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The effect of hypoxemia on coronary autoregulation was

investigated in nine anesthetized, open-chest dogs. The

anterior descending coronary artery (LAD) was cannulated and

perfused with normoxic arterial blood and with moderately

hypoxic blood (02 content = 10 + 1 ml 02 /dl). LAD blood

flow was measured as perfusion pressure was varied from 140

to 40 mmHg. At perfusion pressures at and above 40 mmHg,

hypoxemia significantly increased LAD flow. During

normoxia, the autoregulatory closed-loop gain (Gc) was

significantly greater than zero at perfusion pressures from

60 to 120 mmHg. During hypoxemia, Gc was greater than zero

only at perfusion pressures from 80 to 100 mmHg. During

hypoxemia, LAD blood flow increased sufficiently to maintain

oxygen delivery and consumption constant, but the range and

potency of autoregulation was attenuated.
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CHAPTER I

INTRODUCTION

Hypoxia, a subnormal level of oxygen in blood or

tissue, occurs in normal subjects at high altitude, and also

clinically in patients with heart failure, pulmonary

embolism, myocardial infarction, and in shock (39).

Extensive investigation has been performed on the local

effects of hypoxia on tissue perfusion. When a vascular bed

is perfused with hypoxic blood, blood vessels vasodilate

(14, 23, 38, 39). Heistad et al. (39) reported that the

coronary circulation is one of the most sensitive vascular

systems to hypoxia. The effect of hypoxia on the coronary

circulation is a decrease in coronary vascular resistance

and an increase in coronary blood flow (5, 40, 43).

Local regulation of coronary blood flow is

characterized by adjustments in the vascular resistance in

response to changes in the balance between myocardial oxygen

supply and demand. One of the important physiological forms

of local coronary flow regulation is autoregulation (19).

Coronary Autoregulation

Coronary flow autoregulation refers to the intrinsic

ability of the coronary circulation to maintain its blood

flow relatively constant despite changes in coronary

1



2

perfusion pressure (19, 26, 55). In the left coronary

circulation, coronary flow is relatively constant over the

pressure range of 80 to 120 mmHg (7, 55, 60), but in the

right coronary circulation, pressure-flow autoregulation is

significantly less potent (66). Tissue pressure, myogenic,

and metabolic theories have been proposed to explain the

phenomenon of coronary autoregulation.

Tissue Pressure Theory

The tissue pressure hypothesis is based on the

observation that changes in perfusion pressure result in

directionally similar changes in tissue pressure due to

capillary ultrafiltration (22, 26, 42). Enhanced capillary

filtration following an increase in coronary perfusion

pressure would increase tissue pressure, which in turn would

compress intramyocardial vessels, increase resistance and

reduce blood flow back toward control values.

Driscol et al. (22) found evidence against the tissue

pressure theory of autoregulation in measurements of

myocardial tissue pressure during changes in coronary

perfusion pressure. Tissue pressure increased whenever

perfusion pressure was elevated, and tissue pressure rose

during the autoregulatory decline in flow, as the tissue

pressure hypothesis would predict. However, when vascular

tone was abolished by intracoronary infusion of

dipyridamole, there was no autoregulatory decline of flow,

although an increase in perfusion pressure still caused an
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increase in tissue pressure. Another experiment to evaluate

the tissue pressure theory of autoregulation was conducted

by Heineman and Grayson (37) using a servo-nulling pressure

transducer and a polyethylene micropipette (ID < 12 um) to

measure myocardial tissue pressure during the cardiac cycle.

They observed that diastolic tissue pressure was not

correlated with coronary perfusion pressure, whereas maximum

systolic tissue pressure was closely correlated with peak

systolic left ventricular pressure over a wide range of

pressures. Since most left coronary flow occurs in

diastole, the absence of correlation between tissue pressure

and coronary perfusion pressure indicates that

autoregulation cannot be explained by the tissue pressure

theory.

Myogenic Theory

The myogenic theory of autoregulation was first

proposed by Bayliss (3). He hypothesized that vascular

resistance is proportional to transmural pressure at the

arteriolar level due to the effect of stretch on vascular

smooth muscle. Thus, an increase in intravascular pressure

causes vasoconstriction, and a decrease in intravascular

pressure causes vasodilation. To date no studies have

directly demonstrated a myogenic response in the coronary

circulation. Eiken an Wilcken (25) investigated the

myogenic theory of autoregulation by studying reactive

hyperemic responses following coronary occlusions which they
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thought were sufficiently brief to avoid altering the

myocardial metabolic state. They found that the mean

percent repayment of flow debt after a one-cycle occlusion

was 227 %, and they concluded that myogenic responses

contributed to the hyperemia. However, myocardial metabolic

changes have been shown to occur even during the course of a

single cardiac contraction (9, 29). Recently Bache et al.

(2) and Schwartz et al. (59) showed that omitting a single

paced beat in hearts of conscious dogs caused a transient

decrease in coronary flow. A single cycle of paired

ventricular stimulation caused a brief increase in coronary

flow. They concluded that a metabolic mechanism rather than

a myogenic mechanism was responsible for these rapid flow

responses. Moreover, Dole et al. (18) observed that

reducing myocardial oxygen demands by lowering heart rate

significantly attenuated coronary autoregulation. Although

their observation cannot differentiate myogenic and

metabolic effects on coronary flow autoregulation, an

attenuation of coronary autoregulation by a reduction of

myocardial oxygen demand is difficult to explain by a

myogenic mechanism.

Metabolic Theory

In the metabolic theory of autoregulation, myocardial

metabolism provides a local feedback signal to maintain

tissue oxygenation constant during changes in oxygen supply

or demand (4, 8, 26, 42, 56). In this mechanism, tissue
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levels of metabolic substrates or metabolites control

vascular resistance. Although coronary blood flow is

sensitive to changes in myocardial oxygen consumption, this

does not prove that coronary pressure-flow autoregulation is

due to a metabolic mechanism.

Several canine studies have demonstrated that metabolic

factors can influence the shape of the coronary pressure-

flow relationship. Berne (6) found that autoregulation was

attenuated or abolished when myocardial temperature was

reduced from 37*C to 219C. He suggested that hypothermia

induces a decrease in coronary resistance possibly by

reducing the rate of destruction of a vasodilator substance.

In another experiment by Berne (6), autoregulation was

examined in fibrillating hearts. Ventricular fibrillation,

which reduced oxygen demand, attenuated autoregulation,

particularly at higher pressures. Shaw et al. (61) and

Mosher et al. (49) also investigated effects of altered

cardiac function on coronary autoregulation. When cardiac

function was reduced by bleeding or increased by elevating

aortic pressure, coronary blood flow was autoregulated at

the new level of function in a fashion parallel to the

control state. Other investigators described a similar

parallel shift in the coronary pressure-flow relationship

during an increase in heart rate (21, 44). More recently,

Dole et al. (18) found that at pressures between 80 and 160

mmHg, lowering heart rate attenuated autoregulation,
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whereas coronary vasoconstriction with vasopressin augmented

autoregulation.

Oxygen as a Metabolic Mediator of Coronary Autoregulation

A number of putative myocardial substrates or

metabolites such as oxygen, adenosine, prostaglandins, and

potassium have been proposed as local mediators of coronary

blood flow autoregulation. Based on the metabolic theory,

oxygen could mediate coronary flow autoregulation by a

direct action involving changes in partial pressure of

oxygen (p02 ) within the smooth muscle resistance vessels or

by an indirect action involving metabolic signals from

myocytes (4) . In the later process, slight discrepancies

between oxygen supply and demand would result in changes in

myocardial oxygen tension (Pt0 2) which, via changes in the

rate which vasoactive metabolites are released, would effect

adjustments in the coronary vasculature to restore the

oxygen supply-demand balance (7, 56).

Carrier et al. (10) investigated the role of oxygen in

control of local blood flow in isolated arterial segments by

perfusing them with blood of varying p02 but with

physiological pH, pCO2 , and temperature. A decrease in

vascular resistance always occurred when p02 was lowered,

and, furthermore, the smaller vessels gave the greatest

response to low p02 . They concluded that oxygen could be a

major factor in the control of local blood flow. Detar and

Bohr (15) examined the mechanical tension in response to

".."W
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epinephrine using isolated vascular smooth muscle of rabbit

aorta. They observed a direct relationship between p02 of

the bathing solution.

Gellai et al. (30) examined the interactive effects of

oxygen and adenosine on isolated helical strips of rabbit

coronary arteries. Steady-state contraction of the strips

was depressed 5-10 % when p02 of the bath was reduced to 5-

10 mmHg. Presence of a low concentration of adenosine (10-7

mol/1) potentiated the response to decreased p02 . Gellai et

al. (30) proposed that coronary vascular tone is closely

related to variations in local p02 as long as some adenosine

is present in the interstitial space. Downey et al. (20)

reported that nonischemic hypoxia induced pronounced

coronary vasodilation with reduced tissue concentrations of

adenosine and inosine. They suggested that reduced

myocardial oxygen tension may cause dilation of coronary

resistance vessels by a direct relaxant effect on arteriolar

vascular smooth muscle. More recently, Jackson and Duling

(41) examined oxygen sensitivity of in situ hamster cheek

pouch arterioles before and after separation of the vessel

from surrounding tissue. They found that the presence or

absence of the parenchyma had no effect on the arteriolar

segment's sensitivity to changes in the perfusate p02 over

the range from 15 to 150 mmHg. They concluded that oxygen

sensitivity of hamster cheek pouch arterioles resulted from

a local action of oxygen on the arterioles and this
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sensitivity did not require a parenchymally-derived

mediator.

Drake-Holland et al. (21) tested the hypothesis that

tissue oxygen tension controls coronary vascular resistance

during changes in perfusion pressure and heart rate. In

their study, coronary venous oxygen content was used as an

index of tissue oxygen tension. They demonstrated a

positive relationship between coronary venous oxygen content

and coronary vascular resistance during autoregulation.

Recently, Dole et al. (18) examined the role of average

tissue p02 , as reflected in coronary venous p02 , on coronary

autoregulation. According to the their experiments,

coronary autoregulation was coupled more closely to

myocardial p02 rather than to myocardial oxygen consumption.

Schubert et al. (58) measured tissue p02 with an oxygen

microelectrode at two levels of perfusion pressure in

isolated saline-perfused cat hearts. Decreasing coronary

artery pressure from 113 to 78 mmHg did not cause a

significant change in average tissue p02 in hearts which

demonstrated autoregulation. They suggested that average

tissue p02 is not the mediator of coronary autoregulation.

However, there were locally hypoxic areas (p0 2 < 5 mmHg) in

the myocardium, these areas may have provided a feedback

signal for adjustment of coronary resistance.

The Effect of Hypoxia on the Coronary Circulation'

The strong vasodilating effect of hypoxia on the
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coronary circulation has been recognized and confirmed in

many laboratories (14, 24, 27, 32, 36, 46, 48, 60).

Arterial hypoxemia, resulting from acutely induced hypoxia,

increases coronary blood flow and is accompanied by a

decrease in coronary sinus oxygen tension, but with no

change in myocardial oxygen consumption (63, 35). Berne et

al. (5) examined the relationship between coronary blood

flow and oxygen content of venous blood during graded

hypoxemia. They perfused hearts with blood containing

various amounts of oxygen and at different perfusion

pressures. When coronary sinus oxygen content fell below

5.5 ml 02 /dl, there was a marked coronary vasodilation.

They suggested that coronary vascular resistance is

particularly sensitive to hypoxia when myocardial oxygen

tension is below the value reflected by a venous oxygen

content of 5.5 ml 02 /dl. Nakamura et al. (52) confirmed

that coronary blood flow increases dramatically when

coronary venous oxygen tension falls below 18 mmHg. Vance

et al. (63) obtained similar results with hypoxemia in

closed chest dogs using radioactive xenon washout to

estimate coronary blood flow. They observed a particularly

close relationship between myocardial blood flow and

coronary sinus blood oxygen tension during hypoxemia. Berne

et al. (5) suggested that myocardial rather than

intravascular oxygen tension is the critical variable for

controlling coronary blood flow when coronary sinus oxygen

- -- -~ -~ 7
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content was less than 5.5 ml 02 /dl. This observation was

also used as indirect evidence for a mediator (adenosine)

that is released from the myocardium in response to

myocardial hypoxia.

The Role of Adenosine in Coronary Autoregulation

Schrader et al. (57) tested the role of adenosine in

autoregulation by measuring tissue adenosine content and

release of adenosine after pre-labeling cardiac adenine

nucleotides with 1 4 C-adenine. When perfusion pressure was

lowered over the autoregulation range in isolated-perfused

guinea pig hearts, both tissue adenosine content and

adenosine release increased. Gewirtz et al. (31), in a

closed chest conscious pig model, tested the hypothesis that

adenosine is required to maintain arteriolar vasodilation

beyond a coronary stenosis. The coronary stenosis was

induced by placing a 7.5 mm long stenosis (82 % reduction in

lumenal diameter) in the proximal LAD. In that study,

adenosine was not required for maintenance of arteriolar

vasodilation, but adenosine may have played a more important

role in initiating coronary vasodilation in response to an

acute decline in coronary perfusion pressure. Recently Dole

et al. (17) employed intracoronary infusion of adenosine

deaminase to test the effect of adenosine on autoregulation.

The major finding of their study was that adenosine

deaminase did not alter the time course of coronary

autoregulation or the steady state autoregulatory flow over
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the pressure range of 125 to 75 mmHg. Adenosine deaminase

also did not alter steady state coronary flow when

perfusion pressure was reduced below the range for effective

autoregulation (60-40 mmHg) (17). These results suggest

that adenosine is not essential for coronary autoregulation.

Similar conclusions were reached by other investigators

(31).

Rationale for Investigation

Previous investigations have examined coronary

autoregulation during alterations of myocardial oxygen

demand. I propose to study coronary autoregulation during

alterations in myocardial oxygen supply, specifically that

caused by moderate hypoxemia (02 content:10 + 1 ml 02/dl

blood; p02 :35 + 5 mmHg). Weisfeldt and Shock (65) examined

the effect of hypoxia on coronary autoregulation in a stable

nonworking Langendorff perfused rat heart preparation. No

previous studies have examined the effect of hypoxemia on

coronary autoregulation in blood-perfused in situ heart.

In preliminary experiments I have observed that coronary

blood flow is adjusted during moderate hypoxemia to maintain

normal oxygen delivery to myocardium perfused at normal

pressure. Thus, a control system apparently designed to

keep oxygen delivery constant is functional under this

hypoxemic condition. How this control system responds to

pressure-induced increases and decreases in oxygen supply

during hypoxemic conditions is unknown.
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In the experiments of Dole et al. (18), autoregulation

was attenuated when coronary venous p02 was greater than 35

mmHg. When venous (and presumably tissue) p0 2 was reduced

by increasing myocardial oxygen consumption by pacing,

autoregulation was enhanced. It might follow then that

autoregulation would be enhanced when tissue p02 is reduced

under moderately hypoxemic conditions. On the other hand,

Dole et al. (18) found poor autoregulation when venous P02

was elevated. Autoregulation was improved when coronary

tone was increased with vasopressin. Since coronary tone is

reduced during hypoxemia, it might follow then that

autoregulation would be attenuated. By studying

autoregulation during moderate hypoxemia, I should be able

to differentiate the role of these two factors, tissue p02

and basal vasomotor tone, in determining autoregulatory

potency.

To further examine the role of myocardial p02 in

autoregulation I will measure myocardial p02 with a

polarographic oxygen electrode during normoxic and hypoxemic

conditions. Although oxygen supply is maintained normal

during moderate hypoxemia, I expect that myocardial p02 will

decrease. In fact, a decrease in p02 is likely responsible,

either directly or indirectly, for the decreased vascular

resistance required to maintain normal oxygen delivery

during hypoxemia. To what extent will changes in perfusion

pressure change myocardial p02 during normoxic and hypoxemic
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conditions? How will these changes correlate with

autoregulatory potency? How will changes in myocardial p0 2

correlate with changes in coronary venous p02 ? Are these

relationships similar during normoxic and hypoxemic

conditions? Answers to these questions should enable me to

more completely understand and describe the mechanism of

coronary autoregulation.



CHAPTER II

MATERIALS AND METHODS

Experimental Animals

Mongrel dogs (Canis familiars) of either sex, weighing

15 to 25 kg, were used as experimental animals. The dogs

were obtained from either the Dallas Animal Shelter or the

Burleson Animal Shelter, and were housed in the Texas

College of Osteopathic Medicine (T.C.O.M.) Vivarium prior to

experimentation. The dogs were free of symptoms of cardio-

respiratory disease and had normal hematocrits (40 - 45).

Pharmacological Agents

The following pharmacological drugs were used in this

investigation: Surital (thiamylal sodium, 25 mg/ml),

anethesia, (Park-Davis, Morris, NY); alpha-chloralose (130

mg/ml), anesthesia, (Nutritional Biochemical, Cheveland,

OH); heparin (5000 U/ml), anticoagulant, (Elkins-Sinn Inc.,

Cherry Hill, NJ); sodium bicarbonate (75 mg/ml), systemic

alkalizer, (Fisher Chemical Company, Fair Lawn, NJ). Alpha-

chloralose and Surital were dissolved in distilled water.

Sodium bicarbonate was dissolved in normal saline.

General Preparation

Nine dogs were initially anesthetized by thiamylal sodium (5

mg/kg, i.v.), followed by alpha-chloralose (130 mg/kg,

14
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i.v.). Supplemental doses of alpha-chloralose (10-20 mg/kg,

i.v.) were administered to maintain the anesthetic state

during experimentation, as indicated by an attenuated eye

reflex.

The trachea was intubated and the lungs were ventilated

(15-20 cc/kg) with room air by a Harvard model 607

respirator. If necessary, 100 % 02 was added to the

respirator inflow to maintain normal arterial oxygen

tension. Sodium bicarbonate was administered as needed to

maintain normal arterial blood pH. Normal arterial pC0 2 was

maintained by adjusting volume or rate of respiration. Body

temperature was maintained at 38*C by a circulating-water

heating pad. A left thoracotomy was performed in the fourth

intercostal space, and the upper and middle lobes of the

left lung were retracted to approach the heart. The heart

was exposed through a pericardotomy and suspended in a

pericardial cradle.

Aortic blood pressure was measured with a Statham P23

Db transducer (Gould) connected to a polyethylene catheter

inserted through the left carotid artery and advanced into

the thoracic aorta. Both left and right femoral arteries

and veins were isolated. A polyethylene catheter was

inserted through the left femoral artery and advanced into

the descending aorta. This catheter supplied the coronary

perfusion system with arterial blood. Another polyethylene

catheter was inserted through the right femoral artery and
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advanced into the descending artery. This catheter supplied

blood to a Bentley model 5 pediatric blood oxygenator. A

polyethylene catheter was inserted through the left femoral

vein and advanced into the inferior vena cava. This

catheter was used to administer supplementary anesthesia,

heparin, and fluids.

For measuring left ventricular pressure, a Konigsberg

transducer was inserted into the left ventricular chamber

through the apex, or a Millar PC-380 transducer tipped

catheter was inserted into the left ventricle through the

left atrial appendage. The left ventricular pressure signal

was electrically differentiated by a Beckman 9879 coupler

and recorded. Heart rate was kept constant by electrical

stimulation of the left atrial appendage at a rate just

above the intrinsic heart rate. Heart rate was measured by a

Beckman 9857 tachometer coupler, which was driven by

ventricular dP/dt.

A pair of ultrasonic crystals was implanted

approximately 1 cm apart in the mid-myocardium of the LAD

perfusion territory at the second diagonal branch to measure

myocardial segment-length shortening. Signals from the

crystals were sensed with a Ultrasonic Dimension System,

model 401 (Schuessler and Associates), monitored with a

Tektronix 2215A oscilloscope, and recorded with a

SensorMedics R611 eight-channel polygraph. Percent

myocardial segmental shortening (SS) was computed as the
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difference between end-diastolic segment length and end-

systolic segment length times 100 and divided by end-

diastolic segment length. End-diastolic segment length was

measured at the beginning of the positive deflection of

dP/dt, whereas end-systolic length was measured at the

beginning of the negative deflection of dP/dt.

The anterior interventricular vein was isolated and,

after heparinization (500 U/kg, i.v.), cannulated with PE-90

tubing to collect effluent venous blood samples from the

LAD-perfused region. Blood from the anterior

interventricular vein was allowed to drain freely into a

small beaker, and was reinfused intermittently through the

femoral vein catheter. Additional heparin (2000 U, i.v.)

was administered every hour.

Aortic pressure, LAD perfusion pressure, left

ventricular pressure, left ventricular dP/dt, LAD blood

flow, heart rate, myocardial oxygen tension, and segment-

length shortening were recorded continuously by an eight

channel SensorMedics Recorder, model R611.

Perfusion of the Left Anterior Descending Coronary Artery

(LAD)

The LAD was isolated just distal to the circumflex

artery, cannulated with a stainless steel cannula (3.0 mm

o.d., 2.2 mm i.d.), and perfused with blood from a

pressurized reservoir. A schematic diagram of the perfusion

system used in these experiments is shown in Figure 1. The
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perfusion system contained two pressurized reservoirs in

parallel, one for normoxic blood and one for hypoxemic

blood. For normoxic perfusion, blood from the left femoral

artery was pumped to the normoxic pressurized reservoir.

The LAD was perfused with normoxic blood whenever the

hypoxemic perfusion line was clamped. For hypoxemic

perfusion, blood from the right femoral artery was pumped

first to a pediatric blood oxygenator, supplied with N2 ,

C0 2 , and 02. The input of 02 and CO2 to the oxygenator was

adjusted to maintain perfusate oxygen content at

approximately 10 ml/dl, and to maintain perfusate pCO2 and

pH physiologically throughout the experiment. The LAD was

perfused with this moderately hypoxemic blood whenever the

normoxic line was clamped. Separation of blood in the

reservoirs was prevented by magnetic stirrers. LAD

perfusion pressure was monitored with a Statham P23 Db

transducer through a fluid-filled catheter advanced to the

tip of the perfusion line. LAD blood flow was measured with

a Carolina Medical Inc. model FM 501 flowmeter and a model

EP 610 in-line flow transducer. Temperature of the

perfusate was maintained at 38*C by a circulating-water heat

exchanger in the perfusion line.

Measurements of Blood Gas Variables

During the experiments systemic arterial, LAD

perfusate, and interventricular venous blood samples were

collected anaerobically and analyzed for the following blood
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gas variables: pH, pCO2 , p02 , 02 content, 02 saturation, and

hemoglobin content. The LAD perfusate blood samples were

drawn from the LAD perfusion line. Coronary venous blood

samples were collected under mineral oil in a glass tube.

The p02 , p02 , and pH of each blood sample were measured with

a Corning model 175 automatic pH/blood gas system. Arterial

and venous 02 content of each blood samples were measured

with an Instrumentation Laboratory model 282 Co-Oximeter or

with a Lexington Instruments Lex-02-Con-K.

Measurement of Myocardial Oxygen Tension (Pt02)

Myocardial oxygen tension was measured with a bare-tip

platinum electrode. These electrodes were prepared from 10

mm lengths of Teflon-coated platinum wire, 90 % platinum, 10

% iridium (Sigmund Cohn Corp.). The diameter of the bare

platinum wire was 177 um and, including the Teflon

insulation, the total diameter of the electrode was 254 um.

The end of the electrode to be inserted into the tissue was

freed of insulation by cutting the wire at a 45 degree

angle. The other end was freed of insulation and soldered

to a lead wire. The in vitro response of each electrode was

determined in a calibration cell, which contained 0.9 % NaCl

and a (Ag/AgCl) reference electrode. Temperature in the

calibration cell was maintained at 37 + 0.5*C by a

circulating-water heat exchanger.

The characteristic voltage-current relationship was

established for each oxygen electrode according to the
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following procedure, as originally described by Carter et al

(11). Initially, the polarization voltage was set at -1.0

voltage (V) . Saline in the calibration cell was

deoxygenated by bubbling with 100 % N2 until the current

from the electrode was stable. Current flow resulting from

the diffusion of residual oxygen to the platinum surface was

measured by a Chemical Microsensor, model 1201 (Diamond

Electro-Tech). Output current of the Chemical Microsensor

was recorded by a SensorMedics R611 eight-channel polygraph.

This process was repeated as the polarization voltage was

decreased in 0.05 V steps from -1.0 V to 0.0 V. As

illustrated in Figure 2, the voltage-current relationship

for a polarographic oxygen electrode tends to reach a

plateau near -0.75 V. At this plateau voltage, the current

from the electrode surface is relatively independent of the

polarographic voltage.

To verify the response of the oxygen electrode at

different oxygen concentrations, normal saline was

equilibrated with 0 %, 5 %, 12 %, a mixture of 0 and 5 %,

and a mixture of 5 and 12 % oxygen for 15 minutes each in a

calibration cell. After bubbling was stopped at each oxygen

concentration, current from the electrode was measured by

the Chemical Microsensor, and a small sample of the saline

was drawn anaerobically to measure its p02 with the Corning

175 automatic pH/blood gas system. From these data, a

standard curve of electrode current vs. p0 2 was obtained
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(Figure 3). This data was analyzed by linear regression.

For the electrodes used in this study, r2 ranged from 0.96

to 0.98.

The oxygen electrode was inserted 3 + 0.5 mm deep into

the myocardium supplied by the LAD and secured with a drop

of super glue applied to the epicardium. A reference Ag-

Agcl electrode was placed under the skin. If bleeding

occurred around the oxygen electrode, it was removed and

placed in another region also supplied by the LAD. Function

of the electrode was verified by occluding the LAD several

times during each experiment, and observing a decrease in

myocardial oxygen tension. After the experiment each

electrode was calibrated in normal saline as described

above.

Calculation of Myocardial Oxygen Consumption

Oxygen delivery to the LAD-perfused region was

calculated:

02 DEL = LADBF x CaO2 ,

where 02 DEL is regional myocardial oxygen delivery

(ml/min/100 g); LADBF is LAD blood flow (ml/min/100 g); CaO2

is the LAD perfusate oxygen content.

Oxygen extraction in LAD-perfused region was

calculated:

02 EXT = {(CaO2 - CvO2 )/CaO2 1,

where 02 EXT is fractional myocardial oxygen extraction;

CaO2 - CvO2 is the LAD arteriovenous oxygen content
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difference (ml 02/dl).

Oxygen consumption for the LAD perfused region was

calculated by the Fick equation (34):

MVO2 = 02 DEL x 02 EXT

or

MVO2 = LADBF x (CaO2 - CvO2),

where MVO2 is regional myocardial oxygen consumption

(ml 02 /min/100 g).

Evaluation of Autoregulation

Autoregulatory capability of the LAD circulation during

normoxic and hypoxemic perfusion was assessed by examining

the autoregulatory closed-loop gain (Gc) (54):

Gc = 1- {({F/F)/(4P/P)I,

where F is LADBF observed at perfusion pressure P, AF is the

change in LAD blood flow when coronary perfusion is changed

by AP. Values of Gc between 0 and 1 indicate partial

autoregulation. If Gc is 1, perfect autoregulation is

present, i.e., flow stays constant despite changes in

perfusion pressure. If Gc is less than 0, autoregulation is

absent.

Because MVO2 changed with coronary perfusion pressure,

it was necessary to adjust the autoregulation index for

changes in MVO2 , since any change in MVO2 would likely cause

a change in flow in addition to that caused by the change in

pressure. This change in blood flow associated with a

change in MVO2 was determined from the relationship between

-qm
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flow and MVO2 at constant perfusion pressure. This

relationship was described by Rubio et al. (56) for effects

of increased blood volume by hemorrhage, or by intravenous

administration of epinephine, or by intracoronary

admistration of 2,4 dinitrophenol under normoxic conditions.

Their data show that the slope of the flow vs. MVO2

relationship is approximately 7.1 (ml/ml 02). Dole et al.

(18) observed a similar relation by changing heart rate at

constant pressure. Taking 100 mmHg as the baseline

condition, the change in flow due to altered MVO2 at any

other perfusion pressure was subtracted algebraically from

the observed flow caused by altered perfusion pressure. In

this manner a corrected flow (Fc) reflecting only the change

in perfusion pressure was computed. For normoxic

conditions:

Fc = Fm - Sn(AMVO2 ),

where Fm is measured flow (ml/min/100 g); Sn is a slope of

the flow vs. MVO2 relationship, 7.1 (ml/ml 02); 4MV02 is the

change in MVO2 due to the decrease or increase in pressure

(ml 02 /ml/min/100 g); Values for Fc were used to calculate a

corrected autoregulation index which estimates the degree of

autoregulation at constant MVO2 .

During hypoxemic conditions, LAD flow increased to

maintain oxygen delivery similar to that observed under the

normoxic condition at the same pressure. Thus MVO2 did not

change during hypoxemia, but MVO2 did change with perfusion
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pressure as it did during normoxia. Again it was necessary

to correct the measured flows for changes in flow associated

with pressure induced changes in MVO2 . First the

relationship between flow and MVO2 had to be modified for

the hypoxemic state. The change in flow per change in MVO2

under normal conditions, Sn, was modified by multiplying it

by the ratio of Ca 2n/CaO2h, where Ca02n is the LAD

perfusate oxygen content during normoxia; CaO2h the LAD

perfusate oxygen content during hypoxemia. The slope of

the flow vs. MVO2 relationship for hypoxemic conditions (Sh

was obtained:

Sh = Sn(CaO2n/CaO2h)'

where Sn is the slope of flow vs. MVO2 for normoxia, 7.1

(ml/ml 02). In the same manner as during normoxia, a

corrected hypoxic flow (Fc) was calculated for each coronary

perfusion pressure below and above 100 mmHg (18):

Fc = Fm ~-Sh(AMVO2 ),

where Fm is measured flow (ml/min/100 g); Sh is a slope of

the flow vs. MVO2 relationship; AMVO2 is the change in MVO2

due to the decrease or increase in pressure (ml

02 /ml/min/100 g); Values for Fc were used to calculate a

corrected autoregulation index which quantitates the degree

of autoregulation at constant MVO2 .

Calculation of Coronary Vascular Resistance

Coronary vascular resistance was calculated:

R = (CPP - PfO)/F1
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where R is coronary vascular resistance (mmHg/ml/min/100 g);

CPP is coronary perfusion pressure (mmHg); PfQ is zero flow

pressure (mmHg); F is LAD blood blow (ml/min/100 g). Under

normoxic conditions, Dole et al. (16) measured PfQ during

long diastoles over the pressure range of 50 to 150 mmHg.

For this condition, PfQ was 27.9, 37.7, 43.9, 52.7, and 63.9

mmHg at perfusion pressures of 50, 75, 100, 125, and 150

mmHg, respectively (Figure 4) . When these values were

analyzed by linear regression, the following relationship

between Pfo and CPP was found:

Pf 2 = 0.32 CPP + 11.9,

with r2 = 0.98. This equation was used to estimate PfQ for

the CPP's studied under normoxic conditions in this

investigation. These PfQ values, shown in Table 1, were

used to calculate normoxic coronary vascular resistances.

Dole et al. (16) measured PfQ of 17.9 mmHg when the

coronary circulation was maximally dilated at a CPP of 100

mmHg. Over the range of CPP from 75 to 125 mmHg, Pfo of the

maximally dilated coronary circulation was unchanged (Figure

4). It seems reasonable that the PfQ of the partially

dilated coronary circulation, as studied during moderate

hypoxemia in this investigation, would be less than that of

the coronary circulation with normal tone, but greater than

that of the maximum dilation of the coronary circulation.

Pf( during moderate hypoxemia was computed from the ratio of

the observed flow to that caused by maximum dilation at each



29

80
TON
0 N + Ado

60

E
E 40
0
0.

20

0 -
20 40 60 80 100 120 140 160

Coronary Perfusion Pressure (mmHg)

Figure 4. Relationship between Pf0 and coronary
perfusion pressure in coronary circulation with
normal tone (o) and after maximal dilation (o).
Data from Dole et al. (55). Lines show
exprapolation of these data to the pressure range
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Table 1. Estimated Pf0 as a Function of Coronary
Perfusion Pressure during Normoxia and Hypoxemia.

Coronary Pfo
Perfusion
Pressure Normoxia Hypoxemia
(mmHg) (mmHg) (mmHg)

140 58.0 34.4
120 51.2 31.2
100 44.4 28.0

80 37.6 24.8
60 30.8 21.6
40 24.0 18.4

pressure. Flow values at maximum dilation were taken from

measurements made during adenosine infusion (51). For

example, if hypoxemia caused flow to be half-maximum, Pf0

was estimated to be midway between the value for coronary

circulation with normal tone and that for maximal dilation.

Table 1 gives estimated values for PfQ for the hypoxemic

condition. These PfQ values were used to calculate coronary

vascular resistances under the hypoxemic condition.

Contamination of LAD Venous Blood with Blood not from LAD

during Normoxia and Hypoxemia

It was necessary to determine that blood collected from

the LAD vein was not significantly contaminated by venous

blood from tissue not selectively perfused by the LAD. The

two LAD perfusion reservoirs for normoxia and hypoxemia were

filled with normoxic arterial and hypoxemic blood,

respectively. Then the pumps used to fill the reservoirs

were stopped, and 3 ml of LAD venous and systemic arterial
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blood were collected. These samples were used as

references. Evans blue dye (4 mg/kg) was then administered

systemically via a femoral vein while the LAD was perfused

with normoxic blood. Blood samples were collected from a

femoral arterial catheter and from the LAD venous catheter

at LAD perfusion pressures of 100, 60, and 40 mmHg during

normoxic blood perfusion. The LAD was then perfused with

blood from the hypoxic reservoir, and blood samples were

collected from a femoral arterial catheter and from the LAD

venous catheter at LAD perfusion pressures of 60 and 40

mmHg. During normoxic and hypoxemic conditions, the samples

of systemic arterial and LAD venous blood were collected one

minute after changing perfusion pressure.

Blood samples were centrifuged in a Beckman TJ-6

centrifuge, and the plasma was removed. The plasma samples

were analyzed for Evans blue dye in a Beckman

spectrophotometer (model DU-5) with the absorbance

wavelength of 610 nm. The fraction of the LAD venous blood

originating from sources other than the LAD was computed

from the ratio of the optical density of the LAD venous

plasma to that of the systemic arterial plasma.

Experimental Protocols

When surgical procedures were completed, the LAD was

perfused with normoxic blood at 100 mmHg perfusion pressure

for 30 min to allow the preparation to stabilize. After

stabilization, the experimental protocol was divided into
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two phases.

In phase I (normoxic blood perfusion), the coronary

autoregulatory capability of each heart was evaluated by

perfusing the LAD with normoxic blood. Perfusion pressures

were varied from 140 to 40 mm Hg by changing pressure in 20

mmHg steps. At each perfusion pressure, approximately 3 min

were required to reach steady state flow conditions.

Steady-state measurements were made of LAD blood flow,

hemodynamic variables (mean aortic pressure, left

ventricular pressure, left ventricular dP/dt, and heart

rate), myocardial oxygen tension, and segment-length

shortening at each perfusion pressure. At the same time,

samples of arterial blood from the perfusion line and LAD

venous effluent blood were taken for analysis of blood

gases. Between determinations at increased or decreased LAD

perfusion pressure, the LAD was perfused at 100 mmHg, and

the preparation was allowed to restabilize in order to avoid

prolonged periods of myocardial over- or under-perfusion.

In phase II (hypoxemic blood perfusion), the coronary

autoregulatory capability of each heart was evaluated by

perfusing the LAD with moderately hypoxemic blood.

Perfusion pressures were varied from 140 to 40 mm Hg by

changing pressure in 20 mmHg steps. At each perfusion

pressure, approximately 3 min were required to reach steady

state flow conditions. Steady-state measurements were made

of LAD flow, hemodynamic variables (mean aortic pressure,
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left ventricular pressure, left ventricular dP/dt, and heart

rate), myocardial oxygen tension, and segment-length

shortening at each perfusion pressure. At the same time,

samples of arterial blood from the perfusion line and LAD

venous effluent blood were taken for analysis of blood

gases. Between determinations of increased or decreased LAD

perfusion pressure, the LAD was perfused at 100 mmHg with

normoxic, arterial blood and the preparation allowed to

restabilize in order to avoid prolonged periods of

myocardial over- or under-perfusion.

In group I (n = 6), phase I was performed first and

then phase II. In group II (n = 3), phase II was performed

first and then phase I to determine if evaluation of

autoregulatory function under normoxic conditions affected

the subsequent evaluation of autoregulatory function under

hypoxemic conditions and vice versa.

At the end of the experiment, the LAD was perfused at

100 mm Hg with normoxic arterial blood. When blood flow was

stabilized, Evans blue dye was injected into the LAD

perfusion line to delineate the LAD perfusion territory.

The heart was excised and the dyed LAD region dissected free

and weighed.

Statistical Analyses

Data are reported as mean + standard error of the mean

(SEM), and differences among means was considered

statistically significant if the probability of their
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occurring by chance was less than 5 % (P < 0.05).

During normoxia and hypoxemia, significant changes in

coronary perfusate and venous blood gas and pH values,

hemodynamic variables, LAD blood flow, Gc, and myocardial

oxygen supply and metabolism were identified by a randomized

block two factor factorial analysis of variance (ANOVA) with

equal replication. A factorial ANOVA analyzes the response

to simultaneous variations of more than one factor. In this

experiment, factors were: A, perfusate oxygen content;

levels, normoxia or hypoxemia. B, perfusion pressure;

levels, 40, 60, 80, 100, 120, or 140 mmHg. This procedure

determines whether either of these two factors had a

significantly independent effect on the magnitude of a

variable, for example, LAD blood flow, and whether the

interaction of these two factors significantly influenced

this variable. A significant interaction between two

factors indicated that the effect of Factor A is not

independent of the presence of a particular level of Factor

B or vice versa. If the ANOVA detected significant

differences within factor means, these differences were

identified with the Student paired t-test for Factor A and

with the Student-Newman-Keuls procedure for Factor B.

During each Phase I and Phase II, comparisons of Gc at

corresponding perfusion pressure between Group I and Group

II were examined by a completely randomized ANOVA.

Linear regression analysis was used to determine the
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following relationships: 1) electrode current from a

polarographic oxygen electrode vs. p0 2 measured with the

Corning 175 automatic pH/blood gas system; 2) coronary

vascular resistance vs. coronary venous p02 ; 3) coronary

vascular resistance vs. myocardial p02 ; 4) coronary venous

p02 vs. myocardial p02 .

To determine whether corrected and uncorrected

autoregulation indices were different from zero, the Student

unpaired t-test was used.

All statistical analysis techniques utilized have been

described by Zar (68). Graphical presentations were plotted

using Sigma-plot (Version 3.1, 1987), a program by Jandel

Scientific.



CHAPTER III

RESULTS

Determination of Possible Contamination of the LAD Venous

Blood with Blood not from the LAD

The possible contamination of LAD venous blood with

venous blood from tissue not selectively perfused by the LAD

was studied in five dogs using systemically administered

Evans blue dye (4 mg/kg), while the LAD was perfused with

dye-free blood from the reservoir.

At a coronary perfusion pressure of 100 mmHg under

normoxic conditions, the concentration of Evans blue dye in

blood collected from the anterior interventricular vein was

2.7 + 1.6 % of that observed in systemic arterial blood.

This contamination increased to 4.4 + 2.2 % at 60 mmHg and

to 12.5 + 4.4 % at 40 mmHg. Under hypoxemic conditions,

contamination was 6.4 + 2.2 % at 60 mmHg and increased to

14.5 + 6.3 % at 40 mmHg. Although contamination increased

significantly when perfusion pressure was reduced during

normoxic and hypoxemic conditions, values at 60 mmHg and 40

mmHg did not differ significantly for normoxic and hypoxemic

conditions.

LAD Perfusate Blood Gas and pH Values

Table 2 summarizes the LAD perfusate blood gas and pH

36
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values during normoxia and hypoxemia. During normoxic

conditions, perfusate 02 content, p02 , pC02 , pH, 02

saturation, and hemoglobin content remained essentially

constant throughout the experiments. The grand mean values

were: 02 content, 18.6 + 0.2 ml 02/dl; P02 , 106.9 + 2.6

mmHg; pCO2 , 40.4 + 0.5 mmHg; pH, 7.36 + 0.001; 02

saturation, 94.6 + 0.2 %; hemoglobin content, 14.4 + 0.2

g/dl. During hypoxemic conditions, perfusate 02 content and

P02 , pCO2 , pH, 02 saturation, and hemoglobin content

remained essentially constant throughout the experiments.

The grand mean values were: p02 content, 10.1 + 0.1 ml

02/dl; p02 , 35.0 + 0.6 mmHg; pCO2 , 39.3 + 0.6 mmHg; pH, 7.38

+ 0.001; 02 saturation, 50.4 + 0.5 %; hemoglobin content,

14.4 + 0.1 g/dl. Under the hypoxemic condition, mean

perfusate pC02 , pH, and hemoglobin content were not

different from values observed at respective perfusion

pressures during normoxia.

Mean Aortic Pressure and Left Ventricular Function Variables

Figure 5 shows a representive tracing of mean aortic

pressure and left ventricular function variables for one dog

during normoxia (A) and hypoxemia (B), respectively, as the

LAD perfusion pressure was changed in 20 mmHg steps from 140

to 40 mmHg. Effects of normoxia and hypoxemia on mean

aortic pressure and left ventricular function variables for

all dogs are summarized in Table 3. Myocardial segmental-

length shorting (SS) was measured in 5 dogs.
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Under normoxic conditions, these variables were not

affected by changes in perfusion pressure as long as

pressure exceeded 40 mmHg. At perfusion pressure of 40

mmHg, % SS was reduced significantly compared to values

observed at higher perfusion pressures, and three out of

five dogs showed systolic bulging. Other variables were not

affected by a perfusion pressure of 40 mmHg.

Under hypoxemic conditions, mean aortic pressure, heart

rate, left ventricular systolic pressure, and -dP/dtmax were

not affected by changes in perfusion pressure. However,

left ventricular diastolic pressure, +dP/dtmax, and % SS

were affected when perfusion pressure was reduced to 40

mmHg. At a perfusion pressure of 40 mmHg, left ventricular

diastolic pressure was significantly increased compared to

values observed at higher perfusion pressures, whereas

+dP/dtmax was significantly decreased. At a perfusion

pressure of 40 mmHg, % SS was reduced significantly compared

to values observed at higher perfusion pressures (P <

0.001). All five dogs showed systolic bulging at a

perfusion pressure of 40 mmHg, but only one dog showed

systolic bulging at 60 mmHg.

At any perfusion pressure, hypoxemia had no effect on

these variables. At a perfusion pressure of 40 mmHg, % SS

during hypoxemia was not statistically different from

respective normoxic value, however, the mean % SS was

significantly reduced.
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Effects of Hypoxemia on LAD Blood Flow and Autoregulatory

Closed-loop Gain, Gc

Experiments were conducted to determine if evaluation

of autoregulatory function under normoxic conditions

affected the subsequent evaluation of autoregulatory

function under hypoxemic conditions and vice versa. In

Group I (n = 6), autoregulation was examined first under

normoxic conditions and then under hypoxemic conditions. In

Group II (n = 3), autoregulation was examined first under

hypoxemic conditions and then under normoxic conditions.

Table 4 shows Gc values of Group I and Group II during

normoxic and hypoxemic conditions. During normoxic

conditions, mean Gc values at respective perfusion pressures

were not different significantly between Group I and Group

II. During hypoxemic conditions, mean Gc values at

respective perfusion pressures were not different

significantly between Group I and Group II. Since values of

Gc between Group I and Group II did not differ, results from

Group I and Group II were combined to further assess

autoregulatory capability during normoxia and hypoxemia (n =

9).

During normoxic and hypoxemic blood perfusion, LAD

blood flow and autoregulatory closed-loop gain (Gc) as a

function of LAD perfusion pressure are summarized in Table

5. Under normoxic conditions, as perfusion pressure varied

from 40 to 140 mmHg, LAD flow increased significantly from
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33.0 + 3.2 to 79.7 + 7.5 ml/min/100 g. Under hypoxemic

conditions, as perfusion pressure varied from 40 to 140 mmHg

LAD flow increased significantly from 29.3 + 3.7 to 177.6 +

11.1 ml/min/100 g. LAD blood flow was significantly

influenced by hypoxemia and by perfusion pressure. Also,

there was a significant interaction between perfusate

oxygenation and perfusion pressure on LAD flow. As shown in

Table 5 and Figure 6, the effect of hypoxemia on LAD flow

was not independent of perfusion pressures or vice versa.

Hypoxemia caused LAD blood flow to increase less at low

perfusion pressures than at high perfusion pressures. At

perfusion pressures at and above 60 mmHg, LAD flow increased

significantly during hypoxemia compared to values observed

at respective perfusion pressures during normoxia. At a

perfusion pressure of 40 mmHg, LAD blood flow under

hypoxemic conditions did not increase significantly compared

to values observed under normoxic conditions.

As illustrated in the left panel of Figure 6,

autoregulation was evident between perfusion pressures of 60

and 120 mmHg during normoxia, and between perfusion

pressures of 80 and 120 mmHg during hypoxemia. The

autoregulation index (Gc) was calculated to further assess

autoregulatory capability of the LAD circulation during

normoxia and hypoxemia (Figure 6, right panel). During

normoxia, Gc values were significantly greater than zero at

perfusion pressures between 60 and 120 mmHg. During
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hypoxemia, Gc values were significantly greater than zero

only at perfusion pressures between 80 and 100 mmHg.

Positive Gc values indicated the presence of autoregulation.

Maximum Gc occurred at perfusion pressures between 80 and

100 mmHg during normoxia and at the same perfusion pressures

during hypoxemia (Table 4 and Figure 6). Under normoxic and

hypoxemic conditions, maximum Gc was 0.55 + 0.14 and 0.32 +

0.09, respectively, and these values did not differ

significantly. At all perfusion pressures, except between

80 and 120 mmHg, hypoxemia significantly reduced Gc compared

to respective normoxic values.

Since any change in MVO2 caused a change in flow in

addition to that caused by the change in perfusion pressure,

LAD flow values were corrected for such changes in MVO2 .

Taking 100 mmHg as the baseline condition, the change in

flow due to altered MVO2 below and above 100 mmHg was

calculated for the normoxic and hypoxemic conditions. These

corrected flow (Fc) values were used to calculate a

corrected autoregulation index which assumes constant MVO2'

After changes in metabolism were taken into account for both

normoxic and hypoxemic conditions, values of CGc were larger

than uncorrected Gc values observed at respective perfusion

pressures during normoxic and hypoxemic conditions. Figure

7 illustrates the corrected autoregulation index (CGc) as a

function of coronary perfusion pressure. During normoxia,

CGc was significantly greater than zero at perfusion

ollple loops I
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pressures between 60 and 140 mmHg, and maximum CGc (0.76 +

0.09) occurred at perfusion pressures between 80 and 100

mmHg. During hypoxemia, CGc (0.47 + 0.11) was significantly

greater than zero only at perfusion pressures between 80 and

100 mmHg. During hypoxemia, mean CGc values were attenuated

compared to values observed at respective perfusion

pressures during normoxia. At perfusion pressures less than

100 mmHg, CGc during hypoxemia was significantly less

compared to respective normoxic values. CGc at less than 60

mmHg for both conditions was not included in Figure 7

because MVO2 was significantly reduced at these pressures

due to inadequate oxygen delivery (Table 6).

Among dogs, Gc maximum occurred at different pressures.

To determine the maximum autoregulatory ability of the

coronary circulation during normoxia and hypoxemia, Gc

maximum values of each dog were averaged. During normoxia

and hypoxemia, mean maximum Gc was 0.71 + 0.12 and 0.53 +

0.01, respectively, and these values did not differ

significantly. The pressures associated with Gc maxima

were also averaged. The average perfusion pressure at

maximum Gc occurred between 90 and 110 mmHg during normoxia

and at the same perfusion pressures during hypoxemia. Gc

values at corresponding pressure increments above and below

Gc maximum were averaged as were the respective pressures

associated with these Gc values. The results of this

realignment of the individual pressure-flow relationships is
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shown in Figure 8. During normoxia, realigned Gc was

significantly greater than zero at pressures between 60 and

140 mmHg. During hypoxemia, realigned Gc was significantly

greater than zero only between 90 and 110 mmHg.

Effects of Normoxia and Hypoxemia on Myocardial Oxygen

Supply and Consumption

From the LAD arterial and venous oxygen content, and

the LAD blood flow, oxygen delivery, extraction, and

consumption were calculated. The effects of normoxia and

hypoxemia on myocardial oxygen delivery, consumption, and

extraction are summarized in Table 6. One experiment was

eliminated because of technical error, so data was reported

for 8 dogs. Oxygen delivery, extraction, and consumption

were not affected by hypoxemia, but were affected by

perfusion pressure.

During normoxic conditions, as perfusion pressure

varied from 40 to 140 mmHg, oxygen delivery increased

significantly from 6.3 + 0.7 to 15.6 + 1.0 ml 0 2 /ml/min/100

g, and oxygen extraction decreased significantly from 0.80 +

0.03 to 0.53 + 0.05. MVO2 increased from 5.07 + 0.61 to

8.07 + 0.70 ml 0 2 /ml/min/100 g as perfusion pressure varied

from 40 to 140 mmHg. At perfusion pressures of 40 and 60

mmHg, MVO2 was reduced significantly compared to values

observed at higher perfusion pressures.

During hypoxemic conditions, as perfusion pressure

varied from 40 to 140 mmHg, oxygen delivery increased
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significantly from 2.8 + 0.3 to 18.5 + 1.2 02 /ml/min/100 g,

and oxygen extraction decreased significantly from 0.80 +

0.03 to 0.53 + 0.05. MVO2 increased from 2.26 + 0.23 to

8.32 + 0.72 ml 02 /ml/min/100 g as perfusion pressure varied

from 40 to 140 mmHg. At perfusion pressures of 40 and 60

mmHg, MV0 2 was reduced significantly compared to values

observed at higher perfusion pressures.

Interventricular Venous Blood Gas and pH Values during

Normoxia and Hypoxemia

Table 7 summarizes interventricular venous blood gas

and pH values under normoxic and hypoxemic conditions.

Interventricular venous 02 content (CVO2) and oxygen tension

(pVO2 ) were affected by hypoxemia and by perfusion pressure,

whereas there was no interaction between perfusate

oxygenation and perfusion pressure. Under normoxic

conditions, as perfusion pressure varied from 40 to 140

mmHg, CVO2 increased significantly from 3.5 + 0.4 to 8.4 +

0.7 ml 02/dl, and Pv0 2 increased significantly from 21.4 +

0.8 to 31.9 + 2.0 mmHg. Under hypoxemic conditions, as

perfusion pressure varied from 40 to 140 mmHg, CVO2
increased significantly from 2.0 + 0.2 to 6.0 + 0.7 ml

02 /dl, and Pv0 2 increased significantly form 17.3 + 1.1 to

25.3 + 2.1 mmHg. At all perfusion pressures during

hypoxemia, CvO2 and pv0 2 were reduced significantly compared

to values observed at respective perfusion pressures during

normoxia.
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Interventricular venous pCO2 (PvCO2 ) was affected by

hypoxemia and by perfusion pressure. There was a

significant interaction between perfusate oxygenation and

perfusion pressure. Under normoxic conditions, as perfusion

pressure varied from 40 to 140 mmHg, pvCO2 decreased

significantly from 58.3 + 2.5 to 47.6 + 1.8 mmHg. Under

hypoxemic conditions, as perfusion pressure varied from 40

to 140 mmHg, pvC0 2 decreased significantly from 58.4 + 1.7

to 42.5 + 1.5 mmHg. Under normoxic and hypoxemic

conditions, at a perfusion pressure of 40 mmHg, pvCQ2 was

increased significantly compared to values observed at

higher perfusion pressures (P < 0.001). At perfusion

pressures from 60 to 140 mmHg during hypoxemia, pvC0 2 was

reduced significantly compared to values observed at

respective perfusion pressures during normoxia. However, at

perfusion pressure of 40 mmHg during hypoxemia, pvC0 2 was

not reduced significantly compared to values observed at

respective perfusion pressures during normoxia.

Interventricular venous pH was not affected by

hypoxemia, but was affected by perfusion pressure. At a

perfusion pressure of 40 mmHg during normoxia and hypoxemia,

pH was reduced significantly compared to values observed at

higher perfusion pressures (P < 0.001). During normoxia and

hypoxemia, mean interventricular venous pH values were 7.28

+ 0.02 and 7.25 + 0.01, respectively.
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Myocardial Oxygen Tension (p02) Values and Relationship

between Myocardial p02 and Coronary Venous p02
during Normoxia and Hypoxemia

Myocardial p02 is summarized in Table 7 (n = 4).

Myocardial p02 was significantly influenced by hypoxemia and

by perfusion pressure. There was a significant interaction

between perfusate conditions and perfusion pressure on

myocardial p02 . Under normoxic conditions, as perfusion

pressures varied from 40 and 140 mmHg, mean myocardial p02
increased from 30.1 + 5.4 to 45.2 + 4.8 mmHg. Under

hypoxemic conditions, as perfusion pressures varied from 40

and 140 mmHg, mean myocardial p02 increased from 19.9 + 2.1

to 40.5 + 3.3 mmHg, respectively. At a perfusion pressure

of 40 mmHg under normoxic and hypoxemic conditions,

myocardial p02 was reduced significantly compared to values

observed at higher perfusion pressures (P < 0.001). At all

perfusion pressures, except 140 mmHg, mean myocardial p02
during hypoxemia was reduced significantly compared to

respective normoxic values. As illustrated in Figure 9,

when myocardial p02 was compared with coronary venous p02
under normoxic and hypoxemic conditions, myocardial p0 2
correlated closely with coronary venous p02 (r2 = 0.928).

This relationship was similar during normoxia and hypoxemia.

-iW
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Relationship between Coronary Vascular Resistance and

Coronary Venous Oxygen Tension (p02) and Myocardial

P02 during Normoxia and Hypoxemia

Figure 10 shows the relationship between coronary vascular

resistance as a function of coronary venous p02 at perfusion

pressures from 40 to 140 mmHg during normoxia and hypoxemia

(left). When Gc was greater than zero during normoxia and

hypoxemia, the relationship between coronary vascular

resistance and coronary venous p02 is shown in the right

panel of Figure 10.

At perfusion pressures between 60 and 140 mmHg during

normoxia and between 80 and 120 mmHg during hypoxemia,

elevation of the LAD perfusion pressure caused an increase

in coronary venous p02 . That is, coronary vascular

resistance increased with coronary venous p02 when Gc was

greater than zero under both conditions. However, at a

perfusion pressure of 40 mmHg during normoxia and 40 and 60

mmHg during hypoxemia, coronary vascular resistance

increased. At a perfusion pressure of 140 mmHg, coronary

vascular resistance during hypoxemia did not increase. When

resistance values were plotted at pressures with positive Gc

(right), the normoxic and hypoxemic points appeared to fall

on the same relationship between coronary vascular

resistance and coronary venous p02 , r2 = 0.983 for all

values. When myocardial p02 was measured with polarographic

oxygen electrodes during normoxic and hypoxemic conditions,
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coronary vascular resistance was a linear function of

myocardial p02 for all conditions with a positive Gc (Figure

11). This relationship was similar to that observed between

coronary vascular resistance and coronary venous p0 2 in the

right panel of Figure 10, and r2 was 0.927 for all values.
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CHAPTER IV

DISCUSSION

This investigation examined, for the first time,

coronary and myocardial responses to altered coronary

perfusion pressure when a branch of the coronary circulation

was perfused, selectively, with hypoxemic blood. There were

four important new findings in this study: 1) The range and

potency of pressure-flow autoregulation were attenuated

during moderate hypoxemia in the left coronary circulation.

2) Autoregulatory adjustment of coronary vascular resistance

was accomplished by the same mechanism during both normoxia

and hypoxemia. The mechanism must be closely associated

with myocardial p02 . 3) Myocardial p0 2 measured with

polarographic oxygen electrodes was closely related to

coronary venous p02 over a wide range of coronary perfusion

pressures. 4) At and above a perfusion pressure of 60 mmHg,

left ventricular oxygen supply and consumption during

hypoxemia were maintained similar to that observed during

normoxia.

Effect of Coronary Autoregulation under Hypoxemic Condition

The effect of altering myocardial oxygen demand on

coronary pressure-flow autoregulation has been intensively

investigated in the blood-perfused in situ dog heart (6, 7,

62
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18, 21, 44, 49, 56, 61, 67). Berne (6) observed that

reduction of myocardial demand by fibrillation of the heart

attenuated autoregulation. Likewise, Dole et al. (18) found

that lowering heart rate attenuates autoregulation. In

contrast to these studies, other investigators have shown

that alteration of myocardial oxygen demand by changing

cardiac function (49, 61), and heart rate (21, 44) shifted

the autoregulatory plateau without altering the potency of

autoregulation.

Hypoxemia is known to decrease resistance in the

coronary vasculature (14, 24, 27, 32, 36, 46, 48, 60), but

the effect of hypoxemia on coronary autoregulation has not

been previously studied in the in situ heart. Weifelt and

Shock (65) investigated the effect of hypoxia on coronary

autoregulation in a stable nonworking Langendorff perfused

rat heart preparation. At perfusion pressures between 50

and 90 mmHg, coronary circulation autoregulated when the

Krebs-Ranger bicarbonate perfusate was well oxygenated.

However, the coronary circulation did not autoregulate, when

the oxygen content of the perfusate was reduced.

In earlier studies, the critical level of arterial p0 2
at which myocardial blood flow began to increase was 30-35

mmHg (5, 52). This arterial p02 produced a coronary sinus

p02 of about 18 mmHg. In the present study, coronary

arterial p02 was reduced to 30-35 mmHg. This level of

arterial p0 2 significantly increased LAD blood flow at and
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above 60 mmHg (Table 5 and Figure 6). However,

autoregulation was still evident between perfusion pressures

of 80 and 100 mmHg, and within that pressure range Gc (0.32

+ 0.09) was significantly greater than zero (Table 4 and 5).

This result indicated the presence of autoregulation at

perfusion pressures between 80 and 100 mmHg during

hypoxemia. However, under normoxic conditions in the same

dogs, values of Gc were significantly greater than zero at

perfusion pressures between 60 and 120 mmHg. Maximum Gc

occurred at perfusion pressures between 80 and 100 mmHg

during normoxia and at the same perfusion pressures during

hypoxemia. At all perfusion pressures, except pressures

between 80 and 120 mmHg, values of Gc during hypoxemia were

significantly reduced compared to values observed during

normoxia. Thus, while autoregulation was present at normal

coronary perfusion pressure during hypoxemia, at pressures

above and below normal, autoregulation was less effective

than during normoxia.

Autoregulation index was also analyzed after adjusting

coronary flow values for pressure and flow related changes

in MVO2 . Values of CGc were larger than uncorrected values

observed at respective perfusion pressures during normoxia

and hypoxemia. During hypoxemia, mean CGc values were

significantly greater than zero only at perfusion pressures

between 80 and 100 mmHg, and mean CGc values were still

attenuated.

WAN -Wjgsjw
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Effect of Hypoxemia on Myocardial Oxygen Supply and

Consumption

Under conditions of normal arterial oxygen content, the

oxygen requirement of the heart is met by adjusting coronary

blood flow rather than by changing oxygen extraction (27).

Despite changes in myocardial metabolism caused by changing

cardiac output or heart rate, Alella et al. (1) and Laurent

(46) observed that the arteriovenous 02 difference did not

vary more than 1-2 ml 02 /dl. Thus, the relationship between

oxygen supply and demand was constant since oxygen .

extraction did not change. When the arterial oxygen content

is reduced, the coronary vasculature will dilate and

increase coronary blood flow. Feinberg et al. (27)

investigated the effect of oxygen extraction at three

different levels of arterial oxygen over a wide range of

cardiac performance and oxygen consumption. They found that

oxygen requirements were met by increases in coronary blood

flow and not in oxygen extraction during hypoxia. Based on

this observation, they suggested that flow regulation in

hypoxia is not appreciably different from flow regulation

under normoxic conditions.

In the present study, over a wide range of coronary

perfusion pressures from 40 to 140 mmHg, oxygen extraction

was not altered at any perfusion pressure although perfusate

oxygenation was varied by perfusing normoxic and hypoxemic

blood. Accordingly, over a wide range of perfusion
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pressures during hypoxemia, this observation agrees with

result by Feinberg et al. (27).

Several investigators reported that during hypoxemia

myocardial oxygen consumption did not change at constant

perfusion pressure (35, 63). In this investigation, at

normal perfusion pressure, left ventricular oxygen supply

and consumption during normoxia was similar to that reported

by others (18, 67). In addition, at and above 60 mmHg

perfusion pressure during hypoxemia, LAD blood flow

increased sufficiently to maintain myocardial oxygen supply

and consumption similar to that observed during normoxia.

Accordingly, a control system apparently designed to keep

oxygen delivery constant is functional under this hypoxemic

condition.

Relationship between Myocardial p02 and Coronary Venous p02

during Normoxia and Hypoxemia

In recent years, polarographic methods have been

applied to measure myocardial p02 since myocardial p02
reflects the net balance between vascular oxygen supply and

demand (28, 33, 50, 62, 64, 66). A number of investigators

described the variables which must be controlled to

accurately measure myocardial p02 in vivo: 1) oxygen

consumption of the electrode and protein build-up on the

electrode tip (11, 13, 33). 2) size of the electrode

electrodes (50, 62, 66).

According to the experimental results of investigators,
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the diameter of the electrode is a very important factor

because of the damage to microstructures caused by insertion

of the electrode. The area sensed by the electrode tip

employed in this experiment is relatively large in

comparison with the myocardial microstructure. In fact, the

intercapillary distance for dog ventricle is approximately

16 um, and the ratio of capillaries to muscle fibers is very

close to 1:1 (8). Thus, insertion of the electrode must

have caused significant tissue damage. In spite of this

damage, the electrode appeared to respond appropriately to

interventions known to change myocardial p0 2 such as

coronary artery occlusion and perfusion of the coronary

artery with hypoxemic blood. In this investigation,

an electrode length of approximately 10 mm were used. This

was short enough to minimize pendulum-like movement of

electrode in the myocardium during cardiac contraction.

Although measurement errors likely exist when bared-tip

platinum electrodes are used to estimate myocardial p02 ,

they provided a method for estimating myocardium p02
following altered perfusion pressure and altered arterial

oxygen content. Since true myocardial p02 is difficult to

measure, a number of investigators have used coronary venous

p02 as an index of myocardial p02 (18, 21, 43). However, no
one has compared myocardial p02 to coronary venous p02
following alteration of perfusion pressure and perfusate

oxygen content.
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In this investigation, polarographic oxygen electrodes

were applied to measure average tissue p02 in myocardium

which was supplied by the LAD. At a perfusion pressure of

100 mmHg during normoxia, myocardial p02 was similar to that

observed by other investigators using this technique (28,

64, 66). However, at all perfusion pressures, except 140

mmHg, myocardial p02 during hypoxemia was reduced

significantly compared to values observed at respective

perfusion pressures during normoxia (Table 7). When

myocardial p02 was compared with coronary venous p0 2 under

normoxic and hypoxemic conditions, values of myocardial p0 2
was always higher than venous p02 at the same perfusion

pressure during normoxia and hypoxemia. Therefore, this

result suggested that coronary venous p0 2 is a valid

approximation of myocardial p02 since myocadial p0 2 could be

higher than coronary venous p02 . Under normoxic and

hypoxemic conditions, changes in myocardial p02 correlated

closely with changes in coronary venous p0 2 (Figure 9).

Autoregulatory Adjustment of Coronary Vascular Resistance

during Normoxia and Hypoxemia

In an earlier study, Katz et al. (43) found that

coronary vascular resistance was more closely correlated

with coronary venous oxygen content than with cardiac oxygen

consumption in the presence of a wide range of arterial

oxygen contents. Several investigators, using isolated

arterial segments or vascular smooth muscle from rabbit
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aorta, have demonstrated also a direct relationship between

oxygen tension and vascular resistance (15, 30, 41, 63).

Drake-Holland et al. (21) investigated the hypothesis that

myocardial p02 controls coronary vascular resistance during

changes in perfusion pressure and heart rate. They used

coronary venous p02 as an index of average tissue

oxygenation. When heart rate was increased at a constant

perfusion pressure, a marked increase in MV02 occurred, and

coronary vascular resistance fell. On the other hand, as

perfusion pressure was increased, MVO2 increased but

coronary vascular resistance also increased. However, for

all perfusion pressures and heart rates, they observed that

coronary vascular resistance was a fairly linear function of

coronary venous p02 . Recently, Dole et al. (18)

investigated coronary autoregulation during interventions

that altered the balance between myocardial oxygen supply

and demand by changing heart rate and by pharmacologic

interventions (vasopressin or indometacin). They confirmed

that coronary autoregulation was coupled more closely to

myocardial p02 rather than to the rate of myocardial oxygen

consumption.

In the present study, perfusate oxygen content was

reduced by perfusing a branch of the left coronary

circulation with moderately hypoxemic blood. When

autoregulation was present, i.e., the autoregulation index

was greater than zero, coronary vascular resistance varied

. . . .......
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directly with coronary venous p02 for both normoxic and

hypoxemic conditions (Figure 10). This agrees with the

finding of Drake-Holland et al. (21) under normoxic

conditions and extends that concept to the hypoxemic

condition. Furthermore, these points appeared to fall on

the same line for both conditions. This suggests that the

autoregulatory adjustment of coronary vascular resistance

was accomplished by the same mechanism under both normoxic

and hypoxemic conditions.

When myocardial p02 was measured with polarographic

oxygen electrodes to examine the role of myocardial p02 in

autoregulation during normoxia and hypoxemia, the same

positive relationship was observed between coronary vascular

resistance and myocardial p02 when autoregulation was

present (Figure 11). This data indicates that the mechanism

for the autoregulatory adjustment of coronary vascular

resistance is closely associated with myocardial p02 .

Metabolic Theory in Coronary Autoregulation

To explain the phenomenon of coronary autoregulation,

the metabolic theory has been proposed (4, 8, 26, 43, 56).

Based on the metabolic theory, myocardial metabolism

provides a local feedback signal to maintain tissue

oxygenation constant during changes in oxygen supply and

demand. In this mechanism, tissue levels of metabolic

substrates or metabolites control vascular resistance.

Oxygen, as a myocardial substrate, has been proposed as a
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local mediator of coronary flow autoregulation.

Accordingly, vascular resistance is modulated by directly a

change in partial pressure of oxygen within the smooth

muscle resistance vessels or through release of one or more

vasoactive metabolites by myocytes (4).

Berne et al. (5) proposed that coronary vasodilation in

hypoxemia appears to be related to myocardial hypoxia as the

initiating factor. In their study to test myocardial

hypoxia, high perfusion pressures were employed, so oxygen

supply could be kept normal while oxygen content was

reduced. In that manner they attempted to determine the

effect of low arterial p02 on the coronary vessels in the

absence of myocardial hypoxia. At a perfusion pressure of

180 mmHg, they observed no significant change in coronary

blood flow when the arterial oxygen content was reduced from

a normal 18.5 to 11.7 ml 02/dl. However, when oxygen

content was reduced without an increase in perfusion

pressure or when perfusion pressure alone was reduced,

coronary blood flow increased whenever coronary sinus oxygen

content fell below 5.5 ml 02/dl. They concluded that

moderately lowering arterial oxygen content does not

decrease coronary resistance by a direct action on the

vessel walls. Coronary vasodilation in hypoxemia appeared

to require myocardial hypoxia.

Schubert et al. (58) measured tissue p02 with an oxygen

microelectrode in isolated saline-perfused cat hearts. When
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coronary artery pressure was decreased from 113 to 78 mmHg,

average tissue p02 did not change significantly in hearts

which demonstrated autoregulation. They proposed that

average tissue p02 is not the mediator of coronary

autoregulation. However, locally hypoxic areas (p02 < 5

mmHg) in the myocardium may have provided a feedback signal

for adjustment of coronary vascular resistance. As

illustrated in Figure 11, at positive autoregulatory index

under both normoxia and hypoxemic conditions, coronary

vascular resistance increased as myocardial p02 was

increased, regardless of the arterial oxygen content. This

suggested that autoregulatory adjustment of coronary

vascular resistance was accomplished by myocardial p02 .

Effect of Blood not from the LAD on Coronary Autoregulation

during Hypoxemia

Roberts et al. (55) examined the amount of blood in the

anterior interventricular vein that originated from arteries

other than LAD. Under basal condition, contamination of

great cardiac vein (GCV) averaged only 5 %, and did not

change significantly during alterations of preload and

afterload. Nakazawa et al. (53) also observed that

contamination of GCV blood by non-LAD sources averaged 3 %

and was always less than 10 % under normal perfusion

pressure conditions.

In the present study, as coronary perfusion pressure

was reduced, LAD venous contamination during normoxia and
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during hypoxemia increased. At perfusion pressures of 60

mmHg and greater, values of LAD venous contamination during

normoxia and during hypoxemia were similar to those observed

by other investigators (12, 53, 55). At a perfusion

pressure of 40 mmHg, values of LAD venous contamination

during normoxia and during hypoxemia rose to 12.5 and 14.4

%, respectively. However, hypoxemic values did not differ

significantly from normoxic values.

To determine if contamination as great as 15 % would

have significantly influenced the p02 of the blood

collected from the interventricular vein, the following

assumption was made: The p0 2 of the contaminating blood was

28.0 mmHg. This was the p02 measured in interventricular

venous blood when the LAD was perfused at 100 mmHg. During

normoxia with a perfusion pressure of 40 mmHg, the p02 of

the venous sample was 21.4 mmHg. If this sample was

composed of 12.5 % blood from non-LAD perfused tissue, the

pO2 of venous blood solely from the LAD would have been 20.5

mmHg. During hypoxemia with a perfusion pressure of 40

mmHg, the p02 of the venous sample was 17.3 mmHg. If this

sample was composed of 14.4 % blood from non-LAD perfused

tissue, the p02 of the venous blood solely from the LAD

would have been 15.5 mmHg. Therefore, at a perfusion

pressure of 40 mmHg, errors due to this contamination would

have averaged approximately 4 % during normoxia and 10 %

during hypoxemia. At a perfusion pressure of 60 mmHg, this

'Mi'Y" 4*W4 ,4 -
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error was approximately 0 % during normoxia and 0.04 %

during hypoxemia, and perfusion pressures greater than 60

mmHg, effect of contamination was much less. Thus,

interventricular venous contamination from non-LAD had a

negligible influence on the analysis of coronary vascular

resistance as a function of coronary venous p02 (Figure 10).

Future Investigations

This experiment has answered the proposed question

"does moderate hypoxemia attenuate coronary autoregulation?"

However, it has brought other questions which could be

clarified by future investigations:

1. At a perfusion pressure of 60 mmHg under hypoxemic

conditions, coronary vascular resistance increased

significantly to values observed at higher perfusion

pressures, and increased further at 40 mmHg. Liang and

Jones (47) reported that alpha-1 adrenergic constrictor

tone was operative in the left coronary circulation

during hypoperfusion. What is the mechanism and

functional significance of the observed paradoxical

effect of increased coronary vascular resistance at

perfusion pressures of 40 and 60 mmHg under hypoxemic

conditions rather than a vasodilatory effect on the

coronary vasculature? Does alpha-1 constrictor tone

still operate at low perfusion pressures during

hypoxemia?

2. If myocardial metabolism is altered during hypoxemia,
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does this relationship between coronary vascular

resistance and myocardial p02 fall on the same line

when autoregulation is present?



CHAPTER V

SUMMARY AND CONCLUSION

1. At and above a perfusion pressure of 60 mmHg, hypoxemia

significantly increased LAD flow.

2. At and above a perfusion pressure of 60 mmHg, LAD blood

flow during hypoxemia increased sufficiently to

maintain oxygen delivery and consumption constant.

3. Coronary venous p02 correlated closely with myocardial

oxygen p0 2 as measured with polarographic oxygen

electrodes.

4. During normoxia, the autoregulatory closed-loop gain

(Gc) was significantly greater than zero at perfusion

pressures between 60 and 120 mmHg, but during

hypoxemia, Gc was significantly greater than zero only

at perfusion pressures between 80 and 120 mmHg.

5. Maximum Gc occurred at perfusion pressures between 80

and 100 mmHg during normoxia and at the same perfusion

pressures during hypoxemia. Under normoxia and

hypoxemia, mean maximum Gc was 0.55 + 0.14 and 0.32 +

0.09, respectively. These values did not differ

significantly.

6. For normoxic and hypoxemic conditions, coronary

vascular resistance was a linear function of myocardial

76
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P02 for all conditions with a positive Gc. This

indicates that autoregulatory adjustment of coronary

vascular resistance was accomplished by the same

mechanism during both normoxia and hypoxemia, and this

mechanism is closely associated with myocardial p02 .
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