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Objective: To determine whether, when the vasomotor capacity of the coronary arterioles is exhausted at
rest, myocardial blood volume decreases in order to maintain a normal capillary hydrostatic pressure,
even at the expense of myocardial oxygen delivery.
Methods: 18 dogs were studied. In group 1 (n = 9), coronary driving pressure (CDP) was reduced by 10–
80 mm Hg below normal by a stenosis; in group 2 (n = 9), it was increased 20–80 mm Hg above
baseline by increasing aortic pressure with phenylephrine. Myocardial contrast echocardiography (MCE)
was undertaken to measure the myocardial blood volume fraction and myocardial blood flow (MBF).
Results: In group 1 dogs, as CDP was reduced, both coronary blood flow (CBF) and MBF decreased.
Myocardial blood volume fraction also decreased and myocardial vascular resistance increased, while
coronary sinus PO2 decreased. In group 2 dogs, as CDP was increased, epicardial CBF increased but MBF
remained unchanged because of a decrease in myocardial blood volume fraction. Myocardial vascular
resistance decreased, however, implying the presence of coronary arteriovenous shunting, which was
supported by a progressive increase in the coronary sinus PO2.
Conclusions: When arteriolar tone is exhausted so that CBF becomes dependent on CDP, myocardial
blood volume decreases in order to maintain a constant capillary hydrostatic pressure, which takes
precedence over myocardial oxygen delivery. These novel findings implicate capillaries in the regulation of
CBF beyond the autoregulatory range.

I
t has been shown previously that coronary blood flow
(CBF) remains constant when coronary driving pressure
(CDP) is varied between approximately 45–120 mm with-

out changing myocardial work.1 This process of autoregula-
tion is thought to be dependent primarily on small resistance
arterioles,2–5 and to a lesser extent the coronary venules.6 7

When CDP is altered to levels either below or above this
autoregulatory range, CBF becomes pressure dependent.1

An important role of autoregulation is the maintenance of
capillary hydrostatic pressure (capHP) and homeostasis,
which are essential for cell survival. It has been shown in
the skeletal muscle that despite wide variations in perfusion
pressure, the net transcapillary fluid movement remains
remarkably stable, which implies that capHP stays relatively
constant.8 The net transcapillary fluid movement remains
stable even when perfusion pressure is varied beyond the
lower and upper limits of the autoregulatory range.9 The only
way capHP can remain constant when perfusion pressure
either decreases below or increases above the autoregulatory
range is by changes in capillary resistance.
We hypothesised that when the vasomotor capacity of the

coronary arterioles is exhausted at rest (CDP below 45 or
above 120 mm Hg)—that is, the CDP is beyond the auto-
regulatory range—capHP is maintained by changes in
capillary blood volume (capBV) even at the expense of
myocardial oxygen delivery. In order to test this hypothesis,
we altered the CDP over a wide range and measured capBV
using myocardial contrast echocardiography (MCE).
During MCE, gas filled microbubbles are injected intrave-

nously and an ultrasound examination of the heart is carried
out.10 The degree of myocardial opacification during MCE is
proportional to the concentration of microbubbles within the
myocardium and represents relative myocardial blood
volume (MBV).11 We have previously shown that changes

in blood volume fraction measured using this technique
correlate well with an independent method that measures
capillary surface area.12 Although historically the term MBV
has referred to blood residing within the entire coronary
circulation,11 we now use it to denote blood present within
the myocardial microvasculature itself, which includes
arterioles, capillaries, and venules.8 We have assigned the
term ‘‘coronary blood volume’’ to the blood present in the
entire coronary circulation.11 Within the myocardium itself,
90% of the blood resides in capillaries (,2500–3000 per mm3

of tissue).8 Therefore MBV essentially represents capBV.
Because the length of a single capillary does not change, a
change in capillary volume will reflect a change in total
capillary resistance.13 Thus changes in capillary resistance can
be measured with MCE.14 We have also validated MCE as an
accurate method for assessing myocardial blood flow
(MBF).15

METHODS
Animal preparation
The study protocol was approved by the animal research
committee at the University of Virginia and conformed to the
American Heart Association Guidelines for the use of animals in
research. We used 18 adult open chest anaesthetised dogs

Abbreviations: capBV, capillary blood volume; capHP, capillary
hydrostatic pressure; CBF, coronary blood flow; CDP, coronary driving
pressure; CVR, coronary vascular resistance; MBF, myocardial blood
flow; MBV, myocardial blood volume; MCE, myocardial contrast
echocardiography; MV̇O2, myocardial oxygen consumption; MVR,
myocardial vascular resistance. NOTE: ‘‘capillary’’ refers to only
capillaries within the myocardium, ‘‘coronary’’ refers to epicardial
coronary arteries, and ‘‘myocardial’’ refers to the entire
microvasculature within the myocardium, which includes arterioles,
capillaries, and venules.
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(30–35 kg) for the study, divided into two groups of nine
dogs each. CDP was decreased below normal in group 1 and
increased above normal in group 2. Catheters (7 French)
were placed in both the femoral veins for microbubble
infusion and administration of fluids and drugs as needed,
and in the aortic root and the left atrium to measure
pressures.
A left lateral thoracotomy was done in the fourth

intercostal space and the heart was suspended in a pericar-
dial cradle. Micromanometer tipped catheters (Millar
Instruments) were inserted into the right atrium through
the external jugular vein and into the left ventricular cavity
through the left ventricular apex. A 7 French balloon tipped
catheter was placed in the coronary sinus. The proximal
portions of the left anterior descending and left circumflex
coronary arteries were dissected free from surrounding tissue.
Ultrasonic flow probes (series SC, Transonics) were placed on
both arteries and connected to a digital flow meter (model
T206, Transonics) to monitor epicardial CBF. A 20 gauge
polyethylene catheter was inserted into the distal portion of
the left anterior descending coronary artery in the group 1
dogs.

Haemodynamic measurements
All catheters were interfaced with a multichannel recorder
(model ES 2000, Gould). Mean CBF and pressures were
acquired digitally into a computer and the signals were
displayed on-line using Labtech Notebook (Laboratory
Technologies). CDP was calculated as the difference in the
mean distal coronary and right atrial pressures in the group 1
dogs, and between the mean aortic and right atrial pressures
in the group 2 dogs. Coronary vascular resistance (CVR) was
calculated by dividing CDP by the CBF.

Myocardial oxygen consumption and demand
determinations
Blood (0.8 ml) was collected simultaneously from the
femoral artery and coronary sinus in a 1 ml heparinised
syringe. Samples were immediately placed on ice and
analysed within 60 minutes using a blood gas analyser
(model 288, Ciba-Corning). From each sample, the partial
pressure of oxygen, oxygen saturation, and haemoglobin
were measured, from which the oxygen content was
calculated. Myocardial oxygen consumption (MV̇O2) was
calculated by multiplying CBF by the difference in arterial
and venous oxygen content. Myocardial oxygen demand was
calculated by multiplying heart rate by the end systolic wall
stress. End systolic wall stress was derived using the
equation: [aortic systolic pressure 6 left ventricular cavity
radius]/[2 6 end systolic wall thickness].

MCE derived MBV and MBF
A Sonos-5500 system (Phillips Ultrasound) was used for
ultrasound imaging. Ultrasound was transmitted at 2.1 MHz
and received at 4.2 MHz. The mechanical index (>), overall
gain, compression (maximum), depth (8 cm), and focus
(8 cm) were optimised at the beginning of each experiment
and were held constant during the entire protocol. All
backscatter measurements were done using acoustic densi-
tometry, which involves measurements obtained before log
compression and after processing of the ultrasound signal;
they thus provide a linear relation between ultrasound signal
and microbubble concentration over a wider range than do
video intensity measurements obtained from conventional B
mode images recorded on videotape. Images were obtained
using intermittent harmonic imaging during a continuous
infusion of BR-14, a novel ultrasound contrast agent
comprised of microbubbles with perfluorocarbon gas con-
tained within a lipid/surfactant shell.16 After steady state was

achieved, MCE was undertaken with ultrasound gated to the
ECG at end systole. Images were acquired at pulsing intervals
of one, two, three, five, eight, 10, and 20 cardiac cycles to
allow for progressively greater bubble replenishment of the
ultrasound beam elevation.15 At least five images were
obtained at baseline (precontrast) and at each pulsing
interval before being transferred to optical disk.
Regions of interest were placed over the myocardium in

images acquired at baseline (background) and during all
pulsing intervals, as well as over the left ventricular cavity at
baseline (background) and at a pulsing interval of 20 cardiac
cycles. Pulsing interval versus background subtracted acous-
tic density plots were generated off-line and fitted to an
exponential function, y = A(12e2bt), where y = acoustic
density at pulsing interval t, A = acoustic density after the
ultrasound beam is completely replenished, and b = rate
constant that reflects the mean microbubble velocity.15 MBV
fraction was then calculated as the ratio between myocardial
A and the background subtracted acoustic density from the
left ventricular cavity.15 The product, A?b, was calculated to
derive myocardial blood flow (MBF). Acoustic density
measurements were also taken in the left ventricular cavity
at end diastole and end systole in group 2 dogs during
phenylephrine infusion, to determine whether the changes in
left ventricular pressure affected microbubble size and
therefore backscatter. These measurements were also made
at a pulsing interval of 20 cardiac cycles.

Wall thickness and thickening measurements
Echocardiography was used to measure end diastolic and end
systolic wall thickness and the left ventricular cavity diameter
from two consecutive cardiac cycles. Wall thickness was
measured in four quadrants which were kept constant
throughout all stages within each dog. These measurements
were then averaged. The left ventricular cavity diameter was
measured at the same site in all stages. Percent wall
thickening was calculated by dividing the difference between
end systolic and end diastolic thickness by end diastolic
thickness.

Experimental protocol
MCE and haemodynamic data, as well as arterial and
coronary sinus blood samples, were collected at baseline
and at each stage. In group 1 dogs, CDP was reduced by 10–
80 mm Hg below baseline measurements by tightening the
custom designed screw occluder placed on the coronary
artery. In group 2 dogs, CDP was increased by raising the
aortic pressure by 20–80 mm Hg above baseline with a
phenylephrine infusion (10–30 mg mixed in 1 litre of
Plasmalyte).

Statistical methods
Comparisons between stages were undertaken using repeated
measures analysis of variance (ANOVA). When a difference
was found, a paired Student’s t test was used for interstage
comparisons. Correlations were sought using least squares
fitted linear regression analysis. Non-linear data were fitted
using appropriate exponential or polynomial functions. A
probability value of p , 0.05 (two sided) was considered
statistically for all comparisons.

RESULTS
Group 1 dogs
The mean aortic pressure, left ventricular dP/dt, and
myocardial oxygen demand did not change significantly with
increasing stenosis levels in the group 1 dogs. Figure 1 shows
selected haemodynamic and MCE data from these dogs,
where the stenosis severity was judged by the magnitude of
CDP decline. As coronary driving pressure fell, both epicardial
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CBF and MCE derived MBF decreased (panels A and B).
MBV fraction decreased with a reduction in CDP (panel C),
which implies that capillary resistance increased (as capil-
laries cannot change in length). Consequently, total CVR
increased (panel D). The decrease in MCE derived MBF was
caused not only by a decrease in MBV fraction but also by a
decrease in the mean microbubble velocity (p = 0.04).
End diastolic mean wall thickness and left ventricular

cavity size remained unchanged over the wide range of CDPs.
However, mean wall thickness decreased (p = 0.002) and
left ventricular cavity size increased (p = 0.006) with lower
CDPs at end systole. As expected, per cent wall thickening
also decreased significantly (p = 0.001) with lower CDPs,
owing to the pronounced wall thickening abnormality seen in
the region supplied by stenosis. As percent wall thickening
decreased, there was a trend for MCE derived MBF to
decrease as well, although this did not reach statistical
significance (fig 2).

Group 2 dogs
As expected, an increase in mean aortic pressure resulted in
an increase in CDP and left ventricular dP/dt with increasing
doses of phenylephrine. Selected haemodynamic and MCE
data from the group 2 dogs are shown in fig 3. When CDP
was increased above the autoregulatory range, as expected
CBF also increased (panel A); MCE derived MBF, however,
remained unchanged (panel B). The main reason for the lack
of increase in MCE derived MBF was a decrease in MBV
fraction (panel C). Although mean microbubble velocity
increased (p = 0.03) with increasing CDP, it did not offset
the decrease in MBV fraction. Unlike in group 1 dogs, where
a decrease in MBV fraction resulted in an increase in CVR, in
group 2 dogs the decrease in MBV fraction was associated
with a decrease in CVR.
The mismatch between epicardial CBF and MCE derived

MBF, as well as the decrease in CVR in the group 2 dogs,
implies the presence of coronary arteriovenous shunting,
which was supported by a progressive increase in the
coronary sinus PO2 with higher CDPs (fig 4A). Coronary
sinus PO2 increased because the increase in myocardial
oxygen demand was not associated with a proportionate
increase in MV̇O2 (fig 4B).
Wall thickness decreased, though not significantly, and left

ventricular cavity size increased (p = 0.03) at end diastole
with higher CDPs. Although systolic wall thickness tended to

be smaller at higher CDPs at end systole, this also did not
reach significance (p = 0.06). Left ventricular cavity size
increased (p = 0.006) at end systole with increasing CDPs.
There was a significant correlation between increasing
percent wall thickening and increasing CDPs (fig 2). The
relation between changes in MCE derived MBF and percent
wall thickening was not significant. For the same incre-
mental change in percent wall thickening, there was a greater
percent change in CDP than in MCE derived MBF.
The backscatter from the left ventricular cavity was similar

between end diastole and end systole during phenylephrine
infusion (mean (SEM): 499 (399) v 492 (389)), indicating
that the microbubble size did not change appreciably with
left ventricular cavity pressure.

MBV over the entire range of CDP
Figure 5 shows the effect of changes in CDP on CBF and MBV
fraction over the entire range of CDPs. The data are derived
from all 18 dogs. Within the autoregulatory range, changes in
CDP did not result in significant changes in either CBF or
MBV fraction. Below the autoregulatory range, both CBF and
MBV fraction decreased. Above the autoregulatory range,
while CBF increased, MBV fraction decreased.

DISCUSSION
Relation between CDP and MBV
It has been shown previously that when CDP is held within
the range of 45–120 mm Hg, CBF remains unchanged.1 17 18 It
has also been shown that as CDP is reduced from normal
levels down to 45 mm Hg, the total coronary blood volume
(blood residing in the entire coronary tree) increases
modestly because of arteriolar vasodilatation.18 19 In this
study, we show that MBV (the blood present only within
the myocardium and mostly in capillaries) does not change
in this range of CDP. This is consistent with the fact that
when resting CDP is within the autoregulatory range,
regulation of CBF is mediated solely through arterioles,
which constitute only a small portion of the MBV and
therefore would not be expected to change myocardial
acoustic density.
In studies involving the skeletal muscle microcirculation, it

has been found that capBV does not change within the
autoregulatory range. Arterioles have been shown to be the
principal site of resistance at these pressures.20 It is assumed
that capHP stays fairly constant over a wide range of

Figure 1 Relation between coronary
driving pressure (x axis) and
percentage change (y axis) of
(A) coronary blood flow (CBF),
(B) myocardial contrast derived
myocardial blood flow (MCE derived
MBF), (C) myocardial blood volume
(MBV) fraction, and (D) total
myocardial vascular resistance when
coronary driving pressure was
decreased below the lower limit of
autoregulation. The percentage change
of each variable is compared to
baseline values. Data are means, error
bars = SEM.
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perfusion pressures as the net transcapillary fluid movement
has been found to remain relatively stable both within the
autoregulatory range and beyond its lower and upper limits.1

Thus the findings from our study in the canine heart are
consistent with previous reports using skeletal muscle
preparations, which showed that capBV does not change
appreciably within the autoregulatory range.
When CDP is decreased below 45–50 mm Hg, as expected

CBF also decreases.1 18 We have previously shown that in this
situation total coronary blood volume decreases as well.18

Results from our previous18 and current study indicate that in
this setting CVR increases in proportion to a decrease in
MBV. Consequently, when CBF starts decreasing, arterioles
are maximally vasodilated, so any decrease in total coronary
blood volume has to occur in some other vascular compart-
ment (either capillaries or venules). In this study we have
shown that the decrease in coronary blood volume reflects a
decrease in MBV (or capBV), which results in an increase in
CVR despite maximum dilatation of both coronary arterioles
and venules.
When CDP is increased above 120 mm Hg, the resistance

offered by arterioles is maximal and their ability to constrict
is exhausted. As expected, therefore, CBF is influenced solely
by the CDP.1 As CDP and CBF increase, microbubble velocity
also increases. However, MBV decreases, resulting in no
change in MCE derived MBF despite a significant increase in

CBF. This occurs because of a decrease in MBV. Of interest,
although CBF increases in proportion to increased myocardial
oxygen demand caused by increasing CDP, MV̇O2 does not
increase proportionately. Furthermore, CVR decreases despite
both a decrease in MBV and maximal resistance offered by
precapillary arterioles. Thus it appears that the decrease in
MBV is associated with shunting of excess CBF to the
coronary venous system at sites that may lie proximal to the
resistance vessels.

Figure 2 Relation between percentage change in wall thickening
(x axis) and percentage changes in coronary driving pressure (CDP)
and MBF over the entire range of CDPs.

Figure 3 Relation between coronary
driving pressure (x axis) and
percentage change (y axis) of
(A) coronary blood flow (CBF),
(B) myocardial contrast derived
myocardial blood flow (MCE derived
MBF), (C) myocardial blood volume
(MBV) fraction, and (D) total
myocardial vascular resistance when
coronary driving pressure was
increased above the upper limit of
autoregulation. The percentage change
of each variable is compared to
baseline values. Data are means, error
bars = SEM.

Figure 4 (A) Relation between coronary driving pressure (x axis) and
changes in coronary sinus oxygen pressure (PO2) (y axis) during
phenylephrine infusion. (B) Relation between coronary driving pressure
(x axis) and myocardial oxygen demand and myocardial oxygen
consumption (MV̇O2) (y axis) during phenylephrine infusion. Data are
means, error bars = SEM.
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Arteriovenous shunts have been shown to exist in the
myocardium but are believed to be non-functional under
physiological conditions.21 In a canine experiment, increasing
CDP to 170 mm Hg in the presence of hypoxia resulted in a
nearly 50% increase in shunt flow.22 Another study in a
similar model reported an increase in coronary arteriovenous
shunting from 4.2% to 8.7% when CDP was increased from 97
to 177 mm Hg, with an associated decrease in arterial–
coronary sinus PO2 difference.

23 In our current study we also
found that coronary sinus PO2 content increased with
increasing CDP, supporting the existence of functional
arteriolar–venular shunts at raised CDPs. Because MBV
decreased at these high CDPs, our results indicate that these
shunts are proximal to the capillary bed.
We have developed a mathematical model to explain the

above results (see the appendix and fig 6). Within the
autoregulatory range, resistances from arterioles, capillaries,
and venules—which are arranged in series—participate in
the local regulation of MBF. Our model predicts that at a CDP
below the autoregulatory range, an increase in capillary
resistance alone is sufficient to maintain a constant capHP.
However, when the CDP exceeds the autoregulatory range,
arteriolar–venous shunts, arranged in parallel with the
capillary bed, regulate local MBF in concert with capillaries.
Our model predicts that shunt resistance decreases in order
to accommodate the excess CBF, which accounts for the
noted decrease in CVR despite a decrease in MBV. As a
result, these shunts—which are non-functional when CDP is
within the autoregulatory range—are recruited when CDP
exceeds the upper limit of autoregulation. The precise
mechanisms by which capillaries and arteriolar–venous
shunts maintain local MBF regulation remain to be
elucidated.

capHP v myocardial O2 delivery
In this study we hypothesised that in an attempt to maintain
capHP, capillaries will change their volume even at the risk of
not meeting myocardial oxygen demand. This is most
strikingly exemplified when CDP is increased above
120 mm Hg and the arterioles are maximally constricted. In
this situation if capBV remains unchanged, capHP would
increase obligatorily. In an attempt to circumvent such an
occurrence, MBV decreases, thus increasing capillary resis-
tance. This decrease in MBV causes a decrease in MV̇O2

despite a significant increase in myocardial oxygen demand.
It appears, therefore, that capillary homeostasis takes
precedence over myocardial oxygen delivery.

When CDP decreases below 45 mm Hg, arteriolar vaso-
dilatation is maximal and capHP becomes vulnerable to
changes in CDP. If MBV remains constant, capHP will
decrease with reduction in CDP. In order to prevent this
situation from occurring, MBV decreases and capillary
resistance increases. Consequently MBF may decrease out
of proportion to the decrease in CDP, thus sacrificing
myocardial oxygen delivery. Therefore it seems that even in
this setting maintenance of capHP is more important than
oxygen delivery.
In addition, below the autoregulatory range, percent wall

thickening decreased as CDP and CBF decreased. This
relation implies that the consequence of capillaries making
an effort to maintain hydrostatic pressure is not only a
reduction in myocardial oxygen delivery but also extends to
a reduction in myocardial function. The capillaries and
the adjacent myocytes and connective tissue can remain
viable but are no longer functional.

Critique of our methods
Ultrasound signals are related to the 6th power of the
microbubble radius.24 A small change in microbubble size can
therefore result in a major change in signal. Being compres-
sible, microbubbles are affected by the ambient pressure and
have been shown to decrease in size at higher pressures.25 26

Thus microbubble size can decrease at the high systolic
pressures induced by phenylephrine. However, we found that
there was no difference in microbubble backscatter from the
left ventricular cavity between end diastole and end systole.
Moreover, as microbubbles within the myocardium and
within the left ventricular cavity were subjected to the
same high pressures, we were able to minimise any
potential effect of pressure on ultrasound signal by normal-
ising the myocardial signal to that in the left ventricular
cavity.
Ultrasound signal can also be affected by changes within

the myocardium, such as oedema, irrespective of whether
microbubbles have been injected or not. It is for this reason
that measurements were made from background sub-
tracted images. By displacing capillaries connected to
myocytes, myocardial oedema caused from increased capHP

Figure 5 Relation between coronary driving pressure (x axis) and
normalised percentage change in coronary blood flow (CBF) and
myocardial blood volume (MBV) fraction (y axis) over a wide range of
coronary driving pressures in all 18 dogs. The shaded area denotes the
autoregulatory range. Data are means, error bars = SEM.

Figure 6 Mathematical models used to explain our findings.
(A) Graphic representation of the relation between epicardial coronary
blood flow (Q) and resistances between capillary pressure (PCA) and
right atrial pressure (PRA) within the autoregulatory range. (B) Graphic
representation of the relation between Q and resistances between PCA
and PRA when coronary driving pressure exceeds the upper limit of the
autoregulatory range. The capillary blood flow (Q1), as measured using
myocardial contrast echocardiography, remains unchanged, either
because of an increase in capillary resistance or because of a decrease
in shunt resistance. RA = arteriolar resistance; RC = capillary resistance;
RSH, shunt resistance; RV = venular resistance.
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could also result in an apparent decrease in MBV. We
therefore made measurements of left ventricular wall
thickness and percent wall thickening and were unable to
show any increase in thickness. Similarly, ischaemia result-
ing from lower CDPs can also result in oedema and affect
myocardial acoustic intensity measurements. If this had
occurred in our model, we would have expected to see an
increase in wall thickness at the lower CDPs. Instead our wall
thickness measurements did not change at end diastole and
they decreased at end systole. Thus we are confident that
myocardial oedema did not contribute to the reduction in
MBV in either group where CDP was severely increased and
decreased.
MBV can also increase from increased myocardial oxygen

demand because of capillary recruitment.27 28 Thus one would
have expected MBV to increase with an increase in afterload.
Instead, the decrease in MBV reiterates the importance of
maintaining a constant capHP even at the expense of
myocardial oxygen delivery.
We assume that the constant net filtration across the

capillary bed is the result of a constant capHP. In fact, for net
filtration to be constant, the gradient between capillary and
interstitial pressure must also be constant. During cardiac
contraction the elastic impedance of the myocardium is
continuously changing. When the myocardial pressure rises
in systole, the squeezing of arterioles results in retrograde
systolic flow in the larger arterioles and intramyocardial
arteries, while the squeezing of the veins results in forward
systolic flow into the coronary sinus. The increased resistance
in the arterioles and veins functionally isolates the capillaries
from the rest of the coronary circulation in systole. The
capillaries face an increased myocardial pressure but do not
change their volume, as the capHP (now a closed chamber
within the myocardium) also rises with the myocardial
pressure.29 Thus the increase in interstitial pressure during
systole does not result in reduced net filtration. It is unlikely,
therefore, that further change in elastic impedance induced
by phenylephrine will affect capBV. We have also extra-
polated findings from skeletal muscle to myocardium.
However, this concept of constant hydrostatic pressure is so
fundamental that it is unlikely to differ between different
types of muscle.
We intentionally did not use radiolabelled microspheres for

assessment of myocardial perfusion as they provide us with
total flow to myocardial arterioles up to 13 mm in size. The
assumption is that whatever will reach these arterioles will
also reach capillaries. While this is true under normal
circumstances, it may not be true when aortic pressure is
increased and arteriovenous shunts become operative. It is
not known at what level of the circulation such shunts are
present. We have previously shown that when flow to the
myocardium is delivered retrogradely through the coronary
sinus, Thebesian veins are present even between 13 mm
venules and capillaries, so that flow to the capillaries is
substantially less than to the small venules.30 It is for this
reason that we used MCE, which has been well validated for
assessing capillary flow not only in the myocardium but in
other organs as well.
Our observations suggest that maintaining constant capHP

and homeostasis takes precedence over oxygen delivery.
However, we were not able to document an increase in
coronary sinus lactate concentration. One explanation is that
in group 1 dogs, the stenosis was created only in one
myocardial bed, which may not have affected the mean
lactate concentration in the coronary sinus, which receives
blood from many myocardial regions. This situation, how-
ever, does not apply when CDP is increased, as the entire left
ventricle is exposed to the same raised pressures. The lack of
any change in lactate extraction may therefore be related to

the failure of this variable to reflect mild to moderate
ischaemia.31 32

Finally, the design of our study and the methods used do
not permit an evaluation of the proximate mechanism of the
decrease in MBV. As the changes occur immediately, it has
been suggested that they are modulated by myogenic
reflexes, particularly in skeletal muscle.9 It has also been
suggested that, at least in skeletal muscle, viscosity changes
in small venules may be responsible for maintaining a
constant capHP.33 More intriguing are the putative signals
that may initiate changes in MBV, and the source of these
signals.

Clinical implications
We have demonstrated that capillaries participate in the
control of resting MBF when active arteriolar vasomotion
(autoregulation) is no longer functioning. When CDP is
between 45–120 mm Hg and arteriolar vasomotion is
operative, CBF is maintained by changes in arteriolar
resistance. In this setting, capillary resistance and MBV
remain constant. When arteriolar tone is minimal at CDP
below 45 mm Hg, capillaries participate in the regulation of
MBF. When arteriolar tone is maximal at CDP above
120 mm Hg, both capillaries and arteriolar–venular shunts
participate in the regulation of MBF. In both instances, MBV
decreases in order to maintain a constant capHP. The
regulation of CHP takes precedence over myocardial oxygen
delivery.
The clinical implications of these novel findings can be

related to periods of acute rise or fall in aortic pressure. In the
former, capillary derecruitment allows maintenance of capHP
which prevents myocardial oedema and even haemorrhage;
in the latter, capillary derecruitment also allows maintenance
of capHP so that myocellular and interstitial volume are not
redistributed to the blood pool, and homeostasis is not
disturbed. Eventually, however, the increased capillary
resistance can contribute to myocardial ischaemia and cell
death. Therefore, bringing the aortic pressure to normal
levels would obviously be the first measure so that
autoregulation can be restored and capillary resistance
returned to normal.
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APPENDIX

MATHEMATICAL MODELLING OF OUR RESULTS
Based on the coronary vasculature model we have used
before13 and shown in fig 6A, the mean capillary pressure
(Pcap) measured at the centre of the capillary bed is given by
the equation:
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where Ra, Rc, and Rv are arteriolar, capillary and venular
resistances, respectively, and PRA and PCA are right atrial and
coronary artery pressures. It is clear from this expression that
changes in PCA will be associated with directionally similar
changes in Pcap. The direction in which Pcap will change with
Rc is not intuitively apparent from this equation. However, if
we take the partial derivative of Pcap with respect to Rc we
obtain the following equation:

As PCA.PRA and Ra.Rv, the partial differential is always
positive, which means that Pcap increases with an increase in
Rc.
Therefore, when PCA decreases below the lower limit of the

autoregulatory range, Pcap can be maintained constant by an
increase in Rc. When PCA increases beyond the upper limit of
the autoregulatory range, an increase in Rc alone cannot
maintain a constant Pcap. This is the reason why we believe
that arteriovenous shunts become operative at a high CDP
and divert excess flow away from the capillaries.
We therefore propose a modified circuit depicted in fig 6B,

where Rsh is the shunt resistance and Q and Q1 are the
epicardial and capillary flows, respectively. The equivalent
resistance Req of this parallel combination, (Rc?Rsh)/(Rc+Rsh), is
always (Rc and can be decreased by decreasing either or
both of Rc or Rsh. Under normal perfusion pressures, Rsh..Rc

so that Req = Rc. However, when PCA rises above the
autoregulatory limit, although Rc increases, a sufficient
decrease in Rsh is also necessary to result in a decrease in
Req in order to maintain the same Pcap.
The reason why Rc increases at high CDP may be explained

by the experimental finding that while epicardial CBF Q rises,
the capillary flow Q1 (measured using MCE) remains
unchanged. Q1 is related to Q by the equation Q1=Q2Rsh/
(Rc+Rsh)=Q/[1+(Rc/Rsh)]. According to this equation, when Q
increases, Q1 can be maintained constant by either increasing
Rc and/or decreasing Rsh.
When the precapillary pressure rises because of an increase

in CDP, Pcap can be maintained by increasing the pressure
gradient across the capillaries, which can be achieved by
increasing either or both Q1 and Rc. We observed that Q1

remained unchanged and that capBV decreased, implying an
increase in Rc. Accordingly, the increase in Rc accounts for the
increase in the capillary pressure gradient (Q1?Rc), which in
turn accounts for the increase in the capillary blood flow
velocity (b) that we observed on MCE. Above the auto-
regulatory range, Ra and Rv are maximal and constant. As PCA
increases, Req decreases and therefore the total myocardial
resistance (Ra+Req+Rv) decreases, which is in agreement with
our experimental observations.
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