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Abstract

This overview of direct measurement and 3D micro-CT image data to measure transmural distribution of myocardial perfusion, compression arterial branching geometry and 
the transmural locations of the terminal arterioles. From those data, blood flow, flow transit times to those terminal arterioles and their transmural locations were estimated. Several 
putative regional intra-myocardial compression due to myocardial contraction are shown to combine with the micro-CT derived data to result in a transmural perfusion gradient and 
their impact on the vulnerability of that perfusion to sub-endocardial myocardium. This analysis addresses the interplaying roles of the following: 	

1) The branching geometry of the intra-myocardial arteriolar microcirculation and distribution of myocardial terminal arterioles.

2) The transmural distribution of intra-myocardial compression.

3) Interplay of the myocardial electro-mechanical activation, contraction and perfusion sequences within a single cardiac cycle.
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ABBREVIATIONS 
F: Perfusion; P: Blood Pressure; L: length of inter-branch 

arteriolar segment; D: Diameter of inter-branch arteriolar 
segment; TT: Transit time of blood flow from epicardial to 
terminal arteriole; Ro: Radius from center of left ventricular 
chamber to epicardial surface; Ri: Radius from chamber center to 
endocardial surface; Sc: Intra-myocardial stress in circumferential 
direction; St: Intra-myocardial stress in transmural direction

INTRODUCTION
Micro-CT provides high spatial resolution structural 

information of the three dimensional, intact, branching 
structures of arterial trees and their surrounding myocardial 
geometry within intact myocardial specimens. The ratio of 
the left ventricular walls’ sub-endocardial to sub-epicardial 
perfusion has been demonstrated to be approximately 1.2 to 
1.3 under resting conditions and to be somewhat less than 1.0 
during severe exercise [1-3]. Despite this increased perfusion in 
the sub-endocardial region, preferential myocardial infarction 
in the sub-endocardium [4] occurs under various conditions 
such as epicardial coronary artery stenosis which restricts 
myocardial perfusion distal to the stenosis by virtue of reduced 
flow reserve [5] and reduced distal coronary arterial pressure 
[6]. An additional contribution to the vulnerability of the sub-
endocardial myocardium is that it subjected to increasingly 
reduced time available for myocardial perfusion proportional to 
the reduced cardiac cycle durations at elevated heart rates.

Branching geometry of the intra-myocardial 
arteriolar microcirculation

As illustrated in Figure 1, the epicardial coronary arteries 
branch into small intramural arteries (approximately 0.5 – 1 
mm lumen diameter) at regular intervals and at ninety degrees 
to the epicardial artery. Using histological and micro-CT imaging 
techniques applied to isolated pieces of myocardium, these 
branches precede transmurally to, broadly, one of three depths 
within the wall to terminate in terminal arterioles (ie less than 
0.05 mm lumen diameter [9]. 

The branching pattern of these arteriolar trees changes 
from asymmetric “distributive” to a more equal “delivery” type 
as they progressively branch into smaller arterioles [10]. The 
arteriolar branches within these perfusion territories show 
minimal overlap with those in contiguous perfusion territories. 
The spatial density of arterioles of the order of 0.03 mm lumen 
diameter progressively increases from sub-epicardial to the 
sub-endocardial regions of the myocardial wall. At the sub-
endocardium micro-embolization studies indicate 13 terminal 
arterioles/mm3 [11] and direct visualization in micro-CT images 
indicates 9.5/mm3 [9]. Thebesian vessels [12], which connect 
directly to the left ventricular chamber, range in diameter from 
0.05 to 0.25 mm and hence were not included in the image-
based estimates of intra-myocardial arterial density of terminal 
arterioles.
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F = 417 D3.01                                                                                                 		                   (1)

Arteriolar flow (F ml/g/min) through an arteriole of 
diameter D (cm) has been shown to be proportional the cube of 
the lumen diameter as [13]. Using this formula the flow in each 
terminal arteriole can be derived from the branching geometry 
of each intramural arteriolar tree within the isolated myocardial 
specimens [9]. This information, combined with the spatial 
density of the terminal arterioles, allows us to estimate the 
ratio of sub-endocardial to sub-epicardial myocardial perfusion. 
Those ratios (1.12–1.33) ,under resting conditions, correspond to 
those observed using radionuclide-based methods of estimating 
spatial distributions of myocardial perfusion in the myocardium 
of anesthetized experimental animals, which show those ratios 
to be 1.15 to 1.23 under resting conditions and 0.98 during hard 
exercise [1,2]. 

The arteriolar branching geometry results in the progressive 
decrease of intra-arteriolar blood pressure distal to the 
intramural arteriole’s epicardial origin due to the progressively 
increasing vascular resistance along the arteriolar tree. By 
invoking Poisieulle’s Law [14], the flow (F) in an arteriolar inter-
branch segment diameter D and length L, 

F ~ D4(∆P/L)                                                        		            (2)

where ∆P is the pressure gradient along the arteriolar segment

As we can estimate the flow (F) from the cubed lumen 
diameter and the sequential inter-branch lengths from the 
imaged intact arteriolar tree, then we can estimate the sequential 
vascular pressure drops along the pathway from the intramural 
arteriolar tree’s origin at the epicardial coronary artery to one of 
the terminal arterioles from 

Σi∆P[i] ~ F[i](L[i]/D4[i]),                                                                  (3)

where i indicates the sequential location of each inter-branching 
along the origin-to-terminal arteriole pathway. In addition, using 
the fact that we can also calculate the luminal volume (V[i]) of an 
interbranch arteriolar segment i is:

V[i] = πD2[i](L[i]/4)                                                                          (4)

along each inter-branch path, from its source at the epicardial 
coronary artery to each terminal arteriole, the transit time (TT) 
of blood flow from its epicardial coronary artery to each terminal 
arteriole’s location along that flow path as the sum of transit 
times for each sequential interbranch segment 

TT(f) ~ Σi(V[i]/F[i]) = 0.308*f + 0.011 msec,   	            (5)

where f is the fractional distance from epicardium to endocardium 
[9]. Figure 2, left panel shows the epi to endo-cardial trans-
myocardial distribution of TT.

Transmural spatial distribution of intra-myocardial 
compression and impact on regional myocardial perfusion. 

The myocardium has muscle fiber groups that are arranged in 
layers around the circumference of the left ventricular chamber’s 
short axis [15]. Contraction of the muscle fibers should result 
in circumferential shortening with resulting decrease of the 
ventricular luminal (Ri) and epicardial surface (Ro) diameters. 
During contraction of these myocardial fiber layers the pressure 
in the myocardial wall increases until the aortic valve opens and 
the ventricular chamber empties into the aorta. The compressive 
force within the left ventricular myocardial wall is described by 
Lame’s Law which links the transmural compressive pressure 
distribution Sc(r), at radius r from center of a spherical, thick-
walled container, subjected to transmural pressure P (chamber 
pressure = P, outside pressure = 0) and of inner surface 
(endocardial) radius Ri and outer surface (epicardial) radius Ro 
[8].

St(r) = P{Ri 
2/(Ro 

2 – Ri 
2)}{(1- Ro 

2/r2)}	  	              (6)

See Figure 3 for schematic showing relationships of these radii. 
This relationship indicates the compressive force at the inner 
surface at r=Ri equals P, the pressure in the container (assume 
pressure on epicardium is zero [16]) and that the pressure P 
decreases progressively as location (r) within the wall at the 
epicardial surface of the myocardium equals the pressure at the 
outside of the myocardial wall. This distribution of transmural 

Figure 1 Micro CT image of opacified arterial tree within an adult 
pig’s left ventricular wall (10 mm thick). Note that the transmural 
branches of the epicardial arteries follow a direct route towards the 
endocardium.

Figure 2 Micro-CT images of the same intramural arteriole. Epicardial 
origin left upper and distal terminus in right lower corner of each 
panel. The colored spheres added at the end of each terminal arteriole 
are coded. LEFT panel codes for computed blood flow transit time of 
blood flow from epicardial origin down to terminal arteriole. RIGHT 
panel codes for fractional distance (epi to endo-cardium) of each 
terminal arteriole.
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pressure has been confirmed by direct measurement to show 
sub-epicardial pressure at 0.2P and sub-endocardial pressure at 
0.9P, where P is left ventricular chamber pressure [17]. 

An additional factor affecting the balance of regional 
myocardial perfusion would be any regional differences in 
myocardial work performed during myocardial contraction [7]. If 
we assume that the metabolic rate of myocardium during diastole, 
when no mechanical work is performed by the myocardium is 
the same in all intramural regions, the work performed during 
contraction should be proportional to circumferential tension 
(St) x shortening (δC) x duration of contraction (Ƭ) x number 
of heart cycles per minute (HR), where δCr is the decrease in 
regional circumference within the myocardial wall at distance r 
from the center of the LV chamber.

Circumferential tension, at intramural location at radius r 
within the wall, measured from the center of the LV chamber, is 
also described by Lame’s Law [8] as follows:

Sc = P[Ri2/(Ro2 – Ri2)] [1 + Ro2/r2]                                                                          (7)

The regional shortening δCr = 2π(rd – rs)

where: rd is radial location at end diastole and rs is the radial 
location at end systole. 

The work performed by the myocardium is estimated as the 
local circumferential tension (as per Equation 6) multiplied by 
the regional circumferential shortening.

If W(r) is the work performed at intramyocardial radius r and 
circumferential tension at r is Sc(r)(r)

W(r) ~ Sc(r)( 2π(rd-rs)

 At r=1 at the endocardium and r=2 and 1.85 at the epicardium 
the circumferential shortening from end-diastole to end-systole 
respectively equals (4π – 3.70 π) cm, ie ∆Cr = 0.9425 cm and at 
the sub endocardium equals (π – 0.71π) cm, so that ∆Cr = 0.9111 
cm at the sub-endocardium. The average circumferential tension 
at the outer third of the epicardial myocardium is 0.219 units and 
in the sub-endocardial third is 0.913 units (normalized to 0.1 
for left ventricular chamber pressure) so that the work (ie force 
x distance moved) performed at the sub-epicardium is 0.894 
work units and in the sub-endocardium is 0.792 work units, ie 

essentially equal. This suggests that oxygen consumption (ie 
perfusion delivery) requirements are somewhat more than ten 
percent less in the subepicardial myocardium.

Interplay of the myocardial electro-mechanical 
activation, contraction and perfusion sequences 
within a single cardiac cycle

The myocardium is a syncytium of myofibers [18]. 
Consequently electrical activity in one location in the myocardium 
ultimately propagates throughout the myocardium. A branching 
network of Purkinje fibers convey an action potential to the 
endocardial myocardium, which then results in a wave of 
activation of the myocardium progressing from endocardium 
to epicardium at a velocity of 4mm/sec from endocardium to 
epicardium, ie completed activation within 63 msec [19]. Once 
an action potential activates a myocyte it contracts after about 8 
msec [20]. Once the entire myocardium contracts it quickly builds 
up pressure in the left ventricular chamber until the pressure in 
the aorta is exceeded and then ejects the blood into the aorta, 
resulting in thickening of the myocardium. 

Once the aortic valve opens the blood pressure in the epicardial 
coronary arteries follows essentially the same pressure-time 
profile as occurs in the ventricular chamber until the valve closes 
following which it remains higher than the pressure in the left 
ventricular chamber. 

Once electrically activated, local myocardial contraction is 
maintained over a subsequent 0.2 to 0.3 seconds [21], depending 
on heart rate (294 msec at 90 BPM and 220 msec at 120 BPM) 
and magnitude of sympathetic activity [22,23]. The onset and 
duration of the ventricular isovolumic and subsequent ejection 
phases depends on the aortic blood pressure. 

The following is the time-sequence of these events starting at 
end-diastole with left ventricular chamber pressure at 0 - 10 cm 
water and pericardial pressure at -8 to -1 cm water [16].

a)	 The progression of myocardial contraction from endo to 
epicardium results in a squeegee-like effect causing arrest 
and even reversal of blood flow within the intramural 
arteriolar tree, depending on the transmural compressive 
pressure distribution as described by Lame’s Law [8]. 

b)	 Lame’s Law (Equation 6) indicates that flow should be 
arrested where local intramural compression exceeds 
local arteriolar intraluminal blood pressure. Direct 
animal experiments also show such transmural flow 
distribution [24]. The pressure in capillaries is about 30 
mmHg [25,26], so Equation 6 predicts that there is no 
capillary perfusion in the sub-endocardial region of the 
wall over the 0.2-0.3 seconds during systolic contraction. 
As the local intramural compressive pressure exceeds 
the approximately 30 – 40 mmHg pressure needed 
to maintain flow the blood flow has been observed to 
reverse during this period [27]. Simultaneously the 
volume of the compressed wall decreases at a rate of 
4.7 – 6.8 ml/g/min at the epicardium and 10.8 ml/g/min 
at the sub-endocardium due to the transiently reduced 
intravascular blood volume [28].

Figure 3 Schematic of left ventricular cross section showing radii used 
to calculate circumferential and transmural intra-myocardial stresses.
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c)	 Once the left ventricular pressure decays after start of 
relaxation of the myocardium the intramural compressive 
force also decreases to the point that blood flow can 
resume in the previously compressed arterioles [27,28]. 
However, based on computed transit time of blood flow 
along the intramyocardial arterioles, the return of blood 
flow to the sub-endocardium could take as much as 
0.3 seconds in a one cm thick wall and proportionally 
less closer to the epicardium [9]. Due to the intramural 
pressure distribution the myocardium close to the 
epicardium might continue to be perfused throughout 
myocardial contraction.

d)	 The effect of heart rate is largely governed by the length 
of time remaining in the cardiac cycle after cessation 
of myocardial contraction as illustrated schematically 
in (Figure 4) [29]. Thus at a heart rate of 60 BPM the 
maximum time available for return of perfusion is 1.0 – 
0.3 =0.7 seconds at the sub-endocardium and at 120 BPM 
this changes to 0.5-0.3 = 0.2 seconds. Thus the fraction of 
a heart cycle that allows for sub-endocardial perfusion 
decreases markedly with increased heart rate. This no-
flow period is actually lengthened somewhat by the extra 
time needed to refill the downstream arteriole before 
tissue perfusion can start. The duration of this added no-
perfusion period depends on the transit time (TT) from 
the location in the sub-epicardium that is not perfused 
to the distal arterioles, which could be as long as an 
additional 0.3 seconds at the very sub-endocardium. The 
fact that in the resting state sub-endocardial blood flow 
is elevated relative to that in the sub-epicardial region 
now compensates for the reduced time available for 
perfusion in the sub-endocardium. Figure 5 graphically 
show how the interaction between these factors results 
in the average perfusion at various locations between 
the epicardium and endocardium. In the normal heart 
increasing heart rate is usually associated with increased 
myocardial perfusion reserve can be as much as five-
fold that under resting heart rate conditions [27,5]. 
This analysis of myocardial perfusion is based on the 

assumption that the terminal arteriolar diameters are 
under resting conditions. However there are several 
mechanisms that control arteriolar diameter in response 
to exercise and other physiological stress conditions. 
Those mechanisms are assumed to provide the flow 
reserve which we apply in proportion to heart rate [30].

SUMMARY AND CONCLUSIONS
Experimentally demonstrated reduction of sub-endocardial 

perfusion relative to sub-epicardial myocardial perfusion during 
increase in heart rate is to be expected from the combination of 
effects of the branching geometry of the intramural arteriolar 
trees, the distribution of intra-myocardial stresses during 
myocardial contraction, the shortening of the transmural 
difference in the duration available for myocardial perfusion 
relative to shorter cardiac cycle and the reduced duration 
of sub-endocardial perfusion as compared to the duration 
of sub-epicardial perfusion. The reduction of intra-coronary 
arterial pressure, distal to a stenosis, would accentuate these 
physiological effects and thereby preferentially compromise sub-
endocardial perfusion.
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