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Abstract

At rest, myocardial perfusion is reasonably well matched to regional metabolic 
demand, although both are heterogeneously distributed. Nonuniform 
regional metabolic vulnerability during coronary stenosis would help to 
explain nonuniform necrosis during myocardial infarction. We investigated 
two questions: (1) does the metabolism-perfusion correlation diminish during 
coronary stenosis? (2) is high basal blood flow and metabolism observed in small 
regions before stenosis associated with higher metabolic vulnerability during 
stenosis? Thirty anesthetized male pigs were studied: controls (n=11), Group I 
(n=6) with coronary perfusion pressure reduction to 70 mmHg; Group II (n=6) 
with coronary perfusion pressure about 35 mmHg; Group III (n=7) coronary 
perfusion pressure 45 mmHg combined with adenosine infusion. Regional blood 
flow was measured with microspheres. [2-13C]- and [1,2-13C]-acetate infusion 
was used to calculate O2 consumption from NMR spectral multiplets measured 
for multiple tissue samples of about 100 mg dry mass. Mean myocardial O2 
delivery and consumption decreased during coronary stenosis, but adenosine 
counteracted this. Whereas regional O2 delivery correlated to O2 consumption in 
controls, this relation was progressively lost with graded coronary hypotension, 
but partially reestablished by adenosine infusion. Graded coronary stenosis leads 
to heterogeneous metabolic stress indicated by increasing regional O2 supply 
to demand mismatching in myocardium even during incomplete coronary 
obstruction. However, compared with regions with low blood flow under basal 
conditions regions with high basal blood flow do not show higher oxygen uptake 
to supply ratios, and sometimes even tend to show lower ratios, suggesting that 
they are not more vulnerable and even protected during stenosis.                                                                                                                  

Key words: ischemia; adenosine; blood flow heterogeneity; cardiac 
oxygenation; coronary stenosis
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Introduction

Myocardial hypoperfusion may result in infarction and loss of contractile muscle. 
The ensuing necrosis may have a focal pattern, also in the pig model (10). 
This selective vulnerability to hypoperfusion following coronary obstruction 
suggests regional differences in supply to demand matching (4,14,27,29). 
Indeed, coronary vasodilation seems more rapidly exhausted in inner than 
outer layers of the myocardium (9). The potential for vasodilation, however, even 
differs among small areas in the same myocardial layer, independent of basal 
blood flow level (4,14). 

In fact, coronary blood flow, measured with microspheres under basal 
conditions without coronary obstruction, is highly heterogeneous, even within 
myocardial layers, and varies by a factor up to 7 from one area to the other 
(1,2,4,5,11,14,18,21,25). This perfusion heterogeneity is for an important part 
parallel to a heterogeneous distribution of O2 demand, which is reflected by 
O2 uptake in the normal resting heart at unobstructed coronary blood flow. 
Regional matching between O2 supply to demand in the normal pig heart was 
demonstrated by a fair correlation between regional coronary blood flows, 
measured with microspheres, and O2 consumption, estimated in frozen tissue 
samples by 13C-acetate infusion and subsequent nuclear magnetic resonance 
(NMR) analyses. However, this metabolism-perfusion matching, although 
statistically significant, was imperfect (1,2).

During coronary obstruction and hypoperfusion, relative myocardial perfusion 
heterogeneity further increases, accompanied by flow redistribution and variable 
vasodilation among regions.  However, the question remains whether matching 
of blood flow to demand tends to be maintained as much as possible despite 
an overall decrease in blood flow. Alternatively, the blood flow to demand ratio 
may disproportionately decrease in part of the area at risk, explaining uneven 
distribution of ischemic damage. Weiss (29) showed that venular O2 saturation 
decreases to a variable extent in the tissue around an occluded coronary artery, 
suggestive of heterogeneous vasodilation and blood flow to demand matching 
during hypoperfusion. However, adenosine and lactate production during 
coronary stenosis occurs to a similar degree in regions which showed high or 
low blood flow under the original basal conditions before stenosis, provided 
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that the relative flow reduction during coronary stenosis is similar among these 
regions (8,22). To investigate local perfusion-to-metabolism coupling during 
partial coronary occlusion, we measure local O2 consumption while measuring 
blood flow and oxygen supply in the same small region in the present study.

During reduction in coronary perfusion pressure, adenosine release is believed 
to play a contributory role in hypoperfusion-induced coronary vasodilation 
(13,16). However, infusion of adenosine may still further dilate the affected 
coronary vascular bed (6,9,17,21,23,24). This forms the basis of the quantification 
of coronary artery stenosis in man by the fractional flow reserve (28). Adenosine 
infusion directly increases coronary blood flow through stenotic arteries, but not 
in all distal areas. A lack of rise in myocardial O2 consumption and contractile 
function and lack of decrease of lactate production by adenosine infusion 
is commonly observed and can be explained by a failure to improve regional 
supply to demand matching. Perfusion in some areas may increase by ‘stealing’ 
perfusion from other areas (17,20,21,23,24). However, other studies argue against 
these phenomena (6,15). The effect of vasodilation by infusion of adenosine on 
metabolism-perfusion matching therefore remains to be investigated. 

For the current study, we hypothesized that (1) during graded coronary 
hypoperfusion, blood flow and O2 supply to demand matching is progressively 
decreased and (2) matching is not improved by subsequent vasodilating 
adenosine infusion. We further investigated (3) whether regions showing high 
blood flow levels in the basal state without stenosis were more vulnerable during 
coronary stenosis than regions with low basal blood flow. Increased vulnerability 
is the high basal blood flow regions might be expected a priori because high 
flow correlates with high metabolic demand in the normal myocardium before 
stenosis. Although lactate and inosine, a breakdown product of ATP, were shown 
not to accumulate significantly more in these high basal blood flow regions during 
stenosis (8), this was so far never investigated at the level of metabolic fluxes. 

We measured regional blood flow by the radioactive microsphere technique and 
regional O2 consumption by the 13C-acetate NMR technique in a pig model of 
graded left anterior descending coronary artery obstruction. This was done at 
two levels of reduced coronary perfusion pressure. Partial coronary occlusion 
was also combined with intracoronary adenosine infusion. Regional supply 
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to demand matching was evaluated by correlating the flow and metabolism 
measurements in small regions representing about 100 mg dry mass. The 
ultimate goal was to increase insight in the focal nature of myocardial ischemia.

Materials and methods

Experimental preparation. The experiments were approved by the institutional 
ethical committee for animal research. Thirty male pigs (24.0-40.5 kg body 
weight, no differences between groups) were studied in four groups: a control 
group (n=11), a Group I (n=6) with mildly reduced coronary perfusion, Group 
II (n=6) with more severely reduced coronary perfusion and Group III (n=7) 
coronary hypoperfusion combined with adenosine infusion. At the start of the 
experiment, sedation was performed with ketamine 15 mg/kg and midazolam 1 
mg/kg intramuscularly. Anesthesia was maintained with continuous infusion of 
sufentanil (4 µg/kg/h), midazolam (0.5 mg/kg/h) and pancuronium (0.2 mg/kg/h), 
the latter to paralyze respiratory muscles and allow for full mechanical ventilatory 
support. The trachea was intubated and the lungs were ventilated with a mixture 
of 60% oxygen/40% air. Fluid-filled catheters were introduced: (1) into the right 
femoral artery for measurement of systemic arterial pressure and withdrawal 
of arterial blood samples (2) a balloon-tipped thermistor pulmonary artery 
catheter introduced via the right jugular vein for measurement of cardiac output 
(thermodilution method) and pulmonary occlusion pressure; (3) a catheter into 
a peripheral neck vein for infusion of fluids and drugs; (4) a catheter into the left 
ventricle via the left carotid artery for measurement of left ventricular pressure 
and its time derivative, dP/dt. A continuous infusion of lignocaine was started 
to help prevent cardiac arrhythmias (9 mg/kg/h, with an initial bolus injection 
of 50 mg). Five cm H2O of positive end-expiratory pressure (PEEP) was applied 
before opening the thorax. The thorax was opened via a midsternal incision and 
the heart exposed by opening the pericardium. The left hemiazygos vein was 
tied off to prevent mixing of non-coronary venous blood with coronary venous 
blood. The coronary sinus was catheterized via the right atrium for withdrawal 
of coronary venous blood. Another catheter was introduced directly into the left 
atrium for injection of radioactive microspheres. The left anterior descending 
(LAD) coronary artery was dissected free over a distance of about 2 cm in groups 
I-III (see below), and a custom-made adjustable aluminium occluder was placed 
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around the artery. Additionally this artery was catheterized with a 24G catheter 
downstream of the occluder for infusion of acetate with and without 13C-label 
to measure local aerobic metabolic flux and for measurement of LAD pressure 
below the occlusion. The ECG, arterial pressure, left ventricular pressure and 
its first derivative (dP/dt), and LAD pressure were recorded throughout. All 
pressures were measured after calibration and zeroing to atmospheric pressure, 
at the level of the heart.

The timeline of the protocol was as follows: after finishing instrumentation the 
animal was allowed to stabilize for at least 15 minutes, then the first batch of 
microspheres (labeled with 141Ce or 103Ru, chosen randomly) was injected into 
the left atrium for baseline blood flow measurements. Baseline arterial and 
coronary venous blood samples were drawn and cardiac output was measured. 
For Groups I-III, partial LAD occlusion was applied by narrowing the occluder. 
In Group I, LAD perfusion pressure was reduced to about 70 mmHg; in Group II 
LAD perfusion pressure was reduced to about 35 mmHg; in Group III, adenosine 
(100 µg/kg/min) was infused and the occlusion was maintained throughout the 
rest of the procedure to result in an LAD perfusion pressure of about 45 mmHg. 
After 30 min of the unlabeled acetate infusion, a second batch of microspheres 
was injected for final blood flow measurements, arterial and coronary venous 
blood samples were drawn and cardiac output was measured. The infusion 
of unlabeled acetate with 13C at natural abundance of 1.1% into the LAD was 
replaced at that point in time by infusion of exactly the same concentration of 
13C-labeled acetate for exactly 5.5 minutes (see next paragraph).

Infusion of 13C-enriched acetate to measure O2 consumption. To obtain a 
metabolic steady state of substrate use, unlabeled sodium acetate (40 mmol/L 
infused at 2.25 mL/min) was infused directly into the LAD for 30 min, followed 
by infusion of 13C-enriched acetate to measure aerobic metabolism. After 30 min 
the unlabeled acetate infusion was therefore quickly switched to an infusion 
of [2-13C]-acetate for 4 min, followed by [1,2-13C]-acetate for 1.5 min, resulting 
in 5.5 min infusion of [13C]labeled acetate. This  protocol was designed by 
computational simulation to optimize the measurement protocol of aerobic 
metabolic fluxes. It essentially provides two time points in a sample taken at 
one point in time. The LAD perfusion pressure remained constant during the 
whole infusion period. After exactly 5.5 min, part of the left ventricular free wall 
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in the supplying area of the LAD was quickly freeze-clamped in situ between an 
aluminium clamp precooled in liquid nitrogen. This area was cut out of the heart 
and immersed in liquid nitrogen. The sampled tissue was stored at -80 °C until 
extraction of 13C-enriched metabolites and further analysis. 

NMR measurement and quantitation of aerobic metabolism (O2 consumption) 
with a computational model. The incorporation of 13C isotopes from the infused 
acetate into intracellular metabolites was measured by NMR spectroscopy. 
Computational analysis of the NMR peak intensities then allows to quantitate 
metabolic fluxes. For a detailed description of the NMR method and flux 
parameter quantification including error calculations and the stoichiometric 
calculation of O2 consumption, we refer to Binsl et al. (7). Tissue preparation was 
also performed as described previously (2). After extraction of metabolites, the 
supernatant obtained from the tissue sample was centrifuged and freeze dried 
for 48 h. Thereafter, the extracted metabolites were dissolved in 0.5 ml tridistilled 
water plus some D2O required for the NMR measurement procedure, centrifuged 
again, and transferred to a 5-mm NMR tube. High-resolution 13C-NMR spectra 
were obtained at 100.62 MHz with a Bruker Avance400 spectrometer at 27°C with 
a WALTZ-16 broad-band 1H decoupling pulse sequence, 13C-pulse angle of 45°, 
repetition time of 7.3 s, 32k data points, sweep width of 100 parts/million with 
1,470 scans accumulated. Up to nine glutamate NMR multiplet peak intensities 
were quantified (in μmol/g dw) by comparison to a reference spectrum of a 50 
mmol/L glutamate solution. The NMR multiplet intensities were analyzed using 
a computational model of 13C incorporation into the tricarboxylic acid (TCA) 
cycle as described in detail (7). 

The TCA cycle flux is stoichiometrically coupled to O2 consumption by the 
mitochondria. The relation O2 consumption = [(2 + Pdil) × Jtca] is used to calculate 
regional O2 consumption from the TCA cycle flux (7), and values across multiple 
samples per heart were averaged for comparison with blood gas-derived MVO2. 
Pdil stands for the fraction of metabolic fluxes into the acetyl CoA pool derived 
from glucose, fatty acids and all other precursors of acetyl CoA not derived 
from the infused acetate and therefore not enriched in 13C. Jtca indicates the 
TCA cycle flux. The computational model describes the time course of isotope 
incorporation after infusion of 13C-labeled acetate, via the acetyl-CoA pool into 
intermediate pools of the TCA cycle. As is usual in the modeling of the TCA cycle 
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for NMR data analysis, the flux is assumed constant throughout the TCA cycle 
(7). At the level of α-ketoglutarate about midway in the TCA cycle, there is a fast 
exchange of 13C label with the glutamate pool, which is the largest metabolite 
pool reached by the label, thereby providing the most intense peaks in the 
NMR spectrum. From the isotope composition of glutamate calculated using 
the model, the NMR multiplet intensities are predicted. The metabolic fluxes 
in the tissue sample are then estimated by optimizing the correspondence 
between the 13C intensities predicted from the metabolic model and the NMR 
measurements. The optimization of the flux parameters is done with a nonlinear 
least square procedure using quantification by the method published by Binsl 
et al. (7). In this way the flux through the TCA cycle (Jtca) and the fractional flux 
of infused acetate (fraction 1 − Pdil) and other carbon sources (Pdil) into acetyl-
CoA are estimated. When the estimated error for Jtca was higher than 0.4 μmol/
min/g dw, the sample was rejected for further analysis (7). We decided to pool 
the two control groups which had been published already (2,18) and which 
were measured at t=30 or t=90 min, respectively, and denoted after pooling 
as “t=30/90” in the present paper, for comparison with the hypoperfusion 
experiments. In the t=90 controls, acetate infusion was started at t=60 min and 
13C-enriched acetate infusion started at t=90 min. There were no differences in 
results between the two control groups. Myocardial blood flow was measured 
in the tissue samples by the radioactive microsphere technique as published 
previously (2,18).

Biochemical and blood gas analysis. Lactate content in arterial and coronary 
venous blood samples (mmol/L) was measured using an L(+)-lactate kit 
(Sigma Diagnostics), using an LKB Ultrospec Plus spectrophotometer. Global 
myocardial O2 consumption was measured according to standard methods: 
blood gas values were measured with a blood gas analyzer (Radiometer ABL), 
while Hb (hemoglobin) content and O2 saturation (%) were measured with a 
hemoximeter (OSM3, Radiometer, Copenhagen, Denmark). Blood O2 content 
(µmol/mL) was computed as follows: (Hb x 0.621 x SO2) + (0.00131 x PO2), Hb =  
hemoglobin content in mg/dL, SO2 = oxygen saturation (fraction), PO2 = partial 
oxygen pressure, mmHg. Myocardial O2 delivery (MDO2) was computed as mean 
blood flow times arterial O2 content. Global myocardial O2 consumption (MVO2) 
was calculated as the product of coronary blood flow and the difference in O2 
content between arterial and coronary venous blood (blood gas method) and 
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was compared with the average of the local measurements based on the NMR 
spectrum. Myocardial O2 extraction was computed as the ratio between global 
MVO2 and MDO2.

Statistical analysis. Data are expressed as mean±standard deviation (SD), for 
normally distributed data as confirmed by the Kolmogorov-Smirnov test (P>0.05). 
A general linear model (for univariate analysis of variance ANOVA) was used, to 
compare the groups at each time point and to test for changes between time 
points, to study group differences in variables, and a post hoc Tukey’s honestly 
significant difference test was used to evaluate group-by-group differences. 
Spatial heterogeneity was expressed as coefficient of variation (CV=SD/mean). 
Linear regression was done to relate measurements before and during stenosis, 
and Pearson correlation coefficients were determined and compared after z 
transformation. Generalized estimating equations were used to evaluate the 
effect of basal blood flow and flow reductions on O2 extraction, adjusted for 
repeated measures in hearts. P≤0.05 was considered statistically significant. 
Exact P values are given unless <0.001.

Results

Systemic hemodynamic and metabolic data. Baseline values were similar 
among groups, except for modest differences in arterial lactate (Table 1). 
Although systemic arterial pressure tended to decrease during partial coronary 
occlusion, this was not statistically significant.  Cardiac output did not change 
significantly during occlusion either, but heart rate decreased in hypoperfused 
Group I.

Global myocardial perfusion, metabolism and contractile function. At baseline 
before partial coronary artery occlusion, left ventricular systolic pressure (LVSP) 
and contractility, the latter reflected by the time derivative dP/dt of LVSP, tended 
to be different amongst groups, which may be caused by surgical procedures 
(see below). LVSP and dP/dt were highest and diastolic pressure was lowest 
in Group II (Table 2). dP/dt tended to be maintained relatively well during 
hypoperfusion in Group I which showed a similar decrease as the control group. 
A larger decrease of dP/dt was found during stenosis in group II. 
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Table 1. Global hemodynamic and metabolic variables for controls and group I, II and III.

Control
n=11

I
n=6

II
n=6

III
n=7

P

Heart rate, beats/min
t=0 106±13 107±23 106±12 95±11 0.38
 t=30/90 109±15 97±20 111±10 91±10 0.04
 Change 0.01 vs control 0.01 vs I 0.005

Mean arterial blood pressure, mmHg
 t=0 101.4±17.3 110.8±16.4 108.0±14.5 100.6±16.3 0.59
 t=30/90 101.1±21.0 99.1±14.6 99.7±16.3 89.7±19.9 0.68
 Change 0.22

Cardiac output, L/min
t=0 2.48±0.45 2.47±0.59 2.80±0.80 2.58±0.55 0.72
 t=30/90 2.23±0.42 2.21±0.37 2.38±0.86 2.31±0.51 0.94
Change 0.78

Arterial PO2, mm Hg
t=0 226±43 228±28 232±53 242±17 0.18 
t=30/90 253±46 216±51 227±32 237±12 0.27
 Change 0.93

Arterial lactate, mmol/L
t=0 0.77±0.36 1.16±0.99 1.25±0.31 1.90±0.99 0.03

0.02 vs control
t=30/90 0.81±0.43 2.67±2.49 1.97±1.13 2.74±1.48 0.04

0.05 vs control
Change 0.08

Mean±SD. Group I partial left anterior descending artery occlusion of 70 mm Hg, Group II occlusion 
to 35 mm Hg and Group III with intracoronary adenosine. There were 4 control experiments ending at 
t=90 min. 
P for ANOVA in rightmost column, with Tukey’s honestly significant difference post-hoc test given 
separately for each group under result.

Basal myocardial blood flow, measured before applying partial coronary 
occlusion, tended to be higher in groups I and II, though this was not statistically 
significant (Table 2). Surgery near the coronary arteries in the stenosis groups 
may have contributed to some of the differences in myocardial basal blood flow 
before stenosis. We could have chosen to apply sham surgical procedures in the 
control group to minimize differences between groups, but this would have 
been at the expense of a less reliable picture of the normal state. We chose not 
to include sham surgery in the protocol. 
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Table 2. Myocardial hemodynamic and metabolic variables for control group and groups I, II and III.

Control
n=11

I
n=6

II
n=6

III
n=7

P

Left ventricular systolic pressure, mmHg
t=0 125.3±14.9 124.5±20.2 149.0±24.1 113.4±23.2 0.03

0.02 vs II
 t=30/90 108.5±18.2 102.0±2.6 134.3±26.0 104.2±28.7 0.09
Change 0.09

Left ventricular diastolic pressure, mmHg
t=0 5.7±2.7 11.1±3.4 4.8±3.1 11.4±3.4 <0.001

0.009 vs contr 0.008 vs I 0.004 vs contr
0.004 vs II

t=30/90 5.3±2.3 10.9±3.3 7.8±6.1 9.6±2.6 0.02
0.03 vs contr

Change 0.02 vs II 0.03

dP/dt, mmHg/sec
t=0 2445±750 1861±376 3200±771 2277±778 0.02

0.01 vs I
t=30/90 2327±636 1710±372 2741±881 1940±659 0.05

0.05 vs I
Change 0.32

Mean LAD pressure, mmHg
t=0 114.615.4 112.4±11.2 110.9±20.3 110.2±15.8 0.97
t=30/90 122.9±25.3 72.2±8.1 34.7±5.3 45.2±6.9 <0.001

<0.001 vs contr <0.001 vs contr <0.001 vs contr
<0.001 vs I 0.003 vs I

Change 0.001 vs contr <0.001 vs contr <0.001vs contr <0.001
0.005 vs I

Mean myocardial blood flow, mL/min/g dw
t=0 5.1±1.3 7.7±4.0 6.9±2.4 5.6±1.3 0.15
t=30/90 5.5±1.3 5.2±0.9 4.5±1.1 5.3±1.1 0.36
Change 0.02 vs contr 0.02 vs contr 0.007

Mean myocardial O2 delivery, µmol/min/g dw
t=0 34.1±7.3 47.8±15.6 45.6±13.7 32.9±8.5 0.03
t=30/90 33.8±7.4 33.0±4.1 29.3±7.9 31.9±6.2 0.56
Change 0.01 vs contr 0.005 vs contr 0.04 vs I 0.001 

0.02 vs II

Mean myocardial O2 consumption by blood gas data, µmol/min/g dw
t=0 18.5±4.6 28.8±8.0 26.3±5.7 14.8±5.6 <0.001

0.01 vs contr 0.001 vs I
0.01 vs II

t=30/90 19.9±4.8 21.6±4.3 18.3±4.4 16.6±4.4 0.24
Change 0.03 vs contr 0.01 vs contr 0.04vs I 0.002

0.02 vs II
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Control
n=11

I
n=6

II
n=6

III
n=7

P

Mean myocardial O2 consumption by NMR, µmol/min/g dw
t=30/90 15.5±5.3 11.1±3.2 9.5±1.2 10.2±2.8 0.01

0.02 vs contr 0.04 vs contr

Mean O2 extraction ratio blood data
t=0 0.55±0.10 0.63±0.15 0.60±0.13 0.45±0.10 0.05

0.05 vs I
t=30/90 0.59±0.10 0.66±0.12 0.63±0.08 0.53±0.12 0.16
Change 0.72

Coronary venous PO2, mm Hg
t=0 26±8 30±3 30±5 32±9 0.30
t=30/90 25±8 30±8 31±4 34±6 0.08
Change 0.76

Coronary venous SO2

t=0 44±7 39±12 45±13 51±8 0.23
t=30/90 44±11 38±9 44±10 51±11 0.20
Change 0.99

Coronary venous lactate, mmol/L
t=0 0.57±0.50 0.90±0.67 0.88±0.66 1.30±0.76 0.19
 t=30/90 0.68±0.41 2.65±2.78 2.10±0.79 2.66±1.57 0.04
Change 0.08

Mean±SD. n = number of hearts. Group I partial left anterior descending (LAD) artery occlusion of 
70 mm Hg, Group II to 35 mm Hg and Group III with intracoronary adenosine. There were 4 control 
experiments ending at t=90 min and 7 ending at t=30 min. Myocardial oxygen consumption by NMR 
was averaged over the hearts (i.e. average of the averages of samples values for each heart) for direct 
comparison with the blood gas measurement).
P for ANOVA in rightmost column, with Tukey’s honestly significant difference post-hoc test given 
separately for each group under result. Contr, control; dw, dry weight; NMR, nuclear magnetic resonance.

Mean myocardial blood flow and MDO2 decreased during coronary stenosis in 
Groups I and II, but not in the stenosis Group III where adenosine was given to 
accomplish maximal vasodilation. Note that despite the decrease of blood flow 
caused by coronary stenosis in groups I and II, blood flow at the time of NMR 
measurements of aerobic metabolism at the end of the ischemic period was 
similar in all groups (Table 2). This was the consequence of the differences in 
blood flow in the basal state before stenosis.

Mean MVO2, measured by the NMR method locally in the region dependent 
on the stenosed artery, decreased with progressive coronary constriction and 
was lowest in the most severely hypoperfused Group II. MVO2 by NMR was 

Table 2. Continued
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lower than by blood gas analysis (P<0.001). However, it should be noted that 
the venous blood gas measurement reflected a mixture of ischemic and non-
ischemic cardiac tissue. This illustrates the usefulness of the local NMR based 
measurements of aerobic metabolism. The arterial-to-venous lactate gradient 
tended to be higher during partial coronary occlusion in groups I-III but this was 
not statistically significant.  
 
Relation between regional myocardial blood flow, O2 delivery and 
consumption
Table 3 shows the dry weight of the tissue samples in the groups.

Table 3. Regional myocardial O2-related variables for groups control, I, II and III.

Control
n=99

I
n=62

II
n=47

III
n=67

P

Dry weight, mg 87.0±25.8 118.5±28.0 106.0±25.9 93.3±20.1 0.01
<0.001 vs contr <0.001 vs contr <0.001 vs I

0.04 vs II

O2 delivery, µmol/min/g dw
t=0 34.0±11.4 47.4±20.8 49.8±20.8 32.9±11.4 <0.001

<0.001 vs contr <0.001 vs contr <0.001 vs I
<0.001 vs II

t=30/90 34.1±10.6 33.5±9.6 31.3±16.1 31.7±12.3 0.44
Change <0.001 vs contr <0.001 vs contr <0.001 vs I <0.001

<0.001 vs II
n=83 n=48 n=28 n=42

O2 consumption by NMR, µmol/min/g dw, t=30/90
16.6±6.9 11.6±4.2 9.6±3.3 11.0±3.9 <0.001

<0.001 vs contr <0.001 vs contr <0.001 vs contr
O2 extraction t=30/90 0.50±0.20 0.36±0.13 0.40±0.33 0.34±0.13 <0.001

0.001 vs contr <0.001 vs contr

Mean±SD. n = number of tissue samples, for number of hearts see Table 2. Group I partial left anterior 
descending artery occlusion of 70 mm Hg, Group II to 35 mm Hg and Group III with intracoronary adenosine. 
There were 4 control experiments ending at t=90 min, 7 at t=30 min. 
P for ANOVA in rightmost column, with Tukey’s honestly significant difference post-hoc test given separately 
for each group under result.
Dw, dry weight; contr, control; NMR, nuclear magnetic resonance. O2 consumption by NMR was the average 
of all samples.

In Figure 1 the relation between the oxygen consumption measurements by 
blood gas for the whole heart and the average of NMR measurements in tissue 
samples in the same heart are given. Note that these measurements do not 
represent exactly the same area and that the blood-gas measurements were 
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on samples which contained a mixture of blood from the ischemic and non-
ischemic regions. There were 4-12 tissue samples per heart studied in the control 
group, with 2-11 successful estimates for metabolism by NMR. The correlation 
coefficient r for average MVO2 by NMR vs. by blood gas per heart in the control 
group was 0.74 (P=0.009, Fig. 1). In the stenotic group I 9-12 tissue samples were 
taken with 4-10 NMR estimates per heart (r for MVO2 by NMR and blood gas 
data 0.95, P=0.004). In Group II, 4-12 tissue samples were studied per heart with 
2-7 successful NMR estimates. The MVO2 by NMR and blood gas measurements 
correlated poorly at 0.39 (P=0.44). In Group III, 9-12 tissue samples were taken per 
heart with 1-8 successful NMR measurements. The correlation between NMR and 
blood gas-based MVO2 was 0.87, P=0.012 (Fig. 1). Note that the variable extent 
to which the blood gas oxygen measurements included tissue dependent on 
the stenosed artery may confound the comparison between groups. NMR and 
blood gas measurements correlated well in controls and in groups I and III, but 
not in group II which underwent the most severe blood flow reduction (Fig. 1).
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 Control group Stenosis – group I Fig. 1

 Stenosis – group II Stenosis + adenosine – group III

 

Figure 1. Mean myocardial O2 consumption (MVO2) calculated from blood gas data on the one hand and 
by averaging regional NMR data on the other, in µmol/min/g dw. The various groups are plotted in separate 
panels. Correlation coefficient r between MVO2 by NMR (averaged over tissue samples) and blood gas data 
per heart in controls was 0.74 (P=0.009). In Group I, r was 0.95 (P=0.004). In Group II, r was 0.39 (P=0.44). In 
Group III, r was 0.87 (P=0.012). Group I and II: occlusion of the left anterior descending coronary artery to 
a perfusion pressure of 70 or 35 mm Hg, respectively. Group III: 45 mm Hg perfusion pressure combined 
with intracoronary adenosine infusion. Note that comparisons between groups are confounded by the 
variable contributions of ischemic and non-ischemic regions to the blood gas measurements.

The average oxygen delivery MDO2 was decreased during stenosis in Groups I and 
II relative to baseline, but not in Group III (Table 3). However, note that in stenotic 
groups I and II MDO2 was higher at baseline than in the control group, as discussed 
above. As a result MDO2 was almost the same amongst groups during the partial 
coronary stenosis, despite the reduction in blood flow caused by the stenosis. 
MVO2 by NMR was lower in Groups I-III than in controls reflecting the ischemic 
condition. Remarkably, O2 extraction in the region dependent on the partially 
occluded coronary artery was lower in Groups I and III than in controls (Table 3).
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Fig. 2A and B show the redistribution of regional blood flows over time in the 
groups. Supplementary Fig. 1A, B, C and D (electronic supplementary material) 
show another view of the heterogeneity and redistribution of blood flow in the 
groups prior to and following interventions, on the level on individual tissue 
samples.

Fig. 2A

Fig. 2B

Figure 2A and B. Scatter plot of regional myocardial blood flow measured at t=0 vs t=30 or 90 min 
(“30/90 min”). A. Controls: r=0.75 (P<0.001, n=99) ended at t=30 or 90 min; the rest of the groups ended 
at t=30 min. Group I: r=0.65 (P<0.001, n=62); B. Group II: r=0.49 (P=0.001, P=0.02 vs controls, n=47); 
Group III: r=0.25 (P=0.05, P<0.001 vs controls, n=67). Similar correlation coefficients were obtained after 
normalization of blood flow values to the mean per heart.
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Fig. S1 A-D

 A B

   

 C D

  
Figure S1. Panel A, B, C and D. Regional blood flow on the y axis (each symbol represents a different 
heart), prior to (t=0) and 30 or 90 min with no intervention (controls, 7 control experiments ended 
at t = 30 min and 4 at t=90 min, A), or 30 min after occlusion of the left anterior descending coronary 
artery to a perfusion pressure of 70 or 35 mm Hg (t=30 min, Group I, panel B, and group II, panel C) 
and the combination of 45 mm Hg perfusion pressure and intracoronary adenosine infusion (Group 
III, D), respectively. The figure shows that both the absolute and relative fall in regional blood flow is 
heterogeneous among the tissue samples and results in MDO2 redistribution. 

Table 4 shows variation and correlation coefficients for individual hearts. Relative 
heterogeneities did not change, except for an increase in the CV of MDO2 in 
Group II. Fig. 3A and B illustrate the correlation between local MVO2 and MDO2 

measured in the samples in controls and groups I-III. The correlation between 
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local oxygen supply and oxygen consumption was substantial in controls, but 
was progressively lost with hypoperfusion in groups I and II and was increased 
again by adenosine infusion (Table 4 and Fig. 3).

Table 4. Correlation and variation coefficients in group control, I, II and III.

rMDO2 t=0-30/90 rMDO2-MVO2 CVMDO2 CVMVO2 CVO2extr

Control, n=11
t=0 - - 25.8±5.4 - -
t=30/90 0.72±0.21 0.48±0.34 23.8±9.0 25.7±6.4 30.3±8.1

I, n=6
t=0 - - 26.8±11.7 - -
t=30/90 0.51±0.21 0.29±0.37 23.4±11.2 24.8±10.4 26.8±11.7

II, n=6
t=0 - - 29.9±15.7 - -
t=30/90 0.57±0.37 0.00±0.70 43.4±16.9 28.4±17.6 2 9.9±15.7

III, n=7
t=0 - - 22.9±8.7 - -
t=30/90 0.08±0.23 0.23±0.58 35.9±11.4 27.8±9.2 22.9±8.7

P
t=0 - - 0.66 - -
t=30/90 <0.001 0.35 0.009 0.92 0.11

<0.001 III vs contr 0.01 II vs contr
0.03 III vs I 0.03 II vs I
0.01 III vs II

Change - - 0.03 - -

Mean±SD. r, correlation coefficient; coefficients of variation (CV, SD/mean); MDO2, myocardial O2 
delivery; MVO2, myocardial O2 consumption; O2extr, O2 extraction; contr, control. Group I partial left 
anterior descending artery occlusion of 70 mm Hg, Group II to 35 mm Hg and Group III with intracoronary 
adenosine. There were 4 control experiments ending at t=90 min. P for ANOVA with Tukey’s honestly 
significant difference post-hoc test.
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Fig. 3A

Fig. 3B

Figure 3A and B. Regional myocardial O2 consumption (MVO2) vs O2 delivery (MDO2) at t=30 or 90 min 
(“30/90”). Both in µmol/min/g dw. Controls: r=0.64 (P<0.001, n=83); Group I: r=0.19 (P=0.19, 0.002 vs 
controls, n=48); Group II: r=-0.01 (P=0.67, P<0.001 vs controls, n=28); Group III: r=0.51 (P=0.001, P=0.02 
vs Group II, n=42). Similar correlation coefficients were obtained after normalization of data for means 
per heart. For groups see text. 
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To investigate how areas of high and low blood flow under basal conditions in 
the normal heart respond to stenosis, we plotted the relation between oxygen 
supply and oxygen uptake in two subgroups which showed basal blood flow 
above or below the median value determined before stenosis (see Fig. 4). In 
the stenosis groups I (Fig. 4B) and II (Fig. 4C) it is remarkable that the high basal 
blood flow regions did not show higher oxygen uptake during stenosis than low 
basal blood flow regions if the comparison is made at the same level of oxygen 
supply. Because high basal blood flow correlates with high oxygen uptake 
before stenosis, one might have expected persistence of the higher oxygen 
uptake and increased oxygen extraction during stenosis, in contrast to what 
the measurements show. Also when adenosine is given during stenosis oxygen 
uptake is not higher in high than in low basal blood flow regions.  
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Fig. 4 A-D

 A B

       

 C D

Figure 4. Oxygen uptake (MVO2) vs oxygen supply (MDO2) in the samples of the control group (panel A), 
stenosis group I (panel B), stenosis group II (panel C) and the stenosis plus adenosine group III (panel D). Unit 
for x and y axis is µmol/min/g dw. Samples with a basal blood flow below the median value are indicated 
by a circle, samples above the median value by a square. This represents the basal value before stenosis in 
groups I-III and at t=0 in group I. For uniformity the median value of group I is applicable in all groups. 

In the control group the oxygen extraction is seen to be quite variable 
(supplementary Fig 2A). Oxygen extraction, shown in supplementary Fig. 2A-D 
increases with higher flow reduction (P=0.004) and with lower blood flow 
before stenosis (P<0.001). Greater relative flow reduction occurring during 
stenosis in group II is clearly related to greater oxygen extraction (Fig S2C 
electronic supplementary material). Oxygen extraction is often higher in the 
low than in the high basal flow regions. This relation is less clear when stenosis 
is combined with adenosine infusion.
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Fig. S2 A-D

 A B

 

 C D  

Figure S2. Panel A, B, C, and D. Oxygen extraction (fractional value) vs flow reduction (%) in the samples 
of the control group (panel A), stenosis group I (panel B), stenosis group II (panel C) and the stenosis 
plus adenosine group III (panel D). A negative value for flow reduction indicates an increase in flow. The 
value for flow reduction in the control group reflects flow variation over time, roughly equally up and 
down, and does not reflect coronary stenosis.  In panel A two oxygen extraction values are > 1 and off 
scale; in panel C one extraction value is >1. Samples with a basal blood flow below the median value are 
indicated by a circle, samples above the median value by a square. This is the basal value before stenosis 
in groups I-III. For uniformity the median value of group I is applicable in all groups.
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Discussion

In the hypothetical case that myocardial regions of sub-milliliter size would be 
equally vulnerable to hypoperfusion, vasodilation and relative decreases in 
blood flow, MDO2 and MVO2 would be similar everywhere in the area dependent 
on the partially occluded artery. Relative heterogeneity and distribution 
of blood flow and of the ratios of MVO2 to MDO2 would be maintained. In 
contrast, our data show that coronary artery hypoperfusion in pigs increases 
heterogeneity of oxygen delivery expressed by the coefficient of variation. 
Blood flow and MDO2 are redistributed, and matching of regional O2 supply to 
demand is progressively lost. This implies regional differences in vulnerability 
to hypoperfusion.

Matching of local perfusion to local metabolism is gradually lost during 
progressive coronary stenosis. When coronary perfusion pressure was 
decreased moderately, to about 70 mmHg, matching between perfusion and 
metabolism decreased not much (group I, Table 3 and Fig. 3A). It is remarkable 
that oxygen consumption during stenosis tends to be lower than in controls 
when considered at the same level of oxygen supply (Fig. 3A). This is reflected 
by the significantly lower value of oxygen extraction (Table 3). It should be 
noted that oxygen extraction at baseline (t=0, Table 2, before stenosis, based 
on blood gas) was not lower in this group than in controls despite differences 
in perfusion and oxygen consumption (Table 2). 

When the coronary perfusion pressure downstream of the constriction in the left 
anterior coronary artery was lowered to about 35 mmHg, correlation between 
perfusion and metabolism disappeared completely. Oxygen extraction tended 
to increase slightly relative to stenosis group I (Table 3).

Adenosine infusion ameliorates the metabolism-perfusion mismatching (Fig. 
3B and Table 4) and increases oxygen consumption in the area dependent on 
the stenosed artery. Hence, the degree of regional hypoperfusion imposed in 
this study apparently did not elicit maximal vasodilation, because blood flow 
can be further increased by exogenous adenosine. This means that endogenous 
vasodilation mechanisms are not fully efficient in defending regional supply 
(MDO2) and supply-demand matching (MVO2).
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This study investigated the idea that the regions of high blood flow and 
demand, as determined under basal conditions without coronary constriction, 
are more vulnerable to coronary hypotension. Figures 4B and C show that 
these high basal blood flow regions do not show higher oxygen consumption 
during coronary stenosis than regions with low basal blood flow, provided the 
same level of oxygen supply is considered. Apparently the high basal blood 
flow regions did not tend to maintain their original high oxygen consumption 
by increasing local oxygen extraction. In fact, high oxygen extraction seems to 
be found more often in the low basal blood flow regions which often turn out 
to be the regions showing the highest oxygen consumption during stenosis 
(Fig. 4B and C; Suppl Fig. 2B and C). For a given degree of flow reduction 
during stenosis, high and low basal flow regions showed similar increases in 
lactate, and in the ATP breakdown product inosine and adenosine, as reported 
previously (8,22). Regions with high flow and oxygen consumption under 
basal conditions are often relatively well protected during stenosis, showing 
low oxygen extraction and therefore high venous oxygen concentrations 
despite the reduction of global blood flow. This explains that lactate and ATP 
breakdown products in high basal flow regions are not strongly increased 
during stenosis. 

While in control hearts oxygen extraction is regionally always above 0.20, 
oxygen extraction values below 0.20 were often found in regions which 
showed high blood flow during stenosis and at the same time little reduction 
of blood flow caused by the stenosis (Fig. 2A-C). It is not clear from the data 
whether the decrease in oxygen uptake found in these high flow regions 
is due to an active downregulation of metabolic demand and local muscle 
work. A stimulating effect of increased coronary arterial pressure on cardiac 
contractility (termed the Gregg Phenomenon) has been proposed in the past, 
but was not found in experiments on anesthetized pigs, at least not at a global 
level (26). It is therefore unclear whether the decreased coronary perfusion 
pressure during stenosis plays a role in the downregulation of metabolism. 
Future work is needed to clarify the mechanism of the disproportionate 
decrease in oxygen uptake in regions with high basal blood flow, which often 
occurs despite lack of decrease of blood flow during coronary stenosis. The 
possibility exists that this forms a protective mechanism to prevent ischemic 
damage during coronary stenosis. 
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Active downregulation of myocardial energy requirements in swine was 
previously reported during moderate ischemia lasting one hour (3). Within 
5-10 min of ischemia phosphocreatine (PCr) and ATP were strongly decreased 
and tissue lactate levels strongly increased. Within an hour PCr and lactate 
levels returned close to control levels despite prolongation of the ischemia. 
The direct measurements of aerobic metabolic fluxes in myocardial regions at 
submilliliter resolution in the present study after half an hour of ischemia show 
the downregulation of energy metabolism, conforming with the report by Arai et 
al. (3). In the present study oxygen extraction determined in submilliliter regions 
was lower during stenosis than in controls (Table 3). This suggests adaptation of 
local energy requirements to levels which are even lower than compatible with 
the reduction of local oxygen supply caused by the stenosis. It is remarkable that 
this form of adaptation appears to be especially strong in the regions which are 
characterized by above average blood supply and oxygen consumption in the 
normal situation before stenosis. 

Normal heterogeneity of blood flow, O2 delivery and consumption is quantified 
by the coefficient of variation and amounts to about 30% in the heart of several 
species studied (1,2,4,5,11,14,18,21), in agreement with our data at baseline. 
The correlation between regional blood flow (or O2 delivery) on the one hand 
and O2 consumption in the porcine heart on the other also agrees with previous 
data (1,2). Matching between O2 supply and demand is imperfect, shown by the 
correlation which is clearly lower than 1 (Fig. 3A and 4A in this study). This agrees 
with the heterogeneity in O2 extraction found by cryospectrophotometry in 
coronary venules (29) in normal heart tissue. 

Limitations of the study include among others that repeated MVO2 measurements 
in one sample are not possible. Other methods to validate regional MVO2 
measurements in these small samples by independent means are not available 
at present for small samples. There is no reference standard for regional MVO2 

measurements, but alternative NMR MVO2 methods are being pursued (12,19). 
There were baseline differences among groups, perhaps related to coronary 
artery manipulation in the stenosis groups during placement of the occluder.  
This happened to result in similar average oxygen supply in controls and stenosis 
groups at the time of the oxygen measurement after the flow reduction. The blood 
gas MVO2 was higher than the NMR MVO2 in both control en stenosis groups. Two 
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causes may contribute to this difference: (1) the blood gas method also measures 

O
2
 consumption for other biochemical processes than mitochondrial energy 

production, in contrast to the NMR method (7); (2) the blood gas method measures 

a mixture of blood returning from normal and hypoperfused myocardium, while 

the NMR method is able to measure samples inside the hypoperfused region.

In conclusion, our study suggests that coronary hypotension and myocardial 

hypoperfusion decrease O
2
 supply to demand matching across heterogeneous 

regions in the heart. Matching during coronary stenosis is improved by 

vasodilation brought about by adenosine infusion. Regions in the area dependent 

on a stenosed artery are metabolically stressed in a differential way. However, 

regions that show relatively high blood flows in the basal state before coronary 

stenosis are metabolically not more vulnerable during partial coronary occlusion.
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