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1. Introduction

Arterial blood inflow into the myocardium is almost exclusively diastolic,
whereas venous outflow is predominantly systolic.1,2 This finding suggests a
substantial phasic volume change in the intramyocardial vessels by myocar-
dial contraction and relaxation during a cardiac cycle. Thus, observation of
the dynamics of intramyocardial microvessels during cardiac cycles is crucial
for understanding the basic mechanism of intramyocardial blood perfusion.
Mechanical stresses acting on intramyocardial blood vessels are different
between endocardium and epicardium, hence studies of coronary hemo-
dynamics at different transmural depths provide important information
about intramyocardial influence on blood distributions in the myocar-
dial wall. Such comparative studies may reveal why the deeper portion
of myocardium is relatively vulnerable to ischemia, a principal question in
coronary pathophysiology.

2. Coronary Blood Flow and Its Mechanical Interaction
with Cardiac Contraction and Relaxation

Coronary vessels in the myocardium are subjected to the phasic mechan-
ical influences of cardiac contraction and relaxation, resulting in a unique
instantaneous blood flow pattern: unlike blood flow in other organs, coro-
nary arterial flow exhibits a predominantly diastolic pattern, while venous
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Fig. 1. Coronary arterial and venous blood velocity waveforms measured by an optical
fiber sensor of laser Doppler velocimeter. The fiber sensor was fixed by cyanoacrylate
adhesive on distal small artery and vein to evaluate myocardial inflow and outflow. Note
the phase difference between arterial inflow and venous outflow; that is, diastolic versus
systolic preponderance.

flow a systolic pattern (Fig. 1). Thus, arterial inflow into the myocardium
during diastole should be stored in intramyocardial capacitance vessels
(unstressed volume (UV) and ordinary capacitance), and an almost equal
amount of blood should be squeezed out into epicardial veins in the next
systole (Fig. 2). UV is defined as a capacitance to accommodate blood
during diastole without significant increase in pressure exceeding outflow
venous pressure.

To investigate the intramyocardial mechanical interaction between
myocardium and coronary vessels and flow directly, we introduced a
portable needle-probe video microscope with a charge-coupled device
(CCD) camera to observe the subendocardial and intramural vessels.3–5

The phasic diameter of the intramural and subendocardial arterioles
decreased 10–20% by cardiac contraction (Fig. 3). In contrast, the diame-
ter of the subepicardial arterioles changes little during a cardiac cycle. Mori
et al. observed similar systolic narrowing of perforating arterial branches
with length by using synchrotron radiation angiography.6 The degree of
systolic compression was high in deeper myocardium. More recently, using
the portable needle-probe CCD video microscope with a high-speed camera
(200 frame/s), the movement of visible blood flow markers (blood veloci-
ties) exhibited exclusively diastolic flow in subendocardial arterioles with
two-phased systolic reverse flow, while a remarkable forward flow was rec-
ognized in subepicardial arterioles although the diastolic predominant flow
pattern was common throughout myocardial layers.7–9
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Fig. 2. Model of intramyocardial microcirculation based on Spaan et al.’s model. The
model consists of variable arterial and venous resistances, and capacitance (UV and
ordinary capacitance). UV accommodates diastolic arterial inflow without increase of

UV pressure above outflow venous pressure. During systole, myocardial pump (pressure)
propels pooled blood in UV to coronary vein.

Fig. 3. Subepicardial and subendocardial arteriolar images with flow markers. Although
diastolic predominant pattern is similar between subepicardium and subendocardium,
remarkable systolic forward flow (↓) is observed in subepicardial arterioles, while negligi-
bly small forward flow with two-phased reverse flows ( ) is noticed in subendocardium.
The diameter of subendocardial arterioles decreased in systole by 10–20%, while that of
subepicardium almost remained unchanged (revised from Ref. 9).
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3. Functional Role of Capillaries As Capacitance
and UV Through Myocardial Wall

To clarify the functional characteristics of intramyocardial capillaries, as
well as possible transmural difference, we visualized the 3D capillary archi-
tecture by intracoronary injection of custom-made contrast medium con-
sisting of BaSO4, India ink, gelatin, and distilled water in diastolic- and
systolic-arrest rat hearts.10 A confocal laser-scanning microscope (CLSM)
was used for the 3D microvisualization, and 200-µm-thick block sample was
used after slicing by a microtrom.

Figure 4 shows epimyocardial (left) and endomyocardial (right) capil-
lary images during diastole (top) and systole (bottom). Capillary volume
decreased by 32% on average throughout myocardium. The volume fraction
of capillaries per unit myocardial mass is 10 times as large as that of arteri-
oles and venules, indicating that capillaries function as major capacitance
and UV (see Fig. 2).

Transmurally, the reduction in volume fraction of capillary from systole
to diastole was by 37% in endocardium, by 34% in midcardium, and by 19%
in epicardium (Fig. 5). Thus, the functions of capillaries as capacitance may
be more remarkable in the deeper layers.

Fig. 4. Epimyocardial (left) and endomyocardial (right) capillary images in diastolic
(top) and systolic (bottom) arrested rat hearts. Note that the capillary diameters
decreased in both epi- and endomyocardial layers during systole, but the degree is greater
in endomyocardium. The capillary sinus is also compressed during systole, especially in
endomyocardial layer.
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Fig. 5. Volume reduction of transmural capillaries from diastole to systole. Volume
reduction by cardiac contraction is most remarkable in endomyocardium (ENDO), while
that of epimyocardium (EPI) is half of endomyocardium. The midmyocardial (MID)
volume change is little less than endomyocardium (revised from Ref. 10).

4. Capillary Flow Dynamics and Regional
Myocardial Perfusion

Recently, we visualized the epicardial capillary network of the beatings
in dog hearts in vivo, using high-resolution needle-lens probe microscope
(Fig. 6).11 A capillary originating from a point in an arteriolar zone car-
ries blood running parallel to the muscle fibers and ends in a point in the
venular zone. The capillary length from the smallest arteriole and venule is
several hundred µm.7 This path length is 8–10 times larger than a single
capillary length, indicating 8–10 interconnection along the path length. The
flow through Y-, T-, H-, and hairpin-type interconnection seen in the CLSM
image (Fig. 4) was recognized by in vivo visualization. The flow of neighbor-
ing capillaries exhibited co- and counter-corrents, and cross-connecting flow
occurred abundantly through interconnection, facilitating oxygen supply to
myocytes.

The transit time of blood in the capillary path length was about 1.5 s,
again indicating that the capillary works as UV, which stores the arte-
rial inflow blood for this period without emergence of venous flow.12 The
other characteristics of capillary hemodynamics were coexistence of systolic
and diastolic preponderant flows. This coexistence of temporal flow prepon-
derance implies that the watershed between diastolic arterial and systolic
venous flows is located within capillaries. The diastolic preponderance may
be arteriolar capillary, while the systolic is venular one.
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Fig. 6. Visualization of coronary capillary network in dogs with our high-magnification
needle-lens CCD microscope (A). Microblood flow distribution by tracer autoradiogra-
phy with 3H-desmethyl-imipramine in rabbit subendocardial and subepicardial layers
(B, C). Note the dense capillary network with H-, Y-, T-, and hairpin-type interconnec-
tion. There is coexistence of systolic and diastolic preponderant flow through capillary
network (A). Marked global microheterogeneity (high flow in one region, but low flow in
other region) of blood flow is recognized in subendocardial layer, while local (point-to-
point) heterogeneity is more remarkable in subepicardial layer (revised from Refs. 12–14).

In Fig. 6, flow distributions within subendocardial (B) and subepicar-
dial (C) layers of a rabbit left ventricular wall are shown. These images
were obtained by tracer digital radiography with 100-µm resolution.13,14

Both show a marked spatial heterogeneity as quantitated by the coefficient
of variation of flows (CV = standard deviation/mean) and the correlation
coefficient of adjacent regional flows (CA). Both CA and CV values are
higher in subendocardium than in subepicardium, indicating the existence
of more clearly distinct aggregates of high or low regional flows in subendo-
cardium. The greater anatomic myocardial flow heterogeneity may explain
the greater CV in subendocardium, which is inferred from the higher flow
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heterogeneity in subendocardium observed in the fully vasodilated, arrested
heart.15 In addition, the extravascular compressible force may also con-
tribute to the transmural difference of CV and CA, because its enormous
effect on subendocardium3,5 appears to vary spatially to the larger extent
within subendocardium than subepicardium due to the existence of the
papillary muscle.

5. Simulation of Intramyocardial Microcirculation

We modified the intramyocardial pump model originally proposed by Spaan
et al.16 In our model, the myocardium was divided into three layers.17 The
vascular compartments of each layer were consisted of arterioles, capillaries,
and venules. A lumped epicardial artery was placed proximal to all of these
layers, and a lumped vein was placed distally (Fig. 7).

Intramyocardial vascular diameter is determined by a transmural pres-
sure (PTR = P − Pim) and a vascular elasticity, wherein P is intravascular
pressure and Pim intramyocardial pressure. To calculate instantaneous
blood volume in each compartment, Pim was assumed to be 5/6 of left
ventricular pressure (LVP) at subendocardial layer, 3/6 at midmyocardial
layer, and 1/6 at subepicardial layer assuming endo-, mid-, and epimy-
ocardial compartments located at the depth of 1/6, 3/6, and 5/6 from
endocardium, respectively, because it is well documented that the intramy-
ocardial hydrostatic pressure decreased almost linearly from endocardium
to epicardium. The relation between vascular volume (V ) in each compart-
ment and transmural pressure (PTR) can be expressed by

PTR = A exp(Ke(t)V ) + B log(Ke(t)V ) − P0. (1)

Here, the elastance of a vessel consists of two components: (i) The first
component is the time-dependent elastance relating to local myocardial
stiffness. This implies that vascular elastance increases with increasing
cardiac stiffness during systole (by crossbridge formation) and decreases
with decreasing of stiffness during diastole. This is expressed by the time-
dependent parameter Ke(t), which is based on Krams et al.’s article,18

extended from Suga’s original work.19 Since cardiac contractility is con-
sidered to be uniform transmurally, Ke(t) value is set to be equal in all
three layers. (ii) The second component involves vascular stiffness changes
following the state of contraction and relaxation of vascular smooth muscle
itself. This is modeled by change in the time-independent parameter A, B,
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Fig. 7. Three layers (epi-, mid-, and endomyocardium) coronary circulation model con-
sisting of nine vascular compartments based on Spaan et al.’s model. Each compartment
is basically same, but intravascular and intramyocardial pressures, and vascular com-
pliance C of each compartment are different transmurally and temporalily. C relates to
parameters k, a, b and P0 in Eq. (1). The resistance (r) was calculated from the volume
V stored in C by the Poisuille law, and is located in proximal and distal portions of each
compartment on a fifty-fifty basis.

and P0 in Eq. (1). The values of these constants of each vascular com-
partment are determined based on published data17,20 and our own animal
experimental data. Resistance is represented to be inversely proportional
to square of vascular volume,16

R = Kr/V 2, (2)

where Kr is a constant, the value of which is also given as in our earlier
report.21 We input a typical measured data of aortic pressure and LVP
obtained from our laboratory.
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Fig. 8. Simulated blood flow waveforms in subepicardial, midmyocardial, and suben-
docardial arterioles. Note that there is systolic reverse flow in deeper myocardium, while
systolic forward flow in superficial portion. The amount of diastolic flow component is
larger in deeper portion.

Figure 8 shows an example of our simulation results of arteriolar flows
simulation in three different layers.17 In subendocardium, two-peaked sys-
tolic retrograde flow with predominant diastolic flow was simulated, as seen
in our in vivo visualization experiments (see Fig. 3). The subepicardial arte-
riolar flow exhibited two peaked forward flows, one during systole and the
other during diastole, consistent with our experimental data except a sharp
and short dip during isovolumic contraction phase, probably due to local
muscle strain. The flow pattern in the arteriole in midlayer exhibited an
in-between pattern, but we have no available experimental data at present.

The diameters of subendocardial and midmyocardial arterioles
decreased during systole as our physiologic measurements, and the degree of
diameter change was greater in the deeper myocardium (data not shown).
The subepicardial arterioles changed very little, which is also good agree-
ment with our experiments.

Figure 9 shows a simulation study result of transmural autoregulation of
coronary circulation. When the coronary perfusion pressure decreased from
normal physiologic pressure to about 70mmHg, coronary flow in all layers
did not change; that is, autoregulatory mechanism operated well. However,
when the coronary perfusion pressure further decreased, the subendocar-
dial flow began to decrease, while autoregulation still operated in mid- and
subepicardial layers. Further pressure decrease less than 60mmHg caused
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Fig. 9. Computer simulation of autoregulation of subepicardial, midcardial, and sub-
endocardial microvessels. Note that autoregulation is working more robustly in sub-
epicardial layer than subendocardial layer. The autoregulation in midcardium lies

in-between.

disappearance of autoregulation of midlayer, and finally subepicardial reg-
ulation waned for lower pressure range below 50mmHg. Collectively, this
simulation study confirmed that epimyocardial layers are robust against
ischemia, while endomyocardial layers are weakest and midcardial layers
in-between.

6. Capillary As Capacitance and Its Effect on Coronary
Arterial Inflow and Venous Outflow

Figure 10 shows the relation between coronary arterial inflow and blood-
pooled conditions in UV.22 The protocol of this experiment in an AV-
blocked dog was as follows: the blood pooled in capacitance vessels (mainly
UV) was squeezed out until coronary venous flow became nearly zero by
cardiac contractions after coronary artery (left anterior descending artery,
LAD) occlusion and then long diastole was induced by pacing-off. During
long diastole, LAD perfusion pressure was increased stepwise (two levels).
After application of LAD perfusion pressure, the great cardiac vein (GCV)
flow was absent for 1 or 2 s, indicating that UV was not filled yet. Then,
the GCV flow resumed and gradually increased, indicating filling of UV.
It is noticeable that the LAD flow was significantly higher in UV-unfilled
conditions than in UV-filled conditions. This is physiologically important
as a biomechanical feedback mechanism that pooled blood volume in the
capacitance vessels exceeding UV reduces coronary arterial inflow.
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Fig. 10. Coronary arterial (LAD) flow and GCV flow responses to stepwise increase in
LAD perfusion pressure during artificially induced long diastole. After perfusion pressure
increase, GCV flow was absent for 1 or 2 s, indicating that UV is unfilled, and then GCV

flow increased gradually; that is, UV filled. Note that LAD flow in UV unfilled is greater
than that in filled condition. This implies that the blood volume pooled in UV has a
mechanical feedback control against coronary arterial inflow (revised from Ref. 22).

Fig. 11. A typical example of the decaying process of the coronary venous flow velocity
after coronary inflow occlusion. The GCV flow decreased exponentially.

Figure 11 shows arterial and venous flows before coronary inflow occlu-
sion and the decay phenomenon process of the GCV flow velocity after
occlusion. It should be noted that the adjusted mean GCV flow aver-
aged for each beat decreased exponentially.23 Thus, the process can be
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expressed as

VGCV(t) = VGCV(0) e−t/τ , (3)

where VGCV(t) is the decaying flow after the coronary artery occlusion,
VGCV(0) is the mean flow just before occlusion, and τ is the decaying time
constant. Integration of Eq. (3) with respect to time t gives∫ ∞

0

VGCV(0)e−t/τdt = VGCV(0) τ. (4)

The value of VGCV(0)τ represents the total displaceable volume V0

(mainly UV) stored in the intramyocardial capacitance vessels before
occlusion:

V0 = τVGCV(0). (5)

Alternatively,

VGCV(0) = V0/τ. (6)

Figure 12 depicts this relationship between coronary venous outflow
VGCV(0) and the total displaceable volume V0. The correlation coefficient
between the total displaceable volume V0 and the coronary vein flow
VGCV(0) at one beat before occlusion was significantly high (r = 0.86,
p < 0.01), whereas the time constant is almost constant irrespective of var-
ious coronary venous flows (τ .=· 1.8 s). This result implies that the greater

Fig. 12. Relationship between venous outflow and total displaceable blood volume in
intramyocardial capacitance vessels (left) and positive feedback from total displaceable
blood volume to venous outflow (right). Coronary perfusion pressure (CPP) or coronary
vascular tonus were changed to obtain the scatter diagram (left). In spite of wide variation
of CPP and vascular tone, the correlation coefficient is significantly high. The observation
that increase in total displaceable volume in UV augments venous outflow indicates the
mechanical feedback from stored blood in UV to venous flow (right).
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the blood volume stored in the capacitance vessels, the more the venous
blood flow out (Fig. 12 (left)). This can draw an analogy to the Starling’s
law of the heart, namely: more the blood stored in the left ventricle during
diastole, more the blood pumped out into aorta in the next systole (Fig. 12
(right)). In other words, there is a positive feedback from the stored blood
volume in capacitance vessels to venous outflow. We also found that there
is a negative feedback from the stored blood in diastole to diastolic arterial
inflow; that is, the more the blood stored in diastole, the less the blood
inflow in the same diastole.

7. Conclusion

In conclusion, a physiomic understanding of mechanical interaction between
coronary microcirculation and cardiac pumping is fundamentally important
to the understanding of intramural coronary hemodynamics. The transmu-
ral morphology and function of capillaries are the key issues for the mechan-
ical control of coronary circulation together with arteriolar and venular
mechanics.
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