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Abstract 
Changes in intramyocardial tissue pressure modulate the relationship between 
coronary pressure and flow during the cardiac cycle. The present study com-
pared the relation between measured and calculated diastolic subendocardial 
tissue pressure and coronary pressure at zero flow in anesthetized dogs after 
modulation of either coronary sinus (i.e. Fogarty catheter) or left ventricular 
intracavity (i.e. volume loading) pressure. Experiments were conducted in 
anesthetized, instrumented dogs; coronary pressure flow relations were con-
structed during pharmacologic vasodilatation and intramyocardial tissue 
pressure was measured using micromanometer pressure sensors. Elevated 
coronary sinus pressures did not affect subendocardial pressure-flow relations 
signifying that diastolic tissue pressure within this layer is the effective coro-
nary back pressure. Higher left ventricular intracavity pressure did not affect 
either diastolic subendocardial tissue pressure or pressure flow relations 
within this layer. Results show a direct linear relation (y = 1.106x − 0.652; r2 = 
0.59. P = 0.001) between measured and calculated diastolic subendocardial 
tissue pressure and coronary pressure at zero-flow over a wide range of pres-
sures after either LV systemic or coronary sinus pressure modulation. 
Knowledge of back pressure in the subendocardium is useful for the evalua-
tion of efficacy of cardiac interventions on myocardial perfusion particularly 
at the level of the microcirculation. 
 

Keywords 
Intramyocardial Tissue Pressure, Pressure-Flow Relations, Transmural  
Myocardial Blood Flow, Microspheres, Coronary Sinus Pressure,  
Volume Overload 

How to cite this paper: Rouleau, J.R., 
Cantin, B. and Kingma Jr, J.G. (2017) 
Comparison between Diastolic Subendo-
cardial Tissue Pressures Measured Directly 
or Calculated from Pressure-Flow Rela-
tions. World Journal of Cardiovascular Dis-
eases, 7, 213-224. 
https://doi.org/10.4236/wjcd.2017.77020 
 
Received: June 7, 2017 
Accepted: July 10, 2017 
Published: July 13, 2017 
 
Copyright © 2017 by authors and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

   
Open Access

http://www.scirp.org/journal/wjcd
https://doi.org/10.4236/wjcd.2017.77020
http://www.scirp.org
https://doi.org/10.4236/wjcd.2017.77020
http://creativecommons.org/licenses/by/4.0/


J. R. Rouleau et al. 
 

214 

1. Introduction 

Changes in intramyocardial tissue pressure during the cardiac cycle can strongly 
affect the complex relationship between coronary pressure and flow. Bellamy 
initially reported that diastolic coronary blood flow can be stopped even if arte-
rial perfusion pressure is superior to venous pressure [1]. Those studies, per-
formed in conscious dogs, documented a positive coronary zero flow pressure 
(Pzf) intercept that exceeded venous pressure in the absence of coronary vascu-
lar smooth muscle tone; however, in the presence of intact tone Pzf is noticeably 
lower. The higher Pzf values during vasodilatation could be explained by either a 
Starling resistor effect within resistance vessels [1] [2] or a compliance effect of 
intramyocardial vessels [3]. Indeed, both hypotheses postulate that myocardial 
tissue pressure is partly responsible for genesis of Pzf. 

The existence of tissue pressure gradients across the left ventricular wall dur-
ing the cardiac cycle is well documented [4] [5] [6] [7]; intramyocardial pressure 
increases from subepicardium to subendocardium [6] [8] and during diastole is 
higher than intracavitary pressure [9]. Satoh et al. documented the marked de-
pendence of intramyocardial tissue pressure on Pzf in transiently arrested canine 
hearts [10] [11]. These findings suggest that intramyocardial tissue pressure di-
rectly affects perfusion across the ventricular wall. When autoregulatory reserve 
is exhausted, diastolic subendocardial tissue pressure is believed to be the effec-
tive coronary back pressure, however, it must be greater than, or equal to, either 
left ventricular or coronary sinus pressure. During maximal pharmacologically-
induced vasodilatation, the relation between coronary pressure and flow (PFR) is 
linear [12]. We already established in normal, in situ canine beating hearts that 
elevated coronary sinus pressure had no effect on subendocardial PFR; however 
at the same time the slope of the subepicardial PFR decreased [5]. These findings 
suggested that diastolic intramyocardial tissue pressure could be the effective 
back pressure in the subendocardium. As such, during diastole, subendocardial 
tissue pressure (measured with needle-tip transducers) and Pzf should be com-
parable; we therefore examined this hypothesis in the present study after modu-
lations of either left ventricular chamber, or coronary sinus, pressures in anes-
thetized dogs. 

2. Material and Methods 

Adult (2 - 5 years of age) male mongrel dogs (n = 19) weighing 20 - 25 kg were 
used for these studies; dogs were fed a standard diet and provided access to water 
ad libitum. Dogs were procured through the Service des Animaux de l’Université 
Laval. All animals received humane care in compliance with the Guide to the 
Care and Use of Experimental Animals (vols. 1 and 2) of the Canadian Council 
on Animal Care. Laval University is compliant with these guidelines (A5012-01); 
the Laval University Animal Ethics Committee approved these studies. 

2.1. Surgical Protocol 

Dogs were pre-medicated with diazepam (1 mg/kg, intravenous (IV); Sandoz 
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Canada Inc., Boucherville, QC) and fentanyl citrate (20 µg/kg, IV; Sandoz Can-
ada, Inc., Boucherville, QC) and subsequently anesthetized with α-chloralose 
(100 mg/kg, IV; #23120, Sigma-Aldrich Canada, Oakville, ON); a supplemental 
dose (25 mg/kg/h, IV) was administered to ensure anaesthesia. Following intu-
bation, dogs were ventilated (Bird Mark 7 A respirator; Bird Corp., Calif.) with 
an air/ oxygen mixture to maintain blood gases within the physiological range. 
Catheters were positioned in the right and left femoral veins for saline infusions 
and withdrawal of blood samples. Via a midline abdominal incision, the spleen 
was removed to minimize adjustments in blood volume and hematocrit [13]; for 
the left ventricular (LV) pressure modulation experiments (i.e. Study B), 450 ml 
of blood was collected over 30 min in a 1 L heparinized flask containing 200 ml 
physiological saline. The abdominal cut-down was subsequently closed with sur-
gical clips and a thermistor probe placed to measure abdominal temperature 
(maintained ±38˚C). 

The heart was exposed through a left thoracotomy (cf. Figure 1 experimental 
procedure); the pericardium was opened and the heart suspended in a pericar-
dial cradle. A catheter was inserted into the internal thoracic artery for with-
drawal of reference blood samples (for microsphere studies). A Pigtail (8F) 
catheter placed at the level of the aortic arch measured systemic pressure. A Fo-
garty catheter (balloon tip directed towards the ostium) was positioned in the 
coronary sinus to modulate coronary sinus pressure; in the LV cavity a Millar 
transducer (MPC 500) was positioned via the apex. The left main circumflex ar-
tery was dissected proximal to the first major marginal branch and a flow probe 
situated to measure phasic coronary blood flow (T206, Transonic Systems, New 
York, U.S.A.). A mechanical screw occluder was positioned just distal to the flow 
transducer to allow adjustments in coronary perfusion pressure. Arterial pres-
sure just distal to the occluder was measured with a fluid-filled cannula intro-
duced into the circumflex artery as previously described [14]; catheter patency 
was checked by venting to the atmosphere. Needle-tip transducers (5Fr, 1.7 mm  

 

 
Figure 1. Schematic representation of surgical preparation. LA: left atrium; LCx: 
left circumflex artery; CSP: coronary sinus pressure; IMP: intramyocardial pres-
sure; LVP: left ventricular pressure; RA: right atrium; LAD: left anterior de-
scending artery. 
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O.D., Millar Instruments, Houston, U.S.A.) were situated in subepicardium and 
subendocardium layers; sensors were oriented to face the endocardium [5] [7]. 

Left atrial, coronary artery and ascending aorta catheters were connected to 
Statham P23Db strain gauge manometers; zero was set at mid-chest level. Millar 
transducers were cross-calibrated with systolic aortic and diastolic left atrial 
pressures. Phasic coronary blood flow was measured using a volume flow-meter; 
all data were continuously recorded on a multi-channel recorder (Electronics for 
Medicine, Honeywell Instruments, Montréal, QC). 

2.2. Experimental Protocol 

Study A: For the coronary sinus pressure studies (n = 7), diastolic pressure 
was increased in a range between 20 - 25 mmHg by progressive inflation of the 
Fogarty balloon catheter. Fifteen minutes was allowed to reach steady state prior 
to data collection. 

Study B: For the LV intracavity pressure modulation studies (n = 12), sys-
temic pressure was increased in a range between 35 - 40 mmHg by infusion of 
350 - 400 ml of blood into the left atrium (over 5-min). Fifteen minutes was al-
lowed to reach steady state prior to data collection. 

In studies A and B, pressure-flow relations (PFR) were initially constructed 
under baseline conditions as previously described [15] [16] [17]; briefly, circum-
flex artery pressure was reduced in 5 - 10 mmHg increments using the mechani-
cal screw occluder. PFR were constructed during pharmacologic vasodilation 
produced by chromonar hydrochloride (Carbochromen, 8 mg/kgIV; #7G2561, 
Roussel UCLAF S.A., FR) - supplemental doses were given as necessary (2 mg/kg, 
IV); this agent was used because it does not induce adverse systemic effects. 

At the end of each experiment, a ligature was tied around the circumflex ar-
tery distal to the micrometric occluder and India ink was injected to permit de-
lineation of the posterior perfusion bed. Under deep anesthesia, the heart was  
arrested (in diastole) by intra-atrial injection of saturated KCl; the heart was ex-
tirpated, washed and fixed by immersion in 10% (v/v) neutral formalin (Sigma- 
Aldrich Canada, Oakville, ON). 

2.3. Calculations and Data Analysis 

The atria, ventricles and interventricular septum were sectioned and blood flow 
analyzed as previously described [18] [19]. Myocardial oxygen consumption 
(MVO2; ml/min/100 g) was calculated as the product of total myocardial blood 
flow (microspheres) and the artero-coronary sinus oxygen content difference. 
Hemodynamic data were compared using ANOVA; P-value of 0.05 was consid-
ered statistically significant. For each dog, diastolic circumflex artery pressure (Y 
axis; mmHg) was plotted against subendocardial blood flow (X axis; ml/min/ 
100 g) to construct subendocardial PFR [12] [20] using a minimum of three 
pressure-flow data points; using a linear regression model the Pzf was calculated 
(i.e. the intercept on the Y-axis). Data from all dogs were pooled and a correla-
tion between Pzf and diastolic subendocardial tissue pressure determined using a 
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linear regression model. To analyse PFR in subendocardium and LV posterior 
wall, myocardial blood flow (microspheres) was plotted against diastolic circum-
flex artery pressure. The slope of the regression lines were calculated by fitting 
the data to a simple linear regression model; Pzf was determined. The PFR and 
PzF were determined for each dog and for the pooled data and values were 
compared between control and high coronary sinus or LV pressures. The corre-
lation coefficient was determined for each regression and differences between 
slope and intercepts on the pressure axis were tested using ANOVA. The 95% 
confidence interval for each regression was also estimated as previously de-
scribed [5]. All statistical analyses were done using the SAS General Linear 
Model and Correlation procedures [21]. 

3. Results 
3.1. Study A: Coronary Sinus Modulation 

Hemodynamic changes during coronary sinus pressure elevation are summa-
rized in Table 1; as expected coronary sinus systolic and diastolic pressures in-
creased; diastolic pressure in the epicardial tissue layer increased markedly but 
subendocardial tissue pressure was unaffected. All other hemodynamic variables 
such as heart rate and LV pressure were stable. In addition, diastolic coronary 
artery pressure and myocardial oxygen consumption were comparable to control 
conditions. 

Higher coronary sinus pressures resulted in a downward shift of the total 
myocardial PFR (vs. baseline) with no effect on the subendocardial layer PFR as 
shown in Figure 2. The absence of change in subendocardial layer PFR suggests  

 
Table 1. Summary of hemodynamic changes. 

 HR LVs LVd PCd CSs CSd ENDOd EPId MVO2 

Sinus 

Control 156 ± 18 125 ± 11 5 ± 3 54 ± 13 21 ± 10 8 ± 3 19 ± 5 32 ± 7 12 ± 5 

High 154 ± 23 123 ± 9 4 ± 3 60 ± 14 89 ± 16 26 ± 3 21 ± 7 45 ± 13 12 ± 5 

P (Sinus) NS NS NS NS 0.001 0.001 NS 0.001 NS 

LV 

Control 174 ± 34 106 ± 8 4 ± 4 40 ± 13 9 ± 3 4 ± 3 12 ± 3 20 ± 5 7 ± 2 

High 142 ± 46 145 ± 12 10 ± 7 57 ± 20 13 ± 6 7 ± 4 20 ± 11 31 ± 6 11 ± 6 

P (LV) 0.008 0.001 0.001 0.001 0.003 0.018 0.001 0.001 0.013 

P (Sinus vs LV) NS NS 0.012 0.002 0.001 0.001 0.005 0.001 0.003 

P (Control vs 
High) 

0.019 0.001 0.002 0.001 0.001 0.001 0.001 0.001 NS 

P (Interaction) 0.034 0.001 0.006 0.028 0.001 0.001 0.045 NS NS 

Data are means ± 1SD. Sinus, LV: coronary sinus or LV pressure modulation; HR: heart rate (beats/min); 
LVs, LVd: systolic, diastolic left ventricular pressure (mmHg); PCd: diastolic coronary artery pressure 
(mmHg); CSs, CSd: systolic, diastolic coronary sinus pressure (mmHg); ENDOd, EPId: diastolic endocardial, 
epicardial tissue pressure (mmHg); MVO2: myocardial oxygen consumption (ml/min/100 g). P value using 
ANOVA with df of 3, 89, NS: not significant. 
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Figure 2. Upper panel: relation between diastolic coronary pressure 
and total myocardial blood flow (measured with microspheres) in 
the posterior ventricular wall under control (solid line and open cir-
cles; y = 7.61x – 0.26, r2 = 0.49), elevated coronary sinus pressure 
(long-dashed line and closed squares; y = 7.29x – 117.24, r2 = 0.35) 
and elevated LV intracavity pressure (short-dashed line and closed 
circles, y = 8.40x – 26.56, r2 = 0.57). Lower panel: relation between 
diastolic coronary pressure and subendocardial layer blood flow in 
the posterior ventricular wall under control (solid line and open cir-
cles; y = 7.70x – 80.74, r2 = 0.56), elevated coronary sinus pressure 
(long-dashed line and closed squares; y = 10.34x – 275.89, r2 = 0.53) 
and elevated LV intracavity pressure (short-dashed line and closed 
circles, y = 7.71x – 43.00, r2 = 0.49).  

 
that diastolic tissue pressure in this layer must be greater than, or equal to coro-
nary sinus pressure. Consequently, diastolic subendocardial tissue pressure ap-
pears to be the effective coronary back pressure. In Figure 3, we show that under 
either control or increased coronary sinus pressure conditions that the correla-
tion between calculated subendocardial Pzf and diastolic subendocardial tissue 
pressure is linear. 

3.2. Study B: LV Intracavity Pressure Modulation 

Hemodynamic changes during LV loading are reported in Table 1. Marked in-
crease of LV and diastolic coronary artery pressure occurred as expected; sig-
nificant changes were observed for heart rate (decreased) and systolic/diastolic 
coronary sinus pressure (increased). Diastolic tissue pressure in both suben-
docardial and epicardial layers increased as did myocardial oxygen consump-
tion. The correlation between calculated subendocardial Pzf and diastolic  
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Figure 3. Relation between measured diastolic subendocardial 
tissue pressure (mmHg) and calculated subendocardial pressure at 
zero flow (mmHg) during elevation of coronary sinus pressure 
(left panel), increased LV intracavity pressure (middle panel) and 
pooled data (right panel, y = 1.02x + 1.94; r2 = 0.53). 

 
subendocardial tissue pressure was also linear during either baseline or higher 
LV intracavity pressure conditions (cf. Figure 2). 

All data from both studies were pooled since no discernible difference was 
observed after comparing the relation between measured and calculated suben-
docardial tissue pressure at zero flow for both interventions; the slope or inter-
cept of the relation between calculated subendocardial Pzf and diastolic suben-
docardial tissue pressure (y = 1.106x − 0.652; r2 = 0.59) did not differ from the 
line of identity (P = 0.89). 

4. Discussion 

Results of the present study document a direct correlation between measured 
and calculated diastolic subendocardial tissue pressure and Pzf over a wide range 
of pressures. This relationship has previously been examined in an experimental 
model of prolonged diastole [22]; results showed that blood flow is abolished 
when tissue pressure in the subepicardial tissue layer and coronary artery pres-
sure are equal. However, closing pressures in the subendocardial layer and blood 
flow were not evaluated in that study. It has been established that the subendo-
cardial tissue layer is at greater risk of injury in the setting of cardiovascular dis-
ease and is due, in part, to alterations in blood flow at the level of the microcir-
culation [23] [24]. 

Regulation and modulation of myocardial blood flow is not uniform across 
the various levels of the vascular tree [25] [26]. Under normal conditions in ves-
sels with tone, almost 25 percent of coronary vascular resistance is controlled by 
coronary arterioles; however, during vasodilatation, resistance is redistributed to 
larger arteries and veins. As such, larger microvessels (compared to small arteri-
oles) are less involved in regulation of transmural blood perfusion under normal 
conditions. However; during arteriolar vasodilatation arteriolar resistance de-
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creases which ultimately contributes to greater total coronary vascular resistance 
[27]. Since distribution of vascular resistance is primarily located between arter-
ies and arterioles, the added element of transmural heterogeneity between 
subepicardium and subendocardium must also be considered. The distribution 
of microvascular resistances and pressures differs within subendocardial and 
subepicardial microcirculations during maximal vasodilatation [28]. 

Myocardial tissue pressure [6], ventricular loading conditions [14] [29], peri-
cardial pressure [30], as well as arterial inflow and coronary sinus outflow pres-
sures [1] [5] [19] [31] all affect microvascular blood flow across the LV wall. In 
addition, cardiac contraction affects myocardial vessels; as a result, arterial in-
flow to myocardium occurs principally during diastole [5] [32] [33]. Modulation 
of intramyocardial tissue pressure across the ventricular wall has been reported 
during systole [32]; the relative balance between intramyocardial and intravas-
cular pressure is assumed to be constant within subendocardium and mid- 
myocardium. On the other hand, the diameter of midmyocardial venules is con-
stant from end-diastole to end-systole, however, the diameter of subepicardial 
and subendocardial venules varies [34]. Forward and backward movement of 
intramyocardial blood within coronary capacitance vessels (i.e. coronary slosh) 
also occurs during contraction; during systole, intramyocardial blood translo-
cates from deeper to superficial myocardial layers [35] [36]. Physiopathological 
changes within intramyocardial vessels also induce profound changes in blood 
perfusion within the deeper myocardial layers [37]. 

Various methodological limitations of these studies merit consideration. First 
of all, back pressure in the subendocardium corresponds to tissue pressure that 
is equal or greater than coronary venous pressure [5]. Overestimation of Pzf is 
possible particularly when it is extrapolated from a linear regression due to con-
cavity (due to presence of collateral blood flow [38]) of the pressure-flow curve 
as it approaches the blood flow axis (i.e. y-axis) at low coronary perfusion pres-
sures [38] [39]. However, when mean coronary perfusion pressure is maintained 
above 40 mmHg, as in the present study, the influence of collateral blood flow is 
minimized due to the fact that perfusion pressure is higher than that necessary 
for recruitment of collateral vessels and induction of myocardial ischemia. Sec-
ondly, the selected experimental model accounted for most factors that modu-
late myocardial perfusion with the exception of coronary sinus and LV intracav-
ity pressure. Thirdly, experiments were performed during pharmacologic vaso-
dilatation to minimize potential coronary artery capacitance effects [19]. Finally, 
potential problems related to measurement of intramyocardial tissue pressures 
are known; for instance, tissue damage and oedema may occur during placement 
of sensors [40]. However, we [41], and others [10] [42] [43], have reported that 
micromanometric pressure sensors are sufficiently sensitive to measure changes 
in intramyocardial tissue pressure under different experimental conditions. Po-
sitioning (i.e. tissue depth) and direction of each sensor was verified post-mor- 
tem. 

In summary, findings of this study show a linear relation between measured 
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and calculated diastolic subendocardial tissue pressures and Pzf over a wide 
range of myocardial tissue pressures. This information is useful to evaluate the 
efficacy of different cardiac interventions on myocardial blood flow distribution, 
particularly at the level of the microcirculation, since subendocardial tissue 
pressure greater than or equal to coronary sinus or LV diastolic cavity pressure 
must be used as back pressure for the calculation of vascular resistance. Know-
ledge of coronary back pressure in the clinical setting or in experimental models 
of cardiac pathology might help to determine optimal treatment strategy for 
preservation of myocardial blood flow and tissue viability. 
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