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normal increases during exercise. Augmented increases in 
systolic wall stress could contribute to the development of 
ischemia by causing exaggerated increases in myocardial 
oxygen demand during exercise. Consequently, this study 
was conducted to test the hypothesis that myocardial oxygen 
consumption during exercise is abnormally increased in the 
chronically pressure-overloaded hypertrophied left ventri- 
cle. 

y. Studies were per- 
formed in accordance with t on of the American 
Heart Association on Research Animal Use” adopted No- 
vember 11, 1984. Studies were performed in nine adult 
mongrel dogs in which left ventricular hypertrophy was 
produced by banding the ascending aorta at age 8 weeks, as 
well as in eight normal adult mongrel dogs that served as a 
control group. To produce hypertrophy, dogs were anesthe- 
tized with sodium pentobarbital(25 to 30 mgkg iutravenous- 
ly), intubated and ventilated with a respirator. A right 
thoracotomy was performed in the third intercostal space. 
The ascending aorta was dissected from the surrounding fat 
pad and encircled with a polyethylene band 3.0 mm in width. 
While left ventricular and aortic pressure were measured 
distal to the constriction, the band was t ed until a peak 
systolic pressure gradient of 20 to 30 m was achieved. 
The thoracotomy incision was repaired, and the dog was 
allowed to racover. At approximately 3 months of age the 

ined to run on a motor-driven treadmill. 
. Surgery for long-term instrumenta- 

ed when the dogs were I1 k 2 months of 
age. Dogs were anesthetized with sodium pentobarbital(30 
to 35 mgkg intravenously), intubated and ventilated with a 
respirator. A left thoracotomy was performed in the fifth 
intercostal space, and the heart was suspended in a pericar- 
dial cradle. A polyvinyl chloride catheter, 3 mm outer 
diameter, was introduced into the left internal thoracic 
artery and advanced into the ascending aorta distal to the 
constricting band. A similar catheter was introduced into the 
left atrial cavity through the atrial appendage. A third 
catheter was inserted into the left ventricle through the 
apical dimple. A final catheter was introduced int,o the right 
atrium through the atrial appendage, manipulated into the 
coronary sinus, advanced until the tip could be palpated 2 to 
3 cm beyond the coronary sinus ostium and secured with a 
purse-string suture. The xima12.5 cm of the left circum- 
flex coronary artery was sected free, and an electromag- 
netic flowmeter probe (Howell Instruments) was snugly 
fitted around the artery. A hydraulic occhrder constructed of 
polyviuyl chloride tubing, 2.7 mm outer diameter was placed 
around the vessel distal to the flow meter probe. The 
pericardium was loosely closed, and the catheters and elec- 
t&l leads were tunneled subcutaneously to exit at the base 

tltorax evacuated of ai 
to recover. Catheters 
solution and were protect 
surgical procedure was pe 

ring rest conditions. 

4.5 min to allow for the admi~is~atio~ of radioactive micro- 
spheres. Coronary sinus and aortic blood samples were 
withdrawn during the third minute of each exercise stage. 
During exercise stages 
diately followed by left 
spheres for determination of regional myocardial blood flow. 
At the conclusion of the fth stage of exercise, a 2 to 3 s 
coronary artery occlusio was again performed to ensure 
that the flow meter baseline measurement had remained 

syringes until the conclusion of 
(PO&, carbon dioxide tension ( 
measured with a blood gas analyzer 
tation Laboratory) calibrated w 
Hemoglobin content was determi 
globin method. Coronary sinus a 
saturation values were calculated from the blood Po2, pH 
and temperature by using the oxygen dissociation curve for 
dog blood (9). Blood oxygen content was calculated as 



was then arrest 
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Figure 1. increases in heart rate and left ventricular systolic pres- 
sure (LVSP) during graded treadmill exercise in eight normal control 
dogs and nine dogs in which left ventricu!ar hypertrophy (LVH) was 
produced by banding the ascending aorta. *p c 0.05 versus control. 

kg. The left ventricular/body weight ratio of 4.12 2 0.13 in 
the normal dogs was increased to 4.83 2 0.49 g/kg in dogs 
with aortic banding (p < 0.01). 

emedyn eat-t rate in the normal 
dogs increased progressively from 124 + 5 beats/min at rest 
to 245 + 5 beatslmin during the highest level of exercise. 
Heart rate tended to be faster in dogs with aortic banding 
than in normal dogs during standing on the treadmill at rest, 
although this difference was not statistically significant. 
Heart rate was significantly faster in dogs with aortic band- 
ing than in normal dogs during exercise stages 2 to 5. The 
increase in heart rate from rest to exercise stage 5 was 

similar in normal dogs 
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dogs with aortic banding (mean 

first three exercise stages 

ventricular systolic pressure was inc 

significantly greater than no 

mllmin per g at rest to 4.94 k 0.46 ml/mitt per g during the 
highest level of exercise (mean inc 
0.05 in comparison with normal). 
stage, blood flow per gram of myoc~diMm was significantly 
greater in dogs with aortic banding than in normal dogs (p c 
0.05). Coronary sinus oxygen tension was 20.8 9 1.8 tom in 
the normal dogs during rest conditions; oxygen tension 
decreased significantly during exercise (p c 0.05). In dogs 
with aortic banding, coronary sinus oxygen tension also 
underwent a significant decrease from rest to exercise (p c 

Table 2. Coronary Blood Flow, Coronary Sinus Oxygen Tension and Myocardial Oxygen Consumption 

Comaary Blood Row Coronary Sinus Paz 
(ml/min per g) 

Myocardial 0, Consumption 
(!Orr) (mlhnin per g) 

Normal LVH Normal LVH Normal LVH 

Rest 1.39 + 0.21 1.71 r 0.12 20.8 + 1.8 18.0 ?: 1.3 0.158 f 0.027 0.215 + 
Ex 1 

0.018 
1.83 2 0.23 2.56 + 0.24’ 16.5 2 1.0 15.3 ?: 0.8 0.223 f 0.030 0.328 f 

Ex2 
0.038* 

2.21 f 0.21 3.26 I 0.16* 15.1 f 1.2 14.5 ?r 0.9 0.278 f 
Ex3 

0.020 0.427 + 0.029* 
2.59 % 0.26 3.85 + 0.24* 14.3 + 1.4 14.0 ?: 1.0 0.332 k 

Ex4 
0.030 0.495 + 0.019* 

3.oi f 0.29 4.64 + 0.32* 13.5 f 1.3 13.5 k 
ExS 

0.8 0.395 f 0.034 0.598 f 0.033* 
3.24 f 0.39 4.94 2 0.46* 12.6 + 1.1 13.3 k I,3 0.438 + 0.040 0.656 z.k 0.034” 

- 
*P C 0.05 vs. normal. Values are mean f SEM. Blood flow and oxygen consumption are expressed per gram of myocardium. PO, = oxygen tension; other 

abbreviations as in Table 1. 
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exercise was similar in no 
banding, coronary blood flow was plotted as a ~~~~tion of 

ex 

Myocardial Blood Flow 
(mlhnin per $1 EndolEpi Flow 

Rest 1.38 -c 0.22 1.69 i: 0.14 1.27 f 0.08 1.09 r O.oP 

*p < 0.05 compared with normal. EndolEpi = su~e~doca~d~a~/ 
subepicardial; other abbreviations as in Table 1. 
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Figwe 4. Ratio of subendocardiaVsubepicardia1 (EndolEpi) blood 
flow measured with microspheres at rest and during light (6.4 km/h 
at 5% grade) and heavy (6.4 km/h at 15% grade) exercise in eight 
normal dogs and nine dogs in which left ventricular hypertrophy 
(LVH) was produced by banding the ascending aorta. The suben- 
docardialkubepicardial flow ratio is shown relative to heart rates 
observed during the three experimental conditions to correct for 
direct effects of heart rate on the transmural distribution of blood 
flow. *p < 0.05 versus control. 

tion per gram of myocardium was significantly greater in 
dogs with aortic banding than in normal control dogs. This 
finding indicates that increased oxygen demands could con- 
tribute to increased vulnerability to ischemia during exercise 
in the chronically pressure-overloaded hypertrophied left 
ventricle. The increased myocardial oxygen consumption in 
dogs with hypertrophy was the result of both a significantly 
increased oxygen consumption per beat as well as the faster 
heart rates during exercise in this group of animals. 

oxygen ~n~m~t~on dplri 
igators have measured ox 

pressure-overloaded hypertrophied myocardium. Using fe- 
line right ventricular papillary muscles in which hypertrophy 
was produced by pulmonary artery banding to cause an 
abrupt increase in right ventricular systolic pressure, Cooper 
et al. (11) observed an increase in oxygen consumption 
relative to isometric tension development. In contrast, when 
hypertrophy was produced by gradual progressive pressure 
overload after pulmonary artery banding in young growing 
cats, papillary muscle oxygen consumption was decreased 
relative to that in normal muscles at similar levels of tension 
development (12). Similarly, Breisch et al. (13) found that 
total heat production during contraction in the pressure- 
overloaded hypertrophied feline left ventricle was signifi- 
cantly reduced when compared with normal at P levels of 
mechanical performance. In contrast to these in vitro stud- 

s, in the present study during rest conditions, there was no 
signiticant difference in oxygen consumption per gram of 
myocardium expressed directly or per beat in normal and 
hypertrophied hearts. In the intact heart, oxygen consump 
tion is importantly influenced by the magnitude of systolic 
wall stress (14). In response to elevated systolic pressure, 
myocardial hypertrophy occurs to distribute the increased 
systolic load over a larger cross-sectional area, thereby 

decreasing systolic wall stress toward no 
tients with diverse causes of left 
Strauer (16,11) reported that 
tion was variable, but was 
computed systolic wall stress 
was not determined in the pres 

during rest conditions 
ar aorttc stertosns, 

exercise. Although cardiac failure 
increased heart rate at rest (l&19) 
in this study had left ventricular 

banding is unclear. 
Afrer normalization for heart rate, oxygen consumption 

per beat was still sign&ant/y greater in dogs with aortic 
banding than in normal dogs during moderate and heavy 
levels of exercise. This indicates that factors other than heart 
rate must have contributed to the abnormally increased 
oxygen consumption during exercise in dogs with hypertro- 
phy. A prominent diiference between the two gronps of dogs 
was the exaggerated increase in left ve~t~cMl~r systolic 
pressure during exercise in dogs with aortic banding. Al- 
though the degree of myocardial hypertrQpby may have been 
appropriate to normalize systolic wall stress during rest 
conditions (15,16), this exaggerated increase in left ventric- 
ular systolic pressure during exercise in the 
fixed left ventricular &flow obstruction would be expected 
to result in abnormally increased systolic wail stress during 
exercise. Because systolic wall stress is a fundamental 



ressure was ah 

arterial hypertension is associated with increase 
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coronary perfusion pressure during diastole. This increase in 
aortic diastolic pressure has been shown (8) to counteract, at 
least in part, the subendocardial perfusion abnormality dur- 
ing stress in the hypertrophied left ventricle. 

In the present study, the abnormally increased myocar- 
dial oxygen demands during exercise appeared to be related 
to the exaggerated increase in left ventricular systolic pres- 
sure in dogs with aortic banding. The increase in left 
ventricular systolic pressure during exercise would likely be 
similar whether the left ventricular outflow obstruction is 
located at the valvular or supravalvular level. Thus, the 
exaggerated increase in myocardial oxygen consumption 
during exercise in the experimental model of ascending aorta 
banding would be also expected to occur with valvular aortic 
stenosis. Although findings from the experimental laboratory 
must be applied with caution in the clinical setting, these 

st that the increased vulnerability of the chroni- 
cal!y pressure-overloaded hypertrophied left ventricle to 
exercise-induced ischemfa may be related to both abnor- 
mally increased myocardial oxygen demands during exercise 
and atmormalities of myocardial perfusion, 

We acknowledge the expert technical assistance provided by Eugene Sublett, 
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