs, a curvilinear phase convex to the 

pressure axis occurred at high flows. This was most likely due to passive stretching of 

the. arterial walls, and has been noted by other authors (8,27). Occasionally, a 

curvilinear phase convex to the pressure axis occurred at low flows. Two possibilities 

may account for this. First, reactive vasodilation may have occurred in response to the 

decreased flow, even though the time to zero-flow was less than ten seconds. Second, 

the rate of decrease in pump speed may have slowed as flow approached zero (due to 

human or mechanical factors). In this case, pressure would continue to decline below 

Peril due to the small collateral vessels around the Starling resistor. To avoid the 

influence of these factors and to be consistent with runs not exhibiting a curvilinear 

phase, we plotted the regression line for the linear phase, and used the calculated 

x-intercept as the zero-flow pressure intercept. The two Peril values obtained for each 

Pper were averaged. Ra was calculated as (Pper-PeriJIQ. 
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Statistics 

The changes in Peril and R
8 , with varying carotid sinus pressures were compared 

using ANOVA for Repeated Measures: Two factor design (Pper x Pear) and the 

Newman-Keuls' Multiple-Range Test. Results were considered significant if p<0.05. 

In one animal there was no flow at Pper=75 mmHg during carotid sinus hypoperfusion, 

and we therefore imputed the mean value of Peril and Ra from the other five animals for 

the purposes of statistical analysis. Since the results are presented as the mean of six 

animals, this method of analysis means Peril is slightly underestimated at 75 mmHg, and 

Ra is slightly overestimated. 

3.4. RESULTS 

PC02 was 38.1±5.3 mmHg (mean±S.D.) and P02 was 143±45 mmHg. 

Rectal temperature was 36±2°C and hematocrit was 41.4±5.9%. The [H]+ was 

4.68x10-8±0.65x10-8 M (pH=7.33). When Pear was lowered from 129+3.1 mmHg 

(mean±S.E.M.) to 65±3 mmHg, Pa increased from 122±13 mmHg to 169±12 

mmHg indicating that the carotid sinus preparation was functional. 

Figure 3.2a is a plot of Peril versus Pper at normal and low carotid sinus 

pressures. At normal carotid pressures, the Peril increased as Pper was raised from 75 

mmHg to 175 mmHg (p<0.001). In two animals, we lowered Pper to 25 mmHg and 

the Peril continued to decrease. At low carotid sinus pressure, Peril also increased as Pper 

increased, and the absolute value was higher at any given perfusion pressure when 

compared to normal carotid pressures (p<0.025). The slope of the relationship was 

not different (p>0.2). 

Figure 3.2b is a plot of Ra against Pper· At normal Pear' resistance declined with 

increasing Pper (p<0.05). At low Pear' there was a parallel upward shift in the curve 

similar to the relationship between Peril and perfusion pressure. 
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Figure 3.2: In A, the relationship between critical pressure (PeriJ ( +S.E.M.) 

and perfusion pressure (Pper) (±S.E.M.) over the range of 75-175 

mmHg is shown (n=6). The 0 represent the data during carotid sinus 

perfusion at low pressure, whereas the • represent the data when the 

carotid sinus is perfused at a normal pressure. In two dogs, Peril was 

also measured at perfusion pressures of 25 and 50 mmHg. The average 

(without S.E.M.) of these two animals is also plotted on the graph. The 

arrows indicate the working points of the hindlimb at the different 

carotid sinus pressures. In B, arterial resistance (R8 ) is plotted against 

Pper for the same animals, with the same legend. There is a significant 

increase in Peril (p < 0.005) and a significant decrease in R
8 

(p < 0.05) as 

Pper is increased. In addition, there is a significant increase in both Peril 

and Ra when the carotid sinus pressure was lowered (p < 0.05). There 

was no interaction between the carotid sinus pressure and either 
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dependent variable, i.e. no change in the slope of the relationships 

(p>0.2). *indicates significantly different from Pper of 100 mmHg. 
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Table 3.1 shows the values for blood samples of arterial and venous oxygen 

content, as well as arterial-venous differences in lactate concentration obtained in three 

dogs during perfusion at low pressures (under both normal and low Pear conditions). 

There was always a large reserve of oxygen in the venous sample, and the arterial-

venous difference in lactate concentration was negligible. Therefore, the 

autoregulatory responses that occurred were unlikely to be of metabolic origin (see 

discussion). 

Oxygen Content Lactate 
(ml 0 2·100ml-1 blood) (mmole·L-1) 

Experiment Condition pper Art V en A-V A-V diff 
diff 

1 NC 75 20.1 17.5 2.6 0.1 
LC 75 not applicable 

NC 100 20.2 17.6 2.6 n/a 
LC 100 23.6 18.9 4.7 0.2 

2 NC 75 14.2 12.8 1.4 0.0 
LC 75 18.6 16.3 2.3 0.1 

NC 100 13.7 12.8 0.9 0.1 
LC 100 22.1 18.7 3.4 0.0 

3 NC 75 16.5 8.7 7.8 0.5 
LC 75 20.8 8.9 11.9 0.5 

NC 100 15.8 10.7 5.1 0.9 
LC 100 20.8 13.6 7.2 0.2 

Table 3.1. Arterial and venous oxygen content, and arterio-venous lactate 

differences in three animals at perfusion pressures (P per) of 75 and 100 

mmHg. Blood samples were drawn during carotid sinus perfusion at 
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normal pressure (NC), and at low pressure (LC). In experiment 1, the 

critical pressure during LC condition was higher than 75 mmHg, and 

there was no flow at this pressure. 

3.5. DISCUSSION 
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We found that Peril increases in response to 1) an increase in perfusion pressure, 

and 2) an increase in sympathetic tone induced by lowering _carotid sinus pressure. 

Before discussing these results in detail, some technical factors need to be considered. 

These include the influence of other baroreceptors, the completeness of the hindlimb 

isolation, and the effects of vascular compliance on the measurement of Peril' 

We controlled the carotid sinus pressure with a pump. Input from the aortic 

arch baroreceptors and the pulmonary circuit should have been removed by the bilateral 

vagotomy. If any baroreflexes still remained, they should have blunted the responses 

we observed. 

If the hindlimb is not completely is~lated from the systemic circulation, Peril is 

overestimated (15). We used the double occlusion technique described in the methods 

section to ensure isolation (28), and did not proceed unless isolation was confirmed. 

This collateral flow needs to be distinguished from "collateral" channels that do not 

have a critical pressure and "bypass" the Starling resistor. The flow around the 

Starling resistor is responsible for the decrease in perfusion pressure below Peril 

following arterial occlusion, and necessitates the ramp technique for measuring 

peril {27). 

Changes in resistance and Peril have been studied with steady-state pressure-flow 

relations ( 1, 7). However, steady-state measurements are of limited value since they 

include adjustments from autoregulatory mechanisms. When flow is decreased in 

steps, metabolic vasodilation may decrease the tone of the vessels responsible for the 
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Starling resistor-like mechanism, and thus lower Pcrit· In addition, the decrease in Pper 

could result in further vasodilation due to the myogenic response (19). Therefore, the 

values from steady-state measurements might not reflect the instantaneous P crit that 

exists at higher flows or higher pressures. If P crit is unreliable, then resistance 

calculations [R. = (P per-P criJ/ Q] are also unreliable. 

In order to estimate Pcrit at each Pper• we used the dynamic pressure-flow 

relation. These however, can be affected by vessel compliance (2, 11 , 27, 35). If inflow 

is instantaneously decreased to the value in the compliant region, the inflow pressure 

gradient decreases to zero and inflow ceases _even though flow downstream from the 

compliant region continues. Thus, an artificially high Pcrit is recorded. This effect is 

minimized if the ramp time to zero-flow is long enough to allow the compliant region 

to empty. Compliance effects are negligible for ramp times greater than 5 

seconds (27,34). 

Finally, it should be noted that Pcrit is the pressure when flow ceases, but 

arterial pressure continues to decline if the occlusion is maintained (27). This is 

because the volume above the site of Pcrit can escape through channels which bypass the 

Starling resistor-like mechanism. We have previously shown that if only 1.5% ofthe 

total conductance goes through these channels, Pcrit will be significantly underestimated 

if the final arterial pressure is used instead of the actual pressure when zero flow 

occurs (27). In our previous study, we showed that this problem can be avoided by 

ramping the inflow down to zero with times to zero flow of 4-10 sec. The arterial 

pressure will continue to fall as soon as the inflow stops, but the value just before this 

is a very close approximation of Pent· This is supported by the fact that there is very 

little change in the measured P crit with times to zero flow of 5-l 0 seconds (27). In fact, 

the plateau in this measurement with different times to zero flow supports the existence 

of a true physiological phenomenon and is very difficult to explain with any other 
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model (27). The second advantage of the ramp technique is that it eliminates the 

effects of capacitance flow mentioned above, which are present when the flow is 

rapidly decreased and which produce an artificially high Peril (2, 11,27 ,35). 

P criJ, Rw and Autoregulation 

To explain the increase in P erit with an increase in P per' it is best to separate the 

local control systems into vasodilating and vasoconstricting factors. Metabolic and 

myogenic regulation should result in vasoconstriction with an increase in P per' whereas 

passive forces and flow-induced vasodilation (endothelial-derived relaxing factor, 

EDRF) would cause vasodilation. Thus, EDRF release and passive distention may 

have attenuated the magnitude of the observed response, but the major control system 

of this vascular segment had to be either metabolic or myogenic. It is unlikely that 

metabolic factors were important since oxygen consumption of resting skeletal muscle 

is low (5-6 Ill 0 2·g-Lmin-1, (36,37)), and metabolites would not be expected to 

accumulate. Furthermore, the oxygen content of the venous effluent was high in the 

three animals in which it was measured, and there was minimal lactate production, 

even at the lowest flows. Therefore, the changes in Peril were most likely due to a 

myogenic response, i.e. smooth muscle contraction in response to an increased 

transmural pressure (20). 

Our results support those of Braakman et al. who showed the Peril in isolated 

skeletal muscle increases from 3 to 6 kPa (22.5-45 mmHg) when Pper is increased from 

5 to 20 kPa (37.5-150 mmHg) (8). Braakman et al. however, did not examine the 

relation between Pper and R8 • Contrary to the increase in Peril' we found that Ra 

decreases with increasing P per· This could be explained by constriction of the terminal 

arterioles or metarterioles and a vasodilation of the vessels located more proximally. In 

support of this, Meininger et al. (30) used intra-vital microscopy and showed that third 

and fourth order rat cremasteric arterioles constrict when Pper 'is increased, whereas the 

more proximal vessels dilate. This does not imply that the myogenic response is 
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limited to third order arterioles, for the proximal vessels may simply be more sensitive 

to passive factors and/or EDRF. If the more proximal vessels were completely 

unresponsive to increased transmural pressure, then the dilation may have been greater. 

Similarly, the Starling resistor mechanism may have been influenced by EDRF, but the 

effect was presumably overshadowed by the myogenic response. 

Interestingly, although Meininger (30) showed that first order vessels dilate in 

vivo when Pper is increased (N.B. since flow decreased in their experiment, this was not 

EDRF mediated), he has also shown that the same stimulus on the same sized vessels in 

vitro results in vasoconstriction (13). Furthermore, Kuo et al. studied 40-80 urn porcine 

coronary arterioles in vitro and also found that the myogenic response is greater than 

the flow-induced vasodilation (24). The difference between in vitro and in vivo results 

most likely reflects the different relative strengths of the myogenic and flow-induced 

responses in the different preparations, perhaps due to circulating hormones or 

sympathetic tone. Our results correspond well with the in vivo data. 

The decrease in resistance that we observed is different from the observation of 

Braakman et al. who found that resistance of the canine abdominal peripheral bed 

increased when Pper was increased (6). However, since the abdominal peripheral bed 

has numerous anastomotic sites between vessels of origin above and below the renal 

vessels (12), it is possible their preparation was not completely isolated. Without proper 

isolation, any conclusions about changes in resistance become questionable (15). 

Carotid Sinus Barorejlex 

The second part of our study examined the interaction of the central and local 

control of vascular tone. Our hypothesis that lowering carotid sinus pressure would 

result in a higher Pcrit and Ra for any given Pper was confirmed. In addition, the rate of 

rise in Pcrit (and fall in R8) was similar at both carotid sinus pressures, indicating that 

the myogenic response operates independently of central control. This could arise for 
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example, if the different control systems affect cytosolic calcium levels through 

different channels. 

Our conclusion that Pcrit and R
8 are increased during activation of the carotid 

sinus baroreflex independently from the myogenic response conflicts with the results of 

Lash and Shoukas (25). These authors used intra-vital microscopy and observed 

1'\linimal vessel diameter changes (i.e. no change in resistance) in the rat spinotrapezius 

bed during carotid occlusion whenever arterial pressure was maintained constant 

(accomplished by bleeding the animal). They therefore concluded that most of the 

vasoconstrictor response to carotid occlusion was due to the local myogenic response. 

However, these results are contradicted by several other studies. Hebert and Marshal! 

studied the same vascular bed and found that increasing carotid sinus pressure to 240-

250 mmHg caused an immediate vasodilation in the arterial tree, and that the effect was 

abolished with local sympathetic blockade (guanethidine or crushing of paravascular 

sympathetic nerves) (18). A local metabolic component probably occurred as some 

vessels began to vasoconstrict 8-12 seconds after the arterial pressure began to fall. 

This effect was not abolished by local sympathetic blockade. Marshal! also showed 

that stimulation of the sympathetic nerves to the rat spinotrapezius muscle causes 

arteriolar vasoconstriction, and the effect is abolished if the paravascular nerves distal 

to the stimulating electrode are crushed (29). Finally, Hainsworth et al. kept Pper 

constant and found that flow to the canine hindlimb was affected by changes in carotid 

sinus pressure (17). 

The results of Lash and Shoukas could be explained by damage of the nerve 

supply to the muscle during dissection, or failure to fully activate the baroreceptor 

reflex. In addition, since the spinotrapezius muscle is a postural muscle, its vasomotor 

regulation might be different than the hindlimb. If so, it is possible that 

vasoconstriction of this bed only occurs when the sympathetic nervous system is 

strongly activated. Lash and Shoukas (25) used carotid occlusion which does not result 
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in a maximum response, whereas our animals were vagotomized and Pear lowered 

below 75 mmHg to achieve a maximal effect (23 ,33). Marshal!' s results suggest that 

Lash and Shoukas would have observed a neurogenic reflex involvi~g the 

spinotrapezius vascular bed if the baroreflex had been fully activated. 

Implications 

We previously showed that lowering carotid sinus pressure from 119+6 mmHg 

to 71+6 mmHg (allowing Pper to increase from 111±12 mmHg to 164±15 mmHg), 

increased Pcrit by 62+10%, and R8 by 42±15% (34). Normally however, carotid sinus 

pressure and arterial pressure decrease together (e.g. hemorrhage). Our present results 

suggest that this would result in a higher R8 , and a lower Peril than noted above. For 

instance, the Perit at a Pper of 111 mmHg under normal carotid sinus perfusion is 

approximately 41 mmHg. If arterial pressure declines from 125 mmHg to 75 mmHg, 

the carotid baroreflex should cause Peril to increase from 44 mmHg to 63 mmHg. 

However, without the carotid baroreflex, the overall effect of local factors (passive, 

EDRF, metabolic, and myogenic) would normally cause Peril to decrease to 33 mmHg. 

If both effects are combined, the new Peril value would be 43 mmHg, i.e. unchanged. 

Under the same circumstances, arterial resistance would increase from 10.1 

mmlig·min·ml-t.tOOg-1 to 15.2 mmHg·min·ml-t.tOOg-1 due to the carotid baroreflex, 

and increase further to 15.8 mmHg·min·ml-l.lOOg-1 due to the local effects. The net 

effect would therefore be a decrease in flow to the hindlimb as a result of a decreased 

arterial pressure and an increased resistance, with no change in Peril· 

If no waterfall is present, arterial pressure after hemorrhage can only be 

increased by increasing total resistance. Since the vasculature can be modelled as 

several resistances in series, the total resistance can be increased by increasing the 

resistance in any of the regions, presumably through an increase in sympathetic 

activity. However, the sympathetic nervous system would require an extremely 

sensitive feedback system to accurately return blood. pressure to normal. This is 
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because the proportional change in resistance (R2/R1) is equal to r1
4/r2

4 where R1 is the 

original resistance, R2 is the new resistance, r1 is the original radius, and r2 is the new 

radius. Therefore, a small change in radius would have a large effect on blood 

pressure. This type of control system is appropriate for coarse changes, but is not 

appropriate for a system requiring fine control. A Starling resistor-like mechanism 

however, allows both fine control (through PeriJ, and coarse control through R
8 • This 

is because Perit is controlled through changes in smooth muscle tension, and is not 

dependent on the vessel diameter. For instance, if arterial pressure should be increased 

by 5 mmHg, the sympathetic activity is increased and augments smooth muscle tension 

by the equivalent of 5 mmHg. The actual change in vessel diameter is not important 

because the increased tone is acting as a back pressure to flow, and not as a change in 

resistance. 

In conclusion, an increase in Pper causes an increase in Perit and a decrease in the 

resistance of the upstream vessels. The carotid baroreflex however, causes increased 

tone throughout the arterial system. 
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4.1. ABSTRACT 

Hindlimb pressure-flow relationships are well characterized by modelling a 

vascular waterfall at the arteriolar level. Under these conditions, Q=(Pper-PcriJIR3 , 

where Q is blood flow, Pper is perfusion pressure, Pcrit is waterfall pressure, and Ra is 

the resistance upstream from the waterfall. To determine the effects of endothelium

derived relaxing factor (EDRF) on Pent' R3 , and venous resistance (~), we varied Pper 

in the canine hindlimb between 100-200 mmHg before and after L-nitro-arginine 

infusion (L-NNA, an inhibitor of EDRF synthesis). Pre L-NNA, Pcrit increased with 

increasing Pper (p<O.OOl). Post L-NNA, Pcrit was higher at each Pper' and the increase 

in P crit with increases in P per was greater than under control conditions (p < 0. 001). In 

contrast to Peril' Ra decreased with increasing Pper pre L-NNA (p<O.OOl). Post 

L-NNA, Ra was higher at each Pper (p<O.OOl), and no longer decreased with 

increasing Pper (p>0.05). ~ was not affected by Pper under control conditions, but 

decreased with increasing Pper post L-NNA (p<0.05). In a second group of animals, 

we infused phenylephrine to control for increased tone produced by L-NNA. Results 

were similar to those seen with L-NNA. In conclusion, blocking EDRF synthesis 

increases both Pcrit and R3 , but the response of these variables to changes in P per is 

through a non-specific increase in vascular tone. 
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4.2. INTRODUCTION 

In 1980, Furchgott and Zawadzki demonstrated that acetylcholine-induced 

smooth muscle relaxation is dependent on the presence of an intact endothelium (11). 

Later studies showed that flow-induced vasodilation was also endothelium

dependent (24), and that both effects were due to a diffusible substance which became 

known as endothelial-derived relaxing factor (EDRF) (10). Blocking EDRF synthesis 

during constant flow conditions results in an increase in hindlimb perfusion pressure 

(Pper), which suggests that there is a basal release of EDRF in vivo (4). 

Traditionally, the increase in P per with EDRF blockers is interpreted as an 

increase in resistance. This is based on Poiseuille 1 s Law which states that flow is 

proportional to the difference between inflow and outflow pressures. However, two 

observations raise questions about the application of this model to the circulation. 

First, whereas Poiseuille 1 s Law predicts that arterial and venous pressure should be 

equal when flow is zero, it has been repeatedly shown that an arterial-venous pressure 

gradient remains at zero-flow (2,3, 18). Second, it is difficult to explain the 

observation that small increases in venous pressure do not affect inflow into the region 

until a critical value is reached (8, 18,28). Therefore, some authors have postulated that 

arteriolar tone creates a back pressure to flow, or vascular waterfall (8,18,22,28). In 

this model, flow is determined by the difference between Pper and Pcrit' divided by the 

resistance between the two (R8). Whereas Pcrit is directly related to tone, R
8 

is 

dependent on the diameter of the vessel, and reflects the balance between tone and 

intravascular pressure. Both P crit and R8 are increased with vasoconstrictor drugs and 

increases in sympathetic tone, and decreased with vasodilator drugs and decreases in 

sympathetic tone (6,26). 

A change in P per also affects vascular tone and diameter but the overall effect 

depends on the interaction between vasoconstrictor forces (myogenic response, removal 
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of metabolites) and vasodilator forces (EDRF, passive). We have previously found Peril 

increases with increases in Ppeo whereas R8 is constant at lower Pper (50-150 mmHg) 

but decreases at higher Pper (27,30). Since neurogenic factors were controlled and 

metabolic factors were negligible (9,26), the increased Peril is best explained by a 

myogenic effect in response to the increased Pper (perhaps attenuated by EDRF). The 

decrease in Ra may have been due to the release of EDRF secondary to the increased 

flow, or by passive factors (perhaps attenuated by a myogenic response). 

The purpose of this stud~ was therefore to isolate the role of EDRF in the 

control of Peril and R8
• We hypothesized that blockade of EDRF synthesis with L-nitro

arginine (L-NNA) (14,31) would increase vascular tone and thereby increase both Peril 

and R8 • In addition, we hypothesized the decrease in R8 previously seen with 

increasing perfusion pressure was EDRF mediated, and would be .abolished by L-NNA 
' . . ' 

infusion. Our method also allowed us to examine the effects of EDRF on venous 

resistance(~). In a second group of animals, we controlled for effects mediated solely 

by increased vascular tone by giving phenylephrine to produce the same increase in P per 

as observed with L-NNA. 

We estimated Peril and R8 from dynamic pressure-flow relations in which the 

time taken to decrease flow to zero was between 5-10 seconds. Under these conditions, 

the zero-flow pressure intercept approximates Pcrit (18,26,27). Arterial resistance is 

then calculated as (Pper-PeriJ/Q,where Pper is perfusion pressure and Q is inflow into the 

region. 

4.3. METHODS 

Eleven dogs weighing 18-31 kg were anaesthetized with a-chloralose 

(75 mg·kg-1) after initial induction with sodium pentothal (1 mg·kg-1). Supplemental 

doses of a-chloralose were given as needed. The animals were intubated, ventilated 
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(Harvard Apparatus), and given supplemental oxygen to maintain P02 greater than 100 

mmHg. We cannulated the left carotid artery to monitor arterial blood pressure (P8 ) 

and to obtain arterial blood samples. Normal saline was infused into the left jugular 

vein to maintain proper hydration and sodium bicarbonate was given to maintain acid

base balance. Heparin (10,000 units bolus) was given to prevent blood clotting. 

Surgical Preparation 

The vascular supply to the left hindlimb was isolated as in previous 

studies (18,26,30). We tied all branches of the femoral artery and vein in the femoral 

triangle. Blood flow was diverted from the proximal end of the left femoral artery, 

through an in-line electromagnetic flow probe (Carolina Medical #10), and back into 

the distal end of the left femoral artery. Perfusion pressure (P per) was measured 

through a side port close to the distal femoral artery segment. We placed two side 

ports upstream from the flow probe so that blood flow could be diverted through a 

pump (Masterflex #16 or #14 Tygon tubing) and controlled by clamping the direct line 

and adjusting the pump speed. A third side port was placed between the pump and 

flow probe for infusion of L-NNA or phenylephrine. We cannulated the left femoral 

vein and allowed the blood to flow into a reservoir. A Y -connector on the venous 

tubing had one end open to atmosphere to create a waterfall, thereby allowing us to 

control venous pressure. Reservoir blood was returned to the animal via the right 

jugular vein. Venous pressure (Pv) was measured from a side port close to the 

cannulation site. 

We passed surgical wires through the proximal thigh with a 14 gauge needle. 

The wires were tied securely around either side of the femur to eliminate any collateral 

flow. A simultaneous occlusion of hindlimb inflow and outflow (double occlusion) was 

performed to ensure that isolation was maintained ( 18, 19). Isolation was rechecked 

before and after each protocol. In addition, the level at which the venous pressure 

plateaus during the double occlusion is the pressure of the compliant region of the 
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vascular bed (elastic recoil pressure, P ei), and was used as the upstream pressure in the 

calculation of venous resistance ("Ry) (19). 

Measurements 

Pressures were measured with Trantec transducers. We measured flow (Q) 

using a Carolina Medical electromagnetic flow meter and an in-line probe. Signals 

were filtered at 3 Hz. All signals were processed through Gould amplifiers and 

simultaneously recorded on an eight-channel Graphtec recorder and on an IBM 

compatible computer using CODAS software program (DATAQ Instruments Inc.) for 

A-D conversion. Analysis was performed using the Codas and Anadat (RHT-Infodat 

Inc.) software programs. 

Drug Concentrations 

L-NNA was dissolved in HCl and saline to yield a concentration of 6x10-2 'M 

(0. 76N HCl). Hindlimb blood flow during drug infusion was fixed to yield an initial 

perfusion pressure of 100 mmHg. The drug infusion rate was set at 11100 of the blood 

flow rate to give a L-NNA blood concentration of 6x104 M. In preliminary 

experiments, it was found that infusion for 20 minutes at this concentration increased 

Pper from 100 mmHg to approximately 175-200 mmHg during constant flow and that 

the effect lasted for more than 2 hours. 

In experiments using phenylephrine, we dissolved 10 mg in 250 ml 5% dextrose 

(D5 W) and started the infusion at 1 ml·min-1 during conditions of constant flow 

(Pper=100 mmHg). The infusion rate was slowly increased every 2-3 minutes until 

Pper~175-200 mmHg. This infusion rate was kept constant throughout the remainder of 

the experiment. 

Protocol 

We tested the effect of L-NNA and phenylephrine on the response of Pcrit and 

R8 to increasing Pper as in our previous studies (27,30). Under control conditions, the 
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pump flow rate was set at a given Pper between 100 and 200 mmHg. Pump flow was 

then manually turned down to zero over 5 to 10 seconds to obtain Pcrit· We call this 

time the "ramp time". Two measurements were obtained at each perfusion pressure. 

The perfusion pressure was then changed, and the pump flow again decreased to zero 

in two separate runs. Isolation was rechecked with double occlusions at each Pper· We 

measured Pcrit and calculated Ra at perfusion pressures of 100, 125, 150, 175, and 200 

mmHg in random order. The procedure was then repeated following L-NNA 

administration in one group of animals (n=6), or with a continuous phenylephrine 

infusion (infusion was stopped during the experimental run, i.e. for 10 seconds) in 

another group of animals (n=5). 

At the end of the experiment, the hindlimb was amputated at the level of the 

surgical wires and weighed. Flow and resistance are expressed per 100 g of hindlimb. 

Data Analysis 

Mean P a, P peo P v and Q were obtained before each zero-flow pressure 

measurement. P ei was considered equal to the venous pressure during the double 

occlusion. 

In general, the dynamic pressure-flow relation was linear. Under the conditions 

of our experiment, the zero-flow pressure intercept (calculated from least-squares linear 

regression analysis), is an excellent approximation of Pcrit (18,26,27). The two Pcrit 

values obtained for each Pper were averaged. Ra was calculated as (Pper-PcriJ/Q. ~was 

calculated as (PerPv)/Q. 

Statistics 

The relationship between Pcrit and Pper pre and post L-NNA infusion, and pre 

and post phenylephrine, were analyzed using ANOV A for Repeated Measures: Two 

factor design (Pper x L-NNA, or Pper x phenylephrine). In addition, the Two-Factor 

Mixed Design: Repeated Measures on one Factor was used to compare the L-NNA 
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group with the phenylephrine group, and the Newman-Keuls' Multiple-Range Test was 

used as the post-hoc test where appropriate. Results were considered significant if 

p<0.05. A similar analysis was performed for arterial resistance and venous 

resistance. 

4.4. RESULTS 

There was no difference in [H+], PC02, P02, temperature, or hemoglobin 

concentration between the L-NNA and phenylephrine groups. The PC02 was 

36.9+6.2 mmHg (mean±S.D.) and P02 was 167±47 mmHg. Rectal temperature was 

37 + 1 oc and hemoglobin concentration was 12.7 ±2.5 g·dl-1• The [H+] was 

4.26x10-8+0.66x10-8 M (pH=7.37). 

There was no difference in the hemodynamics between. L-NNA . and 

phenylephrine groups for any of the variables examined (Q, Pent' Ra, or~) (p>0.2). 

This is illustrated in each figure where all four conditions are plotted [pre-L-NNA 

(closed circles}, post-L-NNA (open circles), pre-phenylephrine (closed squares), and 

post-phenylephrine (open squares)]. 

In figure 4.1, steady-state flow is plotted against Pper· Vasoconstriction induced 

by either L-NNA or phenylephrine resulted in lower flows at each Pper' and less change 

in flow for a given change in pressure. 
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Figure 4.1: A plot of flow versus pressure during steady-state perfusion. The 

L-nitro-arginine group (L-NNA) is represented by circles [pre-L-NNA 

(•), post-L-NNA (0)], and the phenylephrine group is represented by 

squares [pre-phenylephrine (•), post-phenylephrine (0)]. Results are 

expressed as mean±S.E.M. with error bars in both X and Y directions. 

The error bars for some data points are too small to be visualized. There 

was no difference between L-NNA and phenylephrine groups, but each 

experimental group had a lower flow than during the control period. 
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Figure 4.2a is a plot of Peril versus Pper· Blocking EDRF synthesis with L-NNA 

increased the value of Peril at each Pper (p<0.001). As Pper was increased from 

approximately 100 mmHg to 200 mmHg, Peril increased from 39.9+ 1. 7 mmHg 

(mean±S.E.M.) to 60.5±3.9 mmHg before L-NNA infusion (p<O.OOl), and from 

56.4±4.7 mmHg to 107.6±6.6 mmHg following L-NNA infusion (p<0.001). The 

slope of the relationship Perit versus Pper was increased following L-NNA infusion 

(p<O.OOl). Results were similar between the L-NNA and phenylephrine groups 

(p>0.2). 
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Figure 4.2: In A, the pressure at the waterfall (PcriJ is plotted against the 

perfusion pressure (Pper) for both L-NNA and phenylephrine groups. 

The legend is the same as figure 4.1, [pre-L-NNA (•), post-L-NNA 

(0), pre-phenylephrine (•), post-phenylephrine (0)]. There was no 

difference between the groups during control conditions, nor after 

vasoconstriction {p > 0.2). Both L-NNA and phenylephrine resulted in 

an increased P crit at each P per {p < 0. 001). In addition, there was an 

increase in P crit with increasing P per both pre and post vasoconstriction 

{p < 0. 001). The slope of the relationship P crit versus P per was increased 

during vasoconstriction {p < 0.001). In B, arterial resistance (R
8

) is 

plotted against Pper· As in 4.2a, there was no difference between 

L-NNA and phenylephrine groups {p > 0.2), and both drugs resulted in 

an increased R8 at each Pper {p<O.OOl). Before the infusions, R8 was 

constant between 100 and 150 mmHg, and decreased when Pper was 
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increased to 200 mmHg (p < 0.001). Unlike control conditions, R8 was 

not affected by Pper after drug-induced vasoconstriction (p>0.05). 
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In figure 4.2b, R8 is plotted against Pper· Similar to the observations with Pcrit' 

EDRF blockade increased the value of R8 at any given Pper (p<0.001). Prior to 

L-NNA infusion, R
8 

was constant at low perfusion pressures (100-150 mmHg) but 

declined at higher perfusion pressures (175-200 mmHg). Overall, resistance decreased 

from 12.0+ 1.4 mmHg·min·100g·ml-1 at 100 mmHg, to 8. 7 + 1.1 mmHg·min·100g·ml-1 

at 200 mmHg (p<0.001). After L-NNA infusion however, R
8 

did not change when 

Pper was increased (32.1±3.7 mmHg·min·100g·ml-1 at 100 mmHg versus 35.8±3.5 

mmHg·min·100g·ml-1 at 200 mmHg, p>0.05). The results for the phenylephrine 

group were similar to the L-NNA group (p>0.2). 

Figure 4.3 shows the changes in ~ with increasing Pper for both groups of 

animals. Once again,~ was higher at all Pper after L-NNA infusion (p<0.05). ~did 

not change with changes in Pper during control conditions (p>0.05). Post-L-NNA, ~ 

decreased when Pper increased from 100 mmHg to 125 mmHg (p<0.05), but did not 

significantly decrease any further with higher pressures. The response of ~ to changes 

in Pper with the phenylephrine group was similar to the L-NNA group (p>0.2). 

Finally, Pe1 decreased at each Pper following L-NNA infusion. Furthermore, Pe1 

increased with increasing Pper in each group. For instance, when perfusion pressure 

was increased from 100 to 125 mmHg, Pe1 increased from 11.6+1.7 to 14.6±1.3 

mmHg during control conditions, and from 9.1±2.5 to 10.2+2.4 mmHg after L-NNA 

infusion (p < 0.05). The results were similar for the phenylephrine group. 
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Figure 4.3: Venous resistance <Rv) is plotted against Pper· The legend is the 

same as figure 4.1, [pre-L-NNA (•), post-L-NNA (0), pre

phenylephrine (•), post-phenylephrine (D)]. Similar to figures 4.1 and 

4.2, there was no difference between L-NNA and phenylephrine groups 

before or after drug infusion (p>0.2). The value of~ at each Pper was 

significantly increased by both experimental interventions (p<0.05). ~ 

was significantly higher at Pper=IOO mmHg when compared to Pper=200 

mmHg for both experimental groups (p<0.05), but not during control 

conditions (p>0.05). 

4.5. DISCUSSION 
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We found that both L-NNA (a blocker of EDRF synthesis) (14,31) and 

phenylephrine (an a 1-adrenoceptor stimulator) increased Pcrit at any given perfusion 

pressure, in addition to increasing arterial resistance. Furthermore, both agents 

increased the slope of the relationship between P crit and P per' and abolished the decrease 

in R8 that occurred with increases in P per under control conditions. These results 

suggest that the effects of L-NNA on Pcrit and R
8 are mediated by an increase in basal 
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tone and are not specific for EDRF inhibition. Before discussing these results in detail, 

some technical factors should be considered. 

The hindlimb must be completely isolated from the systemic circulation or an 

artificially high Peril will be recorded (12). As discussed in the Methods section, we 

used the double occlusion technique (19) to ensure isolation, and did not proceed unless 

isolation was confirmed. 

Changes in resistance and critical pressure have been studied with steady-state 

pressure-fl9w relations (1,5). However, steady-state measurements are of limited value 

since they include adjustments from autoregulatory mechanisms and do not reflect the 

instantaneous Peril that exists at higher flows or higher pressures {6,26). If Peril is 

unreliable, then resistance calculations [R8 ={Pper-PeriJ/Q] and inferences about vessel 

diameter changes are also unreliable. In order to estimate Peril at each P per' we used the 

dynamic pressure-flow relation. Dynamic pressure-flow relations, however, can be 

affected by vessel compliance if the flow is decreased too rapidly (2,18). This effect is 

minimal if the ramp time is greater than 5 seconds (18,26,27). 

The duration of vasoconstriction produced by phenylephrine and L-NNA is 

different. Whereas L-NNA induced vasoconstriction persists for more than two 

hours (31), phenylephrine induced vasoconstriction does not last for long and the drug 

must continuously be infused during the experiment. We therefore titrated the 

phenylephrine dose so that perfusion pressure increased the same as with L-NNA, and 

then fixed the infusion rate at this level. However, this means the blood concentration 

of phenylephrine increased as flow was decreased during perfusion at lower pressures. 

This could have resulted in phenylephrine-induced vasoconstriction being greater than 

L-NNA-induced vasoconstriction at low Pper· The fact that steady-state pressure-flow 

relations post L-NNA and post phenylephrine are almost identical (figure 4.1) suggests 

this effect was minimal. 
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EDRFand Pcrit 

L-NNA increased Pcrit at each Pper· This supports the notion that EDRF is 

released under control conditions, and affects small vessel tone (7 ,29). We also found 

that Perit increases when Pper is increased, and that the slope of the relationship is even 

greater after blocking EDRF synthesis with L-NNA. 

When Pper was increased, several factors were altered that could affect Perit· 

First, the higher perfusion pressure could have induced a myogenic response which 

would have increased tone (15). Second, the increase in Pper was accompanied by an 

increase in flow. This effect might have increased EDRF release and decreased smooth 

muscle tone (23). Third, the increased flow may have led to increased removal of 

vasodilator metabolites which would have decreased the metabolic signal and increased 

tone, but this is not likely to be important in the resting hindlimb (9). Since Peril 

increased when Pper increased and metabolic factors are negligible in our preparation, 

one must conclude that myogenic factors predominated. Since the slope of the 

relationship Peril versus Pper was increased following EDRF synthesis blockade, the 

results support the notion that EDRF normally attenuates the response of the arterioles 

to a myogenic stimulus (17). However, phenylephrine also increased the slope of the 

relationship between Perit and Pper• indicating the mechanism is not specific for EDRF 

inhibition but may be due to a non-specific increase in basal tone. 

EDRFandRa 

EDRF blockade with L-NNA infusion increased R8 at each Pper· This supports 

previous results which indicate that EDRF is released under basal conditions and affects 

large vessel tone in addition to small vessel tone (7,24). Furthermore, as in our 

previous study, Ra decreased at high Pper under control conditions, whereas Peril 

increased (27,30). However, following vasoconstriction with either L-NNA or 

phenylephrine, R8 remained constant with increasing P per· 
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The effect of increasing Pper on Ra can be analyzed in a similar manner to its 

effect on Pcrit· Since Ra decreased with increasing Pper under control conditions, it 

appears that vasodilator forces (EDRF and passive factors) predominate. Following 

EDRF blockade with L-NNA, Ra did not decrease with increasing P per• which indicates 

that the decrease in Ra under control conditions was not due to a passive effect. 

Furthermore, phenylephrine produced the same results as L-NNA, which suggests that 

decreases in Ra with increases in Pper cannot be explained by an increase in EDRF 

release. Rather, it seems vasoconstriction with either drug increases the myogenic 

response of the vessels responsible for Ra in the same way it increases the myogenic 

response of the vessels responsible for Pcrit· 

EDRFandRv 

Similar to the effects on Pcrit and Ra, L-NNA and phenylephrine increased~ at 

each P per· This finding supports other studies which have shown an increase in ~ with 

increases in sympathetic tone (25), and supports the role of EDRF in the venous 

circulation (21). 

A second observation was that ~ increased when P per was decreased from 125 

to 100 mmHg under vasoconstricted conditions but not under control conditions. 

However, the venous system should not have been directly exposed to the high arterial 

P per because of the vascular waterfall. It is therefore more appropriate to examine the 

relationship between~ and Pe1 (i.e. the pressure in the venous compliant region). Pe1 

was obtained by the plateau in Pv during a stop-flow procedure (19). In our 

experiments, ~was unaffected by changes in Pe1 until Pe1 decreased below 10 mmHg 

(i.e. Pper= 100 mmHg). These results are supported by previous studies. For instance, 

Shoukas and Bohlen found that ~ did not change when P ei varied from 10 to 30 

mmHg (25). In addition, Johnson and Hanson found that~ increased when Pper was 

decreased to 60-80 mmHg (16). Although Pe1 was not measured in their study, our 
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results indicate that P ei would likely decrease below 10 mmHg at these perfusion 

pressures. 

The mechanism for the increased venous resistance at low Pet is not well 

understood. It cannot be due to metabolic or direct myogenic effects because 

vasoconstriction occurs when flow or pressure are decreased. It cannot be due to 

EDRF effects, since it occurred equally in L-NNA and phenylephrine groups. One 

possibility is a local capillary-venous reflex (causing venoconstriction) which occurs 

when capillary pressure falls below a critical value. Other possibilities include passive 

narrowing of the vessels at low pressures, derecruitment of vessels, or increased blood 

viscosity at low flows (13). Finally, the increased venous resistance may be important 

in maintaining capillary pressure constant during decreased arterial pressure (13,20,32). 

In conclusion, Peril' arterial resistance, and venous resista.pce, are all increased 
' . 

when EDRF synthesis is blocked with L-NNA. Furthermore, there is a potentiated 

myogenic response of Peril that is not specific to EDRF inhibition, but is a result of 

increased tone. Our results also suggest that the normal decrease in arterial resistance 

observed with increasing P per is abolished during conditions of increased vascular tone 

due to an enhanced myogenic response of the proximal vessels. Finally, our results 

show that venous resistance is increased at low perfusion pressures if vessel tone is 

increased by phenylephrine or L-NNA. 
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5.1. ABSTRACT 

The dynamic pressure-flow relationship in skeletal muscle at normal arterial 
pressure can be explained by modelling a vascular waterfall (critical pressure, PcriJ at 
the arteriolar level. Regulation of flow can therefore occur through changes in P crit at 
the waterfall, or changes in upstream resistance (R

8). To determine if Pcrit still exists 
during maximal vasodilation, we pump-perfused vascularly isolated canine hindlimbs. 
We kept venous pressure (Pv) constant and measured Pent' perfusion pressure (Pper), the 
regional elastic recoil pressure (Pe1, by a stop-flow technique), and calculated both R

8 

and venous resistance (R) during control and vasodilated conditions. Maximal 
vasodilation with adenosine and nitroprusside decreased P crit from 56.4 ±5 .1 to 
11.0+0.6 mmHg. R

8 decreased to 10.2±2.6%, and~ to 41+6% of control. Pe1 at 
zero arterial flow was always less than Pent' but close to normal flow, Pe1 was always 
greater than Pcrit· In a second protocol we raised Pv during maximal vasodilation and 
found that Pper was immediately affected. We conclude that a small Pcrit is still present 
in the maximally dilated hindlimb but is less than the downstream pressure, and does 
not affect flow at normal perfusion pressures. We also found that Pcrit increases when 
Pper is increased during vasodilated conditions indicating that myogenic activity is still 
present, but the rate of increase was less than during normal conditions. R

8 
was not 

affected by increases in P per· 
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5.2. INTRODUCTION 

According to Poiseuille's Law, inflow and outflow pressure should be equal 
when flow is decreased to zero (20). However, many authors have shown a large 

arterial-venous pressure gradient at zero flow (2,3,10,16,19,24). In 1951, Burton 

hypothesized that an instability in the elastic wall causes arterial vessels to collapse 

when inflow pressure declines below a critical value (PeriJ (8). However, in 1963, 

Permutt and Riley showed that the zero-flow pressure gradient is better explained by a 

vascular "waterfall" at the arteriolar level (20). Flow over a waterfall is determined by 
the difference in altitude between the upstream lake and the waterfall, divided by the 

resistance of the river in between. It is not affected by the actual height of the falls nor 

by the resistance to flow in the river below the falls. Similarly, when a vascular 
' I waterfall is present, flow is determined by the difference between perfusion pressure . 

(Pper) and Perit' divided by the resistance between the two (arterial resistance, R8). 

Venous pressure (Pv) does not affect inflow until the downstream pressure exceeds Pent· 
Unlike Burton's model, a vascular waterfall affects flow throughout the pressure-flow 

relation and not only at zero-flow. 

A vascular waterfall is created when there is a sudden increase in the pressure 

surrounding a vessel, thereby dissociating the energy and hydraulic gradients for 

flow (9). In Permutt and Riley's model, the pressure is supplied by arteriolar smooth 

muscle tone (20). In support of this theory, Braakman et al. found that Perit obtained 
from dynamic pressure-flow relations in isolated skeletal muscle (28.5±9.5 mmHg) is 
affected by norepinephrine and adenosine (tone-dependent) (7). However, when the 

authors suddenly occluded arterial inflow and maintained zero-flow for one minute, Pper 

was only 8.8±2.2 mmHg above Pv. They called this zero-flow pressure the steady

state Perit· Since the steady-state Perit was less than the estimated skeletal muscle small 

venular pressure of 15 mmHg (5), they reasoned that the vessels responsible must be 
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located in the venous circulation. In contrast, the dynamic Pcrit was 28 mmHg which 

they attributed to an arteriolar waterfall. Furthermore, Braakman et al. showed that 

unlike the dynamic Pent' the steady-state Pcrit is not affected by norepinephrine or 
adenosine (tone-independent). Therefore, Braakman et al. concluded that a tone

dependent waterfall exists in the arterial circulation, and a tone-independent waterfall 

exists in the venous circulation. 

The venous waterfall hypothesis was based on a comparison between capillary 

pressure at normal P per' and the perfusion pressure one minute after arterial occlusion 

(steady-state PcriJ· However, during the arterial occlusion used to measure the steady

state Pent' venous outflow continued and capillary pressure must have decreased. After 

one minute of arterial occlusion, capillary pressure might have decreased to less than 9 

mmHg, which would mean the steady-state Pcrit was greater than capillary pressure and 

therefore located in the arterioles. In fact, the steady-state Pcrit might simply represent 

the tone-dependent arteriolar waterfall after smooth muscle tone is decreased by 

ischemic metabolites. The purpose of our investigation was therefore to test the 

hypothesis that Pcrit is located at the arteriolar level even under conditions of maximal 

vasodilation. We defined maximal vasodilation as the loss of reactive hyperemia. 

The method of estimating Pcrit is essential to our experiment. Emptying of the 

arterial compliance can cause an artificially high pressure at zero flow when arterial 

pressure is rapidly decreased (2,16,23). Vasodilation from the myogenic response (15) 

or the release of metabolic factors (4) might produce an artificially low Pcrit if the 
arterial pressure is decreased too slowly. In our previous studies, we showed these 

problems can be avoided by using ramp times (the time taken to decrease flow to zero) 

between 4-10 seconds (16,22). In order to know if Pcrit is due to venous or arterial 

vessels, we estimated small venular pressure (elastic recoil pressure of the vascular bed, 

Pe1) by a double occlusion technique (17). If Pcrit is greater than Pe1, the waterfall must 

be upstream from the small venules. 
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We have also recently shown that Peril increases when perfusion pressure is 
increased, implying an increased tone at the waterfall possibly due to myogenic 
mechanisms (25). Therefore, we further hypothesized that maximal vasodilation (as 

defined by loss of reactive hyperemia) will lower Peril at any given Pper• but that Peril 

will still increase when Pper is increased. 

Finally, we gave a bolus of indomethacin before inducing maximal vasodilation 
to remove prostaglandin-mediated effects. In another series of experiments, Peril and R8 

were measured over a range of perfusion pressures before and after a bolus of 
indomethacin to examine the role of prostaglandins. 

5.3. METHODS 

Six dogs weighing 18-24 kg were anaesthetized with a.-chloralose (75 mg·kg-1) 

after initial induction with sodium pentothal (1 mg·kg-1). Supplemental doses of 
a.-chloralose were given as needed. The animals were intubated, ventilated (Harvard 
Apparatus), and given supplemental oxygen to maintain P02 greater than 100 mmHg. 
We cannulated the left carotid artery to monitor arterial blood pressure {P

8
) and to 

obtain arterial blood samples. Normal saline was infused into the left jugular vein to 
maintain proper hydration and sodium bicarbonate was given to maintain acid-base 
balance. Heparin (10,000 units) was given to prevent blood clotting. 

Surgical Preparation 

The vascular supply to the left hindlimb was isolated as in previous 
studies (16,22) (figure 5.1). We tied all branches of the femoral artery and vein in the 
femoral triangle. Blood flow was diverted from the proximal end of the left femoral 
artery, through an in-line electromagnetic flow probe (Carolina Medical #10), and back 

into the distal end of the left femoral artery. A side port placed downstream from the 

flow probe was used to measure the pressure perfusing the limb (P per). We placed two 
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side ports upstream from the flow probe so that blood flow could be diverted through a 

pump (Masterflex #16 tubing) during experimental runs. The direct line was used for 

measuring the natural flow of the hindlimb and looking for the presence of reactive 

hyperemia. During experimental runs, we clamped the direct line and controlled flow 

by adjusting the pump speed. A third side port was placed between the pump and flow 

probe for infusion of vasodilator drugs. We cannulated the left femoral vein and 

allowed the blood to flow into a reservoir. We created an external waterfall in the 

venous tubing by including a Y -connector with one end open to atmosphere. Venous 

pressure (P v) was controlled by adjusting the height of the Y -connector. Reservoir 

blood was returned to the animal via the right jugular vein. Pv was measured from a 

side port close to the cannulation site. 

We passed surgical wires through the proximal thigh with a 14 gauge needle. 

The wires were tied securely around either side of the femur to eliminate any collateral 

flow. A simultaneous occlusion of hindlimb inflow and outflow (double occlusion) was 

performed to ensure complete vascular isolation (16, 17). A continuous rise in venous 

pressure implies that arterial inflow still exists and a continuous decrease in venous 

pressure implies that venous outflow exists. If either was observed, the surgical wires 

were tightened and the double occlusion repeated. We only continued the experiment 

after complete isolation was obtained. Isolation was rechecked before and after each 

protocol. The venous plateau pressure is also the pressure of the compliant region of 

the vascular bed (elastic recoil pressure, P ei), and is used to calculate venous resistance 

CRv) (17). 

Although we infused vasoactive drugs locally, there was some systemic 

hypotension due to recirculation of blood. To maintain P
8 

constant, we connected the 

right femoral artery to a large reservoir suspended from the ceiling so that the height of 

the reservoir determined P
1 • The reservoir was filled with Dextran and/or saline. 
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Measurements 

Pressures were measured with Trantec transducers. We measured flow (Q) 
using a Carolina Medical electromagnetic flow meter and an in-line probe. Signals 
were filtered at 3 Hz. All signals were processed through Gould amplifiers and 
simultaneously recorded on an eight-channel Graphtec recorder and on an IBM 
compatible computer using CODAS software program (DATAQ Instruments Inc.) for 
A-D conversion. Analysis was performed using Codas and Anadat (RHT-Infodat Inc.) 
software programs. 

Drug Concentrations 

After control measurements were completed, we eliminated prostaglandin 
effects with a bolus injection of indomethacin (5 mg·kg-1) (14). Vasodilation was 
achieved with a solution of 2.5 mg·ml-1 of adenosine and 0.2JLg·ml-1 of nitroprusside 
dissolved in 5% dextrose (D5W), and protected from light with silver wrapping. The 
infusion rate was increased until reactive hyperemia to a 30-60 second occlusion was 
abolished. In two animals, we doubled the infusion rate after no reactive hyperemia 
was observed and no further vasodilation occurred. 

Protocol 

Protocol 1: In five animals, we determined if Pcrit still exists when the 
hindlimb is maximally vasodilated (16,22). We first measured the natural flow to the 
hindlimb. The tubing between the two proximal side ports was then clamped, and the 
pump speed adjusted to give the same flow rate. We obtained zero-flow pressure 
intercepts (Pzr) by decreasing pump flow to zero over time periods ranging from 0.5-10 
seconds (random order). After each run to zero-flow, the pump speed was reset to the 
initial flow, and perfusion pressure was allowed to return to baseline. Approximate! y 
5-10 different ramp times were used in each animal. The same procedure was repeated 
after reactive hyperemia was abolished (maximal vasodilated conditions). 
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Waterfall behaviour only occurs when Pcrit is greater than downstream pressure. 
We therefore compared Pcrit with the small venular pressure (Pe1) obtained from the 

double occlusion method (17). In addition, we measured small venular pressure at the 
time we measured Pcrit (Pe10 by occluding venous outflow when arterial inflow reached 
zero. 

Protocol 2: The results from protocol 1 suggested that waterfall behaviour 
would not be present during maximal vasodilation because the downstream pressure 

was greater than Pcrit when perfusion pressure was close to normal. If true, changes in 

venous pressure should immediately affect Pper during constant flow conditions (16). 
We tested this hypothesis by raising Pv in small steps and measuring the changes in Pper 
during constant flow conditions in the maximally vasodilated hindlimb (n =3). 

Protocol 3: We have previously found that Pcrit increases with• increases i~ Pper' 
presumably due to a myogenic response (25). To determine if myogenic activity is still 

present in the maximally vasodilated bed, we measured Pcrit at several different Pper in 

five animals. Under control conditions the pump flow rate was set at a given P per and 
then manually turned down to zero over a ramp time period ranging from 5-10 
seconds, which from Protocol 1, gives a good estimate of P crit· Two measurements 
were obtained at each perfusion pressure. The perfusion pressure was then changed, 
and the pump flow again decreased to zero in two separate runs. We measured Pcrit at 
perfusion pressures of 50, 75, 100, 125, and 150 mmHg in random order. The 

procedure was then repeated in the vasodilated hindlimb. However, following maximal 
vasodilation, the maximal capacity of the pump (approximately 500 ml·min-1) could not 
generate pressures above 75 mmHg in the majority of animals. The range of perfusion 

pressures studied was therefore 10-125 mmHg, depending on the animal. A minimum 

of four perfusion pressures were studied in each animal. 
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Protocol 4: To isolate the role of indomethacin, we repeated protocol 3 in a 
separate group of animals, before and after a 5 mg·kg-1 bolus of indomethacin (n =6). 
The range of perfusion pressures studied was 100-200 mmHg. 

At the end of the experiment, the hindlimb was amputated at the level of the 
surgical wires and weighed. Flow and resistance are expressed per 100 g of hindlimb. 
Data Analysis 

Mean P8 , Pper' Pv and Q were obtained before each zero-flow pressure 
measurement. Double occlusion venous plateau pressures before and after each series 
of measurements were averaged to obtain Pe1 (17). 

In general, the relation between flow and perfusion pressure during a ramp to 
zero flow was linear and the calculated x-intercept from a least-squares linear 
regression analysis was used as the zero-flow pressure intercept (16,22). 

Protocol 1 was used to determine if a vascular waterfall exists when the 
hindlimb is maximally vasodilated (16). We compared the observed results with those 
predicted by two different models of the circulation (figure 5.2). In the first model, 

two compliant regions are in series with three resistances and the total resistance R.ot is 
calculated as (Pper-Pv)/Q. Since Pe1 was obtained from the double occlusion method 
(i.e. the pressure in the second compliant region) and Pv was measured, R3 could be 
calculated and expressed as a percentage of R.ot· The first resistance was estimated to 
be 5% of the total, and the middle resistance was calculated as R.01-(R1 + R3). Venous 
compliance was varied between 0.4 and 3.2 ml·mmHg-L100g-1, and arterial compliance 
was varied between 11320 and 115 of venous compliance. In the second model, a 
vascular waterfall placed after the first compliant region. 
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Figure 5.2: Theoretical models of the hindlimb circulation. In A, the vascular 

bed is composed of an arterial compliant region (Ca) and a venous 
compliant region (Cv), separated by resistances (R1, R2, R3). The major 
site of resistance is in the arteries distal to the arterial compliant region. 
In B, a vascular waterfall is added to the arterial side of the vasculature, 
downstream from R2• The double occlusion technique (see Methods) 
measures the elastic recoil pressure in the most compliant region of the 

bed, i.e. Cv. 
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The mathematical basis for the analysis of the second model is fully described 
elsewhere (16). Briefly, Pcrit is calculated as the average of the Pzr values obtained for 
ramp times greater than 5 seconds (16). Ra is calculated as (Pper-PcriJIQ, where Q is 
the mean flow per 100 g. Venous resistance (R) is calculated as (PecPv/Q (17). 
Arterial compliance was calculated according to the equation 

~ 
2 .fJRaCa 

Pif=Pcrir-./3R 0 C0 (1-e ) ............................ (5.1) 
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Q where the Pzr used was that experimentally obtained with a ramp time of approximately 
2 seconds, .B is the rate of change of inflow, and Q1(o) is the initial inflow (16). Using 
this calculated value of compliance, Pzr values can then be predicted for ramp times 
varying from 1-20 seconds, and the results compared with the experimentally obtained 
values. 

0 

In protocols 3 and 4, the two Peril values obtained for each Pper were averaged. 
R8 was again calculated as (P per-Peril)/ Q. 
Statistics 

In protocol 1, we used paired t-tests to analyze differences in measured or 
calculated variables (P8 , Perit> R8 , and ~) under control and vasodilated conditions. 
Results were considered significant if p < 0.05. 

In protocols 3 and 4, we calculated the least squares linear regression for the 
relationship Peril x Pper for each experiment individually, and then compared the mean 
of the slopes using a paired t-test. Results were considered significant if p<0.05. A 
similar analysis was performed for arterial resistance. 

5.4. RESULTS 

The PC02 was 35.7±4.4 mmHg (mean±S.D.) and P02 was 185+50 mmHg. 
Rectal temperature was 37.7±1.6 oc and hematocrit was 39.9+7.1 %. The [H]+ was 
4.93x10-8+0.57x10-8 M (pH=7.31). P

8 
decreased during vasodilation from 143+ 12 

mmHg to 108±22 mmHg. 

Infusion of vasodilator drugs increased the slope of the steady-state pressure
flow relation and shifted the curve to the left (figure 5.3). There was no apparent 
autoregulation during vasodilated conditions. 
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Figure 5.3: The steady-state pressure-flow relationships are plotted for control 

(•) and vasodilated (0) conditions. Autoregulation was present under 

control conditions, but not under vasodilated conditions. Data were 

obtained from four animals which were studied over the same pressure 

ranges. Results are expressed as mean±S.E.M. with error bars·in both 

X and Y directions. The error bars for some data points are too small to 

be visualized. 
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Figure 5 .4a is a plot of the zero-flow pressure intercept against the time taken to 

reach zero-flow for one animal before (•) and after (0) maximal vasodilation. The 

dotted lines represent the best results that could be predicted if the circulation consisted 

of two compliant regions in series (arterial and venous) with three resistances (figure 
5.2a). Values for RI, R2, R3, ea, and CV used are described in the Methods section. 
The best results under control conditions were obtained with C

8
=0.02 and Cv=0.2, 

and under maximal vasodilation with C
8 =0.02 and Cv=0.8. Even using these values, 

the Pzr at long ramp times was underestimated, and there was no indication of a plateau 

in the predicted values. If we increased either arterial or venous compliance to raise 

the values corresponding to longer ramp times, then the model was unable to predict P zr 
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values obtained with shorter ramp times. The same results were obtained for every 
animal studied. 
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Figure 5.4: The zero-flow pressure intercept (Pzr) is plotted against the time 
taken to reach zero flow for both the control (•) and vasodilated (0) 

conditions. The dotted lines in A represent the best predicted results 
based on the two-compliant model of the vasculature represented in 
figure 5.2a for control (C. =0.02, Cv=0.2) and vasodilated (C. =0.02, 
Cv=0.8) conditions. This model overestimates Pzr with short ramp 
times, and underestimates Pzr with long ramp times. In B, the same data 
points are plotted, but the solid lines show the predicted results if a 

vascular waterfall is present at the arteriolar level (figure 5.2b). This 

model accurately predicts the observed fall in Pzr with ramp times 

between 1-4 seconds, and the plateau in the relationship with ramp times 

greater than 5 seconds. 
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Figure 5 .4b shows the same data, but the solid lines represent predicted values 
using a model that incorporates a vascular waterfall on the arterial side (figure 5.2b). 
In contrast to the simple two-compartment model, the vascular waterfall model 
accurately predicts that Pzr for ramp times of 5 seconds will be almost equal to those of 
10 or 20 seconds. In previous studies, we used ramp times between 5-10 seconds to 
avoid any vasodilation due to metabolites (16,22). This should not be a concern during 
maximal vasodilation, and figure 5.4b shows that Pzr only slightly decreased with ramp 
times up to 20 seconds. Extended ramp times were necessary during maximal 
vasodilation because under these conditions, the two-compartment model predicts only 
a slow fall in Pzr with longer ramp times. This might be interpreted as a plateau in the 
Pzr versus ramp time relationship if the plot is limited to 10 seconds. However, the 
longer ramp times used show that the predicted P zr from the two-compartment model 

' • I , 

continues to decline and underestimates the observed P zr' whereas the vascular waterfall 
model accurately predicts the plateau in the relationship. 

The mean values for Pcrit' R8 , and~ for the five animals studied (n=4 for~) 
are shown in figure 5.5. 
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Figure 5.5: Values of waterfall pressure (PcriJ, arterial resistance (R
8
), and 

venous resistance ~) under control (Con) and vasodilated (Vas) 
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vasodilation (p < 0.001 for Peril' p < 0.02 for R8 , and p < 0.05 for~). 
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Maximal vasodilation decreased Peril from 56.4±5.1 to 11.0±0.6 mmHg 
(p<0.001), decreased R

8 
from 17.6±3.9 to 1.8±0.3 mmHg·min·100g·ml-1 (p<0.02), 

and decreased~ from 2.2±0.5 to 0.8±0.1 mmHg·min·100g·ml-1 (p<0.05). 

In order to determine if the vascular waterfall is upstream or downstream from 
the venous compliant region, we performed a double occlusion when the inflow 
reached zero during runs greater than 5 seconds. These venous plateau pressures 
represent the pressure in the venous compliant region after it has partially discharged 
and were recorded as Pe12 • Table 5.1 shows Pv and Pe1 prior to the ramp down, as well 
as Peril and Pe12 for the four animals in which it was studied. Since Pe12 was always less 
than Peril' the venous compliant region must have been downstream from Peril' 
However, Pe1 was always greater than Peril indicating that downstream pressure was 
greater than Peril when the hindlimb was perfused at close to normal perfusion 
pressures. 

Experiment Maximal Vasodilation 
pv P., P~,.., PPI? 

910925 1.6 20.0 11.3 6.7 
911002 3.6 20.9 9.0 7.0 
911004 0.8 18.5 11.1 3.4 
911126 -0.1 18.5 10.7 7.5 

Table 5.1: Comparison of venous pressure (P v), small venule pressure during 

normal flow (Pe1), the waterfall pressure (PeriJ, and the small venule 

pressure at the time Peril is measured (Pe12) during the maximally 

vasodilated condition. 



0 
167 

Figure 5.6 shows the effect of raising Pv on Pper in the three animals studied 
(Protocol 2). Perfusion pressure increased with the first increase in Pv in two animals, 
and after the second increase in the third animal. The lack of an immediate response in 
the third animal was due to a single point, and is within the limits of experimental 
error. 
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Figure 5.6: Perfusion pressure (P per) is plotted against venous pressure (Pv) for 
the three animals in which it was studied (vasodilated conditions only). 
Pper is immediately affected by increases in Pv. Although there is no 
apparent increase in Pper for the first increase in Pv in C, this is within 
the limits of experimental error. 

Figure 5. 7a is a plot of Pcrit values obtained at their respective Pper for all 
animals before and after maximal vasodilation. The solid lines represent the equations 
derived from the mean of the slopes and intercepts of the individual animals. In each 
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animal there was a linear relationship between Pcrit and Pper (r values ranged from 0.87-
0.99). The slopes are significantly different from each other (p < 0.01). 

Figure 5. 7: In A, Pcrit is plotted against Pper for the five animals in which it was 
studied. All data points are plotted for control (•) and vasodilated (0) 

conditions. The equation for the solid lines are derived from the means 

of the slopes and intercepts of individual animals. The slopes are 

significantly different from each other and from zero (p < 0.01). In B, 

R
8 is plotted against Pper· Neither slope is significantly different from 

zero (p>0.5). 

Figure 5. 7b shows the same relationship for arterial resistance. Individual 
relationships were mostly linear (r values ranged from 0. 77-0.99 in 7/10 experiments 
and 0.54, 0.38, and 0.25 in the remaining three). The slope of the R/Pper relationship 
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for individual animals was positive in 4/10 experiments, and negative in 6/10 

experiments. The mean of the slopes was not different from zero (p > 0.5). 

Figure 5. 8 is the same as figure 5. 7 except the conditions are pre and post 

indomethacin infusion {n=6). There was no significant difference between the two 

conditions for either variable. The results for R
8 

suggest a decreased variability after 

indomethacin. This is due to an unusually high resistance that was present in two dogs 

during control conditions. 
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Figure 5.8: The relationship between Pcrit and Pper' and between R8 and Pper are 

shown before (•) and after (0) indomethacin. There was no significant 

difference between the two conditions (p > 0.5). 
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5.5. DISCUSSION 

We found that under the appropriate experimental conditions, an arterial Peril 

can be observed during maximal vasodilation, but it is less than the elastic recoil 

pressure of the downstream compliant region and therefore not affect flow when the 

vascular bed is perfused at normal perfusion pressures. Increases in P per under 

maximally vasodilated conditions still results in increases in Peril whereas R8 is 

unaffected. This suggests that myogenic tone is still operative at the site of Peril· 

Finally, prostaglandins do not affect Peril or R8 in the canine hindlimb under normal 

conditions. Before discussing these results in detail, some technical considerations have 

to be discussed. 

Technical Considerations: 

Complete hindlimb isolation is necessary to obtain accurate values of Peril (12). 

When pump flow is decreased, the perfusion pressure measured at the femoral artery 

declines. Any collateral vessels which bypass the hindlimb isolation would continue to 

maintain flow and pressure distally even when flow through the flow probe stops, thus 

resulting in an artificially high Peril· As discussed in the Methods section, we used the 

double occlusion technique (17) and did not proceed unless isolation was confirmed. 

Changes in resistance and Peril have been studied with steady-state pressure-flow 

relations (1,6). However, under control conditions, steady-state measurements are of 

limited value because Peril is tone-dependent and would therefore be affected by any 

autoregulatory mechanisms that might occur (7, 16). Since Peril increased with 

increasing Pper' our results indicate this is also true for maximally vasodilated 

conditions. Therefore, Peril must be measured with dynamic pressure-flow relations. 

Although compliance may affect the measurement of Peril if the flow is decreased too 

rapidly, this effect is negligible for ramp times greater than 5 seconds (16,22). 
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In order to fully dilate the hindlimb, we used sodium nitroprusside to activate 

the cGMP pathway, adenosine to activate the cAMP pathway, and indomethacin to 

block prostaglandin-mediated effects. We defined maximal vasodilation by the absence 

of reactive hyperemia. Bjornberg et al (4) showed that a 20 second occlusion resulted 

in maximal vasodilation whereas longer occlusions affected only the duration of 

vasodilation. Therefore, we only continued the experiment if there was no reactive 

hyperemia after 30-60 seconds of complete ischemia. Furthermore, there was no 

further vasodilation even when we doubled the infusion rate after reactive hyperemia 

was abolished. 

Peril and Vasodilation 

As shown in figure 5 .4a, the two-compliant model alone failed to predict P zr 

when ramp time to zero-flow was varied under control or .m~irnally vasodilc,t.~ed 

conditions. However, when a vascular waterfall was incorporated into the model 

(figure 5.4b), the data were well predicted. This implies that a vascular waterfall was 

operating even after reactive hyperemia was abolished. As discussed in the methods 

section, Pcrit is equal to the average zero-flow pressure intercept for ramp times greater 

than 5 seconds. 

To determine if the vessels responsible for P crit during maximal vasodilation 

were still arteriolar as previously shown under control conditions (16), we measured 

the pressure in the venous compliant region by the double occlusion method (17). The 

value ofPcrit (11.0±0.6 mmHg) was below Pe1 (19.5+0.6 mmHg) which might suggest 

that Pcrit is downstream from this region (i.e. in the venous circulation). Indeed, this 

was the conclusion of Braakman et al. who found that Pper declined to 8.9 mmHg if an 

arterial occlusion was maintained for one minute (7). However, in our experimental 

approach, and that of Braakman et al.'s, venous outflow continues while the arterial 

inflow is decreased to zero. Therefore, Pe1 declines during the measurement of Pcrit and 

may be less than P crit when arterial inflow is zero. Indeed, when we measured the 
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elastic recoil pressure at zero-flow (Pe12) by clamping venous outflow as soon as arterial 

inflow reached zero, Pe12 was always less than Peril" Therefore, the small venules must 

be downstream from the waterfall. 

If a vascular waterfall is present, then increases in P v should not affect P per 

under constant flow conditions until the downstream pressure becomes greater than 

Peril" This has been confirmed previously in the hindlimb (16), heart (11), lung (21), 

and liver (18) under normal tone conditions. However, when the hindlimb was 

maximally vasodilated, the downstream pressure (Pe1) during normal flow was greater 

than Peril' suggesting waterfall behaviour would not occur. The results of protocol 2 

support this hypothesis in that small increases in venous pressure had an immediate 

effect on Pper under maximally vasodilated conditions (figure 5.6). Even though the 

waterfall is inactive during perfusion at normal pressures, Peril can still be measured if 

the intravascular pressure is decreased below the residual tone of the arteriolar vessels, 

as shown by the plateau in figure 5.4. 

If the waterfall is not active during normal flow, equation 5.1 should not be able 

to predict the relationship between Pzr and ramp time (figure 5.4). In fact, Pzr at ramp 

times less than 1 second were consistently less than predicted by the model for the 

vasodilated condition, but not for the control condition. Since our equation assumes 

the waterfall present at the end of the dynamic pressure-flow relation is also operative 

at the beginning, the Pzr with ramp times of 1 second are calculated based on the 

presence of a vascular waterfall. In the vasodilated hindlimb, the waterfall is inactive 

at the beginning of the run due to the high downstream pressure. The pressure drop 

during sudden occlusions is therefore greater than the equation predicts, and Pzr for 

ramp times under 1 second are overestimated by the equation. This does not occur 

under control conditions because the waterfall is always active. 
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RfP Rv, and Ca 

Under control conditions, R8 is calculated as (Pper-PcriJIQ. During vasodilation 

however, there is no longer an active P crit during normal P per· In order to see how 

vasodilation affected the segment representing Ra under control conditions, one needs 

to know the intravascular pressure at the waterfall. The Pcrit obtained under vasodilated 

conditions is less than the actual intravascular pressure at this site during normal flow 

since the waterfall is not active. Therefore, the pressure drop across the segment is 

exaggerated in our calculations, and the calculated resistance of 1.8±0.3 
mmHg·min·100g·ml-1 is an overestimation for the segment referred to under control 

conditions. On the other hand, the intravascular pressure at the waterfall during normal 

flow must be greater than the downstream pressure, Pe1• Ra calculated using Pe1 as the 

downstream pressure (i.e. underestimating the pressure drop and R
8

) is 1.2±0.3 mmHg 

·min·lOOg·ml-1• Therefore, arterial resistance decreased to a value between 6.8% and 

10.2% of its control value. 

~also decreased with vasodilator drugs, but not as much as R
8 • Under control 

conditions, ~ is approximately 8.4±0.9% of ~ot but does not affect flow into the 

region because it is downstream from Pent· With maximal vasodilation however, ~ 

was 43.3% ~ot and contributed significantly to overall resistance. Since flow 

increased, and the resistance downstream from Pe1 increased as a percentage of ~ot> Pe1 

should have increased. Indeed, Pe1 increased from 11.5 + 1.6 mmHg under control 
conditions to 19.5 +0. 6 mmHg under vasodilated conditions despite the lower perfusion 

pressures (p < 0.05). This implies an increase in capillary pressure and an increase in 
filtration forces. 

The Myogenic Response 

In protocol 3, we increased Pper and observed an increase in Pcrit under control 

conditions. When we repeated the protocol with the hindlimb vasodilated, Pcrit again 
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increased but the slope of the relationship was less. In the control condition, the 

change in Pcrit is due to the interaction of vasoconstricting (myogenic, removal of 

metabolites) and vasodilating (endothelial-derived relaxing factor, EDRF) factors. In 

the vasodilated condition, metabolic and EDRF pathways should be abolished, leaving 

only myogenic mechanisms to affect Pent· Our results suggest two conclusions. First, 

maximal vasodilation does not abolish the myogenic response of Pent· Second, the 

change in the slope of the relationship during vasodilation (change in gain) means the 

myogenic response is affected by either cAMP or cGMP levels or both, but is not 

dependent on them. 

The effect of increased P per on Ra is also due to the interaction of 

vasoconstricting and vasodilating factors. In contrast to our previous findings that R8 

decreases with increases in Pper under both control and vasoconstricted conditions (25}, 

the present results did not show any effect of Pper on R8 (figure 5. 7b). The difference is 

most likely because a higher range of P per was used in the previous work. There was 

no significant effect in the previous study over the pressure range 75-150 mmHg. 

Since Pcrit is affected by Pper under maximally vasodilated conditions, occlusions 

of 30-60 seconds might cause myogenic relaxation and hence, "reactive hyperemia". 

This was not observed because Pcrit is less than the downstream pressure during normal 

flow. Under the conditions of an inactive waterfall, flow is determined by the total 

resistance (R8 + Rv) of the circuit. Since total resistance did not change with changes in 

P per' reactive hyperemia was not present. 

Finally, indomethacin did not affect Pcrit or R8 in our preparation. Therefore, 

the results during vasodilation are due to the combination of adenosine and 

nitroprusside, and are not due to prostaglandins. Prostaglandins have previously been 

shown to affect the myogenic response in rat cremasteric muscle (13). These differing 

results may represent species or regional differences. 
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In conclusion, maximal vasodilation decreases Pcrit to a value below the 

downstream venous pressure. This eliminates the vascular waterfall effect and flow 

becomes dependent on the arterial-venous pressure difference divided by the resistance 

between the two. However arteriolar tone is still present and responds to changes in 

P per· A vascular waterfall can still become active if the intravascular pressure is 

reduced sufficiently. 
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6.1. ABSTRACT 

Pressure-flow relations in the canine hindlimb are well explained by a vascular 

waterfall at the arteriolar level. Under these conditions, Pa=Pcrit+Q*Ra, where Pa is 

the arterial pressure, Pent is the waterfall pressure, Q is regional blood flow, and Ra is 

the arterial resistance of the vessels upstream from the waterfall. To determine whether 

nifedipine affects Pcrit in addition to R8 , we pump-perfused canine hindlimbs and 

measured both variables over a range of perfusion pressures (Pper) before (50 to 150 

mmHg) and after (25 to 100 mmHg) nifedipine infusion. Nifedipine significantly 

decreased Pcrit and R8 at Pper=75 mmHg (p<0.01). Increasing Pper under control 

conditions increased Pcrit from 24.2±1.5 to 42.5±2.2 mmHg (p<O.OOl). During 

nifedipine infusion, increasing Pper still increased Pent from 14.5±1.5 to 20.2±1.9 

mmHg (p<0.001), but the rate of increase was less (p<0.001). In contrast to the rise 

in P crit with increasing P per' Ra decreased from 10.7 ± 1.1 to 8.1 + 1. 2 

mmHg·min·100g·mi-1 before nifedipine infusion, and from 5.7+0.4 to 2.2+0.1 

mmHg·min·100g·ml-1 after nifedipine infusion (p < 0.01). These results suggest that 

nifedipine decreases the waterfall pressure and also decreases the resistance of the more 

proximal vessels. Nifedipine also affects the response of both variables to increasing 

pper• 
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6.2. INTRODUCTION 

Traditionally, arterial pressure is said to be determined by the product of cardiac 

output and total vascular resistance. This is based on Poiseuille's Law which states that 

flow is proportional to the pressure drop across a tube. Theoretically, pressure

lowering agents such as nifedipine, may act along any segment of the vasculature to 

decrease total resistance. More recently however, investigators have shown that a 

vascular waterfall exists in several vascular beds (7, 17, 19). Under these conditions, 

Poiseuille's Law cannot be applied across the entire vascular bed and pressure-flow 

relationships are governed by the same physics that apply to a natural waterfall. In 

nature, flow over a waterfall is not determined by the difference in height between the 

upstream lake and the river downstream from the waterfall, but instead, flow is 

dependent on the difference in altitude between the upstream lake and. the top of. the 

waterfall, as well as the resistance in the river between the two. It is important to note 

that flow is not affected by the actual height of the falls nor by the resistance to flow in 

the river below the falls. Similarly, when a vascular waterfall is present, flow is 

determined by the difference between arterial pressure and the pressure at the waterfall 

(critical pressure, PcriJ, divided by the resistance between the two as determined by 

Poiseuille's Law (arterial resistance, Ra) (24). The vascular waterfall can also be 

considered a back pressure to flow and is presumed to be due to a Starling resistor-like 

mechanism created by the force of the constricting smooth muscle at the arteriolar 

level. The tone-dependent nature of the waterfall is supported by experiments showing 

that it is affected by both vasoactive drugs (5) and the carotid sinus baroreflex (27). 

If a vascular waterfall is present, arterial pressure can be controlled by changes 

in either Pcrit or Ra. The goal of the present study was to determine the effect of the 

commonly used calcium channel blocker nifedipine, on both these variables, as well as 

the downstream venous resistance. 
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We have previously found that Perit increases with increases in Pper (33), which 

most likely reflects an increase in smooth muscle tone in response to increased 

transmural pressure (i.e. a myogenic response (13)). It has been suggested that the 

myogenic response may be due to increased calcium entry (20), and we therefore 

hypothesized that nifedipine would block the increase in P erit with increasing P per· 

The method of estimating Perit is essential to our experiment, and is based on 

our previous work (17,27). Briefly, flow will stop when the perfusion pressure is 

lowered below the waterfall pressure. Therefore, the pressure at zero-flow should 

reflect Perit· However, if arterial pressure is rapidly decreased, the discharging arterial 

compliance can cause an artificially high pressure at zero flow (2,17,29). On the other 

hand, if the arterial pressure is decreased too slowly, vasodilation from the myogenic 

response (12), or from the release of metabolic factors (3), could produce an artificially 

low Peril· Finally, it should be noted that Peril is the pressure when flow ceases, even 

though arterial pressure continues to decline if the occlusion is maintained (17). This is 

because the volume above the waterfall can escape through channels which bypass the 

vascular waterfall. If only 1.5% of the total conductance goes through these channels, 

Peril will be significantly underestimated if the final arterial pressure is used instead of 

the actual pressure when zero flow occurs (17). 

Problems in estimating Pcrit can be avoided by ramping the inflow down to zero 

with times to zero flow of 4-10 sec (17). Under these conditions, the arterial 

capacitance has time to fully discharge and therefore has a negligible effect on 

Peril (2, 17). Second, the ramp period needs to be short enough so that metabolic (3) 

and myogenic (12) factors do not have enough time to cause vasodilation. Finally, the 

ramp method keeps the bypass channels filled and prevents the loss of pressure 

observed with sudden occlusions. Therefore, by decreasing flow to zero over 5-10 
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seconds, we can approximate the back pressure at the waterfall. Ra is then calculated 

as Pper-Pcri/Q, where Pper is perfusion pressure and Q is inflow into the region. 

6.3. METHODS 

Six dogs weighing 18-24 kg were anaesthetized with a.-chloralose (75 mg·kg-1) 

after initial induction with sodium pentothal (1 mg·kg-1). Supplemental doses of 

a.-chloralose were given as needed. The animals were intubated, ventilated (Harvard 

Apparatus), and given supplemental oxygen to maintain P02 greater than 100 mmHg. 

We cannulated the left carotid artery to monitor arterial blood pressure (Pa) and to 

obtain arterial blood samples. Normal saline was infused into the left jugular vein to 

maintain proper hydration and sodium bicarbonate was given to maintain acid-base 

balance. Heparin (10,000 unit bolus) was given to prevent blood ·clottihg. 

Surgical Preparation 
' . 

The vascular supply to the left hindlimb was isolated as in previous studies 

(17,33) (figure 6.1). We tied all branches of the femoral artery and vein in the femoral 

triangle. Blood flow was diverted from the proximal end of the left femoral artery, 

through an in-line electromagnetic flow probe (Carolina Medical #10), and back into 

the distal end of the left femoral artery. A side port placed downstream from the flow 

probe was used to measure the pressure perfusing the limb (Pper). We placed two side 

ports upstream from the flow probe so that blood flow could be diverted through a 

pump (Masterflex #16 tubing) and controlled by clamping the direct line and adjusting 

the pump speed. A third side port was placed between the pump and the flow probe for 

infusion of nifedipine. We cannulated the left femoral vein and allowed the blood to 

flow into a reservoir. A Y -connector on the venous tubing had one end open to 

atmosphere, and therefore created a waterfall to control venous pressure (P). 
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Reservoir blood was returned to the animal via the right jugular vein. P v was measured 

from a side port close to the cannulation site. 

We passed surgical wires through the proximal thigh with a 14 gauge needle. 

The wires were tied securely around either side of the femur to eliminate any collateral 

flow. A simultaneous occlusion of hindlimb inflow and outflow (double occlusion) was 

performed to ensure that isolation was maintained (17,18). A continuous rise in venous 

pressure implies that arterial inflow still exists and a continuous decrease in venous 

pressure implies that venous outflow exists. If either case was observed, the surgical 

wires were tightened and another double occlusion performed. We continued the 

experiment only after complete isolation was obtained. Isolation was rechecked before 

and after each protocol. The pressure at which the venous pressure plateaus is also the 

pressure of the compliant region of the vascular bed (elastic recoil pressure, Pe1), and is 

used as the upstream pressure in the calculation of venous resistance (R) (18). 

In preliminary experiments, infusion of I0-7 M nifedipine into the femoral 

artery had no effect on P a. However, femoral arterial infusion of 1 Q-6 M nifedipine 

caused a significant decrease in P
8 due to recirculation of the blood. We therefore 

maintained P8 constant during 10-6 M infusion by connecting a large Dextran-filled 

reservoir suspended from the ceiling, to the right femoral artery. Under these 

conditions, the height of the fluid in the reservoir determined P
8

• 
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Figure 6.1: Experimental Setup 
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Measurements 

Pressures were measured with Trantec transducers. We measured flow (Q) 

using a Carolina Medical electromagnetic flow meter and an in-line probe. Signals 

were filtered at 3 Hz. All signals were processed through Gould amplifiers and 

simultaneously recorded on an eight-channel Graphtec recorder and on an IBM 

compatible computer using CODAS software program (DATAQ Instruments Inc.) for 

A-D conversion. Analysis was performed using the Codas and Anadat (RHT -Infodat 

Inc.) software programs. 

Drug Concentrations 

Nifedipine was first dissolved in acetone, and then diluted to a concentration of 

10-s M with saline. The solution was protected from light with silver foil, and infused 

into the femoral artery at 11100 of the flow rate (blood concentration of 10-7 M). In 

preliminary experiments, femoral perfusion pressure during constant flow decreased 

from 125 mmHg to 60 mmHg with 10-7 M nifedipine. This dose of nifedipine 

decreases reactive hyperemia substantially, but does not eliminate it. The infusion rate 

was changed each time the pump flow to the hindlimb was changed so that nifedipine 

blood concentration was constant at 10-7 M. In three dogs, we infused a solution of 

10-4 M nifedipine at 11100 the flow rate (10-6 M blood concentration). There was no 

further drop in P per at this dose and reactive hyperemia was still present. 

Protocol 

We used a protocol similar to our previous study (33). Briefly, the pump flow 

rate was initially set at a Pper between 50 and 150 mmHg. Pump flow was then 

manually turned down to zero over a ramp-time period ranging from 5-10 seconds to 

obtain Pcrit· Two measurements were obtained at this perfusion pressure. We then 

changed P per to a different value, and again decreased pump flow to zero in two 

separate runs. We measured Pcrit at perfusion pressures of 50, 75, 100, 125, and 150 
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mmHg in random order. The procedure was then repeated during nifedipine infusion. 

Following nifedipine-induced vasodilation, the maximal capacity of the pump 

(approximately 500 ml·min-1) could not generate pressures above 100 mmHg in the 

majority of animals. The perfusion pressures studied during nifedipine infusion were 

therefore 25, 50, 75, and 100 mmHg. In three animals, we then increased the 

nifedipine concentration to 10-6 M blood concentration, waited 30 minutes for the 

preparation to stabilize, and repeated the protocol. 

At the end of the experiment, the hindlimb was amputated at the level of the 

surgical wires and weighed. Flow and resistance are expressed per 100 g of hindlimb. 

Data Analysis 

Mean P8 , Pper• Pv and Q were obtained before each zero-flow pressure 

measurement. Double occlusion venous plateau pressures before and after each series 
. .. 

of measurements were averaged to obtain Pet· 

In general, the relation between flow and Pper during a ramp to zero flow was 

linear. In a few experimental runs, a curvilinear phase convex to the pressure axis 

occurred at high flows. This was most likely due to passive stretching of the arterial 

walls, and has been noted by other authors (5,17). Occasionally, a curvilinear phase 

convex to the pressure axis occurred at low flows. Two possibilities may account for 

this. First, it is possible that reactive vasodilation occurred in response to the 

decreased flow or pressure, even though the time to zero-flow was less than ten 

seconds. Second, the rate of decrease in pump speed may have slowed as flow 

approached zero (due to human or mechanical factors). To avoid the influence of these 

factors and to be consistent with runs not exhibiting a curvilinear phase, we plotted the 

regression line for the linear phase, and used the calculated x-intercept as the zero-flow 

pressure intercept ( 17). 
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We have previously shown that if the ramp time to zero-flow is between 5-10 

seconds, the zero-flow pressure intercept approximates Peril under both control (17,27) 

and maximally vasodilated conditions (28). The two Peril values obtained at each Pper 

were averaged. R8 was then calculated as (Pper-PeriJ/Q. The upstream pressure for 

venous return is the pressure in the most compliant region of the bed (Pe1), and 

therefore~ was calculated as (Pe1-Pv)/Q (18). 

Statistics 

Changes in Periv R., ~' and Pe1 over the range of perfusion pressures were 

analyzed with ANOV A for repeated measures. Comparisons between control and 

nifedipine conditions were analyzed using a paired t-test at P per of 75 mmHg. In order 

to quantify the change in Peril with changing P per' we plotted all the data from all 

animals and calculated the least squares linear regression for the control data, and for 

the nifedipine data. The two regression lines were then compared to see if the slopes 

were different. A similar analysis was done for arterial resistance. Results were 

considered significant ifp<0.05. 

6.4. RESULTS 

The PC02 was 37.3±5.0 mmHg (mean±S.D.) and P02 was 169+26 mmHg. 

Rectal temperature was 38.2±1.4 °C and hemoglobin was 13.7+2.3 g·di-1. The [H+] 

was 4.47x10-8+0.51x10-8 M (pH=7.35). 

Figure 6.2a shows the steady-state relationship between flow and perfusion 

pressure before (•), and after (0) lQ-7 M nifedipine infusion (n=6). In figure 6.2b, 

we plotted all the data from the three animals in which we infused both 10-7 M and 

10-6 M nifedipine {n=3). There was no difference in the results with the two 

concentrations. This was also true when we compared the results for Peril' R8 , and ~ 

(data not shown). Infusion of the vehicle (0.5% acetone for 10-7 M nifedipine and 5% 

http:ifp<0.05
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acetone for 10-6 M nifedipine) at 1/100 the flow rate did not affect Pper during constant 

flow conditions. 

- 40 .... A a 
0 30 

V 
il:~ o· .... 20 

- c LLe 10 
e 

0 -
40 -.... B a .-o~. 0 30 

il:~ 
c-. 

0~ 20 to 
- c 0 LLe 0 

10 a• e 
0 -

0 25 50 75 100 125 150 1.75 

Pper (mmHg) 

Figure 6.2: In A, flow is plotted against perfusion pressure (P per) before (•) 

and after (0) nifedipine infusion. Results are mean±S.E.M. in both 

axes. In most cases, the error bars are two small to be seen. In B, we 

plotted the results from the three animals in which both 10-7 M (0) and 

1Q-6 M (•) nifedipine were used. The results were identical under the 

two conditions. 

. 

In figure 6.3a, the changes in critical pressure (PenJ and arterial resistance (R
8

) 

are shown with increasing perfusion pressure, before (•) and after (0) nifedipine

induced vasodilation. Vasodilation significantly decreased Peril at Pper of 75 mmHg 

(p<0.01). Before nifedipine infusion, Peril increased from 24.2+ 1.5 to 42.5+2.2 

mmHg when Pper was increased from 52±1 to 146±2 mmHg (p<0.001). After 



0 
190 

nifedipine infusion, Pcrit also increased with increasing Pper (p<0.001) but the rate of 
increase was less (p < 0.001) as Pcrit increased from 14.5 + 1.5 mmHg at a perfusion 
pressure of27+2 mmHg, to only 20.2±1.9 at Pper of92±3 mmHg. 
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Figure 6.3: In A, the critical pressure (PcriJ is plotted against Pper for control 

(•) and 10-7 M nifedipine conditions (0). Pcrit increased with increasing 

P per under both conditions (p < 0.001), but the rate of increase was less 

with nifedipine (p<0.01). In addition, the position of the curve was 

shifted downwards (p<O.Ol). In B, arterial resistance (R
8

) is plotted 

against Pper· Under control conditions, there was a slight decrease in R
8 

at the highest Pper (p<0.05). During nifedipine infusion, the position of 

the curve was shifted downwards (p<O.Ol), and the rate of decrease in 

R8 was increased. Results are mean±S.E.M. in both axes. In most 

cases, the error bars are two small to be seen. 
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Figure 6.3b shows that R
8 

was also decreased at 75 mmHg perfusion pressure 
during nifedipine infusion (p<0.01). However, increasing Pper under control 

conditions caused a decrease in R8 from 10.7 ± 1.1 to 8.1 + 1.2 mmHg·min·l OOg·ml-1 

over the pressure range 52 to 146 mmHg (p<0.01). During nifedipine infusion, the 

decrease in R
8 with increasing Pper was accentuated (p<0.01), and R

8 decreased from 

5.7+0.4 to 2.2+0.1 mmHg·min·100g·ml-1 over the pressure range of 27 to 92 mmHg 
(p<0.001). 

In figure 6.4a, ~is plotted against increasing Pper· Similar to R8 , ~decreased 

with increasing Pper· However, the venous system is not exposed to the high pressures 

of the arterial system. In figure 6.4b, ~ is therefore plotted against the pressure in the 

venous compliant region (Pe1) obtained by the double occlusion method (18). 
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Figure 6.4: In A, venous resistance (~) is plotted against Pper for control (•) 

and 1Q-7 M nifedipine conditions (0). ~was decreased after nifedipine 

infusion. ~ was constant at high Pper' but increased at low Pper both 

before and after nifedipine. In B, ~ is plotted against Pe1 for both 



0 

0 

192 

control (•) and 10-7 M nifedipine conditions (0). The curve is again 

shifted downward after nifedipine, and there is an increase in ~ at the 

lowest Pe1 (p<0.05). Results are mean±S.E.M. 

Nifedipine decreased~ at each Pe1 ranging from 7 to 25 mmHg. It should be 

noted that venous resistance decreases under both control and vasodilated conditions 

when Pe1 was increased from very low values. 

Nifedipine decreased Pcrit• R., and ~· The overall effect on Pei• and 
presumably capillary pressure, is dependent on the interaction of these variables as is 

shown in figure 6.5. Nifedipine increased Pe1 at each Pper· Pe1 at Pper=75 mmHg 

during nifedipine infusion was still greater than P ei at P per= 100 mmHg during control 

conditions (16.3+1.7 mmHg versus 12.6±1.2 mmHg, p<0.05) . 
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Figure 6.5: Pe1 (elastic recoil pressure) is plotted against increasing Pper for 

control (•) and 10-7 M nifedipine conditions (0). The Pe1 curve is 

shifted upward during nifedipine conditions (p<0.05). Results are 

mean +S.E.M. 
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6.5. DISCUSSION 

We found that nifedipine decreases Pcrit as well as arterial and venous resistance. 

In addition, the pressure in the compliant region of the vascular bed increased during 

nifedipine infusion. Nifedipine decreased the rise in P crit• and increased the fall in Ra, 

with increases in P per· ~ also declined as P per was increased from low levels. Before 

discussing these results, some technical considerations must be considered. 

Technical Considerations 

Complete hindlimb isolation is necessary to obtain accurate values of P crit (9). 

This is because any collateral circulation that allows inflow to the hindlimb when the 

pump flow is zero, will maintain microcirculatory flow even though flow through the 

flow probe has stopped. The Pper measured under these conditions will not represent a 

true "zero-flow pressure intercept", but will reflect the pressure drop across .. the 

collateral vessels, i.e. the pressure where the collateral vessels join with the femoral 

artery circulation. We confirmed hindlimb isolation from the systemic circulation by 

simultaneously occluding inflow and outflow to the limb (18), and did not continue the 

experiment unless isolation was confirmed. 

Changes in resistance and critical pressure are usually studied with steady-state 

pressure-flow relations (1,4). However, steady-state measurements are of limited value 

since they include adjustments from autoregulatory mechanisms (22,30). When flow 

is decreased in steps, metabolic vasodilation may decrease the tone of the arterial 

vessels (3). In addition, the decrease in Pper could result in further vasodilation due to 

the myogenic response (12). These two effects might result in a decrease of Pcrit· 

Therefore, the values from steady-state measurements might not reflect the 

instantaneous Pcrit that exists at higher flows or higher pressures. If Pcrit is unreliable, 

then resistance calculations [Ra= (Pper-PcriJ/Q] are also unreliable. In order to estimate 

Pcrit at each Pper• we used the dynamic pressure-flow relation. Dynamic pressure-flow 
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relations, however, can be affected by vessel compliance (2,6,17). If inflow is 
instantaneously decreased to the value in the compliant region, the inflow pressure 
gradient decreases to zero. Therefore, flow measured proximally in the vessel ceases 
even though flow downstream from the compliant region continues, and an artificially 
high Peril is recorded. This effect is minimized if the ramp time to zero-flow is long 
enough to allow the compliant region to empty. Compliance effects are negligible for 

ramp times greater than 5 seconds under both control and vasodilated 
conditions (17,27,28), and therefore the zero-flow pressure intercepts we measured 
(ramp times between 5-10 seconds) give good estimates of Peril (17,27). 

Finally, we used a dose of 1Q-7 M nifedipine to dilate the hindlimb. Since we 
did not observe any further vasodilation when the dose was increased to 10-6 M 
(figure 6.2b), this most likely represents the maximal dilating effect of nifedipine. It 

should be noted that this dose did not abolish reactive hyperemia, and therefore the 
hindlimb was not maximally vasodilated. 

Nifedipine and Critical Pressures 

The finding that nifedipine decreases the critical pressure at each P per confirms 
that Peril is dependent on smooth muscle tone {5,27). Furthermore, Peril increased with 
increasing P per both pre and post nifedipine. 

When P per was increased under control conditions, several factors which 
influence smooth muscle tone (and hence PcriJ were affected. First, the increase in Pper 

was accompanied by an increase in flow. This effect would tend to decrease tone 
through the release of endothelium-derived relaxing factor (EDRF) (23,25). On the 
other hand, the higher perfusion pressure should have increased tone through a 

myogenic stimulus to the vessels (13). A third factor might have been an increase in 

tone because the increased flow may have removed vasodilator metabolites, but this is 

not likely to be important in the resting hindlimb (8). Since Peril increased when Pper is 
increased, one must conclude that the vessels responsible for Perit were more sensitive 
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to the myogenic stimulus than to EDRF. This does not mean that EDRF had no effect 
on Pcrit because the increase in Pcrit might have been greater if EDRF were not present. 

During nifedipine infusion, the response of Pcrit to increasing Pper was blunted 
but not eliminated. It is unlikely that higher doses would have been more effective 
since there was no further decrease in Pcrit when the dose of nifedipine was increased 
10-fold. Others have also found that L-type voltage-gated calcium channels such as 
nifedipine do not abolish the myogenic response (10), even though the myogenic 
response is dependent on extracellular calcium (31,34). This suggests that L-type 
voltage-gated calcium channels modulate the myogenic response, but are not 
responsible for it. It should be noted that infusion of adenosine and nitroprusside also 
decreases the myogenic response of Pcrio but does not eliminate it (28). The mechanism 
by which Pcrit increases in response to increasing Pper remains unkn.owlil. 
Nifedipine and Arterial Resistance 

Nifedipine decreased Ra at Pper=75 mmHg, in addition to its effect on Pcrit· 

Therefore, the drug affects both small and large vessel tone. However, unlike the 
increase in Pcrit observed with increasing Pper• Ra decreased with increasing Ppeo and 
the decrease was accentuated after nifedipine infusion. This confirms our previous 
findings (33) and extends the observation to include nifedipine-induced vasodilation. 
Under control conditions, the decrease in Ra suggests that the effects of the increased 
vasodilating forces during increasing Pper (passive and endothelial-derived relaxing 
factor) is stronger than the effects of the increased vasoconstricting forces (metabolic 
and myogenic). 

The exaggerated response of Ra during nifedipine infusion can be explained 
through a decrease in the myogenic response of the vessels responsible for Ra, similar 
to the decreased myogenic response observed for Pcrit during nifedipine infusion. This 
would mean that the increased production of EDRF stimulated by the increased flow, 
would not be attenuated as much by the myogenic response, and the decrease in Ra 
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would be greater for each change in P per· This type of reciprocal inhibition between 

EDRF and the myogenic response has previously been shown in vitro (16,25), and in 

vivo during direct recordings of microvascular diameters (15) and by pressure-flow 

relations (26). 

Nifedipine and Venous Resistance 

Nifedipine infusion lowered venous resistance at a Pper of 75 mmHg, supporting 

previous results that calcium channel blockers have an effect on the venous 

system (32). In addition, although ~was constant at high Pper, it increased when Pper 

was lowered both before and after nifedipine infusion. These findings are consistent 

with studies by Johnson and Hanson (14), and Mellander et. al. (22). The mechanism 

by which ~ is increased at low Pper cannot be myogenic, since a myogenic reflex 

would have had the opposite effect. We have also previously found that ~ increases 

during inhibition of EDRF synthesis with L-nitro-arginine (see chapter 4) and is 

therefore not due to flow-mediated decreases in EDRF. The increased venous 

resistance may be due to passive collapse of the vessels or an increased apparent blood 

viscosity at low flows (11). This may be important in maintaining a relatively constant 

capillary pressure (11 ,21 ,22,35). 

Clinical Relevance 

A major side effect of nifedipine is peripheral edema. This could be due to a 

change in capillary permeability, but most likely represents an alteration in the capillary 

hydrostatic pressure. Our results show that nifedipine causes both arterial and venous 

vasodilation, and a reduction in Pcrit· The overall effect on capillary pressure depends 

on whether inflow to the region, determined by (Pper-PcriJ/R
8

, increases more than 

outflow from the region, determined by (PecPv)/~. Figure 6.4b shows that Pe1 was 

increased at each Pper during nifedipine infusion, indicating that the effect on inflow 

was greater than the effect on outflow, and therefore nifedipine increases the Starling 
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forces across the capillary wall. This will lead to an increase in transudation, and may 

explain the peripheral edema observed in patients. 

In conclusion, nifedipine decreases arterial pressure through a decrease in both 

the vascular waterfall pressure and arterial resistance. Capillary pressure rises during 

nifedipine infusion because the effects on inflow due to a decreased Pcrit and Ra are 
greater than the effects on outflow due to a decreased ~· 
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7.1 . CONCLUSIONS 

The purpose of this thesis was to determine the mechanisms controlling the 

critical closing pressure and arterial resistance in the canine hindlimb. The studies 
discussed in the thesis cover the influence of neural, mechanical, and flow-mediated 

control systems on Peril and R8 • I also tested the hypothesis that Peril is eliminated under 

conditions of maximal vasodilation, and that the myogenic response of Peril is 

eliminated when calcium channels are blocked. 

In the first project, I tested the hypothesis that the carotid smus baroreflex 

affects Peril in addition to its effects on R
8 • When the carotid sinus pressure was 

lowered, both Peril and R8 increased. In addition, since arterial compliance decreased, 
the time constant of the arterial system (compliance*resistance) did not change. The 

opposite changes were observed when carotid sinus pressure was raised. These results 

confirmed that Peril is tone-dependent and is affected by in vivo control systems. 

In project 1, a change in carotid sinus pressure caused a change in arterial 

pressure. In those experiments we measured Peril and R8 at the new perfusion pressure. 
However, arterial vessels in vitro exhibit a myogenic response and constrict when 

transmural pressure is increased. Therefore, in project 2, we measured the changes in 

Peril and R8 with changes in Pper before and after lowering carotid sinus pressure. We 

found that increasing Pper caused an increase in Peril but a decrease in R
8

• Since flow 

also increased when Pper was increased, the changes in Peril and R
8 represent the 

interaction of myogenic and flow-mediated control systems. For instance, the increase 
in Peril with increases in Pper is predominantly due to the myogenic response, but the 

effect may be attenuated by flow-mediated responses. Similarly, the decrease in R
8 

with increases in Pper is predominantly due to flow-mediated responses, but may be 

attenuated by a myogenic response. Metabolic effects can be considered negligible in 

the resting hindlimb (1). When carotid sinus pressure was lowered, Peril and R
8 
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increased at every P per· These results indicate that the effects observed in the first 
project were due to a combination of myogenic, flow-mediated, and neural responses. 

The results also suggest that steady-state pressure-flow relations should be reinterpreted 

to include a changing Pcrit (figure 7.1) 

,. 
B . 

"· 

Pressure 

Figure 7.1: The curved solid line represents the steady-state pressure-flow 

relationship. The critical closing pressure at A is PcritA· If the perfusion 

pressure is increased from point A, the flow increases from A to B. The 

vasculature reacts to the increased pressure and/or flow by increasing the 

critical closing pressure, which decreases flow to C. At C, the critical 

closing pressure is increased compared to the original condition (P crit), 
but the resistance is unchanged or decreases slightly (inverse of the slope 

of the dark solid line). Autoregulation has occurred and refers to the 

change in both critical closing pressure and resistance. 

Since flow increased when we increased Pper in projects 2, we hypothesized that 

after blocking EDRF synthesis with L-NNA, an increase in Pper would cause 1) a 

greater rate of rise of Pent' and 2) the fall in Ra would be eliminated (project 3). The 

results were consistent with our hypothesis, but we also observed the same effects when 
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vascular tone was increased with phenylephrine, an a 1-agonist. These results suggest 
the effects of L-NNA are not specific for EDRF blockade, and the myogenic response 
may be increased because of a non-specific increase in vascular tone. The absence of 
such an interaction in project 1 was most likely aB-error as discussed in that chapter. 

In project 4, we tested the hypothesis that an arteriolar Pcrit would be eliminated 
during maximal vasodilation. First, we compared the results of the relationship P zf 

versus ramp time with the predicted values based on two models of the circulation. 
These results indicated that a critical closing pressure was still present during maximal 
vasodilation, although it had decreased from 56.4±5.1 to 11.0+0.6 mmHg. This Pcrit 

was still at the arteriolar level because it was greater than the simultaneously measured 

small venular pressure. However, Pcrit was less than small venular pressure during 
normal flow, suggesting that waterfall behaviour might not occur. We tested this 
hypothesis by raising venous pressure during constant flow conditions, and observed an 

immediate rise in Pper· Therefore, maximal vasodilation decreased Pcrit below the level 
of the waterfall, but did not eliminate smooth muscle tone. Finally, we showed that the 

smooth muscle tone which persists during maximal vasodilation is still capable of 
increasing when Pper increases, albeit at a slower rate than during control conditions. 
Therefore, maximal vasodilation does not abolish the myogenic response. These results 
also suggest an interaction between the myogenic response and the effects of an 
adenosine/nitroprusside solution. Although indomethacin was also used in these 
experiments, results from a separate group of animals showed indomethacin had no 
significant effect on Pcrit or R. in the canine hindlimb. 

The mechanism of the myogenic response we observed in projects 2,3, and 4 is 
still unknown. In vitro, it is dependent on extracellular calcium (4,5). Whereas some 
studies suggest it can be abolished with calcium channel blockers (3), others have 

opposite conclusions (2). Therefore, in project 5, we tested the hypothesis that 
nifedipine would 1) decrease both Pcrit and R., and 2) eliminate the myogenic response 
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of Pcrit· The results confirmed the first hypothesis, but the myogenic response was only 
decreased with lQ-7 M nifedipine and not eliminated. It is unlikely that higher doses 
would have achieved a greater effect because no further change in P crit or R

8 were 
observed with 10-6 M infusion. Two possibilities can account for these results. First, 
calcium channels may be only one mechanism by which the myogenic response occurs. 
Second, calcium channel blockers may affect some intermediate step in the myogenic 
response and affect its gain, but not its presence. With respect to R

8 , we found that the 
decrease observed with increases in Pper was accentuated. These results support the 
hypothesis that the decrease in R

8 under control conditions is attenuated by a myogenic 
response. When the myogenic response is decreased with nifedipine, a larger decrease 
in R

8 
is observed. In this project, we also found that nifedipine decreased venous 

resistance. However, the pressure in the small venules still increased because in~ow 
increased (due to the decrease in Pcrit and R

8 ) more than outflow increased (due to the 
decrease in~). This may explain the side effect of peripheral edema in patients taking 
nifedipine for hypertension. 

Pcrit is therefore affected by neural, mechanical, and flow-mediated control 
systems. Although R

8 
is also affected by these systems, it is not always in the same 

direction as Pcrit· This may be because 1) different parts of the arterial tree may have 
different sensitivities to the different stimuli or 2) Pcrit is dependent on tone whereas R 8 

is dependent on diameter. For instance, the vessels responsible for Pcrit may be at their 
largest diameter during maximal vasodilation, but they may still have tone that only 
becomes evident when the intraluminal pressure decreases. This tone could change with 
increases in P per even though the diameter remains constant. R

8
, which is dependent on 

diameter, would remain constant with changes in Pper· Finally, this thesis supports the 
notion that different control systems interact, and the presence of one may potentiate or 
inhibit the gain of another. 
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CLAIMS TO ORIGINALITY 

The following observations are original contributions towards understanding the 
mechanisms controlling the critical closing pressure and arterial resistance. 

1) The carotid sinus baroreflex controls Peril in addition to controlling arterial 
resistance, suggesting Peril is affected by changes in sympathetic activity in vivo. 

2) Although the percent changes in Peril and R
8 in response to changes in carotid 

sinus pressure were differept, the effect of the changes on flow was the same. 
3) A local increase in perfusion pressure (Pper) causes an increase in Peril 

(i.e. myogenic effect predominates), but a decrease in R
8 (passive or flow

mediated effects predominate). These results support in vivo microscopic 
experiments showing that different segments of . the· arterial tree r~spqnd 

differently to changes in P per: 

4) The rate of increase in Peril with increases in Pper is increased by blocking 
endothelial-derived relaxing factor (EDRF) synthesis with L-nitro-arginine 
(L-NNA). The same effect occurs if baseline tone is increased with 
phenylephrine. These results indicate that the myogenic response of Peril is 
increased during increases in baseline tone. 

5) The decrease in Ra with increases in P per is abolished with both L-NNA and 
phenylephrine. The decrease in R

8 with increases in Pper is accentuated with 
nifedipine. These results support in vitro data which shows a myogenic 
response in large vessels. Under control conditions, the myogenic response is 
overshadowed by EDRF and passive effects. Under conditions of increased 
tone, the myogenic response is enhanced and prevents the decrease in Ra 
normally observed. When the myogenic response is decreased with nifedipine, 
the decrease in R

8 is accentuated. 
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Indomethacin has no effect on Peril or R
8 under normal conditions in the canine 

hindlimb. 

7) Abolishing reactive hyperemia by infusing a solution of adenosine and 
nitroprusside decreases Peril below the level of the downstream pressure. 

8) In contrast to the response in vessels with normal tone, increases in venous 
pressure after reactive hyperemia has been abolished results in immediate effects 
on P per· This supports the notion that Peril is decreased to a level below the 
downstream pressure. 

9) Even after reactive hyperemia has been abolished, Peril still increases with 
increases in P per· These results suggest that myogenic tone remains at the 
arteriolar level even during "maximal vasodilation". 

10) The rate of increase in Peril with increas~s in Pper is reduced by the calcium 
channel blocker nifedipine, but could not be eliminated. These results imply the 
myogenic response of Peril is affected by calcium channels but calcium entry is 
either 1) only one mechanism for increased tone, or 2) affects the myogenic 
response through indirect means. 

11) Taken together, these results suggest that changes in Peril and R
8 with changes in 

Pper reflect the interaction of changes in metabolic, myogenic, and flow
mediated stimuli. 
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APPENDIX 1 

SI unit Equivalents 

1 Pascal (Pa) - 0.075 mmHg 
0.01 cmH20 

209 



0 

0 

APPENDIX 2 

Abbreviations 

oc 
a. 

~ 
f3-error 
.!\ 
fJ. 

p.g 
p.l 
urn 
1t 

p 
t 

A-D 
ANOVA 
A-V diff 

ea 

D5W 
d 
dl 

EC1 
EDRF 
EDNO 
EDHF 

g 

[H+] 
HC 
HCl 

kg 
kPa 

degrees Celsius 
alpha 
rate of change of flow 
beta error 
delta 
viscosity 
micrograms 
microliters 
micrometers 
pi 
density 
time constant 

analog to digital 
analysis of variance 
arterial-venous difference 

arterial compliance 

5% dextrose solution 
diameter 
deciliter 

equilibrium curve calculated at a transmural pressure equal to # mmHg endothelial-derived relaxing factor 
endothelial-derived nitric oxide 
endothelial-derived hyperpolarizing factor 

grams 

hydrogen ion concentration 
high carotid sinus pressure condition 
hydrochloric acid 

kilograms 
kilopascals 
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0 L length 
LC low carotid sinus pressure condition 
L-NNA L-nitro-arginine 

M molar 
mg milligrams 
min minutes 
ml milliliters 
mmole millimoles 
ms milliseconds 

n number 
N Normal 

AP driving pressure 
pa arterial pressure 
pear carotid sinus pressure 
perit critical closing pressure 
pel elastic recoil pressure 
pe external pressure 
pi internal pressure 
pin inflow pressure 
pout outflow pressure 
pper perfusion pressure 
psur surrounding pressure 
ptm transmural pressure 
pv venous pressure 
pzf zero-flow pressure intercept 
PC02 partial pressure of carbon dioxide 
PE240 size 240 polyethylene tubing 
pH -log of hydrogen ion concentration 
P02 partial pressure of oxygen 

Q flow 
Qi(O) initial flow 

r radius 
ri internal radius 
re external radius 
R resistance 
Ra arterial resistance 
Re Reynolds number 
~ot total resistance 
~ venous resistance 
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0 s seconds 
SD standard deviation 
S.E.M. standard error of the mean 

TA active wall tension 
T E elastic wall tension 
T w total wall tension 
lzr ramp time to zero-flow 

U mean fluid velocity 

X entrance length before Poiseuille Flow resumes 


