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Myocardial Kinetics of Thallium-201 after
Dipyridamole Infusion in Normal Canine Myocardium

and in Myocardium Distal to a Stenosis

ROBERTD. OKADA, JEFFREY A. LEPPO, CHARLESA. BOUCHER,and GERALDM. POHOST,
Cardiac Unit, Department of Medicine of the Massachusetts General

Hospital, Harvard Medical School, Boston, Massachusetts 02114

A B S T R A C T The purpose of the present study was
to define myocardial and blood thallium-201 (Tl-201)
kinetics after infusion of dipyridamole in normal ca-
nine myocardium and in myocardium distal to a cor-
onary artery stenosis. Miniature radiation detector
probes were implanted in the left ventricle in 39 open-
chest dogs. A balloon constrictor was placed around
the proximal left circumflex coronary artery. Electro-
magnetic flow probes were positioned proximally
around both the left circumflex and left anterior de-
scending coronary arteries. In five control dogs (group
1) the balloon occluder was not inflated; in 12 dogs
(group 2) a mild stenosis was created such that resting
flow was not reduced, yet the hyperemic response after
10 s of total occlusion was partially attenuated; in nine
dogs (group 3) a moderate stenosis was created such
that resting flow was not reduced, yet the hyperemic
response was completely eliminated; and in 13 dogs
(group 4) a severe stenosis was created such that resting
flow was reduced. After intravenous dipyridamole
(0.08 mg/kg. min-' X 4 min), 1.5 mCi TI-201 was in-
jected intravenously and probe counts were collected
continuously for 4 h. The mean 4-h fractional myo-
cardial T1-201 clearance for nonstenotic zones was
0.35, 0.27 for group 2 stenotic zones, 0.19 for group
3 stenotic zones, and 0.05 for group 4 stenotic zones
(P < 0.0001). After reaching peak activity, myocardial
TI-201 activity cleared biexponentially with a final
decay constant X2 = 0.0017±0.0001 min-' (SE) for
nonstenotic zones, 0.0011±0.0001 min-' for group 2
stenotic zones, and 0.0006±0.0001 min-' for group 3
stenotic zones (P < 0.01). Group 4 stenotic zone Tl-
201 clearances were negligible (decay constant essen-
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tially zero). Blood TI-201 activity decayed triexpo-
nentially with a final blood X3 = 0.0018±0.0001 min-1,
which was almost identical to the final myocardial
X2 decay constant.

Thus, the rate of myocardial TI-201 clearance can
distinguish between coronary stenoses of graded he-
modynamic severity. These results may be applicable
to quantitative techniques for determining myocardial
T1-201 clearance rates on serial clinical images after
dipyridamole administration.

INTRODUCTION
Clinical imaging with thallium-201 (T1-201) in con-
junction with exercise stress is used with increasing
frequency for the diagnosis of coronary artery disease
(1). Partial or total disappearance of an initial post-
exercise TI-201 image defect over time (T1-201 redis-
tribution) suggests transient ischemia (2, 3). Investi-
gators have also attempted to detect abnormally
perfused myocardium by determining the myocardial
clearance rates from serial TI-201 images (4-7).

Gould and associates have described TI-201 imaging
after an intravenous infusion of dipyridamole, a potent
vasodilator (8-10). The technique was developed in
an effort to improve the diagnostic accuracy of Tl-201
imaging in patients unable to exercise. Tl-201 redis-
tribution was subsequently observed on serial clinical
TI-201 images after dipyridamole (11). Accordingly,
the purposes of the present study with dipyridamole
and a canine model were (a) to define myocardial and
blood Tl-201 clearance kinetics after dipyridamole,
(b) to quantitate myocardial TI-201 clearance rates
after dipyridamole distal to either nonstenotic or pro-
gressively stenotic coronary arteries, (c) to determine
the time-course and mechanism of TI-201 heteroge-
neity resolution after dipyridamole, and (d) to define
the hemodynamic consequences of a dipyridamole in-
fusion.
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METHODS

39 adult mongrel dogs (mean weight, 21 kg; range, 18-23
kg) were anesthetized with chloralose (140 mg/kg i.v.) and
urethane (1,400 mg/kg i.v.). The dogs were intubated and
placed on a respirator (Harvard Apparatus, South Natick,
Mass.) with 5 cm of positive end-expiratory pressure and
100% oxygen. The heart was exposed via a left thoracotomy
and suspended in a pericardial cradle. A 20-cm vinyl cath-
eter was inserted into the right atrium for dipyridamole and
TI-201 administration. A second vinyl catheter was inserted
into the left atrium for monitoring left atrial pressure and
for injecting microspheres for regional myocardial blood
flow determinations. A No. 7 National Institutes of Health
catheter was placed in the brachial artery and positioned in
the aortic arch to monitor aortic pressure and to obtain spec-
imens of blood for determination of arterial pH, Pco2, Po2,
and microsphere reference samples. A No. 7 Swan-Ganz
catheter was positioned in the pulmonary artery for ther-
modilution cardiac output determinations. The proximal left
circumflex coronary artery was dissected free and an in-
flatable balloon occluder was positioned but not inflated. A
small vinyl catheter was placed retrograde into a distal
branch of the left circumflex coronary artery for pressure
monitoring distal to the balloon occluder. Electromagnetic
flow probes were positioned around the proximal left ante-
rior descending coronary artery and around the left circum-
flex coronary artery just proximal to the occluder.

Electrocardiographic lead II, pressures (P23Db trans-
ducers, Gould Inc., Oxnard, Calif.), and electromagnetic
flow probe-determined coronary artery blood flow were
monitored continuously throughout the experiment and re-
corded on paper with a Hewlett-Packard Co. (Palo Alto,
Calif.) recorder (model 7788A). Cardiac output was deter-
mined every minute during the dipyridamole infusion and
every 15 min during the remainder of the experiment. Spec-
imens of arterial blood were obtained at frequent intervals
to assess pH, Po2, and Pco2. Appropriate adjustments were
made to maintain these parameters in the physiologic range
(pH 7.35-7.45 and Pco2 30-40 mmHg). Arterial Po2 was
maintained between 100 and 150 mmHg throughout the
experiment.

A miniature cadmium telluride radiation detector at-
tached to a modified arterial clamp was inserted through the
left ventricular apex, positioned against the posterior wall
endocardium, and used for on-line monitoring of Tl-201
activity distal to the balloon occluder (Fig. 1). A similar
detector was positioned against the left ventricular anterior
wall endocardium. The endocardial position for the detectors
was chosen so that monitored activity would be uncontam-
inated by activity from the opposite wall and the blood pool.
The anterior wall detector was positioned to face through
the open thoracotomy, thus further reducing background
activity. A lead sheet (1/8 in.) was placed between the pos-
terior wall and the pericardium to further reduce back-
ground activity from this probe. The physical characteristics
of the cadmium telluride probes have been reported (12).
Each probe had 1-mm thick lead back and side shielding.
The probes were connected via preamplifiers to a multi-
channel analyzer (series 30, Canberra Industries, Meriden,
Conn.), which allowed continuous monitoring and display
of Tl-201 activity in the two regions. Radiation data were
continuously recorded on paper tape and magnetic tape as
counts per minute. The data (counts per minute vs. time)
were also displayed on the multichannel analyzer cathode
ray display and photographed on Polaroid film (Polaroid
Corp., Cambridge, Mass.). Sonomicrometer transducer crys-

tals (3 mmDiam) were attached to both arms of each arterial
clamp and connected to a sonomicrometer (model NI-202-
4R, Norland Instruments, Fort Atkinson, Wis.). Wall thick-
ness was continuously monitored to correct for radioactivity
resulting from changes in wall thickness (13).

Fig. 2 demonstrates the experimental protocol. Base-line
steady-state hemodynamic measurements were recorded.
The maximal hyperemic response of the blood flow through
each coronary artery was assessed by occluding each coro-
nary artery proximally with a hemostat for 10 s, releasing
the occlusion, then observing the hyperemic response as de-
termined by the electromagnetic flow probes. In five control
dogs (group 1) the balloon occluder was not inflated. In 12
dogs (group 2) a mild left circumflex coronary artery stenosis
was created such that resting flow was not reduced, yet the
hyperemic response after 10 s of total occlusion was only
partially attenuated. In nine dogs (group 3) a more severe
left circumflex coronary artery stenosis was created such that
resting flow was not reduced, yet the hyperemic response
was abolished. In 13 dogs (group 4) a severe left circumflex
coronary artery stenosis was created such that resting flow
was reduced and there was no hyperemic response. After a
30-min period that allowed stabilization of the hemody-
namic parameters, regional myocardial blood flow was then
determined by the administration of -4.5 million ruthe-
nium-103-labeled 8- to 10-gm microspheres (30 gCi total
activity) into the left atrium (New England Nuclear Corp.,
North Billerica, Mass.). Arterial reference blood samples
were collected for 2 min after injection of the microspheres.
An intravenous infusion of dipyridamole (0.08 mg/kg.
min-') (Boehringer Ingelheim Ltd., Ridgefield, Conn.) was
then started and continued for 4 min using a constant in-
fusion pump. Hemodynamic parameters were recorded dur-
ing and after the infusion. 2 min after termination of the
dipyridamole infusion, T1-201 (1.5 mCi) was injected intra-
venously and tin-113-labeled microspheres were injected si-
multaneously into the left atrium. The timing of the dipyr-
idamole infusion and the Tl-201 injection were chosen to
approximate that currently used in clinical studies (10). The
total number, mean size, and total radioactivity of the Sn-
113 microspheres were approximately the same as for the
Ru-103 microsphere injection. Probe counts were collected
continuously in 60-s intervals for both the anterior and pos-
terior left ventricular walls over the following 4 h. Probe-
recorded Tl-201 activity was at least 5,000 cpm for the ste-
notic zone and at least 10,000 cpm for the nonstenotic zone
for all dogs. To measure blood Tl-201 activity over time, 1-
ml arterial blood samples were collected at 2, 4, 6, 8, 10, 20,
30, 60, 90, 120, 180, and 240 min after Tl-201 injection. Just
before the dogs were killed, scandium-46-labeled micro-
spheres were injected into the left atrium. The total number,
mean size, and total radioactivity of the Sc-46 microspheres
were approximately the same as for the Ru-103 and Sn-113
microsphere injections.

4 h after Tl-201 injection, the heart was removed, and the
areas of myocardium under the probes were subdivided into
a total of 48 inner, middle, and outer segments (0.8-1.2 g/
segment). The myocardial and blood microsphere reference
samples were counted after TI-201 activity had decayed 1-
2 half-lives. Serial blood samples were counted for Tl-201
activity within 12 h of collection. All samples were counted
in a well counter (Auto-Gamma Scintillation Spectrometer,
Hewlett-Packard Co., Lexington, Mass.) for 5 min to collect
at least 10,000 counts for each isotope. The Tl-201 was
counted within a 60-120 keV window, the Sn-113 within a
350-435 keV window, the Ru-103 within a 440-600-keV
window, and the Sc-46 within a 800-1,200-keV window. A
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FIGURE 1 Miniature radiation detector assembly. Straight arrow points to cadmium telluride
crystal. Curved arrows point to sonomicrometer crystals.

computer program was used to correct for activity spilling
from one window into another. Regional myocardial blood
flow was computer-calculated (Digital Equipment Corp.
Vax, 11:780, Waltham, Mass.) from the sample activity and
the activity in the reference blood samples obtained simul-
taneously with the administration of each isotope (14). Myo-
cardial blood flow was expressed as milliliters per minute
per gram of tissue and as a flow ratio of the left circumflex
coronary artery zone (occluder zone) divided by the left
anterior descending coronary artery zone (no occluder zone).

Analysis of data: myocardial and blood kinetics of thal-
lium-201 after dipyridamole. The myocardial TI-201 clear-
ance rate over 4 h was expressed as the fractional change in
probe-determined activity from 1 to 240 min compared with
the initial activity. The total myocardial clearance of the
isotope was assessed, i.e., biological clearance plus physical
decay. Myocardial and arterial blood time-activity curves

TI RA
Ru mic LA Dipyridamole Sn mic LA Sc mic LA

IV +4
rime ~~I II /r~

CONTROL O 4 6 240
MINUTES

FIGURE 2 Experimental protocol for the 39 dogs. Ru mic
LA, ruthenium microspheres into left atrium; IV, intrave-
nous; Tl RA, thallium-201 into right atrium; Sn mic LA, tin
microspheres into left atrium; Sc mic LA, scandium micro-
spheres into left atrium.

were also analyzed with a computer-derived nonlinear least-
squares estimation of the decay constants (X min-').' The
time to peak myocardial Tl-201 activity was defined as the
time from Tl-201 injection to the time of maximal probe-
determined activity.

Analysis of data: time-course and mechanism of thal-
lium-201 heterogeneity resolution after dipyridamole.
Because the myocardial probes had different intrinsic sen-
sitivities, the Tl-201 activity ratio for the two zones at the
time the dogs were killed as determined by well-counting
was used to correct for the differences in sensitivity. The
corrected probe activities were then used to calculate the
ratio of activity in the left circumflex coronary artery zone
(occluder) divided by activity in the left anterior descending
coronary artery zone (no occluder) at 10, 60, 120, 180, and
240 min after Tl-201 administration.

Statistical methods. All results are expressed as mean±1
SEM. Differences between groups of dogs were analyzed by
a one-way analysis of variance and the Newman-Keuls mul-
tiple-comparison test. Differences between the stenotic and
nonstenotic myocardial zones for each group of dogs were
analyzed by a paired t test.

RESULTS

Hemodynamic response to intravenous dipyrida-
mole. Table I lists the hemodynamic measurements

1 Abbreviation used in this paper: X, exponential decay
constant.
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for the four groups of dogs. Mean heart rate did not
significantly differ from the predipyridamole value
during dipyridamole or at the end of the experiment
in any group. Mean aortic blood pressure fell during
dipyridamole (P < 0.05 for groups 3 and 4) but re-
turned to near predipyridamole values by the end of
the experiment in all the groups. Mean left atrial pres-
sure and cardiac output increased during dipyrida-
mole, but not significantly in any group. Cardiac out-
put, however, was significantly depressed at the end
of the experiment compared with predipyridamole
and dipyridamole values for all but the control group
of dogs (P < 0.05). Mean left circumflex coronary ar-
tery pressure distal to the stenosis fell significantly
during dipyridamole in group 3 and group 4 dogs (P
< 0.05).

Sonomicrometer-determined systolic and diastolic
wall thicknesses did not change significantly during
dipyridamole infusion or during the course of the ex-
periment for the left venticular anterior and posterior
walls monitored for radioactivity.

Table II lists the microsphere-determined regional
myocardial blood flows for the four groups of dogs.
For the group 1 control dogs, there was no significant
difference in flow to the left circumflex and left an-
terior descending coronary artery zones. Myocardial
blood flow increased equally and significantly in both
zones during dipyridamole (83% over base-line value,
P < 0.001). For group 2 dogs, although predipyrida-
mole flows were equal and although myocardial blood

flow increased throughout the myocardium during
dipyridamole (P < 0.001), there was partial attenua-
tion of the response to dipyridamole in the stenotic
zone (51% increase in stenotic zone flow with dipyri-
damole) (P < 0.01 comparing stenotic with nonstenotic
zone flow during dipyridamole). For group 3 dogs,
although predipyridamole flows were equal, there was
complete attenuation of the hyperemic response to
dipyridamole in the stenotic zone. In fact, stenotic
zone flow decreased 25% during dipyridamole (P
< 0.05). In group 4 dogs, stenotic zone flow was re-
duced predipyridamole (P < 0.01) and decreased
slightly (18%), but not significantly, during the dipyr-
idamole infusion.

Fig. 3 demonstrates the myocardial blood flow ratios
[left circumflex (stenosis):left anterior descending (no
stenosis)] before, during, and 4 h after dipyridamole.
Flow ratios during dipyridamole were significantly
depressed compared with predipyridamole and 4-h
values for groups 2, 3, and 4 (P < 0.001). There was
a progressive fall in the flow ratio during dipyridamole
progressing from group 1 through group 4 (P < 0.001).

Myocardial and blood kinetics of thallium-201 af-
ter dipyridamole. Fig. 4 demonstrates representative
myocardial TI-201 time-activity curves photographed
from the multichannel analyzer display for the four
groups of dogs.

Table III lists the T1-201 myocardial and blood
clearance data for the four groups of dogs. There was
no significant difference in the 4-h fractional myo-

TABLE II
Microsphere-determined Regional Myocardial Blood Flow for Four Groups of Dogs

Pre-DP With DP End

Stenosis No stenosis Stenosis No stenosis Stenosis No stenosis

ml/min.g`

Group 1 (n = 5) (LCx control zone) - 1.39±0.12 2.54±0.59 - 1.03±0.17
Group 1 (n = 5) (LAD control zone) 1.35±0.09 2.54±0.47 0.93±0.14
Group 2 (n = 12) 1.34±0.16 1.32±0.14 2.02±0.11 * 3.20±0.17 1.09±0.14 1.15±0.16
Group 3 (n = 9) 1.30±0.22 1.24±0.19 0.97±0.15 e 2.08±0.26 0.76±0.11 0.83±0.13
Group 4 (n = 13) 0.50±0.09t 1.22±0.16 0.41±0.07 e 2.81±0.47 0.45±0.08 e 0.90±0.09

Pre-DP, before dipyridamole infusion.
With DP, with dipyridamole infusion.
End, immediately presacrifice.
Group 1, control group, no stenosis.
Group 2, partial attenuation of hyperemia, no rest reduction group.
Group 3, complete attenuation of hyperemia, no rest reduction group.
Group 4, rest reduction in coronary flow group.
LCx, left circumflex coronary artery.
LAD, left anterior descending coronary artery.

P < 0.01 between adjacent values.
P < 0.01 compared with all other Pre-DP values.

See text for comparisons between times.

Tl-201 Kinetics after Dipyridamole in Canine Myocardium 203



Predipyridamole
mWith Dipyridomole

P< 0.OOt
mm1

4 Hours After Dipyridamole cayed triexponentially. There was no significant dif-
ference in the values for XI, X2, or X3 for the four

P<0.002 P<2.2% groups of dogs. Mean blood X values were X=
0.8636±0.1482 min-', X2 = 0.0944±0.0103 min-', and
3= 0.0018±0.0001 min-'. The blood X2 exponential

began at 9.8±0.9 min, and the blood X3 at 45.0±7.1
min after TI-201 injection. The final blood decay con-

........ 45 stants X3 were not significantly different from the final
....... imyocardial decay constants X2.

g ~~~~~Time-course and mechanism of thallium-201 het-| | ~~~erogeneity resolution after dip yrida mole. Fig. 6

Group3 Grup 4 demonstrates the average myocardial T1-201 clearance
Group 3 .Group.

FIGURE 3 Microsphere-determined regional myocardial
blood flow ratios (stenosis:no stenosis zones) before, during
and 4 h after dipyridamole infusion. Group 1, control group,
no stenosis. Group 2, partial attenuation of hyperemia group.
Group 3, complete attenuation of hyperemia group. Group
4, rest reduction in coronary flow group.

30x103F
cardial T1-201 clearance for any of the nonstenotic
zones. The mean 4-h fractional myocardial T1-201
clearance for all nonstenotic zones was 0.350±0.014.
There was a progressive reduction in the 4-h fractional
myocardial TI-201 clearance for the left circumflex
coronary artery zone (balloon occluder) from group
1 through group 4 values (P < 0.0001) (Fig. 5). There
was no significant difference in the time to peak myo-
cardial T1-201 activity for any of the nonstenotic zones.
The mean time to peak myocardial T1-201 activity for
all nonstenotic zones was 4.8±0.8 min. There was a
progressive increase in the time to peak myocardial
T1-201 activity for the left circumflex coronary artery
zones (balloon occluder) from group 1 through group
4 values (P < 0.001).

After reaching peak activity, myocardial T1-201 ac-
tivity cleared biexponentially from the nonstenotic
zones (Table III). The first decay constant XI was
0.0611±0.0080/min, followed by a second decay
constant X2 = 0.0017±0.0001/min. The second expo-
nential (X2) began 20±5 min after T1-201 was injected.
There was no significant difference in the nonstenotic
zone values for XI or X2 for the four groups of dogs.
After reaching peak activity, myocardial T1-201 ac-
tivity cleared biexponentially from the stenotic zones
of groups 2 and 3 dogs. Stenotic zone X, decay con-
stants were smaller than nonstenotic zone XA decay
constants, but the differences were not significant.
However, there was a progressive reduction in the
X2 decay constants for left cirecumflex coronary artery
zones (distal to balloon occluder) for group 1 through
group 3 dogs (P < 0.01). The 4-h inyocardial clearance
of T1-201 from the stenosis zone in group 4 dogs was
negligible (decay constaint essentially zero).

Table III also lists the blood Tl-201 decay constants
for the four groups of dogs. Blood T1-201 activity de-
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FIGLURE 4 Representative probe-determinecd myocardial Tl-
201 clearance curves after dipyridamole infusion photo-
graphed from multichannel analyzer display. Group 1, con-

trol group, no stenosis. Group 2, partial attenuation of hv-
peremia, no rest reduction group. Group 3, complete
attenuation of hyperemia, no rest reduction group. Group
4, rest reduction in coronary flow grouip.
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ZShosis Zone to aid in the interpretation of TI-201 studies. Such an
No Stenosis zone analysis compares activity in one myocardial segment

to that in another presumed to be normally perfused.
P=ns P<0.001 P<0.001 P<0.001 Other quantitative computer techniques for determin-

ing the myocardial TI-201 clearance rates for individ-
ual myocardial segments from serial images have been
proposed as a means of detecting heterogeneity in ad-

Tg;g g m ditional patients, particularly those with balanced cor-

TEgffi ;g X onary lesions that reduce perfusion equally and those

rV14 ffi g S g M
with constant attenuation from one area of the heart

(4-7). Such an approach requires a knowledge of myo-
cardial TI-201 clearance rates in both normal and isch-
emic myocardium. Okada et al. (15) have previously

Grup I GroVq,2 GroI4)3 GDj4 determined normal and reduced flow myocardial Tl-
lyocardial thallium-201 clearance (fraction over 201 clearances in a resting canine model. However,
tenotic and nonstenotic zones. Group 1, control ...tenoticandnonstenotic zon .Group .co this model fails to detect coronary lesions that do not
enosis. Group 2, partial attenuation of hyper-
t reduction group. Group 3, complete attenua- reduce resting blood flow. Exercise can detect coronary
remia, no rest reduction group. Group 4, rest artery stenoses that do not reduce resting flow; how-
coronary flow group. ever, an animal model for determining myocardial Tl-

201 clearance rates from the surface of the heart after
he four groups of dogs. The initial disparity exercise would be technically difficult to develop. The
Aivity between the nonstenosis and stenosis study of myocardial TI-201 kinetics after dipyridamole
,ased over time by faster clearance of the infusion provides a readily available animal model and
l the nonstenosis zone compared with the the possibility for detecting mild stenoses that atten-
Le. Fig. 7 demonstrates the myocardial Tl- uate the hyperemic response to vasodilation without
Z ratio (stenosis:no stenosis zone) over time decreasing flow at rest.
r groups. For groups 2, 3, and 4, there was Hemodynamic response to intravenous dipyrida-
'e and significant increase in this ratio over mole. As the present study, previous studies using
iod. anesthetized open-chest dogs have shown a decrease

in systemic arterial pressure, a decrease in coronary

[SCUSSION artery pressure distal to the stenosis, no significant
change or a fall in heart rate, no significant change or

,e computer techniques for detecting het- a slight increase in cardiac output, and no significant
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group (P < 0.01). Group 4 (A), rest reduction in coronary
flow group (P < 0.001).
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change in mean left atrial pressure after intravenous
dipyridamole (16-20). Studies in intact, awake dogs
have demonstrated no significant fall in systemic ar-
terial pressure with intravenous dipyridamole (9).
Studies in patients have demonstrated minor but sig-
nificant increases in cardiac output and heart rate
and decreases in mean systemic arterial pressure (8,
21-23).

Previous studies in normal dogs have demonstrated
a 35-400% increase in coronary artery flow with
intravenous dipyridamole, depending on the dose and
method for calculating flow (16). These values are con-
sistent with the 83% increase in coronary artery blood
flow in control dogs in the present study. As observed
in the dogs with mild stenoses in the present study,
others have reported an increase in flow with dipyri-
damole, despite a fall in pressure distal to the stenosis
(19, 24, 25). This phenomenon has been explained by
Gould et al. (8) to be due to energy or pressure losses
resulting from viscous friction increasing in linear pro-
portion to flow velocity as well as pressure losses due
to flow separation increasing as a function of the square
of velocity as flow velocity increases through a coro-
nary stenosis. In the present study, the reduction in
flow distal to a more severe stenosis (groups 3 and 4)
after coronary vasodilatation is consistent with the re-
ports of others (8, 17, 19, 26). Whether this decreased
flow is due to a coronary steal phenomenon or to the
decrease in systemic pressure in the face of a severe
coronary stenosis is unclear.

The absence in the present study of any significant
changes in systolic or diastolic wall thickness during
dipyridamole is consistent with the reports of others
(16). West and associates (16) reported no change in
cardiac contractility secondary to dipyridamole.

Myocardial and blood kinetics of thallium-201 af-
ter dipyridamole. Okada et al. (27) have reported the
normal TI-201 myocardial clearance to be monoex-
ponential with a decay constant X = 0.0017 min-'
when TI-201 is injected at rest. After dipyridamole,
myocardial TI-201 clearance is biexponential, clearing
rapidly from normal myocardium (Xl = 0.0611) over
the first 20 min, then at a slower rate similar to that
after T1-201 administration at rest. The initial rapid
clearance is probably not related to persistent hyper-
emia per se, since increased flow has been shown to
have no effect on myocardial TI-201 clearance after
TI-201 loading (28, 29).

We have considered the possibility that the early
rapid myocardial TI-201 clearance during the first 20
min is an artifact due to rapid clearance of TI-201
from the blood perfusing the myocardium. The in-
creased myocardial blood volume resulting from the
vasodilation and hyperemia induced by dipyridamole
increases the possibility of this artifact occurring.

However, two factors argue against such an artifact
being the sole cause of the rapid myocardial Tl-201
clearance over the first 20 min. First, although blood
T1-201 activity was high immediately after tracer in-
jection, the activity then fell rapidly. 3 min after tracer
injection blood TI-201 activity was only 5% of myo-
cardial activity (per gram). Second, previous studies
of myocardial time-activity curves after TI-201 ad-
ministration at rest have not demonstrated a biexpo-
nential clearance (15).

As the coronary stenosis became increasingly severe,
the present study demonstrated a progressive decrease
in the 4-h myocardial TI-201 clearance and in the sec-
ond myocardial exponential decay constant X2, and a
progressive increase in the time to peak TI-201 activ-
ity. Okada et al. (15) have reported a decreased clear-
ance rate and a prolongation of the time to peak Tl-
201 activity in a resting ischemic model. However,
unlike the present study, the resting dog model was
unable to differentiate normal myocardium from myo-
cardium distal to coronary stenoses that did not reduce
rest flow.

After dipyridamole, TI-201 clearance from the
blood was triexponential. The final blood exponential
decay constant X3 was similar to the final normal myo-
cardial exponential decay constant X2. Thus, beginning
20-45 min after administration, the rate of TI-201
clearance from the myocardium appears to be related
to the rate of TI-201 clearance from the blood. Okada
et al. (27) have demonstrated a similar relationship
between myocardial and blood T1-201 clearance rates
beginning 20-30 min after injection when T1-201 is
administered to a normal dog at rest.

Time-course and mechanism of thallium-201 het-
erogeneity resolution after dipyridamole. With tran-
sient or persistent ischemia resting dog models, TI-201
redistribution has been shown to be due to clearance
of TI-201 from normal myocardium and slow accu-
mulation of TI-201 in ischemic myocardium (3, 15,
30). Using an occlusion model with release of the oc-
clusion after TI-201 administration, the initial defect
has been demonstrated to rapidly resolve (15). How-
ever, even with persistent stenosis, significant TI-201
redistribution after 4 h in areas with mild to moderate
coronary flow reduction has been demonstrated (27).
The present study demonstrates that the resolution of
an initial TI-201 heterogeneity after dipyridamole is
probably the result of faster TI-201 clearance from
normal myocardium compared with myocardium dis-
tal to a stenosis. However, although the increases in
stenosis:no stenosis zone TI-201 ratio were significant
for all three groups of dogs with stenoses, the mag-
nitude of the changes was not great, and none of the
groups demonstrated complete redistribution after 4 h.
Thus, it is not certain that these significant but small
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increases in the stenosis:no stenosis zone TI-201 ratio
could have been detected visually as T1-201 redistri-
bution on serial cardiac images, had imaging been
performed. Furthermore, the lack of complete reso-
lution of the TI-201 heterogeneity after 4 h suggests
that persistent defects on 2- or 4-h TI-201 images may
not always represent nonviable myocardium.

Clinical implications and conclusions. After di-
pyridamole, the clearance of T1-201 from normal myo-
cardium is probably biexponential with a mean total
clearance of 35% over 4 h. The clearance rate decreases
progressively distal to stenoses of increasing severity
and differentiates between stenoses of graded hemo-
dynamic severity. These results suggest that newly
described quantitative techniques for evaluating serial
clinical TI-201 images may be applicable to deter-
mining myocardial TI-201 clearance rates after di-
pyridamole in patients. Such clearance rate deter-
minations may be helpful in determining the
hemodynamic importance of a coronary stenosis.
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