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The hypothesis that mynez rdial contrast echocardiographs
conld he nsed 10 simultaneously assess coronary hlood ftons
reserve and the size of the perfusion bed supplied by a
coronawy arfery was cxamined in nine patients and six dogs.
All pativaty were ondergaing cardiae catheterization and
had sinale vescel coromary artery disease (~83% stenasis of
cither the proximal left anterior descending or the left
circumflex coronary arteryl; the six dogs had a critical
stenosis of the lefl circumflex coronary artery. Three mil-
Tititers of soni i -76 {mean mic Nize 6
pm) was injected inin the left main coronary astery before
and after intracorenary administration of papavarine. 6 to
9 mg. The beds supplied by the narmal and stenotic vessels
could not be differentiated during contrast echocardiog-
raphy befure imjection of papavarine. However, after pa-
pavarine, the norma! vascolar bed showed significantly
more conirast enhancement than did the bed supplied by
the stenotic artery. This disparity in contrast enhancement
made il possihle to delineate the size of the bed perfused by
the stenalie vessels.

Not only is there u poor corrclation between antemortem
vineangiographic and postmortem estimation of the degree
of luminal narrowing of coromary arteries (1-3), but the
visual interpretation of coronary angiograms is also subject
1o large intra- and interobserver variablity and errors (4-8)
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When guantitutive anatysis of the time-intensity eurves
ohtained from the echocardiograms was performed in bhe
duus, the slisolute vatues for the aren under the curve, peak
contre.® intensity and curve width did not correlate with
absrute blood flows mewsuared with radiplabeled miveo-
syheres. EHlowever, the ratios of the areas under the curves
dorived from the twn vescniar heds hefore and after
papavarine correlated well with the ratins of blood fluws
hetween the two heds during the same stages (£ = 0,73 by
linear regression and r* = 0.85 by an 2¥penential function).
In camparison, the ratios of peak amplitudes asd eorve
widths before and after papavarine had peor correlatians
with ratios of flows fram the two beds (r° = D.18 and 0.
respectively).

In conclusion, myscardial tonlrast echocerdiography
can be used to simpltaneausly assess corenary hlond flow
reserve and the size of the perfusion hed supplied by 2
stenotic vessel.

(f A Coll Cardio! 1925,12:925-34)

Further. the ability of observers to predict the hemodynamic
feanes of coronary stenoses by visuul interpretation is
limited 9. 10). Although yuuanliative coromary angiograpny
has improved the ability 1o predict the severity of diserete
coronary sienoses (110, this technigque is still limived by
ditficultivs in border recognition. inability 1@ ussess dynamic
changes in stenoses and inability ko delermine the signifi-
cunce of complex multiple stenoses along the lencih of
diffusely diseased coranary artery 112,131, In wddibicn, the
degrev ol stenosis does not fully defire th: amount or
distribution of the myocardial perfusion.
Quantitation of coronary blood Now reserve i
tive method for assessing e DEMOtymamic signs
coronary stenoses in the experimentsl madel and in
14 121 Epicardial and intraceren.ay Coppler flow mo
ments of the changes in velocity afier the intracoronary
injection of a coronary vasodilator such as papavanne have
heen made in patients (16.47) The major disadvantages of
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this technigue are: 1) it requires placement of the flow probes
selectively in each coronary artery or on each vessel at the
time of thoracotomy, 2) it can measure only changes in
velocity and not changes in flow (for which measurement of
intraluminal area is required), and 3) it does not provide
information regarding the size of the perfusion bed supplied
by a coronary artery.

Because myocardial contrast echocardiography can de-
fine both the perfusion bed of a coronary artery (19-22) and
nutrient myocardial blood flow (23-26), we hypothesized
that myocardial contrast echocardiography could be used to
assess coronary blood flow reserve in humans. Before the
technique was used in humans, it was validated in six
mongrel dogs with myocardial blood flow measurements
made with the use of radiolabcled microspheres. Studics
were then performed in humans to determine the ability of
this technique to assess coronary blood flow reserve in
patients with single vessel coronary arlery discase.

Methods
Animal Studies

Animal mode), Six mongrel dogs weighing 26 = 3 kg
(mean = | SD) were anesthetized with 30 mg/kg body weight
pentobarbital sodium (Abbott Laboratories), intubated and
ventilated with a dual phase control respirator pump (model
607, Harvard Apparatus). Additional anesthesia was given
as needed during the experiment. An 8F catheter was placed
in the left femoral vein for the ad ation of intr
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peri (see text for

flowmeter (model FM301. Carolma Medlcal Fleclronlcs],
which in turn was d to the physiologi
Two-dimensional echocardiography, Two- dlmensmnal
echocardiography was performed with a commercially avail-
able sector scanning system equipped with a S MHz mechan-

fluids and drugs. A similar catheter was placed in the left
femoral artery and connected to a multichannel physiologic
recorder {model 4568C, Hewlett Packard) by way of a fluid
filled transducer (model 4568C, Hewleit Packard). This
catheter was used for monitoring mean arterial pressure,
measuring arlerial blood gases and withdrawal of reference
arterial samples during injection of radiolabeled micro-

icat d (Mark 1li, Ad d Technology Laborato-
ries). Images were recorded on a 0.5i |n (2 54 ¢m) video lape
with the use of a HS

(Panasonic NV-8950, Matsushita Electrical Industrial Co.).
The transducer was piaced to obtain short-axis views at the
mid-papillary muscle level. Its position was fixed at the same
level throughout the experiment by a clamp attached to the

4

spheres.

A left thoracotomy was performed and the heart was
suspended in a pericardial cradle. A 4F catheter was placed
in the left atrium for the injection of radiolabeled micro-

p table (21}. Gain settings were optimized at the
beginning of each experiment and kept constant throughout
the recording period. A saline bath acted as an acoustic
mlerface between the transducer and the heart (21). The

spheres. The left anterior descending coranary artery was
dissected free from the surrounding tissues and a 22 gauge
Teflon catheter {Traveno! Laboratorics) was inserted into
the lumen of the. artery through its anterior wall. The tip of
this catheler was positioned at the bifurcation of the left
main coronary artery (21). This catheter was used for the
injection of the contrast agent during echocardiography. An
appropriately sized clectromagnetic flow probe (model
EP406. Carolina Medical Electronics Inc.) was attached 1o
the left circumflex coronary artery to measure coronary
blood flow. A fluid-filled hydraulic occluder was placed

was timed with a character generator
(model 358, Mcdmal Diagnostic Services) that projected the
time in hundredths of a second onto the ultrasound video
image. A dard limb lead electr iogram was also
recorded with the echocardiographic images on video tape.

The echo comrast agemt used for these experiments
comprised 4 1o 10 xm microbubbles (mean size 6 pm)
produced by sonication of Renografin-76 as previously de-
scribed (27). Eight milliliters of Renografin-76 (diatrizoate
meglumine and diatrizoate sodium, 18.5 g/ml. E.R. Squibb
and Sons Inc.) was sonicated at 20,000 Hz with a power
Oulpul of 75 W for 30 s with the use of a commercially

snugly around this artery just distal tG the electr
flow probe (Fig. 1). The flow probe was connected 10 a

g system (model W-375, Heat Systems
Ullrasunlcs Corp.). . The half-life of the microbubbles is 2.7
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min and the concentration is 500,000 + 200,000 microbub-
bles/ml (28).

Images were analyzed on an offine image analviis
computer (Mipron System, Kontron Electronics) as previ-
ously described (24). Images were transferred from video
tape to the computer in a 340 x 240 x § format. End-
diastolic frames, beginning six beats before contrast injec-
tion and extending until contrast disappearance from the
myocardium, were identified. An acctate sheet was placed
over the video monitor and regions of interest over myocar-
dial beds supplied by the feft anterior descanding and left
circumflex coronary arteries were defined on this sheet.
These beds were defined from a contrast injection performed
during a transient total occlusion of the left circumflex artery
that was performed in each animal before termination of the
experiment. Other landmarks such as the epicardium. endo-
cardium and right veatricular free wall-posicrior left ventric-
ular wall junction were also marked on the acetate sheet.
This acctate sheet was then positioned over ecuch end-
diastolic frame to achieve proper registration of these land-
marks to account for cardiac transiation and rotation. A
hand-held digitizer was then used to trac> the myocardial
regions of interest in each end-diastolic frame corresponding
to those drawn on the acetate sheet. The regions of interest
were defined in the middle of the myocurdium, thereby
avoiding the epicardial and endocardial echo bands. The
computer then determined the average gray level (range 0 to
255) in each region of interest. The resultant values were
written to an ASCHl file and transferred to a minicomputer
{(VAX 8200, Digital Equipment Corp.) by means of an
RS-232 interface. Background subtraction and least square
curve fitting of a gamma-variate function {y = Ate™""} were
performed, where A is a scaling factor. « is a variable of
curve width and Uis lime (29). a is represented in seconds ™ ':
the greater the value of «, the narrower the width of the
curve, The following variables were also calculated: curve
amplitude (A/ae) and area under the curve (Afac).

Measurement of regional myocardial blood low, Myocar-
Jial blood flow was measured before and after inlracoronary
injection of papaverine, as previously described (24). Ap-
proximately 2.0 X 10° 15 um size. radiolabeled microspheres
{New England Nuclear Corp.) were injected into the left
atrium. These microspheres were agitated in 4 mi of 0.9%
saline—0.01% Tween-80 solution before injection. The (wo
sels of spheres used and their corresponding encrgy win-
dows were: “‘chromium, 280 — 360 KeV and '"tin, 362 —
440 KeV. The catheter through which the spheres were
injected was flushed immediately after the injections with 5
ml of 0.9% saline solution. R arterial blood li
through the aortic catheter was begun at a rate of 6 mi/min
just before microsphere injection and continued for a totai of
90 s with the use of a constint-rutc withdrawal punip (model
944, Harvard Aparatus).

At the end of the experiment, the lefl circumflex coronary
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artery was ligated at the site of the hydraulic occluder.
Myocardial contrast echocardiography was performed 1o
define the perfusion beds. Forty mifliliters of saturated
monastral biue soluticn (0.5% Monastral Blue dye. Sigma
Chemical Co., in phosphate buffer solution mixed with 5%
dextran and 0.9% saline solution) was injecied into the
catheter placed in the left anterior descending coronary
artery. after which the animal -vas kilied (21). In this manner.
the left anterior descending artery bed was stained blue and
the left circumflex artery bed remained unstained. The heart
was removed from the thorax. and the great vessels, atria,
right ventricular free wall and cpicardial fat were removed.
The heart wus cut into a 1 cm thick slice corresponding to the
levet of echocardiographic interrogation (19). This slice was
then cut into 16 equal wedge-shaped pieces. and cach piece
was divided into inner. middle and outer portions. The
myocardial and reierence blood samples were placed in
preweighed plastic tubes and reweighed en an electronic
balance (model 1601, Sartorius Corp.) that was connected to
the minicomputer (VAX §200) by way of an RS-232 interface
allowing aulomatic transfer of data into a preconfigured file.
The samples were counted in a well counter with a multi-
channel analyzer {model 5986, Auto-gamma Scintillation
Counter. Packard Corp.). These data were also automati-
cally transferred to the preconfigured file in the minicor-
puter containing the sample weights. A computer program
was used to correct for the activity spilling from one window
to the next and for determining myocardial blood flow in
mifliliters per minute in cach of the samples with the use of
the following equation: Qm = {Cm % Qr)/Cr, where Qm =
myocardial blood flow, Cm = tissuc codnds (cls/min). Qr =
rale of withdrawal of arterial sample (mi/min) and Cr =
counts in reference arterial sample. Transmural blovd flow
(milliliters per minute per gram) was calculated by dividing
the total flow lo ail three myocardial segments by their
combined 1 eight.

Protocol. Arterial blood gascs were monitored through-
out the experiment; the respiratory rate and the concentra-
tion of expired oxygen in the air (FI0-) were aljusted and
intravenous sodium bicarbonate was given accordingly. Cor-
onary blood flow and arterial blood pressure were recorded
on the physiologic recorder at a paper speed of 10 mmis,
which was calibrated before each injecticn. A critical steno-
sis of the left circumflex coronary artery was created by
lightening a micrometer atlached to the hydraulic occluder
until a 6 mg intracoronary injection of papaverine hydrochlo-
ride (Ely Lilly and Co.) no longer produced an increase in
blood flow as d by the electr flow probe.
Myocardial blood flow measurements. obtained with the use
of radiolabeled microspheres. and myocardial contrast echo-
cardiography were performed in a random order 5 min apart.
After hemodynamic equilibration. myocardial contrast echo-
cardiography and myccardial blood flow measurements were
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repeated 5 min apart 45 s after intr y
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injections of 6 mg of papavarine hydrochloride.
Statistical analysis. All data amalysis (including curve
fitting) was performed witk RS/1 {Bolt, B k, and New-

cffects on coronary blood flow reserve
(1t,14).
Contras! echocardiography. Two-dimensional echocar-

man). Data were expresscd as mean + | SD. Data acquired
before papaverine injection were compared with those ac-
quired after papaverine injection with the Student’s ¢ test for
paired data. Transmural blood flow data (absolute and ratios)
were cofrelated with variables derived from the time-
intensity curves during contrast echocardiography (absolute
and ratios) with the use of linear regression analysis or an
exponential function: f(x) = a — be'"*Y, Intraobserver
variability for the assessment of the degree of coronary
steposis was estimated with the use of a components of
variance model (BMDP:8V, Department of Biomathematics,
University of California, Los Angeles), and error was ex-
pressed as the square root of the variance between two sets
of observations.

Human Studies

Patient selection. Nine patients (five men and four
women, mean age 55 * 12 years) with angiographically
documented single vessel coronary artery disease involving

graphy was performed with use of a sector scanning
system with a 2.5 MHz phased-array transducer (model
77020AC, Hewlett Packard Corp.). All images were re-
corded on 0.5 in. (2.54 cm) video tape with a commercially
available VHS video recorder {model AG6300, Panasonic
Corp.). During the injection of contrast medium, a single
parasternal short-axis view at either the mid-papillary or
apical level was obtained in seven patients, and a single
paraslemal long-nxis view was obtained in two patients. The

di were analyzed by two indep observ-
ers. The i y of contrast in the my dial
bed supplied by the left anterior descending coronary artery
{(anterjor septum and anterior wall) was visually compared
with the enhancement seen in the left circumflex bed (poste-
rolateral walls). This assessment was made on conirast
injections performed before and after papaverine injection in
all patients.

Protocol. After routine coronary angiography, a foam
wedge was placed behind the patient’s back so as to tilt the
chest to a 30° lateral position. The Judkins catheter was then
engaged |n the left mam coronary artery and 3 ml of

either the left anterior descending or the left
coronary astery were studied. Such patients were selected
because it was planned to have one of the vascular beds
supplied by the left main coronary artery act as a control for
the other bed. Four of the nine patients had disease of the
left anterior descending and five of the left circumflex
coronary artery. All patients had =85% stencsis at a proxi-
mal site in the vessel; the mean percent stenosis was 90%.

Patients with conditions other than epicardial coronary
artery stenosis known to affect coronary blood flow reserve,
such as prior myocardial infarction or left ventricular hyper-
trophy, were excluded (30,31), as were patients with valvu-
lar heart disease and unstable angina pectoris. All patients
included in the study gave informed consent to the protocol
approved by the Human Investigation Commitiee at the
University of Virginia School of Medicine.

Coronary angiography. Cardiac catheterization was per-
formed with the Judkins technique (32) B|p|ane selective
coronary hy and left i iopraphy
were performed in a routine manner. The coronary angio-
grams were reviewed by two independent observers, Steno-
tic lesions were quantitated by measuring the diameter of the
coronary artery lumen proximal 1o (Dy) and at the site uf

76 injected into the catheter by hand
Echocardi ,‘. dings were obtained simul

until the contrast medium di J from the my
dium. The Judkins catheter was then disengaged from the
left main ostium and flushed with 0.9% saline solution. Five
minutes ‘ater, the catheter was again engaged in the left main
ostium and 9 mg of papavarine hydrochloride injected
through it. The catheter was immediately flushed with 5 ml
of 0.9% saline solution. Forty-five seconds later (during the
maximal coronary vasodilator effects of papavarine), 3 ml of
sonicated Renograﬁn -76 was injected through the catheter
and echocardiograp dings were of d until the
contrast medium d d from the my i Be-
cause the dead space of the catheter is approximately 1 ml,
only 2 ml of sonicated Renografin-76 entered the myocar-
dium during cach injection. We have previously demon-
strated (32) that this amount of sonicated Renografin-76 is
safe in humans. The addition of this protocol added no more
than 10 to 15 min to the cardiac catheterization procedure.

Results
Animal Smdies

(Ds) the stenosis with hand-held calipers in iwo
views. The percent sienosis was equal to 1-{Dg/Dy). The
intraobserver variability of our method of assessing coro-
nary stenosis severity was small (2%). All patients had
severe stenosis of or.e vessel (either the lefi anterior de-
scending or the left circumflex coronary arlery) and <50%
stenosis in the remaining vessels. Stenoses of <50% should

| blood flow. Mean transmural blood
ﬂows to the myocardlal beds supplied by the left anterior
descending and the left circumflex coronary arteries were
similar before papavenne {0.9 = 0.4 and 0.7 = 0.3 ml/min per
8, resp After pap: y a 3.5-fold
increase in ﬂow was noted Lo the anenal bed supplied by the
teft anterior descending artery (2.6 £ 0.7 mlmin per g [p <
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Figure 2. End-diastolic echocardiographic images ob-
tained at the mid-papillary muscle short-axis level in a
dog with a critical stenosis of the left circumflex coro-
nary artery: A, Before injection of contrast medium: B,
After injection of contrast medium: and C, After injec-
tion of both intracoronary papavarine and contrast me-
dium. The area not showing contrast enbancement in
pane! C (arrows) represents the perfusion bed of the lefl
circumflex {(LCX) coronary artery (see text for details
LAD = left anterior descending coronary artery: LV =
left ventricle; RV = right ventricle.

0.01]), whereas the flow to the left circumflex artery bed did
not change significantly (0.8 £ 0.4 mi/min per g).

Echocardiographic data, Echocardiographic images ob-
tained before (A} and during (B and C) contrast injection are
shown in Figure 2. Contrast medium appears throughout the
myocardium before injection of papaverire despite a critical
left circumflex artery stenosis (Fig. 2B). After injection of
papaverine, there is enhanced contrast in the entire leit
anterior descending coronary artery bed compared with ‘he
left circumflex artery bed (Fig. 2C). The size of the myocar-
dial bed supplied by the left circumflex artery is also clearly
delineated because of the disparity of contrast enhancement
between the two beds (area subtended by arrows).

Because of large baseline variations noted in the gray
scale intensities caused by respiration in one animal, quan-
titative data analysis was performed in five of the six dogs.
Figure 3 illustrates the resulls of the quaatitative analysis of
the contrast injections shown in Figure 2. Before injection of
papaverine, the curves for the left anterior descending and
teft circumflex artery beds are similar (Fig. 3A). However,
aftter the injection of papaverine, the peak intensity and area
under the curve are greater in the lefl anterior desceading
compared with the left circumflex artery bed; the curve
width also appears to be greater despite increased flow to
that bed,

The absolute values derived from quantitative curve
analysis for the five dogs are shown in Table 1. All three
variables were similar in the left anterior descending and left
circumflex artery beds before the injection of papavarine.
After the intracoronary injection of papavarine, the area
under the curve increased. whereas there were small, insig-
nificant decreases in o and peak amplitude in the left anterior
descending artery bed. ln companson the area under the
curve and peak litud d while o i din the
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was ne significant change in . The correlations between
these absolute values and aciual transmural bloed flows
were poor with * values of 0.01, 0.03 and 0.002 for areas
under the curves and transmural blood flow, peak amplitude
of the curves and transmural blood flow and a and trans-
mural blood flow, respectively.

Because the concentration of injected microbubbles and
the gain settings were not constant between experiments. the
ratios of myocardial blood flow in the left anterior descend-
ing and left circumflex artery beds were compared with the
ratios of all three curve variables derived from these beds
before and after papavarine (Table 2). The ratio of areas
under the curves was significantly greater (p < 0.05) after
than before papavarine. In contrast, although the ratio of the
amplitudes of the curves from the iwo beds was higher after
papavarine, the difference was not significant. The ratio of &
derived from the two beds remained unchanged after papa-
varine. The areas under the carves derived from the two
beds during myocardial cantrast echocardiography corre-
lated well with the blood flow ratios (Fig. 4). With linear
regression, the 1 value was 0.73 (p < 0.001) and SEE 0.44,
When curve fitting was performed with the cxponential
function, this value increased 10 0.85 (p < N.10{) (SEE 0.35).
There was a poor correlation between boti the ratios of the
peak amplitudes of the time-intensity curves and « to the
ratios of the blood flows derived from the two vascular beds
before and after papavarine (r* = 0.18 and * = 0.02.
respectively).

Human Studies

Echocardiographic data. Figure 5 shows end-diastolic
frames at tie apical level from myocardial contrast eciiocar-

left circumflex artery bed after papavarine. The difference in
these values between the two beds after intracoronary
papavarine reached borderline significance in the case of the
areas under the curves (p = 0.07) but attained statistical
significance in the case of peak amplitude (p = 0.03). There

diographic images taken from a patient with a %% stenosis
of the left amenor descendmg coronary artery. Panel A

p ab iogram before contrast injec-
tion, panel B rep contrast before para-
verine and panel C demonstrates the change in the pattern of
contrast enhancement produced by papaverine-induced
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vasodilation. The appearance of contrast is similar in the Jett
anterior descending and left circumflex beds before the
injection of paraverine, Afier papaverine. the lefi circumflex
d cantrast ificati
The area supplied by the left anterior descending artery is
d after the intr y injection of papava-
rine {area subtended by arrows in Fig. 5C) because of the
obvious disparity in contrast enhancement between the two
beds. Similar results were noted in all patients. As would be
expected, none of these patients with chronic stable angina
of the bed supplied by
the stenotic artery during myocardial contrast echocardio-
graphy before the injection of papavarine.

Discussion

In the present study we have demonstrated that myocar-
dial contrast cchocardiography can be used to assess coro-
nary blood flow reserve in patients with coronary artery
disease. We did not validate the technique in humans using
i standard because we feel that there is no
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Flgure 3. Time-intensity curves obtained after fitting a gamma-
variate function to the dala obtained from the stages of the experi-
ment in the dog with critical stenosis of the left circumflex coronary
artery indicated in Figure 2. A, Before injection of papavarine; the
curves from both arterial beds are nearly identical. B, Afier injection
of papavarine; the peak contrast effect and arga under the curve are
significantly greater in the left anterior descending (LAD) compared
with the left citcumflex (LCX) artery bed (see 1ext for details),

**gold standard™" for assessing coronary blood flow reserve
in humans. However, we validated this technique for the
measurement of blood flow reserve against the method of
radiolabeled microspheres in dogs with critical coronary
stenoses. We showed that the ratios of areas under the
curves derived from time-intensity plots generated during
myocardial contrast echocardiography correlate well with
blood flow reserve measured using radiotabeled micro-
spheres. We, therefore, believe that myocardial contrast
echocardiography has promise for the assessment of coro-
nary blood flow reserve during coronary angiography in
patients with coronary artery disease.

Varigbles of time-intensity curves and coronary blood flow
reserve. The rate of turnover of an inert tracer from a tissue
is proportional to the flow through the tissue as long as the
volume of distribution is We have previously
demonstrated {24) that the width of the time-intensity curves
gencrated during myocardial contrast echocardiography re-
lates directly to regional myocardial blood Row measured
using radiolabeled microspheres. These findings are consis-
tent with the indicator-dilution principles (33). In the same
experiments, when vasoactive substances werc not used to
alter flow, we were unable 10 show a relation between peak

Table 1, Quantitative Contrast Curve Analysis With Critical Coronary Stenosis of the Left Circumflex Artery in Five Dogs

LAD LCx
Hefare After Before After
Papaverine Papaverine Papaverine Papaverine
Area under curve (arbitrary units} 299 209 536 + 426* 339 £ 196 ZIS--,. Ml‘-
Curve amplitude (arbitrary nnits) EY 71+ 35t 45+ 28 30 = 16F
Curve width - ais™ ) 046 0.15 0.45 = 0.18 0.42 2 017 0.50 £ 045
*p = 0.7 between the two beds: ¢p = 0.03 between the two beds. LAD and LCx = [eft anterior ding and left <il flex coromary artery.
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Table 2. Rutios of Contrast Was
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ot Varighles and Regional Myocardial Blood Flow From the Left Anterior Descending and Left

Circumflex Artery Beds in the Presence of Critical Stencsis of the Left Circumflex Artery in Five Dogs

Ratio of Area

Ratiey of Carve Under the Ratia af Blond
Ratio of & Amplitude Curve Flow
(LAD/LC (LADLCK) (LAD/LEx) ALADIECxY
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amplitude of the curves and regional flow; the relation
between the areas under the curves and blood flow was not
measured in those experiments.

In the present study, we used intracoronary papavarine
which, as a potent vasodilator, can change the myocardial
volume as well as concentration and velocity of red hlod
cells within the myocardium {34.35). Because sonicated
microbubbles behave like tracers of red blood cells (36),
their flux through the myocardium represents ihe in vivo fate
of red blood cells rather than the total blood volume. Our
data suggest that the number of red blood cells per unit
volume of tissue is significantly higher in the normal arterial
bed after papavarine. Therefore, a measure of the number of
microbubbles (areas under the curves) relates best to re-
gional perfusion. These findings are consistent with those of
Klitzman and Duling (34), who found a four-fold increase in
local arteriolar hematocrit in the hamster cremasier muscle
during superfusion of 0.1 mM adenosine. Because of the
variabifity in the concentration and ratc of injection of the

Figure 4. Relation between ratios of transmural blood fiows (with the
use of radiolabeled microsphcres) noted in the left anterior descend-
ing {LAD) and left circumflex (LCX) artery beds before and after
injection of papavarine to the ratios of the areas under the curves
during dial contrast ech hy during the same
stages. By linear regression (thin line), y = 0.dx + 0.7 {1 = 0. 73 p
< 0.001, SEE = 0.44). By an exponcntial funciion {bold line}, y =
3.2 - 3.7k~ (2 = .85, p < 0.0001, SEE = 0.39).

microbubbles during cach stage of the experiment, the ratios
of the arcas under the curves from the left anterior descend-
ing and left circumiflex artery heds, rather than the absolute
areas of the curves derived from these two beds, correlate
with blood flow reserve as measured with the use of radio-
labeled microsphe res. Perhaps the standardization of micro-
bubble size. concentration and rate of injection and improve-
ments in the methods of acquiving echocardiographic data
will make it possibic to mcusure absolute changes in flow
induced by vasoactive substances.

In both Figures 2 and 5, the myocardium supplied by the
stenotic vessels (left circumflex artery in Figure 2 and left
anterior descending artery in Figure 5) shows almost total
lack of contrast enhancement compared with the normally
perfused bed after the intracoronary it.,ction of papavarine
(panel C in both figures). There are two possible explana-
tions for this phenomenon. First, it is possible that intraco-
ronary injection of papavaring catses “‘coronary steal” from
a bed supplied by a severe stenosis, resulting in reduced
blood flow to that bed (37). For example, in the dog whose
cchocardiogram is illustrated in Figure 2. the mean trans-
mural blood flow to the left circumflex artery bed after the
intracoronary injection of papavarine decreased by 350%.
However, **coronary steal”” was noted in only two of the six
dogs, while the postpapavarine echocardiograms appeared
similar in all the dogs. Although it is more difficult to
dacument “‘coronary steal” in humans, the patient whose
cchucardmgram is depicted in Figure 5 did not exhibit
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h ECG changes or experience chest pain during the
intracoronary injection of papavarine. However, some of the
patients did demonstrate such findings afler the intracoro-
nary injection of papavarine.

The second explanation is reluted to the flux of micro-
hubbles 1o the bed supplied by the stenotic artery versus the
nermal bed during intracoronary injection of contrast. Be-
fore the injection of papavarine, the flow to both vascular
beds was equal. After the injection of papavarine. the
average flow increased by 3.5-fold in the bed supplied by the
normal artery, compared with the bed supplied by the
stenotic vessel. Assuming that an equal aumber of micro-
bubbles was injected at each stage, the number of microbub-
bles entering the normal bed would be 3.5 times greater than
that entering the bed supplied by the stenotic vessel. This
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“‘microbubble steal” could result in the large disparity of
contrast noted between the two beds. it is likely that in
several instances a combination of both **coronary steal”
and “'microbubble steal™ caused a disparity in contrast
enhancement between the different myocardial beds.

It can also be noted in both Figures 2 and $ that because

of the disparity of contrast enh in the beds supplied
by the normal and stenotic vessels, the area perfused by the
stenotic vessel was clearly defined after the intracoronary
injection of papavarine (panel C in both figures). This
observatmn is an added advantage of myocardial contrast
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Figure 5. End-diastolic echocardiographic images
obtained at the apical short-axis level in a patient
with a 90% stenosis of the left anterior descending
(LAD) coronary artery. A, Before injection of con-
trast medium; B, After injection of contrast medium;
anu €, Aller injection of both intracoronary papava-
rine and contrast medium. The area nol showing
contrast enhancement in panel C (arraws) represents
the perfusion bed of the lefi anterior descending
|\ coronary artery (see text for Jetails). Abbreviations
;C[)B | as in Figure 2,

suspected. However, if an absolute estimation of coronary
blood flow reserve is desired, false positive results could be
obtained in the presence of prior infarction and hypertrophy
(30,31). Furthermore, self- allenuanon of ultrasound occurs
when the bubbt above a
certain threshold (38). Therefore, it is p that beyond a
certain ratio of blood flows between two myocardial beds,
the ratio of the areas under the curves will not increase. This
phenomenon might explain why an exponential function
shows a better fit to our data than a linear regression (Fig. 4).
However, the data are too few to derive any definitive

graphy in with other used

to measure coronary blood flow reserve in the clinical setting
{16-18). Therefore, information on both the coronary blood
flow reserve and the size of the perfusion bed of a coronary
artery are available, In all our patients this information was
available to us on-line and could have been used to deter-
mine the need for a coronary revascularization procedure.
Qualitative versus quantitative assessment of coronary
bloed flow reserve. In both our human and animal studies,
the disparity between the contrast effect noted in the bed
supplied by a critically stenosed vessel and that supplied by
a normal vessel was so great that it was easily observed
visuaily. This disparity suggested that in comparison with
the control bed, coronary blood flow reserve was reduced in
the bed supplied by the stenosed vessel. Quantitative infor-
mation confirmed these findings in the dogs. However, when
all myocardial beds are supplied by vessels with significant
disease, visual assessment will only indicate the bed sup-
plied by the most critical stenosis. Being a relative compar-
ison between beds, it will not necessarily indicate the
reduction jn flow reserve in other beds. In contrast, the
comparison of the areas under the curves before and after
papavarine will provide an estimation of coronary blood flow
reserve. If the area under the curve derived from any onc
myocardial bed does not increase by a certain amount after
papavarine, a critical stenosis supplying that bed can be

Comparison with previous studies. Lang et al (39) noted
an i in contrast enh of my dial beds
after coronary angioplasty that was greater than that in the
normal beds. They atiributed this phenomenon to hyperemic
blood flow in the bed supplied by a stenotic artery immedi-
ately after coronary angioplasty. Cheirif et al. {40) also
observed an increase in the mean contrast intensity after
papavarine compared with baseling in a perfusmn bed sup-
plied by a vessel that had underg ngioplasty.
They suggested that my dial contrast
could be used in conjunction with papavarine for assessing
the success of coronary angioplasty. Our data are in agree-
ment with these reports and further suggest that quantitation
of time-intensity curves generated during contrast echucar-
diography relates directly to coronary blood flow reserve.
Our data also explain the underlying reasons for using
different variables derived from time-intensity curves in the
presence and absence of coronary vasoactive drugs.
Comparison with other techni of ing coronary
blood flow reserve. Other methods of assessing coronary
bleod flow reserve in patients also measure relative changes
in flow, For i the epicardial and intr
Doppler techniques measure the rate of change of velocuy
{16,17). Because of its inability to measure changes in
coronary dimensions, the Doppler ultrasound technique is
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not capable of measuring chranges in flow. ln addition, it does
not assess changes induced in myacardial blood flow or the
size of the perfusion bed supplied by the stenotic vessel. In
comparison, myocardial contrast echocardiography pro-
vides information on coronary blood flow reserve, myocar-
dial blood flow and the size of the perfusion bed of a
coronary artery. Digital «»ub(raum.v angiography is another
hnique with the p | for ing coronary blood
flow reserve. Using lhlh technique., Nissen et al. (18}, like us,
found that the areas under the curves oblained from myo-
cardial regions of interest correlate hest with changes in-
duced in coronary bload flow after intracoronary injection of
napavarlne Because dlgltal subtraction angiography is not a
ho! , it cannol provide a precise
esumatlun of the mze of the perfusion bed supplied by a
coronary artery.

Limitations. The limitations of the current study pertain
to the limitations of assessing coronary blood flow reserve,
our method of measuring blood flow reserve and the patients
selected for this study. The limitations of assessing coronary
blood flow reserve are common to all techniques and are
summarized by Hoffman (30) and Klocke (31). In addition,
vasoactive drugs such as papaverine might change the
callbet of the stenotic vesscls resulting in potential underes-

of the flow limil duced by a stenosis during
maximal myocardial oxygen demand (41). The greatest lim-
itation of ovr method of assessing flow reserve, however, is
related to the lack of standardization of the size,
tion and method of injection of microbubbles. In addition,
even 2 ml of Renografin-76 alters coronary blood flow (28).
Use of the newly described albumin microbubbles, under
current i igation in our [at y (28), should elimi
these problems. Finally, we seclected patients with severe
single vessel disease. Whether similar results could be
obtained in patients with less severe critical stenoses or in
patients with multivessel disease needs 1o be investigated.

Conclusions, Our study describes the use of myocardial
contrast echocardiography to assess coronary blood flow
reserve in humans. It also validates the technigque against
radlonucllde mlcrospberes m a canine model. We have

| that e of coronary
blood flow reserve is possible by measuring the area under
the curves generated during myncardlal comrast echocar-
dmgraphy before and after an of
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whether the measurement of coronary blood flow reserve is
superior to assessment of coronary angiograms for determin-
ing prognasis in patients with coronary artery disease.
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