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Myocardial Contrast Echocardiography and the Transmural
Distribution of Flew: A Critical Appraisal During Myeocardial
Ischemia Not Associated With Infarction

SANJIV KAUL, MD, FACC, ANANDA R. JAYAWEERA, PuD, WILLIAM P. GLASHFEN, PuD,
FLORDELIZA S. VILLANUEVA, MD, HOWARD P. GUTGESELL, MD, FACC,

WILLIAM D. SPOTNITZ, MD, FACC
Charlottesville, Virginia

Objectives. This study was undertaken to determine whether

dial contrast ect di hy can be used to estimate the
transmunl dlsmbunnn of flow.
ly lial contrast has been

shown lo reliably measure average transwiaral blood flow during
myocardial ischemia. However, there |s controversy regarding its
ability to ine the of flow.
Methods. The 1 distrib of flow was in
21 open chest anesthetized dogs with use of radiofabeled micro-
spheres and sonicated albumin microbubbles {mean sne 4 S um).
In the 11 Group I dogs, my ial contrast
was performed at baseline and during left anterior descendmg
artery stenosis. In five of these dogs, it was also performed during
left circumflex artery stenosis. In these dogs large (mean 12 um)
hand- aglmed bubbles were also used. In the five Greup II dogs,
1 contrast was performed before and
45 s after i ] of 6 mg of pap: in the
prmenuohcﬂﬂﬂlleﬂcmmﬂexamrysltm The five Group

18T dogs were studied daring cardioptlmenary bypass at baseline and
during left anterior descending artery stenosis, Off-line image anal
ysis of the echocardiograplic images was performed and time-
intensity curves obtained from thesz images were correlated with

radiolabeled microsphere-derived flows.
Results, The ratios of the parameters derived from the en-
decardium and epicardium dariag contrast echocar-

diography were found to correiate poorly (rasging from R* = G to
R? = 0.35) with radiclabeled microsphere-derived endocardiat/
epicardial flow ratios over a wide raage of fow ratios (0.0 to
2.58). These results were not influenced either by the location of
the regions of interest {left anterior descending vs. left circumflex
artery bed) er by the size of the bubbles (4.5 vs. 12 pm).
Conelusi ly ial contrast di cannot be
used to assess the transmural distribution of flow during myocar-
dial ischemia not associated with infarction.
(7 Am Coll Cardiol 1992;20:1005-16)

Experimental data indicate that myocardial contrast echo-
cardiography can be used to assess average transmural blood
flow (1-6). However, there is controversy regarding the
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ability of this technigue to determine the transmural distri-
bution of flow in the context of myocardial ischemia (7-10).
The present study was designed to determine whether this
technique can be used to assess the transmural distribution
of flow during acute myocardial ischemia in the absence of
myocardial i It was hypothesized that endocardial/
epicardial flow ratios cannot be determined with use of this
technique.

Because large bubbles (>12 xm) may get lodged within
the myocardial arterioles (11), whereas small bubbles pass
readily through the myocardial capiltaries (11,12}, we used
both smail and large bubbles to determme whether buhhle
size affects the ability of my | contrast g
raphy to assess endocardial/epicardial flow ratios. When the
echocardmgraphlc beam interrogates the anterior wall, the
endocardium |s more Ilke)y than the epicardium to be

d Jium is more likely to be

the

attenuated when the beamii |nterroga(es the posterior wall. To

resolve the issue of preferential attenuation, we imaged both
beds.

Because cardiac motion due to rotation and respiratory
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can infl h jographic data analysis,
we also performed myocardial contrast echocardiography
during cardiopulmonary bypass when the heart is arrested
and there is no cardiac translation caused by respiration. In
this situation every frame can be analyzed without having to
be aligned with cach oiher, thus increasing both the temperal
resolution of the data and the accuracy of data registration
between frames. To enhance the signal to noise ratio, we
utilized image depths to maximize the size of the regions of
interest. For optimal registration between microsphere and
echocardiographic data, we used postmortem flow maps
generated by injecting colored dye into the myocardial bed.

Methods

Animal preparation. Twenly-one mongrel dogs were
used for these experiments. The studies conformed to the
“Position of the American Heart Association on Research
Animat Use™ adopted November 11, 1984 by the American
Heart Association. The dogs were anesthetized with
30 mg/kg body weight of intravenous sodium pentobarbital
(Abbott) and intubated and ventilated with a respirator pump
{model 607, Harvard Apparatus). An 8F catheter was placed
in the left femoral artery for recording arterial pressure and
was connected to a multichannel physiologic recorder (mod-
el 4568C, Hewlett-Packard) by way of a fluid-filled trans-
ducer (model 1280C, Hewlett-Packard). This catheter was
also used for the withdrawal of reference arterial blood
samples during injection of radiolabeled mi I into
the left atrium in Group I and Group II ﬂogs A similar
catheter was placed in the left femoral vein for the admini
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Figure 1. Animal preparation used for Group I dogs (see text for
details). A. = artery; L. = lefi; LAD = left anterior descending
coronary artery.

connected to a Gregg cannula, After the system was primed
with heparinized saline solution, the tip of the cannula was
inserted into the ascending aorta through the left innominate
artery. Heparin sodium (Elkin-Sinn), 10,000 WJ, wa
jected intravenously, and the roller puimp was activated to
repiace the saline solution in the system with arterial blood.
The tip of the Gregg cannula was introduced into the left
main lumen and secured there with a silk tie. The roller
pump was adjusted so that the left anterior descending artery
pressure before mtmductmn of the Gregg cannula was
h d after its i d

tration of drugs and fluids, as needed. Two mg/kg of
tidocaine hydrochloride was injected intravenously and fol-
lowed by an infusion ¢f 2 mg/min throughout the experiment.
Arterial blood gases were monitored every hour and the
concentration of inspired oxygen was adjusted and sodium
bicarbonate (Abbott) was given accordingly. The chest was
opened and the heart was suspended in a pericardial cradle.

Group 1 dogs (n = 11). A 4F catheter was placed in the
lefi atrium for the injection of radiolabeled ph and

Group 1l dogs (n = 5). A4F catheter was placed in the
left atrium for the inj of
and a 22-gauge catheter was inserted into the lumen of the
left anterior descending artery and its tip positioned at the
bifurcation of the left main artery (Fig. 2). This catheter was
used for the injection of contrast medium and papaverine.
An electromagnetic flow probe was attached to the left
circumflex artery to measure flow through it, and a hydraulic

the left main artery was dissected free from surrounding
tissues and a silk tie was placed loosely around it. A
hydraulic occluder was positioned on the proximal left
anterior descending artery, and a 22-gauge catheter was
placed in the lumen of this artery to measure pressure
beyond the accinder (Fig. 1). in five dogs an occluder vias
also positioned ot the left circumflex artery. An electromag-
netic flow probe (modei EP496, Carolina Medical) was

luder was placed on the vessel distal to the flow probe.
The flow probe was connected to a flow meier that was
connected to the recorder.

Group 11 dogs (m = 5). All branches of the aortic arch
proximal to the site of aortic cross-ciamp placement were
ligated so that cardioplegic solution detivered to the aortic
root would be directed exclusively to the nalive corenary
arteries (Fig. 3). A hydraulic occluder was placed on the

placed pr { to the occluder (Fig. 1) to flow

} left anterior d g artery, and a 22-gauge
intr:

through this vessel and was connccied to a flow meter
(model FMS02, Tasclisa Medical) that in tura was connected
1o the phytiologic recorder.

The right carotid artery way expesed nnd 2 27 cannula
(Bardic) was placed in it. This cannula was connected to
plastic wbing (Tygon) placed in a constant flow roller pump
(Series S, Manostat) and the other end of the tubing was

lar catheter was placed in the distal branch of the
vessel to the p beyond the occluder. The
dogs were placed on cardiopulmonary bypass with use of a
roller pump {model 6002, Sarns) and a bubble oxygenator
(S-100A, Shiley). They were cooted to a blood temperature
0f 30°C with use of a heat pump (B:2nketrol 200 HL). A DLP
cannula was placed in the aortic root for deiivery of the
cardioplegic solution and radiclaheled microspheres. An
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Figure 2, Animal preparation used for Group I dogs (sce tex: for
details).

18-gange catheter wasg placed in the aortic root for the
withdrawal of reference samples during radiolabeled micro-
sphere mjectlons.
Myocardial contrast Myccardial con-
rast echocardxogmphy was performed with use of mechan-
ical sector scanning systems. In Group 1 dogs, 2 system with
an 8-MHz transducer was used (ND-256, Biosound),
whereas in Group Il and IIf dogs a system with a 5-MHz
transducer was used (Mark-11I, Advanced Technology Lab-
oratories). A short-axis view of the heart was obtained at the
midpapillary muscle level, and the transducer was fixed at
the same level throughout the experiment by a clamp at-
tached to the procedure table. A saline bath acted as an
acoustic interface between the heart and the transducer. The
control settings were kept constant throughout each exper-
iment. In Group I Jogs, a depth setting of 4 cm was used to
image the left anterior descending artery bed, so that only
the anterior half of the heart could be visualized on the
echographic images. A depth setting of 8 em was uscd for
Group 1I and 11§ dogs. Images were recorded on videotape
with a 1.25-cm VHS recorder.
For Group I dogs, the contrast agent was made by adding
5 ml of Albunex (Molecular Biosystems) to 10 ml of 5%
human albumin (Swiss Red Cross) (13). Each milliliter of
Albunex consisted of approximately 450 million, 4.5-pm
somcmed microbubbles. Three milliliters of this mixture was
duced throngh a k placed p 1 to the Gregg
cannula (Fig. 1), In the last five Group I dogs, = mil of
hend-agitated Renografin-saline solution with a mean mi-
crobubble size of 12 = 7 pan was aiso injecied ai ¢ach stage
(14). In Group It dogs, 2 ml of sonicated Renografin-76 was
injected through the catheter placed in the left main coronary
antery (Fig- 2). The microbubbies produced by this techni
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Figure 3. Animal preparation used for Group HI dogs (see text for
details}, CIRC = left circumflex coronary artery; LAD = left
anterfor descending coronary artery; LMCA = left main coronary
artery; RCA = 1ight coronary artery.

had a mean diameter of 6 = 4 um and their concentration
was 500,000 = 200,000/m! (15). In Group il dogs, the
contrast agent was made by diluting Albunex (4.5 gm) in 5%
human albumin to a concentration of 150,000 bubbles/ml. It
was injected into the aortic root through a side port of the
catheter delivering cardioplegic solution. The amount of
contrast medium in each situation resulted in optimal myo-
cardial opacification without pre<ucing any attenuation.
Computer anafysis of echocardiographic images. An off-
line image analysis system (Mipron, Kontron Electronics)
was used for anaiysis of the echocardiographic images (16).
In Group I and I dogs, end-diastolic images from the time of
contrast injection until its di from the myocar-
dium were selected for analysis. The images were aligned by
using cross correlation, as previously described (16). In
brief, a region of interest is defined in a veference frame
approximately equal in size to the region that is required to
be aligned. A rectangular area is then defined around this
region (Fig. 4A) within which the computsr performs a
search in the other frames for the region analogous to the
region within the reference frasee. Each frame to be aligned
is shifted | pixel at a time within the search area, and the
correlation coefficient between the pixels within the region
of interest in the reference frame and the frame io be aligned

is calculated at each position. The position at which the
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Figure 4. A, Method of image alignment. The region of the myocar-
dium oullined in this reference frame denotes the region that needs
to be aligned; the outside rectangle denotes the region in which the
search has to be performed in all subsequent images {see text for
details). B, Method of defining regions of interest over the anterior
myocardium (imaged at a depth of 4 cm} to derive the endocardiat
and epicardial time-intensity curves.

correlation coefficient between the pixels in the two images
is closest to 1 is taken as the best afigned position and the
frame is automatically shifted and rotated to that position. In
Group I11 dogs, in which the heart was arrested and there
was no respiratory motion and image alignment was not
required, all images (30 frames/s) wer¢ analyzed.

Regions of interest were placed over the epicardium and
endocardium on any frame (Fig. 4B), and videointensity
values in these regions were derived automatically from cach
frame (16). The location of these regions was determined
from radiolabeled microsphere flow maps. The size of the
regions of interest depended on the field depth; it was =600
pixels in the lefi anterior descending artery bed when it was
imaged at a depth setting of 4 cm (Fig. 4B) and =200 pixels
in the left circumflex bed when it was imaged at a greater
depth setting. The average background activity was calcu-
lated from the four to six frames hefore contrast appearance
and was subtracted from all subsequent frames (16). Non-
linear functions were applied to the background-subtracted
plots ta obtain optimal curve fitting, as previously described
(16). From these functions, peak intensity of the curve, time
from appearance of contrast medium in the myocardium to
peak contrast effect {a measure of curve width) and area
under the curve were derived (16). In Group I dogs in which
larpe microbubbles had been injected, the initial slope of the
curve was also calculated.

of myocardial flow, My dial blood flow
in Group I and Group II dogs was determined by injecting
2 x 10 radiolabeled microspheres (Dupont Medical Prod-
ucts) into the left atrium (Fig. 1 and 2) just after the initiation
of withdrawal of arterial blood from the left femoral artery.
Ten milliliters of arterial blood was withdrawn aver 90 s with
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use of a constant rate pump (model 644, Harvard Appara-
tus). In Group 111 dogs, 2 x 10° microspheres were injected
into the cross-clamped aortic root (Fig. 3), and a rzference
sample was collected from the aortic root over 3 min, All
microspheres were 11 um in size and were agitated in a 4-ml
solution of 0.9% saline solution and 0.01% polysorbate-80
before injection. The swpcock throngh Wthh they were
injected was flushed i diately after each i

At the end of the experiment the animal was killed, and
40 ml of Monastral blue solution (9.5% Monastral blue dye,
Sigma Chemical, in phosphate buffer solution mixed with 5%
dextran and 0.9% saline solution) was injected into the left
main coronary artery after ligation of the proximal left
anterior descending coronary artery {2). The heart was
excised and the atria, great vessels and epicardial fat were
discarded. A I-cm thick slice of the left ventricle was then
cu corresponding to the short-axis slice seen on echocar-
diography. A flow map was traced cn paper showing the
landmarks and the location of the left anterior descending
and left circumfiex artery beds.

The myocardial slice was cut into 16 approximately equal
segments, and these segments were numbered clockwise
starting from the junction of the left ventricular posterior and
the right ventriculer free walls. These numbers were alsc
marked on the flow maps described earlier. Each segment
was cul into an outer, middle and inner portion analogous to
the regions of interest placed over the myocardium during
echocardiographic data analysis (Fig. 4B). The samples were
counted in 2 well counter with a mullichannel analyzer
(Auto-Gamma Scintillation Spectrometer model 5986). Ac-
tivity spilling from one window to another was corrected,
flow to each was calculated and the end dial/
epicardial flow ratio was derived with use of previously
described equations (1,17).

Protocals. In Group 1 dogs, data were coliected at base-
line and after creation of severe left anterior descending
ariery stenosis. In the last five dogs, severe left circumflex
artery stenosis was also created. The severity of stenosis
was assessed by measuring eitber the distal left anterior
descending artery pressure or the left circumflex artery flow.
In random order, either contrast medium was injected into
the left main artery or radiolabeled microspheres were
injected into the left atrium. There was a S-min delay
between t and mi jection to allow for
hemodynamic equilibration. In thc last five dogs, both son-
icated and hand-agitated bubbles were injected at each stage.

In Group It dogs, critical s!enosns was created on the left

artery by tightening a hed to the
hydrauli {uder until a 6-mg intr ion of
papavenne hydrochloride (Eli Lnlly) no longer produced an
increase ir blood flow, as d by the el
flow probe. Myocardial contrast echocardiography and in-
jection of radiolabeled microspheres were performed in a
random order 5 min apart before and 45 s after intracoronary
injection of 6 mg of papavarine.

le Group 111 dogs, data were obtained at baseline and
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Table 1. Range and Mean Blood Flows (ml/min per g) Achieved
in ANl Dogs

__ (Growl Group Il Group Ii:

Blood Flow LAD Bed LCx Bed LCx Bed LAD Bed

Endocardial  0.00101.39 00410079 02110270 0.0910 178
0.52) 0.33) (1.00 0.69)

Epicardial 0260135 003008 03310270 042w 032
072 {0.44) {1.14) [LXIN

Ratio 0010170 034w 161 055tobll 05510258
0.69 ©.87) (0.84) (1.16)

LAD = left anterior descending coronary artery; LCx = left circumflex

coronary artery.

during severe lett anterior descending artery stenosis. The
aorta was cross-clamped, and infusion of cardioplegic solu-
tion was begun at 200 m/min. After 1 min, when cardiac
arrest had occurred, radiolabeled microspheres were in-
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mean vaiue + 1 SD. Endocardial and epicardial flows and
endocardial/epicardial flow ratios with echocardiographic
parameters vere compared with use of the paired ¢ test.
These parameters and their ratios were correlated with
endocardial and diat flows and end Ifepicardial

flow ratios with use of linear regression analysis.

Results

The range of flows and endocardialiepicardial flow ratios
obtained in all the dogs are listed in Table 1. The endoca-dial
flows ranged from 0 to 2.7 mi/min per g, the epicardial flows
from 0.!2 to 2.7 ml/min per g, and the endccardial/epicardial
flow ratios ranged from 0.01 to 2.58.

Group I dogs. Figure 5 iltustrates end-diastolic images
from a Group I dog after injection of sonicated albumin
microbubbles at baseline {panet A) and during left anterior
dcscendmg anery stenos:s {panel B). At baseline, when the

jected into the cardioplegia line followed i diately by the
injection of the contrast agent. Delivery of cardloplegxc
solution was continued for 3 min to ensure ash

endocar

of radiolabeled microspheres from the aortic root. Between
stages, the clamp on the aorta was removed and the myo-
vardivm was perfused with blood.

Statistical analysis. All data were analyzed with use of
RS/i (Bolt, Beranek, Newman). Data were expressed as

| ratio is 0 74, the ume-mtensny curves
from the endocardium and epicardium are di d in panel
C. After p! t of the stenosis, when the ratio is 0.32, the

curves are wider; however, the change in the width is equal
for both curves (panel D) despite a 58% difference in the fiow
Tatio.

Table 2 depicts the results obtained from the left anterior
descending artery bed in 2il Group I dogs. During injection

Figure 5. Data from the left anterior descending artery
bed in 2 Group 1 dog. Upper panels, Short-axis view of
the anterior myocardium imaged at a depth setting of
4 cm during peak contrast effect after intracoronary
injection of sonicated microbubbles before (A) and after
) the creation of severe left anterior descending artery
stenosis. Lower panels, Endocardial and epicardial time-
intensity curves obtained from the heart at these two
stages. Data in T correspond to ecnocardiograms de-
picted in A, in which the endocardialiepicardial (E/E)
ratio was 0.74; data in D correspond to echocardiograms
in B, in which the ratio was 0.32 {see text for details).
Squares denote data from the epicardial bed; triangles
denote data from the endocardial bed.
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Table 2. Blood Flow and Echocardiographic Resuits From the Left Anterior Descending Artery Bed in Group 1 Dogs

Raseline Stenosis
Endocardial Epicardial Ratio Endocardial Epicardial Ratio

A. Small Micrabubbles (11 dags)
Biood dow (ml/min per g) 075 £0.34 0.98 = 0.45* 0.63 % 0.32 0,40 + 0.30*
Curve width (s) 1.54 £ 0.86 1.20 2 0.21 .. 2.10=0.75 141 = 1.01
Curve amplitzde =10 3417 097 = 0.38 1911 26 =24 1.07 + 0.40
Arca under the curve 3y 128 £ 98 1.16 = 0.69 121287 1502176 113+ 068

B. Large Microbubbles (5 cogs)
Blood flow (mVmin per g) 0.63 = 0.40 063 % 0.16 0.95 = 0.42¢ 026 + 0.22 049024 047 = 0.221
Curve width (s} 45226 4126 114 £ 0.3} 35209 42z 10 0.84 £ 0.09
Curve amplitude 60 %19 5730 1.19 £ 0.37 3B +20 3“8 164 £ 1.07
Area under the curve 283 = 99 278 + 157 1.18 £ 0.38 2195 204 = 90 139 = 1.07
Initial slope 51+8 59 + 46 118 = 0.59 43 %13 217 136 * 1.40

*p = 0.002. ¥Denotes time of appearance of contrast medium 1o peak contrast effect. p = 0.03.

of sonicated microbubbles, flow to both Lhe epicardial and
the endocardial beds was equal at baseline (Table 2A). After
creation of severe stenosis, flow to the endocardium de-
creased more than that to the epicardium and the mean
endocardial/epicardial ratio decreased from 0.98 to 0.40 (p =
0.002). The p of the time-i ity curves ob d
from the endocardium and epicardium and the ratios of these
parameters did not change significantly despite a 59% de-
ercase in the ratic {Table 2A). Similar results were obtained
with hand-agitated microbubbles in five of the dogs (Table
2B).

Table 3 depicts the resuits obtained from the five Group 1
dogs in which the left circumflex artery bed was imaged.
Despite a 49% decrease in the endocardial/epicardial ratio
after placement of a left circumflex stenosis, neitior the

of the ti ity curves nor the ratios of
these parameters changed significantly (Table 3A). These
parameters did not change even during the injection of
hand-agitated microbubbles (Table 3B).

The correlations between the ratios of the parameters of

the time-intensity curves obiained from the endocardium
and the epicardium and the endocardial/epicardial blood
flow ratios in Group 1 dogs were poor (Table 4). Even the
relation between curve width and endocardial/epicardial
ratios was poor. B the app of the but
bles rather than their washout may be more indicative of
flow when large bubbles are used, the initial slope of the
curves was also calculated during injection of large mi-
crobubbles. However, no correla.ior was found between
endocardial/epicardial ratios and this parameter whether the
left anterior descending or the left circumflex bed was
imaged (Table 4).

Group II dogs. Figure 6 illustrates end-diastolic images
from a Group II dog with a critical left circumflex artery
stenosis after injection of contrast medium at baseline (panel
A) and 45 s after intracoronary injection of 6 mg of papav-
erine (panel B). The left circumflex and left anterior descend-
ing artery beds show equal enhancement before injection of
papaverine, whereas after papaverine injection the left ante-
rior descending bed shows enhanced contrast effect com-

‘Fable 3. Blood Flow and Echocardiographic Results From the Left Circumflex Artery Bed in the Group I Dogs (n = 5)

Baseline Stenosis
Endocardial Epicardial Ratia Endocardial Epicardial Ratio

A. Small Microbubbles (11 dogs)
Btood flow (m¥min per g) 048 £ 0.9 248 £0.26 086 + 0.25" 0.21 £0.12 044+ 014 049 = 0.28%
Curve width (s)t 2111 2215 1.0? = 0.20 169 = 0.71 244+ 1.06 07101
Curve amplitude 2 +20 14+ 14 210 130 17213 14=+9 1.40 = 0.61
Area under the curve 170 = 205 123 £ 190 19+ 131 M7+353 109 £ 97 106 = 0.76

B. Large Microbubbles (5 dogs)
Blaod flow {wifmiu per g 0.46 + 044 + 0.31 117 £ D303 042 032 0.52 > 0.19¢
Curve width (s)t 4334 2708 146 + 0.68 431317 0.91 = 0.10
Curve amplitude LR 819 169 = 0,70 LRt 1352024
Area under the curve 203 £ 119 141 = 100 154 £ 0.45 149 + 40 1.49 £ 0.7
Initial slope 45 %38 40+ 26 108 = 0.48 b ERE] 1.48 = 0.72

*p = 002, +Dezales time of appearance of contrast medium to peak contrast effci. $p = 0.006.
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Table 4. Coefficient of Determination* Between the Ratio of Variables Derived From Time-

Intensity Curves Obtaiucd From. the Endocardinm and E; dium and the E: ‘Epicardial
Blood Flow Ratio in Group I Dogs
LAD Bed LCx Bed
Sonicated Hand-Agitated Sonicated Hand-Agitated
Echocardiographic Parameter (11 dogs) (3 dags) (5 dogs) 3 dogs)
Curve width* 0.00 0.35 .10 0.23
Curve amplitude 024 0.03 .18 .16
Area under the curve 0 0.05 0.18 0.16
Initéal slope of the curve - ~0.05 - -0.00

*All values represent R? value. +Denotes time of appearance of contrasl medivm to peak contrast effect,

Abbreviations as in Tabic i.

pared with that in the left circumflex bed. The time-inten<i .y
curves from thz endacardium and epicardium in the left
circumflex bed before and after mapaverine are shown in
panels C and D. The endocardial/epicardial flow ratio at
baseline was 1.1 and decreased to 0.64 after papaverine
injeciion. Whereas the areas under the curve decreased.
they did so equally for both beds despite a >40% reduction
in the flow ratio.

The resnits from all Group II dogs are p din Table

the endocardiem than in the epicardium, with a mean
decrease in the flow ratio from 0.97 at baseline to 0.71 after
papaverine (p = 0.04). However, none of the echocardio-
graphic parameters demonstrated a significant change from
baseline after papaverine injection (Table 5A). The correla-
tions between eadocardial and epicardial flows and parame-
ters of the time-intensity cusves were poor except in tie case
of curve amplitude and epicardial flow. The ratios of the

5. Before papaverine injection, the endocardial and epicar-
dial blood flc:vs were equal, demonstrating no 1eduction in
flow at rest despite the presence of a critical stenosis. After
injection of papaverine, ths decrease in flow was greater in

s of the curves also correlated poorly with the flow
ratios (Table 5B).

Group ilI dogs. Figure 7 illustrates end-diastolic images
from one Group I dog afier injection of contrast medium at
baseline (panel A) and during left anterior descending artery

Figure 6. Data from the left circumflex zrtery bed ina
Group 1f dog. Upper panels, Left ventricular short-axis
view at a depth setting of 8 cm during peak comurast
effect after intracoronary injection of sonicated mi-
crobubbles before (A) and after (B) intracoronary injec-
tion of papaverine in the presence of a critical lefi
circumflex artery stenosis. Lower panels, Endocardial
and epicardial time-iniensity curves obtained at these
stages. Data in C correspond to echocardiograms de-
picted in A, in which the endocardial/epicardial (E/E}
ratio was 1.1; data in D correspond to echocardiograms
in B, in which the ratio was 0.64 (see texi for details).
Squares denote data from the epicardial bed; triangles
denote data from the endocardial bed.
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Table 5, Results of Blood Flow and Echocardiographic Data From the Left Circumflex Artery Bed in Group [T Dogs (n = 5)

A. Mezn Dala
Before Papaverine Aftter Papaverine
Endocardial Epicardial Ratio Endocardial Epicardial Ratio
Blood flow {ml/min per g) 126 + 0.97 127 £ 087 0.97 2 0.24% 0.75 £ 0.82 1.00 £ 0.9 0.71 = 0.07*
Curve width (s}t 27+ 2511 106 £ 0.01 2108 2210 0.96 + 0.13
Curve amplitude W= 167 £ 69 127 £ 0.45 149 = 42 12724 122+ 019
Arez under the cuive 192 £ 99 160 £ 9t 1.35 £ 0.51 120 % 53 10 = 60 115 £ 0,13
B. Coefficient of D irationt Between i ic and Btood Flow Parameters
Endocardial Flow Epicardial Flow Endocardial/Epicardial
Echocardiographic variable {normalized) {normalized} Flow Ratio
Curve widtht 0.0 0.01 0.01
Curve amplitude 0.18 0.84 .01
Area under the cuive 0.06 0.2t 0.00

*p = (,04. tDenotes lime of appearance of cantrast medium (o peak contrest effect. Al values represeat R? value,

stenosis (pancl B). Panels C and D depict time-intensily  the epicardium and the endocardium despite a 32% decrease
curves from the endocardium anad epicardium during these  in the flow ratio.

two conditions. Although the data were analyzed at 30 The results from all Group 111 dogs are presented in
frames/s, they are depicted at one fifth this rate. Whereasthe  Table 6. As would be expected in a nonbeating vented heart,
peak intensity and the area under the curve diminished after  at baseline the endocardial flo'w was higher than the epicar-

placement of the stenosis, the decrease was equal for both  dial flow. Afier creation of a severe stenosis, the mean

A B

e
e *) Figure 7. Data from the left anterior descending artery
bed in a Group I11 dog where the heart was arrested and
there was no motion artifact. Upper panels, shoit-axis
Cc D view of the anterior myocardium imaged at a depth
setting of 8 cm during peak contrast effect after injec-
tion of sunicated microbubbles into the cross-clamped
aortic root before (A) and after {B) the creation of a
E/E ratio = 1.1 severe left anterior descending artery stenosis. Lower
. E/E ratio = 0.75 panels, Endocardial and epicardial time-intensity plots
©Obtained at these two stages, Data in € comrespond to

60 20

50
%9 - echocardiorrams depicted in A, in which the endocar-
€ diallepicardial (E/E) ratio is 1.1; datain D correspond to

E 401 g r echacardiograms in panel B, in which the ratio is 0.75

2 & 9 . {see text for details). The closed circles denote data from

& ; & |° the epicardial bed; the open circles denote data from the

z z 1018 ? endocardial bed.
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Table 6. Results of Blood Fiow and Echocardiographic Data From the Left Circumfiex Artery Bed in Group [Tl Dogs (n = 5)
A. Mean Data
Rascline Stenosis
Endecardial Epicardial Ratio Endocardial Epicardial Ratio
Blood flow (mlimin per g} 121 %039 075 = 0.6 164 = 061" 0.18+ 001 0.27 £ 0.20 G.69 = 6107
Curve width (s} 40=24 47+46 102 <04 53*64 60£77 101 = 0.2
Curve amplilude 26,6 £ 12.5 296+ 147 054 = 0.18 133 =90 12391 115 = 0.23
Area under the curve 407 = 258 386 £ 293 102 =029 173 = 171 152 = 163 150 = 092
B. Coefficient of D Between ic and Blood Flow Variable
Echocardiographic Endocardial Flow Epicardial Flow

Parameter (normatized) (normalized) Ratio
Curve widtht 0.0 o0 0.10
Curve amplitude 051 0.74 8.06
Area under the curve 0.56 0.6 004

*p = 0.009. tDenotes time of appearance of contrast medium to peak coatrast effect. $All vahues represent R values,

endocardial flow d d with a signif duct;

in the mean endocardial/epicardial ratio from 1.6 0 0.66
(p = 0.009). None of the echocarciographic parameters
demonstrated a significant change after stenosis despite an
approximately 60% reduction in the flow ratios {Table 6A).
The correlations between endocardial and dial flows

the left znterior descending artery bed, which can occur
when too much contrast medium is injected into the coro-
nary circulation, This is particularly likely when hand agita-
tion is used 1o prepare bubbles, because the bubble size and
number cannol be standardized. Figure $ is an example of

and the p of the ti ity curves were poor.
The correlations between flow ratios and the ratios of the
parameters of the time-intensity curves were also poor
(Table 6B).

Discussion
Effect of microbubble size. Using myocardlal contrast
echocardiography, Lim et al. (7) d lower vid

hic images cf the left anterior descending
artery bed at a depth seiting of 4 cm. The image before
contrast injection is depicted in panel A; images after con-
trasl injection are shown in pancis B to D. Endocardial
attenuation can be noted when a large number of bubbles
was intentionally injected into the left anterior descending
ariery during normal flow (panel B), which usually dissipates
in a few seconds {panel C). When a smaller number of
bubbles was injected at the same flow rate, endocardial

sities in the endocardium during pacing in patients with
coronary artery disease thal were not noted at bascline.
They utilized relatively large bubiles produced by hand
agnatmn of Urografin-76. Although they documented the

of ST depression during pacing, they
d not use an independent technique to validate endocar-
Sialfepicardiai fiow ratios, and it is not known whether any
changes in the transmural distribution of flow ac wally ve-
curred in their patients.

Although Lim et al. (7) did not report the size of the
bubbles used in their study, similarly produced bubbles have
been reported (11,14) to have a mean size of 12 to 15 um.
Because such bubbles might get lodged in the arterioles in a
manner similar to that of radiolabeled micruspheres (1), itis
plausible that they could be used to demonstrate the trans-
mural distribution of flow. However, using similarly sized
bubbles, we were unable in the present sludy to demonstrate

a posmve } y | contrasy echocar

was not seen {pane} D).

Because small bubbles injected into a beating heart be-
have similarly to red blood cells (6,12}, their rate of transit
through the myocardium correlates closely with blaod flow.
In previous studies the transit times were measured by
placitg regions cf interest over the entire myocardial thick-
ness and, as such, represented transmural transit times (1,2).
in the present study we were unable to consistently obtain
different transit times from the epicardium and endocardium
in our Group I dogs receiving small microbubbles despite
major differences in the flows to these regions demonstrated
by radiolabeled microspheres.

Effect of location of the region of interest. When the
echographic beam interrogates the left antarior descending
artery bed, it samples the epicardium before the endocar-
dium. The endocardium is therefore likely to appear it
ated if there is more contrast medium in the epicardium (Fi
8). If, on the other hand, the cchographic beam interrogates
the p bed, the end dium is led before the

1

derived p 5 and A, 1: b/ p
flow ratios.
The difference between our results and those of le etal.

(7) could, in part, be explained by endocardial of

in which case the epicardiam should appear
attenuated Finally, if the echographic beam samples the
lateral myocardium, beam attenuation can involve the epi-
cardium and endecardium in an unpredictable manner. On
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Figure 8. Effect of the amount of contrast medium injected into the
coronary circulatiou during normal blood flow. A, The left anterior
descending artery bed imaged at a depth sclting of 4 cm before
injection of contrast medium. B, End-diastolic frame immediately
after the mtenuona] injection of a large number of microbubbles.
End i is noled C End-diastolic frame 5 cardiac
cycles later when the end ion has_dissipated. D,
End-diastolic frame immediately after intracoronary injection of one
third the ameunt of contrast medium injected in panel B (see text for
details).

sampling myocardial beds in ali three lacations, we found
that the results were independent of the location of the
region of interest.

Effect of beating versus nonbeating heart. Our Group I11
dogs allowed us the unique opportunity to test two possible
factors that could affect the results of our study. The first is
motion of the heart. In the nonbeating heart placed on
cardiopulmonary bypass there is no motion. Tt all

JACC Val. 20, No. 4
October 1992:1005-16

the unusual situation where endocardial flow {5 higher than
epicardial flow in the absence of ischemia. However, despite
these advaniages, we could not discriminate between en-
docardial and epicardial flows.

Effect of flow mismatch induced by coronary vasodilators.
Cheirif et al. (8) reported that they could assess endocardial/
epicardial flow mno ina model of left circumflex artery
stenosis after an i ion of dipyrid; This
potent vasodilater has been shown to decrease this ratioasa
result of “‘coronary steal” (19,20). In the present study, in
which endocardial to epicardial flow mismatch was produced
by papaverire injection, the of the time-i ity
curves from the endocardium and the epicardium did not
correlate with endocardial and epicardial flows.

The difference in the results between the present study
and those previously reported by Cheirif et al. (8) can be
explained on the basis of methodology used in the two
studies. Cheirif et al. reported large observer errors (16% to
279%) that almost equaled the change in the mean endocar-
dial/epicardial flow ratio produced in their study (30%). The
observer errors thus reported by these authors are signifi-
cantly greater than those we and others (6,21) reported and
are probably related to the methods of data analysis.

Cheirif et al. (8) used regions of interest varying in size
from 63 to 86 pixels. In our Group 11 dogs, in which the
model is comparable to the one they used, regions of interest
were =200 pixels in size. Consequently, the signal to noise
ratio in our model was at least twice that in the study by
Cheirif and colleagues. Furthermore, when we analyzed the
left anterior descending artery bed in our Group I dogs, our
regions of interest were =600 pixels in size, causing our
signal to noise ratio to be even higher. Cheirif et al. (8)
aligned images with use of a hand-drawn template that was
manually moved over each frame to find the same region of
interest in different frames. In contrast, we used automatic
computer cross correlation for image alignment and ac-
cepted images to be well aligned only if the R? values
between pixels within the reference and aligned images
exceeded 0.90.

We also used more precise registration between echocar-
diographic and radionuclide microsphere data, We created
flow maps drawn from myocardial slices stained with Mo-
nastral blue dye that clearly demonstrated the myocardial

frames are “naturally’ aligned. In this situation, because all
frames can be used to derive time-intensity curves, a tem-
poral resolution of 30 frames/s can be achieved, which is
greater than that obtained in a beating heart in which only
every end-diastolic frame is analyzed. The second advantage
of the nonbeating vented heart is that it has a higher
endocardial than epicardial flow due to more abund

blood flow analysis within each bed.

Tne reglons of interest placed over the myocardium during

the ¢chocardi hic image analysis were therefore nearly
identical to those on the flow maps.

Possible explanations for the inability of myocardial con-

trast echocardiography to assess endocardial/epicardial ratio.

Three possnble explananons for the inability of myocardial

subendocardial vasculature (i8). When the intracavitary
pressure increases, as when ihe heart starts beating, the
endocardial flow d resuiting in lization of en-
docardial and epicardial flows (18). Thus, this model allowed
us the opportunity to examine contrast echocardiography in

nt phy to assess the transmural distribu-
tion of flow can be entertained. The first is related to tissue
pling. Unlike microbubbles, which also waverse the
capillaries and venules, radiolabzled microspheres get
lodged in precapillary arterioles. The venules in the epicar-
dium drain endocardial capillaries (Fig. 9A), whereas the
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Figure 9. Diagrammatic representation of lhe proposed mezhanisms
for the inability uf ny contrast ech 10 assess

af my dial blood ﬂowr(sec text for

the
details).

venules in the endocardium partially drain the epicardial
capillaries (22). **Coniamination” of the epicardiat and en-
docardial images can result from microbubbles traversing
{(unlike the microspheres) regions of the myocardium into
which they do not initially enter. However, if this were the
only h the initial ce of the mi
within the myocardium wouid not be affected. As can be
seen from our Group 1 dogs, the initial slopes of the curves
derived from the endocardial and epicardizl beds did not
correlate with flows to these beds when large bubbles (which
should behave at least partially like microspheres) were
used.

The second mechanism is related to bubble cross talk.
Small bubbles (depicted as small spheres in Fig. 9B), unlike
large interfaces (depicted as a larger sphere in Fig. 9B), are
not but s of ull (23) Atany given
time after the injection of microbubbl ds of these
scatterers are present in the myocardium. Scatter from one
microbubble should affect that from the neighboring bub-
bles. This cross talk should not influence the average mea-
surements from the entire myocardial thickness Lat has the
potential for not allowing discrimination between the en-
docardium and the epicardium. However, when there is a
lack of patent capillaries within the endocardial region, as
may occur after reperfusion injury (the no reflow phenome-
non {24,25]), the endocardial are1 may show less opacifica-
tion because of the paucity of bubbles entering that region
(26,27). In such a situation endocardial/epicardial flow ratio
can be ¢ with ardial contrast echocardiography

(TR

).

The third and final mechanism deals with flow-volume
refations. The kinetics of a tracer are related to both flow and
volume. If the volume is constant, the transit of the tracer is
related to flow. If the floaw changes, transit of the tracer can
no longer be related to flow unless changes in volume are
corrected (2). When ischemia is induced and the decrease in
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endocardial flow is disproportionate to the decrease in
epicardial flow, it is fikely that the endocardial blood volume
also decreases as a result of fewer capillaries being open
(depicted in Fig. 9C). This condition occurs as a result of
either lower distending pressure or higher myocardial pres-
sure caused by increasing intracavitary pressure induced by
ischemtia (18). The decreased flow coupled with decrersed
voiume might not resuit in significant changes in the transit
of micre within the end di d with lhe
epicardium. This ph is teleologically
because optimal oxygen delivery during |schem|a requu-es
maintenance of the transit time of red celis through the
capillaries despite decreased total flow to the endocardium.
Contlusions. In this study. using dlﬁ"erent canme models
and different methods of i ) 1 we
were unable to assess the transnural dlstnbuuon of regional
myocardial flow with myocardiai contrast echocardiog-
raphy. We have suggested possible reasons why this tech-
nique cannot be used to assess the transmural distribution of
flow outside the context of the no reflow phenomenon or
endocardial scar, Whereas myocardial contrast echocardiog-
raphy is useful in determining refative blood flow to different
mygcardial beds (1-6), in its current fonm it cannot be used
to assess the transmural distribution of myocardial flow
during ischemia.
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