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There is intense controversy as to the mechanisms underlying
chronic but reversible left ventricular (LV) ischemic dysfunction.
The aim of this study was to investigate the physiology underlying
this condition in a canine model of noninfarcted collateral-depen-
dent myocardium. Methods: Six mongrel dogs were instrumented
with ameroid constrictors on the left circumflex and right coronary
arteries and a partial occluder on the left anterior descending
coronary artery. The animals were followed up for 6 mo. Every 6
wk, measurements of regional wall thickening (M-mode echo),
myocardial blood flow (13N-ammonia PET), oxygen consumption
(11C-acetate PET), and glucose uptake (18F-FDG PET) were ob-
tained. After 6 mo, myocardial blood flow reserve (during adeno-
sine infusion) and regional contractile reserve (during infusion of a
low dose of dobutamine) were also investigated. Results: Follow-
ing ameroid implantation, regional thickening decreased in the
posterior wall (to 34% � 13% of baseline; P � 0.001) but not in the
septum. Resting myocardial blood flow (56 � 10 vs. 58 � 15
mL . [min . 100 g]�1), myocardial oxygen consumption (21 � 3 vs.
22 � 3 J . [beat . 100 g]�1), and insulin-stimulated glucose uptake
(39 � 8 vs. 42 � 11 �mol . [min . 100 g]�1) were similar among
dysfunctional and normal segments. Myocardial blood flow re-
serve was blunted in dysfunctional versus normal segments (3.7 �
0.5 vs. 5.2 � 1.5; P � 0.06). With dobutamine, wall thickening (to
69% � 8% and 77% � 11%, respectively) and oxygen consump-
tion (to 36 � 5 and 39 � 5 J . [beat . 100 g]�1, respectively)
improved to the same extent in both segments. As a consequence,
mechanical efficiency decreased in septal but remained un-
changed in posterior segments during infusion of dobutamine.
Biopsy specimens from both walls were free from any morpholog-
ical alterations. Conclusion: Our data indicate that ameroid occlu-
sion in dogs induces sustained reduction in regional contraction,
which occurs despite normal levels of transmural blood flow and
recruitable inotropic reserve. Since myocardial perfusion reserve
was blunted, such perfusion–contraction mismatch could reflect
repetitive stunning.
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It is now widely accepted that patients with chronic cor-
onary artery disease can experience prolonged regional
ischemic dysfunction that does not necessarily arise from
irreversible tissue damage and which, to some extent, can be
reversed by restoration of blood flow (1). Because of its
relevance to clinical cardiology (2,3), this form of chronic
but reversible left ventricular (LV) dysfunction has attracted
considerable interest in the mechanisms that underlie the
phenomenon and the identification of clinical factors that
may lead to its development. Unfortunately, for many years
our understanding of the physiological mechanisms has
lagged behind clinical descriptions because of a lack of
appropriate animal models mimicking the human condition.

Recently, several investigators have reported on the suc-
cessful development of chronic coronary stenosis or pro-
gressive ameroid occlusion models that result in chronic but
reversible ischemic dysfunction. The results of these studies
suggest that prolonged but reversible dyssynergy can arise
through several different mechanisms, including chronic
stunning and chronic hibernation. In one such study, it was
recently shown that prolonged contractile dysfunction could
be obtained in dogs instrumented with 2 ameroid occluders
and a severe fixed coronary stenosis (4). Initial data ob-
tained with this model indicated that the regional dysfunc-
tion progressively developed over time, that it persisted for
up to 8 wk after instrumentation, and that it occurred despite
normal rest perfusion. The aim of this study was to further
characterize the physiology underlying the chronic contrac-
tile dysfunction observed in this model, focusing on longi-
tudinal changes in glucose and oxidative metabolism, rest-
ing myocardial blood flow and flow reserve, and recruitable
inotropic and oxidative reserve. An additional aim was to
examine whether the observed dysfunction could be ex-
tended over longer periods of time, i.e., 6 mo.

MATERIALS AND METHODS

Animal Model
Seven mongrel dogs of either sex (19–25 kg) had instruments

implanted in preparation for the experiments, as previously de-
scribed (4). Briefly, under general anesthesia and sterile condi-
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tions, the chest was opened at the fifth intercostal space, the
pericardium was incised, and the heart was exposed. The proximal
portion of the left anterior descending coronary artery, the left
circumflex coronary artery, and the right coronary artery were
dissected free 1–2 cm from their origins. A ring occluder, consist-
ing of a portion of silicon tubing, was implanted around the left
anterior descending coronary artery, proximal to the emergence of
the first diagonal branch but after emergence of the first septal
branch. The internal diameter of the tubing was chosen to reduce
the vessel lumen by �75%. Two ameroid constrictors (Dimed
Medical Engineering, Antwerp, Belgium) were also implanted,
one on the left circumflex artery and one on the right coronary
artery, proximal to any significant branch. The pericardium was
closed and the chest was evacuated. All animals were routinely
placed on antibiotic therapy (ampicillin, 16 mg/kg) for 10 d. The
animals used in this study were maintained in accordance with the
guidelines of the Ethical Committee of the University.

Experimental Protocol
Animals were studied serially, 1 wk before surgery and again at

6, 12, 18, and 24 wk after surgery. All studies were performed
under general anesthesia to ensure stable hemodynamic conditions.
After premedication with 0.4 mg fentanyl intramuscularly, animals
were anesthetized with pentobarbital (10 mg/kg intravenously),
intubated, and ventilated with room air. Anesthesia was main-
tained by continuous infusion of midazolam (1 mg/kg/h), supple-
mented with intravenous boluses of 0.1 mg fentanyl every hour.
Two 18-gauge catheters were introduced into 2 separate foreleg
veins for tracer injection and drug infusion and continuously
perfused with saline. A 20-gauge catheter was introduced percu-
taneously into the left femoral artery for arterial pressure record-
ings. The ECG and the arterial pressure were continuously mon-
itored throughout the experiments. For this purpose, serial 60-s
ECG and pressure samples were digitized every 15 min and stored
onto an HP1000 microcomputer for off-line analysis.

Studies were performed on 2 consecutive days under fasting
conditions. On day 1, baseline measurements of regional mechan-
ical function, perfusion, glucose uptake, and oxidative metabolism
were obtained. On day 2, measurements of regional mechanical
function and glucose uptake were again obtained, this time during
hyperinsulinemic, euglycemic glucose clamp, as previously de-
scribed (5). Glucose was coadministered at a rate adapted to
maintain glucose plasma levels between 60 and 80 mg/dL through-
out the study. Samples for insulin and free fatty acids were
obtained at baseline and at the end of the glucose clamp.

In addition to the above measurements, at 24 wk, myocardial
flow reserve and regional contractile reserve were also investi-
gated. For assessment of myocardial flow reserve, regional myo-
cardial blood flow was measured with PET and colored micro-
spheres at baseline and during intravenous infusion of adenosine
(140 �g/kg/min). For assessment of regional myocardial contrac-
tile reserve, measurements of regional myocardial wall thickening,
blood flow, and oxidative metabolism were obtained at rest and
again during intravenous administration of a low dose of dobut-
amine (1–5 �g/kg/min, adjusted to double the rate–pressure prod-
uct). Subsequent to the completion of the low-dose steady state,
dobutamine infusion rates were increased in 3-min dose incre-
ments to 40 �g/kg/min. Measurements of regional myocardial wall
thickening were taken at each stage of the high-dose dobutamine
protocol.

M-Mode and 2-Dimensional Echocardiography
Regional myocardial mechanical function was assessed using

2-dimensional guided M-mode echocardiography. Images were
obtained from the right parasternal window with a Toshiba Sono-
layer SSH140 (Toshiba, Zoetemeer, The Netherlands) equipped
with a 2.5-MHz wide-angle phased-array transducer. M-mode
recordings were obtained at the level of the papillary muscles, with
the ultrasonic beam oriented perpendicularly to the mid-portion of
the septal and posterior walls (between the papillary muscles). LV
internal diameter and septal and posterior wall thickness were
measured at end-diastole (R wave of the EKG) and end-systole
(time of aortic valve closure). Septal and posterior systolic wall
thickening was calculated as the difference between systolic and
diastolic wall thickness and expressed as a percentage of diastolic
wall thickness. Meridional end-systolic wall stress and regional
mechanical work (6) were calculated by use of the following
equations:

�m �
1.33 . LVP . LVD

4 . Wth . �1 � Wth/LVD	
, Eq. 1

RW � �� �m
. d ln �1/Wth	, Eq. 2

where LVD � LV dimension (cm); LVP � LV pressure (mm Hg);
RW � regional work (mJ/cm3); Wth � wall thickness (cm); and
�m � meridional wall stress (g/cm2).

PET
PET was performed using an ECAT EXACT HR (CTI, Knox-

ville, TN) multislice tomograph with animals resting on the left
side. After baseline hemodynamic and echocardiographic record-
ings, the animals were carefully positioned within the tomograph.
After acquisition of attenuation data, emission data were acquired
for each of the different tracers. Myocardial blood flow was
assessed with 13N-ammonia, myocardial oxidative metabolism
with 11C-acetate, and myocardial glucose uptake with 18F-FDG.
Tracers were injected intravenously by means of an infusion pump
(model 351; Sage, Bromma, Sweden). As mentioned earlier, 2
FDG studies were performed on 2 consecutive days. The first study
was performed in the fasting state; the second study was performed
during hyperinsulinemic euglycemic glucose clamp.

Images were reconstructed on a UNIX microcomputer and
reoriented into serial 9-mm-thick short-axis slices. Six large irreg-
ular volumes of interest were assigned to each of 4 consecutive
short-axis slices encompassing mid- and basal levels of the LV
myocardium. These volumes of interest were carefully drawn to
closely match the echocardiographic segments. An additional cir-
cular volume of interest was assigned to the center of the LV blood
pool. Counts were corrected for partial volume and spillover
effects using a specially developed Monte Carlo simulation, as
well as for dead-time losses (7). The quantitation of tomographic
data was performed as previously described in our laboratory (5).
Briefly, regional myocardial blood flow was quantified by use of a
3-compartment model. Regional myocardial oxidative metabolism
was estimated by biexponential fitting of myocardial 11C time–
activity curves. Myocardial 11C clearance rates were also ex-
pressed as myocardial oxygen consumption (MVO2, J . [beat . 100
g]�1), using the relationship between MVO2 and k1 that had been
delineated in studies of dogs under a wide range of pathophysio-
logical conditions (hyperemia, increased workload, acute ische-
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mia, reperfusion) (8). Regional mechanical efficiency was calcu-
lated as RW/MVO2. Patlak graphic analysis was used to estimate
absolute regional myocardial FDG uptake (9).

Microsphere Blood Flow
At 24 wk, regional myocardial blood flow was measured both

with PET and the colored microspheres technique. Microspheres
data were analyzed in 6 radial sectors from 2 basal and 2 midven-
tricular cross-sections, using the same segmentation as with PET
and echocardiography. Each sector was separated into a subepi-
cardial and a subendocardial portion. Blood and tissue samples
were analyzed with an automated sampling unit for spectropho-
tometric determination of dye intensity. This consisted of an
exclusively designed flowcell (Hellma GmbH; Mullheim, Ba-
den, Germany), a high-precision autosampling system, and a
spectrophotometer (Beckman Instruments Inc., Fullerton, CA).
Computer software created by the investigators was used to run
these components simultaneously.

Coronary Angiography
At the end of the last experiments, selective coronary arteriog-

raphy was performed from the right carotid artery to verify the
occlusion of the right and left circumflex coronary arteries and the
presence of a stenosis on the left anterior descending coronary
artery. In all surviving animals, complete closure of the 2 ameroid
constrictors was observed. In each case, a significant stenosis
(50%–75%) was found on the proximal left anterior descending
coronary artery after the emergence of the first septal branch.

Morphological Analysis
At the end of all measurements, the chest was opened and the

heart was retrogradely perfused with a 2% glutaraldehyde in
phosphate buffer at pH 7.4, excised, and sliced into serial 1-cm-
thick short-axis slices, parallel to the atrioventricular groove.
Transmural samples of glutaraldehyde-fixed myocardium from the
septum and the posterior wall were analyzed by both light and
electron microscopy. Light microscopy was used to quantify cel-
lular alterations and the amount of fibrosis and to select regions of
interest to be subsequently assessed with electron microscopy (10).
Semithick sections stained with toluidine-blue and Periodic Acid
Schiff reaction were obtained from each specimen. Each section

was examined using a special grid dividing the field into 121
identical squares to measure the percentage of the biopsy surface
covered by fibrosis or by cardiomyocytes. This procedure was
repeated several times on different zones of the sample. Subse-
quently, 100–200 cardiomyocytes sectioned through the nucleus
were examined and their morphological characteristics were stud-
ied (10). For the electron microscopic examination, the specimens
were postfixed in osmium tetroxide and routinely embedded in
epoxy resin.

Statistical Analysis
Continuous variables were expressed as mean � 1 SEM. Com-

parisons between pre- and postoperative data were made by 2-level
ANOVA for repeated measurements. Individual comparisons were
performed posthoc by the Scheffé test. All tests were 2-sided, and
a probability value of �0.05 was considered indicative of a sta-
tistically significant difference.

RESULTS

Contractile Dysfunction after Surgical Instrumentation
Of the 7 animals prepared for the experiments, 1 died

suddenly of massive myocardial infarction 2 d after surgery.
All 6 remaining animals survived and were successfully
followed up during 6 mo. Baseline values for systemic
hemodynamics and segmental wall thickening in the septal
and posterior walls from the preoperative and the 4 postop-
erative studies are shown in Table 1. No significant changes
in heart rate, mean blood pressure, or rate–pressure product
were noted over the study period.

The time course of changes in systolic wall thickening is
shown in Figure 1. In all dogs, systolic posterior wall
thickening was decreased at 6 wk after surgery. Although
the reduction in systolic posterior wall thickening persisted
throughout the study period, its severity varied substantially
between animals as well as over time in the same animal.
Peak reduction in systolic posterior wall thickening oc-
curred between 18 and 24 wk after surgery in all but one
dog (dog #3). In this animal, systolic posterior wall thick-

TABLE 1
Hemodynamics and Segmental Ventricular Function

Preoperative Postoperative

Baseline 6 wk 12 wk 18 wk 24 wk

HR 51 � 5 63 � 9 56 � 3 65 � 7 53 � 6
SBP 129 � 5 123 � 10 121 � 5 134 � 6 125 � 6
mBP 86 � 3 83 � 10 83 � 3 93 � 5 83 � 5
LVEDD 40 � 2 41 � 2 39 � 1 39 � 1 40 � 2
Wth

IVS 0.73 � 0.09 0.72 � 0.03 0.71 � 0.08 0.82 � 0.13 0.79 � 0.08
PW 0.79 � 0.07 0.40 � 0.06*‡ 0.50 � 0.13 0.38 � 0.08†‡ 0.32 � 0.04†§

*P � 0.05 vs. IVS.
†P � 0.01 vs. IVS.
‡P � 0.05 vs. baseline.
§P � 0.01 vs. baseline.
HR � heart rate (bpm); SBP � systolic arterial pressure (mm Hg); mBP � mean arterial pressure (mm Hg); LVEDD � LV end-diastolic

dimension (mm); Wth � wall thickening (%); IVS � interventricular septum; PW � posterior wall.
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ening reached a nadir at 6 wk after surgery (24% of base-
line) and recovered partially to 30% of baseline at 24 wk.
Systolic wall thickening in the septal wall, which was not
subtended by any coronary stenosis, remained unchanged
throughout the study period.

Resting Myocardial Blood Flow and Its Relation to
Regional Contractile Function

Resting myocardial blood flow was assessed by 13N-
ammonia PET every 6 wk during the 6-mo follow-up pe-
riod. Mean values of transmural myocardial blood flow at
24 wk are shown in Table 2, whereas the time course of
changes in transmural myocardial blood flow is shown in
Figure 2. Before surgery, similar transmural myocardial
blood flow values were measured in the septal and posterior
walls. These values were again similar at 6, 12, 18, and 24
wk after surgery. After 24 wk of follow-up, colored micro-
spheres were used to assess subendocardial and subepicar-
dial blood flow. As shown in Figure 3, subendocardial blood
flow was similar in the dysfunctional posterior wall and the
normally contracting septal wall (64 � 9 vs. 77 � 7 mL .

[min . 100 g]�1; P � not significant). The endocardial-to-
epicardial flow ratios (1.29 � 0.16 vs. 1.03 � 0.22; P � not
significant) were also similar.

Data were analyzed also by comparing the posterior-to-
septal-region ratio for blood flow with that for changes in
wall thickening at baseline 6, 12, 18, and 24 wk after
surgery (Fig. 4). At any time point, the decrease in segmen-
tal function was out of proportion to the possible decrease in
transmural or endocardial blood flow, indicating perfusion–
contraction mismatch.

Myocardial Flow Reserve
Myocardial flow reserve was measured with both PET

and colored microspheres at the time of the terminal study.
These measurements could not be obtained in 1 dog because
of technical problems. Baseline transmural myocardial
blood flow by PET was similar in the septal and posterior
walls (64 � 13 vs. 70 � 13 mL . [min . 100 g]�1; P � not
significant). Hyperemic myocardial blood flow was signif-
icantly lower in the posterior than in the septal wall (227 �
34 vs. 346 � 35 mL . [min . 100 g]�1; P � 0.05). Conse-
quently, transmural myocardial flow reserve by PET was
lower in the posterior than in the septal wall (3.7 � 0.5 vs.
5.2 � 1.5; P � 0.06). As shown in Figure 3, hyperemic
endocardial and epicardial blood flow values measured with
colored microspheres were significantly lower in the poste-
rior than in the septal wall (128 � 25 vs. 460 � 84, and
363 � 35 vs. 676 � 125 mL . [min . 100 g]�1, respectively;
both P � 0.05).

Recruitable Inotropic and Oxidative Reserve
The evolution of regional myocardial oxidative metabo-

lism in both walls is illustrated in Figure 5. Similar values
of regional myocardial oxidative metabolism were mea-
sured in the septal and posterior walls before surgery and at
6, 12, 18, and 24 wk after surgery. Regional mechanical

TABLE 2
Systemic Hemodynamics, Mechanical Function,

Myocardial Blood Flow, and Oxygen Consumption
During Infusion of Dobutamine

Baseline Low-dose dobutamine

HR 54 � 5 87 � 8
mBP 83 � 5 90 � 4
Wth

IVS 0.79 � 0.08 0.77 � 0.11
PW 0.32 � 0.04† 0.69 � 0.08§

RW
IVS 5.6 � 1.1 5.5 � 1.1
PW 2.7 � 0.2† 4.8 � 0.7‡

MBF
IVS 57 � 10 155 � 21§

PW 58 � 12 145 � 15§

MVO2

IVS 22 � 3 39 � 5§

PW 21 � 3 36 � 5*§

RW/MVO2

IVS 0.26 � 0.03 0.14 � 0.03§

PW 0.14 � 0.02† 0.14 � 0.02

*P � 0.05 vs. septum.
†P � 0.01 vs. septum.
‡P � 0.05 vs. baseline.
§P � 0.01 vs. baseline.
HR � heart rate (bpm); mBP � mean arterial pressure (mm Hg);

Wth � wall thickening (%); IVS � interventricular septum; PW �
posterior wall; RW � regional mechanical work (mJ/cm3); MBF �
transmural myocardial blood flow (mL . [min . 100 g]�1); MVO2 �
myocardial oxygen consumption [J . [beat . 100 g]�1).

FIGURE 1. Time course of changes in systolic wall thickening
in remote (F) and collateral-dependent (E) myocardium. Data
are depicted as percent changes from baseline values obtained
before ameroid implantation in the 5 dogs without infarction.
*P � 0.05 vs. remote; **P � 0.01 vs. remote; †P � 0.05 vs.
baseline; ‡P � 0.01 vs. baseline.
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efficiency, defined by convention as the ratio of external
mechanical work done to total energy supplied to and used
by a given segment of the LV (RW/MVO2), started to
decrease in the posterior wall by 6 wk after surgery and
reached a nadir at 24 wk (Fig. 6). Mechanical efficiency in
the septal wall remained stable over time.

The changes in systemic hemodynamics, segmental wall
thickening, myocardial blood flow, and MVO2 resulting
from the infusion of a low-dose (3.8 � 0.5 �g/kg/min) of
dobutamine are shown in Table 2. With low-dose dobut-
amine, systolic posterior wall thickening increased signifi-
cantly, from 30% � 4% to 69% � 8%. By contrast, systolic
septal wall thickening did not change significantly. Similar
directional changes in regional mechanical work were
noted. Myocardial blood flow and oxygen consumption
increased to a similar extent in both walls. As a consequence

of the respective changes in mechanical work and MVO2,
mechanical efficiency decreased in the septal wall but re-
mained unchanged in the posterior wall during low-dose
dobutamine infusion. Subsequent to the completion of the
low-dose steady state, dobutamine infusion rates were in-
creased up to 35 � 5 �g/kg/min. This resulted in a further
increase in heart rate (to 167 � 10 bpm; P � 0.001) and rate
pressure product (to 31,237 � 3,301 bpm . mm Hg; P �
0.001). It also caused the reworsening of the posterior wall
thickening (biphasic response).

Myocardial FDG Uptake Under Fasting and During
Hyperinsulinemic Euglycemic Glucose Clamp

The evolution of regional myocardial glucose uptake
under fasting conditions and during hyperinsulinemic eu-
glycemic glucose clamp in both walls is illustrated in Figure
6. During the glucose clamp, blood insulin levels increased
significantly (from 4 � 1 �U/mL at baseline to 240 � 25
�U/mL at end of procedure; P � 0.001), plasma glucose
levels remained unchanged (from 70 � 5 mg/dL to 70 � 6
mg/dL; P � not significant), and the arterial concentration
of fatty acid decreased (from 681 � 208 �mol/L to 187 �
73 �mol/L; P � 0.001). No significant differences in either
fasted or insulin-stimulated FDG uptake were noted be-
tween the septal and posterior walls at any time point. On
average, FDG uptake in the septum increased from 6 � 4
�mol .(min . 100 g)�1 under fasting conditions to 42 � 11
�mol .(min .100 g)�1 during hyperinsulinemic euglyce-
mic glucose clamp; whereas in the posterior wall, it
increased from 6 � 4 �mol . (min . 100 g)�1 (P � not
significant vs. septum) under fasting conditions to 39 �
8 �mol . (min . 100 g)�1 (P � not significant vs. septum)
during hyperinsulinemic euglycemic glucose clamp.

Pathological Findings

In all 6 animals, pathology was examined at the time of
the terminal study. Macroscopic and microscopic examina-
tions revealed no evidence of necrotic lesions except in 1

FIGURE 2. Time course of changes in transmural myocardial
blood flow measured with PET in remote (F) and collateral-
dependent (E) myocardium in the 5 dogs without infarction.

FIGURE 3. Endocardial (A) and epicardial (B) blood flows measured with colored microspheres in septum, anterior wall, and
posterior wall, at baseline (open bars) and during maximal hyperemia (hatched bars) in the 5 dogs without infarction. *P � 0.05
versus septum; **P � 0.01 versus septum.
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dog (dog #3), which showed a small subendocardial scar
involving the inner fifth of the posterior wall. In the 5
remaining dogs, the surface of the biopsy occupied by
extracellular matrix was not increased (1.19% � 0.18%),
and no structural changes affecting the cardiomyocytes
were noted.

DISCUSSION

The aims of this study were to investigate the long-term
outcome of dysfunctional noninfarcted collateral-dependent

myocardium and to explore the underlying physiology, includ-
ing glucose and oxidative metabolism, resting myocardial
blood flow and flow reserve, and recruitable inotropic and
oxidative reserve. The results can be summarized as follows:

1. Noninfarcted collateral-dependent myocardium exhib-
ited mechanical dysfunction that developed around the
presumed time of ameroid occlusion at 6 wk and
remained relatively stable for up to 6 mo after ameroid
implantation.

FIGURE 4. (A) Relation between blood flow (expressed as ratio of measurement in collateral-dependent region [posterior]
compared with that in remote region [septal]) and systolic wall thickening in collateral-dependent region (expressed as a similar
ratio). (B) Relation between absolute levels of myocardial blood flow and systolic wall thickening in posterior wall. Data are depicted
before ameroid implantation (F) and 6 (‚), 12 (ƒ), 18 (�), and 24 (E) wk after ameroid implantation in the 5 dogs without infarction.

FIGURE 5. (A) Time course of changes in myocardial oxygen consumption measured with PET in remote (F) and collateral-
dependent (E) myocardium. (B) Time course of changes in regional mechanical efficiency in remote (F) and collateral-dependent
(E) myocardium. Data are from the 5 dogs without infarction. *P � 0.05 vs. remote; **P � 0.01 vs. remote; †P � 0.05 vs. baseline;
‡P � 0.01 vs. baseline.
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2. Dysfunctional collateral-dependent myocardium showed
similar levels of resting myocardial blood flow and ox-
idative metabolism as remote normally contracting myo-
cardium from the same animal.

3. Dysfunctional collateral-dependent myocardium showed
reduced myocardial flow reserve compared with remote
normally contracting segments.

4. FDG uptake under fasting conditions was similar and
increased to a similar extent with insulin in dysfunc-
tional myocardium as in remote normally contracting
segments.

5. Dysfunctional myocardium displayed recruitable ino-
tropic reserve when challenged by a low dose of
dobutamine. Increases in myocardial blood flow and
oxygen consumption paralleled the enhancement of
myocardial function, which therefore does not result
from improved mechanical efficiency. High doses of
dobutamine resulted in the reappearance of contractile
dysfunction (biphasic response).

The current study describes the chronic follow-up of an
intact canine heart model with long-term coronary occlusion
and sustained segmental dysfunction. A short-term fol-
low-up (8 wk) of this same model was reported elsewhere
(4). That study found that the systolic wall thickening of
collateral-dependent myocardium started to decrease as
early as 7 d after ameroid implantation, the presumed time
when the ameroid constrictors would start to exert their
stenotic effect. It was also found that regional function
subsequently deteriorated further, albeit with large daily and
individual variations. Contractile dysfunction then stabi-
lized around the presumed time of complete coronary oc-
clusion, about 5 wk after surgery.

Data from the current study extend these previous find-
ings. Significant contractile dysfunction was noted as early

as 6 wk after instrumentation, i.e., at the time of our first
functional assessment. Contractile dysfunction subse-
quently persisted throughout the study, reaching its nadir at
around 24 wk. At that time, systolic wall thickening in the
ischemic area averaged 36% of baseline. Gross macroscopic
examination of postmortem specimens showed no evidence
of myocardial infarction, except in 1 animal, which exhib-
ited a small subendocardial scar. As shown earlier (4),
contractile dysfunction in this model is reversible, as it can
be reversed by angioplasty of the ring stenosis of the left
anterior descending artery.

Ameroids have been used in many instances to slowly
occlude coronary arteries and produce collateral-dependent
myocardium. In most prior studies, however, little or no
reduction of contractile function in the collateral-dependent
regions was observed (11,12), most likely because of the
rapid collateralization that typically occurs in dogs after
single ameroid implantation. To circumvent this problem,
we implanted more than one ameroid constrictor and at-
tempted to attenuate collateral blood flow by partially oc-
cluding the single remaining vessel able to provide collat-
erals, i.e., the left anterior descending coronary artery. Our
model is thus quite similar to that recently described by
Firoozan et al. (13), although in our study, the severity of
dysfunction was somewhat less and did not result in overt
cardiac failure. This is probably because the left anterior
descending coronary artery remained patent in our study,
whereas it was totally occluded in the study by Firoozan et
al. Our results are also in agreement with those of other
studies that used ameroid constrictors (13–15) and in which
segmental dysfunction progressively developed around the
fourth week after ameroid implantation. However, at vari-
ance with these previous studies, contractile dysfunction
persisted for up to 6 mo in our study, whereas it was only
transient in these earlier reports. Similarly prolonged reduc-
tions of contractile function were nonetheless reported
recently after implantation of a ring stenosis in juvenile
pigs (16).

There is intense controversy as to the mechanisms under-
lying chronic reversible ischemic dysfunction. One contro-
versy currently relates to whether chronic contractile dys-
function simply reflects repetitive or chronic stunning, or
whether the heart has the intrinsic capability to spontane-
ously downgrade its contractile function and energy require-
ments to cope with a sustained chronic reduction in myo-
cardial blood flow, a condition that has been referred to as
“myocardial hibernation.” To elucidate potential pathophys-
iological factors associated with chronic dysfunction, one
thus needs to examine regional flow–function relations in
the area of dysfunction (17). To measure myocardial blood
flow in this study, we used both PET, which allows mea-
surement of transmural myocardial blood flow, and the
colored microspheres technique, which permits computa-
tion of subendocardial blood flow. By using these 2 tech-
niques at all times and especially when dysfunction was
maximal, we found no differences in either transmural or

FIGURE 6. Time course of changes in myocardial glucose
uptake measured with PET under fasting conditions (E,F) and
during hyperinsulinemic euglycemic glucose clamp (‚,Œ) in re-
mote (F,Œ) and collateral-dependent (E,‚) myocardium in the 5
dogs without infarction.
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subendocardial blood flow between the dysfunctional and
remote normally contracting segments, except in the 1 dog
with a small subendocardial infarction. In all other animals,
similar to the findings reported from an early time-course
study (4), transmural and subendocardial blood flows were
homogeneously distributed across the entire LV and re-
mained so throughout the study period. A similar uncou-
pling between resting flow and function had been previously
observed during the course of ameroid occlusion in dogs
(14) and pigs (15) with prolonged albeit transient regional
contractile dysfunction, and more recently in pigs with
severe coronary artery stenosis (18,19). Our data are also
consistent with previous observations in humans with dys-
functional noninfarcted collateral-dependent myocardium
that showed nearly normal levels of resting transmural
myocardial blood flow to the collateral-dependent area de-
spite markedly reduced contraction (10).

Although the above findings allowed us to eliminate
chronic perfusion–contraction matching as the cause of
chronic regional dysfunction in our study, they do not
provide definite clues as to the underlying mechanism.
Since hyperemic vasodilatory reserve measured at the time
of the terminal study was found to be significantly reduced
in the dysfunctional area compared with remote normally
contracting myocardium, it is tempting to hypothesize that
the chronic dysfunction seen in noninfarcted collateral-de-
pendent myocardium might have been the consequence of
repetitive cumulative episodes of ischemia and reperfusion,
resulting in a state of chronic stunning. Unfortunately, due
to the design of our study, episodes of myocardial stunning
could not be demonstrated. Nevertheless, arguments in fa-
vor of the implication of stunning include (a) the marked
day-to-day variations observed during the early time course
of this model (4); (b) the preservation of myocardial blood
flow and oxygen consumption at rest; (c) the reduction in
flow reserve; (d) the presence of a residual recruitable
inotropic reserve; (e) the induction of high-demand ische-
mia during high-dose dobutamine infusion; and (f) the ab-
sence of morphological changes at pathology. Our hypoth-
esis is also supported by results of studies that examined the
time course of contractile dysfunction in chronic coronary
stenosis (4,13,20) and progressive ameroid occlusion mod-
els (15). These studies have indeed shown that during the
first weeks after onset of dysfunction, endocardial blood
flow often remains normal or is only marginally decreased,
and that severity of dysfunction correlates directly with
reduction in subendocardial flow reserve but is unrelated to
resting subendocardial blood flow (20). The fact that in
some of the studies the onset of dysfunction was preceded
by repeated episodes of acute demand-induced ischemia
(15) further reinforces our hypothesis.

On the basis of the above studies, one could inadvertently
conclude that the hibernating myocardium should always be
equated to chronically stunned myocardium. Recent works
by Fallovolita et al. (21) and Firoozan et al. (13) clearly
challenge this point of view. Studying the time course of

segmental blood flow in chronically dysfunctional myocar-
dium, these authors indeed observed that, with time and
increases in the physiological significance of the underlying
coronary stenoses, some of the dysfunctional segments,
which appeared “stunned” on early examination, eventually
became underperfused. It is noteworthy that the transition
from chronic stunning to chronic hibernation in these seg-
ments only occurred for threshold reductions in myocardial
flow reserve. This dependence of the temporal progression
to hibernation on critical reductions in myocardial flow
reserve probably explains why, in some studies, chronic
hibernation could never be induced, either because myocar-
dial flow reserve progressively improved with time (15) or
because it never became sufficiently reduced to produce
hibernation, as in this study. Altogether, the experimental
data suggest that chronic reversible myocardial ischemic
dysfunction is a complex, progressive, and dynamic phe-
nomenon that is initiated by repeated episodes of ischemia
and in which resting perfusion, although initially preserved,
may subsequently become reduced, probably in response to
the decrease in myocyte energy demand. Indeed, the per-
sistence of some degree of flow reserve, even when resting
myocardial blood flow is reduced, suggests that the reduc-
tion in rest flow is somehow secondary to that in resting
contractile function, and could serve as a way to increase
residual myocardial perfusion reserve (16).

In addition to the above observations, previous experi-
mental work has also shown that chronic but reversibly
dysfunctional myocardium retained the ability to tempo-
rarily improve function on stimulation with catecholamines,
whereas infarcted myocardium did not. The present study
extends these earlier observations to the situation of chronic
stunning. As expected from a previous work (21), infusion
of dobutamine did not significantly affect the contractile
performance of normal segments, but significantly de-
creased their mechanical efficiency. By contrast, low doses
(3.8 � 0.5 �g/kg/min) of dobutamine remarkably improved
the contractile performance of chronically dysfunctional
segments, which almost completely normalized. Interest-
ingly, the improvement in mechanical function seen in
dysfunctional segments with dobutamine was always at-
tended by changes in both transmural myocardial blood
flow and oxygen consumption of about the same magnitude,
so that mechanical efficiency remained unchanged. The
present findings thus suggest that the contractile reserve of
the chronically dysfunctional myocardium depends mainly
on maintenance of residual myocardial blood flow and
oxidative reserve and not on changes in mechanical effi-
ciency. This behavior thus appears to be somewhat different
from what had been previously reported in acute stunning,
in which inotropic reserve is at least partially dependent on
changes in mechanical efficiency (22,23).

In this study, we also investigated possible changes in
glucose metabolism in chronically dysfunctional myocar-
dium. Previous studies in humans using PET and FDG had
demonstrated that FDG uptake by such myocardium was
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often greater under fasting conditions and responded some-
what less to insulin than that of remote normally contracting
segments (24,25). This behavior is relatively similar to that
of acutely stunned myocardium. In dogs undergoing 3 h of
ischemia and reperfusion, Buxton et al. indeed found that
although the relative FDG uptake of stunned segments was
reduced compared with that of remote normal segments
immediately on reperfusion, it progressively increased over
time to remain higher than remote normal myocardium, 24 h
after reperfusion (26,27). Similar results were obtained in
patients with unstable angina (28) or recovering from exer-
cise-induced ischemia (29). The results of this study are thus
somewhat at variance with these earlier observations, as we
found no differences in FDG uptake among dysfunctional
and normally contracting segments, either under fasting
conditions or during glucose clamp. Our results are none-
theless in agreement with those obtained in pigs instru-
mented with external constrictors (30,31). In these animals,
the uptake of FDG indeed remained similar in reversibly
dysfunctional and normally contracting segments for as
long as myocardial flow reserve was not severely reduced.
It is thus probable that the absence of metabolic derange-
ments in our study was related to the lesser severity of the
ischemic insult than in other studies (20).

The chronically dysfunctional canine myocardium de-
scribed here shares both similarities and dissimilarities with
human dysfunctional noninfarcted collateral-dependent myo-
cardium, a condition previously considered to represent
pure myocardial hibernation (10). Both are associated with
normal or nearly normal levels of transmural myocardial
blood flow at rest, and show normal or nearly normal levels
of regional oxygen consumption (10); both have a preserved
ability to increase regional myocardial FDG uptake in re-
sponse to insulin stimulation (10,24); in both, regional myo-
cardial perfusion reserve is significantly reduced (10); and
both display recruitable inotropic reserve (5). Yet, the cur-
rent model deviates from human hibernating myocardium in
several respects. Specifically, the metabolic data under fast-
ing conditions (24,25) and the tissue ultrastructure (10) are
significantly different from what was shown to occur in
humans. It is thus tempting to hypothesize that a spectrum
of myocardial dysfunction actually exists in chronic but
reversible ischemic dyssynergy; mild degrees of myocyte
dysfunction being characterized by normal perfusion, little
or no structural change, and normal FDG uptake, whereas
more severe or more long-lasting forms of dysfunction
would be associated with varying degrees of structural
changes, resting underperfusion, and increase FDG uptake.

This study had several limitations. First, because we
wanted to follow the animals over the long term and min-
imize the risk of infection, we intentionally limited the
animal instrumentation to the implantation of 2 ameroid
constrictors and 1 ring occluder. This obviously prevented
us from continuously monitoring contractile function and
firmly demonstrating the chronic stunning hypothesis. Sec-
ond, to avoid undesirable movements during the long PET

acquisitions, the animals were studied during general anes-
thesia. Although we carefully chose anesthetic drugs that do
not interfere with myocardial function and metabolism, we
cannot exclude the possibility that they somehow influenced
the results. Finally, we measured perfusion and metabolism
noninvasively with PET. Measurements by this technique
are limited to transmural wall thickness, precluding the
examination of endocardial and epicardial regions sepa-
rately. The microspheres data nonetheless suggest that
transmural heterogeneity only occurred during hyperemia,
and not at rest.

CONCLUSION

We have studied a canine model of multiple coronary
occlusions and stenosis, which resulted in chronic contrac-
tile dysfunction and was characterized by normal or nearly
normal levels of resting myocardial blood flow and oxida-
tive metabolism, reduced myocardial blood flow reserve,
recruitable inotropic reserve, and maintained FDG uptake
under both fasting conditions and hyperinsulinemic glucose
clamp.
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