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Introduction

Oxygen delivery to the cardiac myocyte
depends upon the physical forces governing
the passage of red cells through oxygen ex-
changing arterioles and capillaries during
the cardiac cycle. The hemodynamics of the
coronary microcirculation remains largely
unknown1. Direct observation using mi-
croscopy of epicardial and endocardial sur-
face capillaries has provided some informa-
tion concerning red cell flow during the car-
diac cycle2-5. However, restraining devices
required to make such observations may in-
troduce artifacts by inhibiting systolic
forces6. We have developed methodology
based upon laser Doppler detection of red
blood cell (RBC) velocity (flux) which al-
lowed us to measure myocardial microcircu-
latory RBC flux during systole and diastole
lessening restraint artifacts in the beating
rabbit heart7. Data from the rabbit myocardi-
um demonstrated that red cells move contin-
uously throughout the cardiac cycle and that
there were usually two or three peaks of ac-

celerated RBC flux. However, it was not
possible to correlate microcirculatory events
with large epicardial vessel flow because the
small size of the rabbit coronary arteries and
veins precluded the use of flowmeters.

In this study in the dog we measured
RBC flux using the laser Doppler ve-
locimeter7 concurrently with epicardial
coronary arterial and venous flows as mea-
sured by ultrasonic transit-time flow probes
and left ventricular pressure. This device
measures the velocity of red cells within a
small area of the microcirculation (5 capil-
laries in diameter and 1-2 capillaries in
depth). It aggregates all velocities and does
not differentiate forward from reverse flow.
Multiple sites in the myocardium were se-
lected for RBC flux measurements. We ex-
amined the stability of the RBC flux signal
over time. We also recorded the response to
a 5-6 s coronary arterial occlusion and the
subsequent reactive hyperemia. A short pe-
riod of arterial occlusion was selected as a
stimulus for increasing coronary blood
flow. Such a short duration of occlusion in-
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Background. Knowledge of the patterns of movement of red cells during the cardiac cycle in the
microcirculation within the contracting myocardium is largely unknown. We describe a method of
making such measurements in the canine myocardium using the technique of laser Doppler ve-
locimetry.

Methods. A lensed 100 µm fiber-optic probe was inserted into the beating myocardium at various
sites. Using an ultra-stable laser and achieving measurement stability by heterodyning the laser light
and reflected light from the tissue, it was possible to obtain a stable high quality measurement of pre-
dominately red cell movement in the microcirculation.

Results. Unique regional patterns of red cell movement within the myocardium were observed.
Epicardial flux was continuous with peaks while endocardial flux was predominately diastolic. Stop-
ping flow in the epicardial artery for 5-6 s demonstrated that red cell movement continues in the mi-
crocirculation with some reduction followed by a delayed reactive hyperemia. Modeling demonstrates
an important role for the small coronary veins in control of microcirculatory red cell movement.

Conclusions. It is possible using laser Doppler velocimetry to measure red blood cell flux in the
beating canine myocardium. Such measurements demonstrate a high degree of complexity which is
not reflected in epicardial coronary arterial or venous flow.
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duces minimal myocardial ischemia. Finally, the data
were modeled to determine which parameters present
in the coronary arterial and venous flow signals were
predictors of the systolic/diastolic pattern of RBC flux
within the contracting myocardium.

Methods

Measurement of systolic/diastolic microcirculatory
red cell flux. The laser Doppler technique allows for the
measurement of particle velocity using the Doppler prin-
ciple. The laser Doppler velocimeter used was designed
in our lab and consisted of an ultra-stable, long cohesion
3.2 mW helium-neon laser (Laboratory for Science,
Berkeley, CA, USA) with a wavelength of 632.8 nm, a
lensed fiber-optic probe, a light detector and a signal
processor. Light from the laser is passed through an op-
tical cable to a coupler where it is split in a 9:1 ratio; 90%
of the light continues through a connector to the fiber-op-
tic probe while 10% is directed back to the detector to
correct for variation in the laser’s output. The single
fiber-optic probe supplies the input reference light and
returns both the reflected non Doppler shifted (reflected
by non moving structures) and Doppler shifted light
(caused by the movement of primarily the RBC in tissue)
back to the detector. This device has been described pre-
viously7. Briefly, the laser light (frequency ~5 � 1014

Hz) travels down the optical fiber into the tissue where it
is Doppler shifted largely by the moving RBCs. The light
scattering by moving particles imparts a Doppler shift to
the light such that the frequency can be shifted by values
of 500-5000 Hz (in tissue typically by 3000 Hz). The
Doppler shifted light travels back through the fiber to the
coupler where it passes into another fiber connected to an
avalanche photodiode. Backscattered light due to the dif-
fering indices of refraction between glass and tissue and
unscattered light reflected from the tip of the optical fiber
also travels to the detector but is of negligible magnitude.
The Doppler shift depends upon the velocity of the RBC
as well as the cosine of the angle between the light scat-
tering vector and the RBC velocity vector. Because each

scattering by a moving particle can impart a different fre-
quency shift depending upon the velocity vector and the
vector of the scattered light, a broad spectrum of Doppler
shifts is recorded.

The dominant particle moving through tissue with a
velocity giving rise to a spectral shift will be the red
cell. Slow moving white cells or platelets which are few
in number will contribute minimally. Because of the
size of our probe tip (100 µm) the dominant vessels
which will be observed will be those of the microcircu-
lation. Measuring the direction of blood flow is not pos-
sible with our laser Doppler device. Direction detection
requires spectral analysis which needs a larger signal-
to-noise ratio than was available. In the beating my-
ocardium, microvessels form a network in which RBC
move in many directions but always from arterioles to
venules as the system is closed. Our device is advanta-
geous compared to laser Doppler devices designed to
measure particle flow in a single vessel. Our device
produces a composite of all RBC velocity vectors and
scattering vectors reflected into the probe tip. Because
the particle vectors are aggregated by the device it is
number- (hematocrit) and velocity-dependent. Hence
we have used the word RBC flux to describe the resul-
tant values. The volume of tissue observed is in the or-
der of ~5.5 � 10-5 mm3 (in the shape of a truncated
cone) (Fig. 1). This region of interest was calculated by
assuming the field of observation was 100 µm in diam-
eter spreading with a 12 degree divergence. A depth of
penetration of 7 µm was assumed from measurements
made in our laboratory and from literature values re-
ported for this type of laser8. Laser Doppler flowmeters
that measure blood flow direction by spectral analysis
have an advantage where particle numbers are high and
blood flow is either fully forward or fully reversed such
as flow in a coronary artery or vein, but not in a vascu-
lar network where such organized flow does not occur.

The fiber-optic probes used were multi-mode with a
diameter of 100 µm and covered with a plastic cladding
so that total external diameter was 140 µm. They were
made to our specifications by Focal Technologies, Inc.
(Dartmouth, NS, Canada). One end of the fiber consist-
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Figure 1. Diagram of laser Doppler sensing of red blood cell flux. The lensed fiber-optic probe delivers monochromatic light to a flat truncated cone of
functional myocardium. The movement of the particles (red blood cells) phase shift the input frequency according to their velocity. The Doppler shifted
light returns to the detector (avalanche photodiode) via the fiber and the input and output (tissue) frequency form a “beat” frequency which results in
a root mean square voltage which is proportional to the velocity and number of moving particles in the field.



ed of a fiber collimator connector. At the other end a sec-
tion of 1 cm of the plastic cladding was stripped from the
fiber and a lens formed on the bare tip using a fusion
splicer (Model PFS101, Foundation Instruments, Ot-
tawa, ONT, Canada). The lens allows for dispersal of the
laser light at an angle of approximately 12 degrees. Cal-
ibration of each fiber-optic probe within a flowing fluid
medium, was done using a milk solution and a calibrat-
ed pump. It was found that for our system, a linear in-
crease in the velocity at which the milk was pumped
through tubing in which the probe was present resulted
in a linear increase in RMS voltage up to a maximum ve-
locity of 30 cm/s. Zero RBC flux was measured in the
non beating heart at the end of each experiment and sub-
tracted from the recorded values9,10. This measurement
corrects for tissue reflectance from non moving particles.

Animal preparation. Fifteen mongrel dogs (10 females
and 5 males) with a mean weight of 18 ± 1 kg constitut-
ed the study group. The investigation conforms with the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health (NIH Pub-
lication No. 85-23, revised 1985). The animals were
anesthetized with sodium thiopental (25 mg/kg, Abbott
Laboratories, Montreal, QC, Canada), intubated and
maintained on a respirator (Mark 7A, Bird Corporation,
Palm Springs, CA, USA). Body heat was maintained at
37°C with a heated water blanket. The chest was opened
through a bilateral thoracotomy and then the anesthetic
was changed to �-chloralose (50 mg/kg, Sigma Chemi-
cal Co., St. Louis, MO, USA). The pericardium was
opened and a pericardial cradle formed for the heart. A
5F catheter pressure transducer (Medical Measure-
ments, Inc., Hackensack NJ, USA) was introduced into
the left ventricle via the apex for measurement of left
ventricular pressure. A small section of the proximal left
anterior descending coronary artery (LAD) was dissect-
ed free and an ultrasonic Doppler transit-time flow
probe (model 2RS, Transonic Systems, Inc., Ithaca, NY,
USA) was placed for measurement of coronary arterial
flow. In 5 dogs, a small section of a distal cardiac vein
adjacent to the LAD and proximal to the great cardiac
vein was isolated and a second Doppler transit-time flow
probe was placed for measurement of coronary venous
flow. In 1 dog, a second flow probe was placed, distal to
the first probe, on the LAD. It should be noted that this
device measures both red cell and plasma velocity in a
volume so that total blood flow during the cardiac cycle
is recorded. It is not sensitive to changes in hematocrit.
This is in contrast to the fiber-optic laser Doppler ve-
locimeter (FOLDV) which records RBC flux and not
non particle plasma flow.

Insertion of the probe into the beating heart. A 20G,
plastic intravenous catheter with an inner needle
(Critikon, Tampa, FL, USA) was threaded along the
myocardium, for at least 1 cm, the inner needle re-
moved and the external plastic catheter left in place as

a guide for insertion of the FOLDV probe. The depth of
placement of the needle differed for each dog with lo-
cations ranging from epicardium to endocardium. The
usual site was adjacent to the LAD, distal to the
flowmeter. In 2 animals, the probe was subsequently in-
serted into the upper septum and the apex. In 1 animal,
the probe was also inserted into the right ventricular
wall and the right atrium. The FOLDV probe was in-
serted through the plastic needle and then the sheath
was withdrawn so that the probe was held in place by
the contracting myocardium. Virtually no tethering of
the myocardium took place. The probe was held in
place by the traversed contracting muscle and was not
anchored to the epicardium. The signal was not sensi-
tive to the bending motion of the fiber by the beating
heart. The success of our system to measure microcir-
culatory red cell flux relates to both the method of mea-
surement as well as to the minimal mass of the fiber. If
the fiber moves relative to the vascular bed such move-
ment will introduce a Doppler shift artifact. By insert-
ing the fiber so that it was anchored by the surrounding
myocytes we achieved our goal. If hemorrhage occurs
with thrombus formation at the tip (confirmed by his-
tology) the signal ceases, confirming that moving
RBCs and not movement artifact of the fiber by the
muscle gave rise to the signal. The signal was much re-
duced in infarcted myocardium. After the completion
of the study the animal was euthanized using a large
dose of barbiturate. Baseline correction for RBC flux
was measured when all cardiac action ceased.

The pressure transducer, transit-time flow probes,
electrocardiogram and FOLDV were connected to a da-
ta acquisition system (MP100, BIOPAC Systems, Inc.,
Goleta, CA, USA) and then to a Macintosh PowerBook
Duo 270c. Data was sampled at 500 Hz and acquisition
was controlled using the BIOPAC software, Acq-
Knowledge III.

Experimental procedure. Control. After instrumenta-
tion, control readings were taken for electrocardio-
gram, left ventricular pressure, coronary arterial and
venous blood flow and myocardial tissue RBC flux un-
til steady state was apparent. Data were continuously
acquired throughout the experiment and all parameters
were allowed to return to control values before the next
intervention was applied.

Reactive hyperemia. To test reactive hyperemia, the
isolated LAD was occluded, by digital pressure, for a
period of 5-6 s in 9 dogs. Because of their close prox-
imity the epicardial coronary veins adjacent to the
artery were frequently occluded. In one instance, fol-
lowing 10 µg of angiotensin II given into the left atrium
a spontaneous stop flow of ~29 s was observed in the
FOLDV signal. It was followed by typical reactive hy-
peremia. The event was not apparent in the coronary ar-
terial or left ventricular pressure tracings. We termed
this microvascular spasm. Repeated injections of the
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same drug in this animal and in others failed to repro-
duce the microcirculatory event.

Signal processing. Data smoothing. For purposes of
graphing, the data from the laser Doppler velocimeter
were smoothed using the formula:

foutput(n) = � finput(k)
[1]

where � is from k = n - (m 2-1) to k = n + (m 2-1) and m
is the number of points in the window and n is the sam-
ple number.

Means. Mean values for the tissue RBC flux, coronary
artery flow curves and coronary venous flow curves
(where applicable) were measured from beat-to-beat
data using the AcqKnowledge III program. The follow-
ing formula was applied:

–
� = 1/n�Xj

[2]

where � is from j = 1 to n (AcqKnowledge III for the
MP100WS hardware and software reference manual,
BIOPAC Systems, Inc., Goleta, CA, USA, 1993).

Results

Relationship of red blood cell flux to the cardiac cycle.
Figure 2 demonstrates the relationship of the red cell flux
in the microcirculation to left ventricular pressure and
coronary epicardial arterial and venous flow. The record-
ing site was superficial, adjacent to the LAD. Red cell
flux was continuous with three peaks. The first peak co-
incided with isovolumetric systole (peak 1), the second
with isovolumetric diastole (peak 2), and the third dias-
tole (peak 3). This pattern was representative of the su-
perficial region of the free wall of the left ventricle. Peak
2 during late systole coincides with peak venous outflow,
while peak 3 (early diastole) with peak arterial inflow.

Figure 3 is a composite of representative RBC flux
from different locations in the myocardium.

Deep myocardium (Fig. 3A). The site for recording was
deep in the free wall of the left ventricle adjacent to the
LAD. In contrast to figure 2 (superficial) there are only
two peaks. Both peaks are diastolic, one early and the
second late. Systolic microcirculatory RBC flux is de-
creased and reaches a nadir during late systole.

Apex (Fig. 3B). The device was placed so that its tip
was within myocardium at the apex. As the myocardi-
um is relatively thin at this site the position was easily
ascertained from transillumination by the laser. Figure
3B demonstrates a representative pattern. Three large
peaks were observed: two in diastole and the third in
early systole. Minimal RBC flux occurred during peak
systole through to diastole. The apex and the superficial
region of the left ventricle both had three peaks but the
RBC flux pattern of the apex was different being pre-
dominately diastolic and, in that respect similar to the
deep myocardium. 

Septum (Fig. 3C). The optical fiber was threaded so that
the tip was in the anterior superior portion of the mus-
cular intraventricular septum. The RBC flux pattern
had two peaks, all within the envelope of epicardial
coronary arterial flow (diastolic). Minimal flux was
present during peak systole.

Right ventricle (Fig. 3D). The probe was placed in the
free wall of the right ventricle. Two peaks were record-
ed of RBC flux, one during isovolumetric systole and
the second during isovolumetric diastole. RBC flux
reached nadirs twice, once during peak systole and
again during diastole.

Right atrium (Fig. 3E). The probe was threaded along
the posterior wall of the right atrium where a stable
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Figure 2. Recording of two cardiac cycles of red blood cell (RBC) flux from a typical superficial region of the myocardium adjacent to the left anterior
descending coronary artery measured in volts. Simultaneous measurements of epicardial coronary arterial flow (proximal) and coronary venous flow
(distal) as measured by an ultrasonic transit-time flowmeter and left ventricular pressure (LVP) are demonstrated.



position could be found in this thin-walled structure
(probably in Bachmann’s bundle). Red cell flux had
two prominent peaks which coincided with coronary
arterial flow during diastole and the isovolumetric pe-
riod of ventricular systole. The first peaks coincide
with the period of atrial systole. The nadir for RBC
flux was during the initial phase of ventricular dias-
tole.

Stability of red blood cell flux over time (Fig. 4). The
stability of red cell flux pattern over time was measured
for up to 30 min without an intervention. As long as
coronary arterial flow and left ventricular pressure
were constant no alteration in either the pattern or mean
value of RBC flux occurred. In some animals a respira-
tory variation in the pattern of flux was observed. When
the preparation began to deteriorate after 3 to 4 hours of
interventions, the magnitude of RBC flux appeared to
be the initial parameter to decrease before changes in
epicardial arterial coronary flow or left ventricular
pressure. Figure 4 demonstrates mean arterial and ve-
nous flow, RBC flux and peak left ventricular pressure
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Figure 4. Control measurements before interventions. Measurements
are from top to bottom: peak LVP, highest LVP per beat, mean epicardial
coronary arterial flow, mean epicardial coronary venous flow, and mean
tissue coronary RBC flux. Abbreviations as in figure 2.

for 30 s while no interventions occurred. Such a dura-
tion of constancy was observed before interventions
were applied.

Stop flow and reactive hyperemia (Fig. 5). When a
brief 5-6 s coronary arterial occlusion was performed
the typical arterial response was observed. In 9 dogs in
which a control stop flow intervention was performed
with measurement of RBC flux in the region of the my-
ocardium supplied by the occluded artery (5 superfi-
cial, 3 deep and 1 in the mid myocardium) no typical re-
sponse was observed. Figure 5 demonstrates the pattern
of RBC flux (FOLDV) in the mid myocardium before,
during and after a short period of coronary arterial oc-
clusion. Following occlusion there is a minimal in-
crease in RBC flux. Left ventricular pressure decreases
during occlusion and then returns to control. Coronary
artery flow (LAD flow) is minimal during occlusion,
and demonstrates, following release, an impressive re-
active hyperemia. No significant changes in the sys-
tolic/diastolic flow pattern of the RBC flux were ob-
served in this animal.

In most instances during reactive hyperemia there
were only minor changes in the systolic/diastolic RBC
flux pattern. In one instance while mechanical alter-
nans was present, both the epicardial coronary arterial
flow pattern and the RBC flux demonstrated alternans.
During the initial period of reactive hyperemia the al-
ternans pattern decreased in all measurements. When
the epicardial artery was occluded, at no time (except
following a short period of asystole associated with an
arrhythmia) did RBC flux fall to zero as did arterial and
venous flows. During occlusion diastolic RBC flux was
usually decreased. No other consistent changes in the
systolic/diastolic flow pattern emerge from this set of
observations.

In some instances the reactive hyperemia pattern was
delayed compared to the arterial pattern. If the length of

Figure 3. Representative regional patterns of RBC flux are illustrated. Sites
are A: deep myocardium adjacent to the left anterior descending coronary
artery; B: apex; C: superior portion of muscular intraventricular septum;
D: free wall of the right ventricle; E: right atrium, muscular portion. B-E
were recorded in the same animal. RBC flux is indicated by the shaded
area. LVP (dashes) and left anterior descending coronary artery flow
(dots) are illustrated for two cycles. Abbreviations as in figure 2.



the hyperemic response was considered in those where
it could be reliably measured (n = 4), the average dura-
tion of hyperemia in the artery was 10 ± 2 s while in tis-
sue the response was longer (19 ± 2 s, p = 0.02).

Microvascular spasm (Fig. 6). A spontaneous 29 s
stop flow, in only the FOLDV signal is illustrated in
figure 6. During the period of arrested flow, low volt-
age systolic oscillations were observed consistent
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Figure 5. Record of coronary arterial stop flow (5 s). The onset and offset are marked by arrows and lines. Red cell flux (fiber-optic laser Doppler ve-
locimeter-FOLDV) in mid myocardium in distribution of the left anterior descending coronary artery (LAD). Left ventricular pressure (LVP) and LAD
flow are presented in the middle and lower panel respectively. Note marked arterial hyperemic response in the presence of minimal red cell flux changes.

Figure 6. A demonstration of spontaneous microvascular spasm followed by a reactive hyperemia. Record of red cell flux (FOLDV), deep epicardium
in the distribution of the LAD, coronary arterial flow and LVP. At the onset of the recording 10 µg of angiotensin II was administered as a bolus into the
left atrium. Abbreviations as in figure 5.



with minimal RBC flux. A 3-fold increase in RBC
flux was observed during peak reactive hyperemia
when comparing control RBC flux (before an-
giotensin II) to peak flux hyperemia. Left ventricular
pressure did not change during the period of reduced
RBC flux. Coronary arterial flow following an-
giotensin II administration demonstrated a decrease in
LAD flow followed by a gradual increase above con-
trol. The FOLDV event could not be detected from the
concurrently measured left ventricular pressure and
LAD flow, hence we termed this event microvascular
spasm. The coronary flow and left ventricular pres-
sure responses are typical of observed responses to
this dose of angiotensin II.

Discussion

Measurement of coronary microcirculatory blood
flow has been fraught with technical difficulties. It
has long been recognized11 that the primary control of
the coronary circulation must lie at this level (i.e., the
myocyte-microcirculatory relationship for oxygen
delivery). Tillmanns et al.3 exploited rapid capillary
cinematography with restraining devices to measure
red cell movement in surface capillaries of the my-
ocardium and in the left atrium using transillumina-
tion. They demonstrated both systolic and diastolic
RBC movement. Ashikawa et al.4 using a “floating
microscopic” approach advanced this methodology
and demonstrated that capillary RBC flow in surface
epicardial and endocardial capillaries was almost
continuous with a nadir during isovolumetric systole.
Yada et al.5 using videomicroscopy have examined re-
active hyperemia in the subendocardium. Chilian1 has
recently summarized attempts to make such measure-
ments. Others have attempted to use the laser Doppler
technique for detecting red cell movement in the my-
ocardium but have found that movement artifact of
the tip of the probe relative to the microvasculature
precluded accurate measurement of RBC flux in the
untethered myocardium12,13. We have recently report-
ed7 results of measurement of RBC flux in the rabbit
heart where we were able to overcome the technical
problem of making such measurements. In this man-
uscript we are reporting observations of the coronary
microcirculation in the canine heart during the car-
diac cycle where it was possible to measure epicardial
coronary arterial and venous blood flow simultane-
ously.

During control conditions in the canine heart, as in
the rabbit myocardium, superficial tissue RBC flux is
continuous throughout the cycle but with three peaks:
one during isovolumetric systole, a second during iso-
volumetric diastole and a third diastolic peak. These
results differ from Ashikawa et al.4 who detected flow
reversal in larger microvessels at the onset of isovolu-
metric systole. However, their and our results are in

agreement in that the major component of red cell
movement occurs during both systole and diastole as
had been previously described using less sophisticat-
ed technology by Tillmanns et al.3 for both the dog
and turtle epicardial capillaries. It is possible that the
restraining devices used by Ashikawa et al.4 con-
tributed to the apparent flow reversal. Our data sug-
gest that at least one velocity peak is related to venous
outflow, the second to coronary arterial inflow, and
the third could be related to intravascular compliance
changes occurring during isovolumetric systole – a
period of shape change for the myocardium. A possi-
ble explanation for this pattern will be presented in the
“model section”.

There has been considerable speculation concern-
ing the pattern of endocardial blood flow during the
cardiac cycle based upon the observation that when
perfusion pressure is reduced subendocardial ischemia
ensues14. It was concluded that such flow would be pre-
dominately diastolic. Our data confirm this. Phasic
flow predominates with two prominent peaks – both
during diastole.

Interest in apical perfusion has been enhanced by
the appreciation of the region’s unique mechanical
twisting motion during systole15. Like the endocardi-
um, RBC flux was mainly diastolic with two peaks but
there was an additional third peak during early systole.
In addition, RBC cell flux was delayed compared to
coronary artery inflow. This raises the possibility that
the length of coronary artery and its branching pattern
as elucidated by Zamir16 may have an effect on the pat-
tern of tissue red cell flux in a region.

The ventricular septum is of interest given that the
coronary arterial input has been recognized to be
unique with a period of flow reversal during early sys-
tole. Tissue RBC flux was minimal during peak systole
when red cell movement all but ceased. Epicardial
flowmeters demonstrate that the septal artery has main-
ly diastolic flow17. Similar to the apex, diastolic flow
peaks were delayed compared to arterial inflow.

The right ventricle with its thinner wall and lower
developed cavity pressure demonstrated both lower to-
tal RBC flux and a pattern of RBC flux occurring dur-
ing periods of shape change (i.e., isovolumetric con-
traction and relaxation). Presumably these would be the
periods of highest oxygen requirement for the my-
ocytes and the RBC flux pattern which may reflect the
more ideal conditions for perfusion which this chamber
enjoys.

Kajiya et al.18 used laser Doppler to detect RBC
flux within small surface arteries and veins of the atri-
um. Hellberg et al.2 reported observations of atrial
capillary RBC velocity in the microcirculation of the
left atrial appendage using cinematography. Hell-
berg’s reported pattern was similar to the RBC flux
pattern in figure 3D (i.e., peak velocity during late di-
astole and early systole). This pattern coincides with
the period of atrial activation and recovery and is sim-
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ilar to the pattern of apical RBC flux. It should be not-
ed that the right atrium is functionally and anatomi-
cally heterogeneous19.

We have published regional patterns of RBC flux in
the rabbit heart7. Heart rates were lower in the dog; nev-
ertheless, the regional patterns are remarkably similar.
For example, the nadir of RBC flux in the septum and
apex during mid systole is similar. Measurements of
right ventricular and right atrial RBC flux were not per-
formed in the rabbit. It was not necessary to leave the
pericardium intact in the dog heart, in contrast to the
rabbit, to obtain stable recordings of RBC flux.

What physiologic purpose could be served by hav-
ing two-three peaks of RBC flux during each cycle?
Given the maximal degree of oxygen extraction which
occurs in the myocardium, it would facilitate the expo-
sure of oxygenated erythrocytes to myocytes by impos-
ing a number of periods of rapid movement of RBCs
(removing oxygen-spent RBCs) with slower ones (al-
lowing time for oxygen extraction)20.

Recently Kuznetsova et al.21 have compared mi-
crosphere measurements for blood flow with laser
Doppler in resting rat skeletal muscle in the presence of
vasodilators and found poor agreement. This is not sur-
prising given that, in the presence of vasodilators,
changes in tissue hematocrit can occur as red cell tran-
sit-time and plasma transit-time diverge22. As well,
blood cells such as erythrocytes and leukocytes con-
tribute to blood flow resistance in the microcirculation
through being deformable and folding as they traverse
capillaries which are similar or smaller in diameter23.
Microcirculatory flow as measured by microspheres
should be considered as a static snapshot of arteriolar
flow, being rigid they are not amenable to passage
through capillaries and neither reflect the passage of
deformable erythrocytes in the microcirculation nor the
variable transit-times of plasma and blood cells as tis-
sue hematocrit changes.

Arterial stop flow and reactive hyperemia. The
continuous movement of RBC in the microcircula-
tion during the duration of coronary arterial occlu-
sion was observed. Our device does not register the
direction of RBC flux (i.e., the RBC may be moving
back and forth so that oxygen delivery is no longer
occurring). This observation emphasizes that an im-
portant component of capillary RBC flux may be
contributed to by the contraction of the myocyte.
Minor changes in the FOLDV pattern (Fig. 5) are ob-
served concurrent with arterial occlusion. The phys-
iology of the response of the coronary circulation to
a brief arterial occlusion has been reviewed by Ols-
son24. This maneuver has been widely applied as a
tool to evaluate the extent of obstruction to coronary
arterial flow (coronary flow reserve) in patients with
stenotic coronary arteries with variable success25. As
Olsson indicates in his review, the response of reac-
tive hyperemia is more complex than simply an in-

crease in flow resulting from ischemic dilation of the
vessels in the myocardium engendered by an arterial
occlusion. Information concerning microcirculatory
RBC flux during epicardial vessel occlusion and re-
active hyperemia has not been available: therefore
our results are unique and somewhat surprising. One
would expect that abrupt arterial occlusion would re-
sult in a delayed precipitous drop in RBC flux in tis-
sue. A factor contributing to the lack of response of
RBC flux to arterial occlusion may be both the short
duration of occlusion and the adequacy of collaterals
to the capillary bed under observation26. Neverthe-
less, an epicardial arterial reactive hyperemia was in-
duced. Since the volume of the myocardium under
observation is small (5 capillaries in diameter and 1-
2 capillaries in depth) there is probably a heteroge-
neous capillary response to the intervention. Since a
change in the RBC flux occurred during epicardial
arterial occlusion the minimal changes observed
while the arterial hyperemia is present may be ap-
propriate for the microcirculation, as little global ev-
idence of ischemia was observed. This would sug-
gest that a component of the epicardial arterial hy-
peremia response was secondary to the mechanics of
vessel occlusion rather than ischemia, a possibility
suggested by Olsson24. The blunting and delay of the
hyperemic response in the microcirculation and not
in the coronary artery or vein would be in agreement
with Spaan et al.’s27 proposal of a large intramyocar-
dial vascular compliance. It is also consistent with
our previous report of a large intramyocardial blood
volume as measured by indicator dilution in pa-
tients28. Another factor which must be considered to
explain our observations would be a change in tissue
hematocrit. Ruiter et al.29 demonstrated that during
reactive hyperemia coronary sinus oxygen saturation
increases markedly, consistent with either opening of
arterio-venous RBC shunts or a very rapid capillary
transit-time20 as occurs when some coronary va-
sodilators are given. The FOLDV measures only
RBC flux and not plasma flow while the transit-time
flowmeter measures both. Olsson24 had proposed
that a regional discrepancy in the pattern of sys-
tolic/diastolic blood flow during reactive hyperemia
might occur, particularly an increase in systolic epi-
cardial flow. Our results do not exclude this possibil-
ity. Our small sampling volume and spatial tissue
flow heterogeneity may account for the variable re-
sponses to arterial occlusion we observed30. The
complexity of interactive controls for RBC flux in
the microcirculation22 make the use of a stop flow
and consequent reactive hyperemia to calculate coro-
nary flow reserve a problematic exercise. It is proba-
ble that as the duration of arterial occlusion increas-
es, regional ischemia increases and myocyte function
is depressed. Therefore the to-fro augmentation of
RBC flux by myocyte contraction may decrease.
This was not tested.
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Microvascular spasm. The serendipitous unique oc-
currence of a 29 s episode of minimal RBC flux, per-
haps related to angiotensin II administration, but in-
volving only a portion of the microcirculation, demon-
strates that the microcirculation can respond with a typ-
ical reactive hyperemic response. Where this spasm oc-
curred, small artery, arteriole, capillary or a combina-
tion is unknown. The occlusion was sufficient that cap-
illary RBC flux was essentially arrested, either because
of a localized decreased myocyte function, or the
spasm site was distal to the entry point of collaterals, or
a generalized decrease in microcirculatory lumen size
inhibited RBC movement. During hyperemia the peak
integrated RBC flux increased approximately 3-fold
and was followed by damped oscillations in RBC flux.
While it would be tempting to claim that this is analo-
gous to microvascular spasm as is suggested to occur in
syndrome X there is no convincing evidence to do so.

Modeling of tissue red blood cell flux. Because of the
many factors which could influence RBC flux at a mi-
crocirculatory level during the cardiac cycle we chose
to model the data as a means of demonstrating those
factors in the coronary arterial and venous flow tracings
which might be determinants of tissue RBC flux. This
model only requires the measured coronary arterial
(Qa) and venous (Qv) flows and does not need the mea-
sured tissue or intramyocardial pressure. The model
consisted of two compartments denoting lumped ef-
fects of capillaries and venous system having respec-
tively transmural pressures �Pc, and �Pv volumes Vc
and Vv, and compliances Cc and Cv. The resistance to
capillary flow into the venous system is regulated by
the total cross-sectional area of the capillaries (Ac).
Within a finite time interval �t the rate of capillary flow
�Qc/�t is:

�Qc
= Go� (�Pc){[fa Qa /Cc+ (1+ fv) Qv /Cv] – Qc (1/Cc+1/Cv)},

�t
� (�Pc) = [N (1 + 2�Pc /�)]2

/�(t),

where fa is the fraction of Qa into a regional capillary
compartment, fv is the fraction of Qv out of the venous
compartment, Go is the capillary patency at �Pc = 0. A
capillary is considered elastic with a coefficient of � in
mmHg, and during ventricular contraction, undergoes
shortening defined by a dimensionless function �(t)31.
Capillary recruitment due to increase of �Pc

32 is also
incorporated in the model. Recruitment increases the
fraction of the total number of capillaries to be perfused
(N) thereby increasing (Ac) and affecting the compli-
ance Cc. The formulation of the above equations and
the numerical parameters used to compute the capillary
flow Qc are presented in the Appendix.

Figure 7A shows the measured Qa, Qv, the left ven-
tricular pressure and the capillary red cell flux of a ca-
nine heart. Figures 7B and 7C depict the computed Qc
based on the measured Qa and Qv. Changes in parame-

ters characterizing Cc and Cv results in different capil-
lary flow patterns. The greatest sensitivity for changes
in the pattern for microvascular RBC flux arises from
changes in Cv. Thus it is possible for a feed-forward
control system to exist so that changes in myocardial
compression of the intracardiac venous compartment to
alter total coronary flow by changing the filling of that
compartment.

In conclusion, we have demonstrated the patterns of
RBC flux in some parts of the canine myocardium and
have related these observations to techniques used in
the past to obtain similar data. Our results confirm that
red cell flux in the myocardial superficial microcircula-
tion is mostly continuous but with peaks which relate to
coronary events such as coronary arterial inflow, ve-
nous outflow and mechanical events such as shape
changes of the ventricle. In the endocardium the flux is
predominately diastolic. As well, the length of the coro-
nary arterial input and branches may alter the pattern of
RBC flux in different parts of the myocardium. Events
which primarily alter inflow (stop flow) are modified
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Figure 7. Panel A demonstrates measured parameters for LVP. Coronary
artery flow (Qa), coronary venous flow (Qv) and microvascular RBC flux
(capillary RBC flux, Qc) for two cardiac cycles. Panels B and C display
changes in Qc which result when compliance Cc and Cv are changed in
the formulae using measured Qa and Qv. Abbreviations as in figure 2.



and delayed in tissue where the contracting myocyte,
collaterals and intramyocardial vascular compliance
play important roles. As our device samples a very
small area in the myocardium, the representative illus-
trations should be generalized with caution. It should
be recognized that the myocardium is functionally and
structurally heterogeneous.

It should be noted that these measurements were
performed in an animal with a relatively healthy coro-
nary circulation and may not be extrapolated to re-
sponses anticipated in patients with diseased coronary
arteries. Similarly, when ischemic or inflammatory in-
duced changes are present involving the supportive col-
lagen network of myocytes33 tissue responses of RBC
flux may be further modified. The challenge now will
be using this new technology to explore and understand
the microcirculation, which is the major part of the
coronary circulation.
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Appendix

Within a finite time �t, the change of Vc and Vv are:

�Vc /�t = faQa – Qc, �Pc = Pc – Pe = Vc /Cc,

�Vv /�t = Qc – (1 + fv) Qv, �Pv = Pv – Pe = Vv /Cv,

where Pe is extravascular pressure. It is assumed that capillary
flow is governed by Poiseuille’s law:

[(Pc – Pe) –  (Pv – Pe)] Ac
2   

,Qc =
8 	
Lc

where Pc and Pv are capillary and venous pressures respectively,

 is blood viscosity, Ac and Lc are capillary cross-sectional area
and length respectively. Within �t Ac, Lc, Cc and Cv are consid-
ered unchanged. Thus,

�Qc Ac
2 (�Pc �Pv)= – ,

�t 8 	
Lc �t �t

�Qc
= Go� {[fa Qa /Cc+ (1+ fv) Qv /Cv] – Qc (1/Cc+1/Cv)},

�t
Go = A2

c,o /8 	
Lc,o, � = [N (1 + 2�Pc /�)]2

/�(t).

� = 0.9 + 0.2sin4 (	t /Tcc),

where Tcc is the cardiac cycle length.
During diastole the capillary volume and transmural pres-

sure are Vc,o and Pv,o respectively. The fraction of capillaries (N)
increases with �Pc according to the following conditions:

�Pc – �Pc,o < 0,

when

N = No, dN /d�Pc = (1 – No)kc,

and when

N = No + (1 – No) {(1– exp [– kc (�Pc – �Pc,o]} dN /d�Pc =

= (1 – No) kc exp [– kc (�Pc – �Pc,o )]

where �Pc,o is a critical transmural pressure above which re-
cruitment occurs, No is the fraction of the number of capillaries
perfused at or below �Pc,o , and kc is a constant.

The capillary compliance is:

Cc = Vc,o [2N/� + (1 + 2�Pc /�) dN/d�Pc].

In the venous system the diastolic volume is Vv,o. When Vv
– Vv,o < 0,

�Pv = �Pv,o + (Vv – Vv,o) /Cv,max,  Cv = Cv,max,

and when Vv – Vv,o > 0,

�Pv = �Pv,o + {exp [kv (Vv – Vv,o – 1]}/ (Cv,max kv),

Cv = Cv,max exp [– kv (Vv – Vv,o)],

where Cv,max is the maximal compliance, kv is a constant.

Numerical parameters. The following numerical parameters
were used to compute the capillary flows shown in figure 7:
fa = 0.95, fv = 0.9, Go = 7.5 ml/mmHg, Vc,o = 3.2 ml, Vv,o = 6.0 ml,
�Pc,o = 12 mmHg, �Pv,o = 5 mmHg, � = 800 mmHg, kc = 1.0
mmHg-1, No = 0.75. The diastolic �Pc = 12.0 mmHg. In figure
7B, kv = 6.0 ml-1, Cv,max = 0.25 ml/mmHg, and in figure 7C, kv =
2.0 ml-1, Cv,max = 0.175 ml/mmHg.
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