
TABLE 1. SEVERALRADIONUCLIDES SUGGESTEDFOR
OF HALF-LIVES,GAMMA ENERGY, ABUNDANCE, SUGG

PHOTOPEAK EFFICIENCY FOR 1.25-cmMYOCARDIAL

IMAGING: COMPARISON
ESTEDCOLLIMATION, AND INTRINSIC
NalCRYSTALRadionuclidet,12

(hr) Gamma energy (keV)% EmissionCollimatione43K22.4

372,396,(620)85(81) Highenergy0.20â€˜@Cs32
37232 Highenergy0.20â€œN-NH30.17
511180 Highenergy0.12â€œCs2.9
12814 Lowenergy1.0@Â°â€˜Tl72

69â€”82(x-ray)
135,167(gamma)90

Low energy
101.0*

The approximatephotopeak detection efficiency for 11 X O..5-in. Nalcrystal [Anger HO (4)].

Thallium-20l is a monovalent cationic radionu
clide whose initial cardiac distribution after intra
venous administration parallels myocardial perfusion
( I ) . Imagesrecordedafter intravenousadministra
tion of 201Tl have been used to detect both myocar
dial infarction (2) and transient myocardial ischemia
in man (3). The 69â€”80-keV x-rays emitted by this
tracer permit imaging with high-resolution low
energy collimators, which are not practical with p0-
tassium or rubidium (Table I ) . These higher-resolu
tion images have revealed patterns of nonhomogene

ity of tracer distribution in normal subjects that
were not readily apparent in studies recorded with
potassium or rubidium. This finding led us to evaluate
a series of subjects without evidence of cardiac dis
ease to determine the normal pattern of thallium
distribution in the myocardium. The tracer was in
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Thallium-201 myocardial perfusion images were obtained from 13 healthy
adults after tracer administration both at rest and at maximal stress. On
the rest-injected scan, tracer was seen in left ventricular myocardium, liver,
and spleen. in two subjects with resting tachycardia, the right ventricular
myocardium was slightly visualized after tracer injection at rest. When
tracer was administered at stress, the left ventricular activity was more nearly
homogeneous and the left ventricle was better defined on the scan. The
left-ventricle-to-lung-background activity ratio increased from 2.4 at rest
to 3.4 at stress. The right ventricular myocardium was seen on the stress
injected scan. Phantom studies, performed to define the optimum position
Ior visualizationof lesions,showedthat small lesionswere best defined
when seen either en face or in tangent. Scans should be performed at stress
whenever possible and multiple views are essential.
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jected both at rest and during maximum exercise
stress to establish criteria for differentiating myocar
dial perfusion features seen in normal subjects from
those seen in heart disease.

MATERIALS AND METHODS

Thallium-201 myocardial perfusion scans were
performed on I 3 healthy volunteers: I 2 men and
one woman, average age 35 years, range 21â€”54,
without any previous history or current evidence of
cardiovascular disease. All were normotensive, and
all chest radiographs were normal, as were the ECGs,
both at rest and under maximum stress. Scans were
performed on two separate occasions: (A) after in

jection of tracer at rest, and ( B) after injection after
graded upright bicycle exercise, using a standard
protocol, until at least 90% of maximum predicted
heart rate was reached. One patient was exercised
twice (the first time to maximum, and the second
time to 70% of maximum) to evaluate the scan
changes caused by intermediate exercise. All electro
cardiograms at stress were recorded using a multi
lead system. For the rest injection, 1 mCi of 201Tl
(as thallous chloride, Philips-Duphar or New Eng
land Nuclear) was administered intravenously with
the subject in the upright position to reduce hepatic
blood flow and hepatic concentration of tracer. For
the exercise examination, the agent was administered
at the time of maximum stress through an indwelling

venous catheter kept patent by slow infusion of nor

mal saline. The level of exercise was kept constant for
at least 30 sec after tracer administration to prolong
the steady state of regional myocardial perfusion
while most of the tracer was being cleared from the
blood.

Following injection, the subjects were placed su
pine on a stretcher and imaging commenced 5â€”10
mm later. Myocardialscans were recordedwith an
Ohio-Nuclear Series-lOO scintillation camera using
a high-resolution low-energy parallel-hole collima

tor. Subjects remained supine throughout the proce
dure and the detector of the scintillation camera was
rotated to record the anterior and 45Â°and 60Â°left
anterior oblique views. A 20% window centered on
the mercury x-ray peak (69â€”80 keV) was used
rather than on the less abundant gamma peaks at
135 and I 67 keV. (An instrument with dual pulse
height analyzers would permit these higher-energy
photons to be utilized in addition to the x-ray peak,
with improvement in the count rate and perhaps also
some improvement in resolution. ) Fifty thousand
counts were accumulated from the region of the myo

cardium in 8â€”12 mm p@r view (about 200,000â€”
300,000 total counts per image). This resulted in a
count density of at least I ,000 counts/cm2 over the

region of the myocardium. Images were recorded
both directly onto 35-mm film from the camera's
oscilloscope and into an Ohio-Nuclear Series-iSO
data system from which, after uniform field correc

tion, the data were stored on magnetic tape.
The scans were evaluated both by visual inspection

of the data (as photographed from the data system
with 25% contrast enhancement) and by measure
ment of count densities using 1-cm2 regions of in
terest placed over the myocardium and adjacent
lung background. The shadow of a I 0-cm lead
marker, placed on the patient's chest during image
recording, was used as a reference for correction of

all myocardial thickness measurements to life size.

The thickness of the left ventricular wall was meas
ured from images at the midportion of the antero
lateral surface, inferior surface, septum, and pos
tenor wall.

To determine the effect of cardiac motion on the
appearance of the myocardial scan, an anesthetized
20-kg dog was administered 3 mCi of 2Â°1T1intrave
nously. Scans were recorded in the anterior position,
ungated, and also ECG-gated to record only (A)
during the last SO msec of the T wave (correspond
ing to end systole) , and ( B) during the 50 msec pre
ceding the next R wave (end diastole), as previously
described for gated blood pool imaging (5) . Fifty
thousand counts were recorded over the region of
the myocardium for each of the images. The gated

images required ten times longer to record than the

ungated images.

FIG. 1. Phantomscanswith2.5-cmlesionlocatedin midportion
of phantom and 1.5-cm lesion located near top. (A) Larger (2.5-cm)
lesion is seen en face (0Â°), while smaller lesion is located toward
back of phantom. (B) Larger lesion has rotated 45Â° to left, which
brings smaller lesion faintly into view. (C) Larger lesion has rotated
so that it is seen in tangent (90Â°), while smaller is almost en face.
(D) Larger lesion rotated to 105Â°,while smaller is seen en face.
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FIG. 2. (Top)Rest-injectedscans;(bot.
tom) exercise-injected. (A,A') Anterior po
sition; (B,B') 45Â° LAO; (C,C') 60Â° LAO.
Region of decreased activity is shown at
apex of left ventricle. Activity below left
ventricular myocardium, seen in rest study,
is mostly in liver and spleen. When tracer
is injected at maximal exercise, splanchnic
activity s markedly reduced. Similarly,
pulmonary activity is reduced and left yen.
tricular myocardium s better defined. Re
gion of reduced tracer activity at apex is
still clearlydefinedand is probablycaused
by thinning of ventricle. Region of in.
creased tracer concentration at lower sep.
tum and midposterior wall (frames B' and
C') corresponds to insertion of papillary
muscles.

Phantom studies. To determine the limits of reso
lution and the optimal positions for detecting lesions,
images were made with a myocardial phantom. The

phantom was composed of two concentric glass beak

ers, the smaller (150 ml) being suspended inside the
larger (250 ml) . The space between the two vessels
simulated the myocardium and was filled with 100

@@Ciof 2Â°'Tl.The inner beaker, simulating the cardiac
chamber, was filled with water, which served as an
absorber and simulated tracer-free blood in the car
diac chamber. Two full-thickness wax â€œlesionsâ€•were
placed in the space between the two vessels: the
larger was 2.5 cm in diameter and the smaller was
1.5 cm. To simulate scatter through the chest wall,
2 cm of Lucite was placed in front of the phantom.
To simulate background activity in the lung and
chest wall, a sheet source measuring 30 X 30 X 1
cm was filled with 100 @Ciof 2Â°'Tland placed be
hind the cardiac phantom. Images of the phantom
were recorded for 50,000 counts over the region of
the beakers in multiple views, I 5Â°apart, from 0Â°to
I 80Â°. The resultant scans were analyzed visually
to determine the positions in which the lesions were
best visualized.

The camera system's resolution for thallium was
compared to that for technetium by imaging an
Anger â€œpieâ€•phantom with the low-energy high
resolution collimator, using first a technetium and
then a thallium sheet source with 20% windows at
140 and 75 keV, respectively.

RESULTS

Phantom studies. The 2.5-cm lesion was seen in
all positions but was best visualized either en face
or in tangent (Fig. I ). It was not visualized if the
lesion was rotated to the back of the phantom. The
1.5-cm lesion was best seen at 0Â°(en face) and was
poorly defined at 90Â°(in tangent). This lesion was
very difficult to see in all other positions. In the
Anger pie phantom study, all six quadrants of the
phantom were defined at the technetium energy, but
only four quarters were well resolved at the thallium
energy.

CLINICAL STUDIES

Electrocardiogram. The electrocardiograms were
normal in all subjects both at rest and during maxi

mum exercise stress.
Scan following injection at rest. Whether at rest

or following stress, @Â°â€˜Tlactivity within the heart was
seen only in the ventricular muscle. The ratio of left
ventricular activity to lung activity increased from
2.5 Â± 0.3 (s.d.) to 3.4 Â± 0.7 during exercise. Ab

solute counts from the myocardium (activity in the
heart minus background) increased only 10% be
tween rest and stress. The ratio of left ventricular ac
tivity to liver activity also increased as a result of ex
ercise, going from 1.2 Â± 0.2 to 2.9 Â± 0.4. When

tracer was injected during exercise, the ventricular
walls were more sharply demarcated than when
tracer was administered at rest. With the tracer dose
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FIG.3. (Top)Rest-injectedscans;(bot.
tom) injected at submaximal stress. (A,A')
Anterior position; (B,B') 45Â° LAO; (C,C')
60Â°LAO.Rightventricularmyocardiumis
barely visible in rest-injected scan in 45Â°
LAO position (B). Midportions of septum
and posterior wall are prominent, probably
due to insertion of papillary muscles. In
scan injected at submaximal stress, activity
is still seen to slight degree in splanchnic
region, right ventricular wall has become
more prominent, and distribution of tracer
within myocardium is more homogeneous.

employed, the time taken for each view was approxi
mately 10 mm; this required a total time of 40 mm to
complete the images. There was no significant differ
ence between the rest and stress studies in regard to
the imaging time required. . *

Rest (anterior view). The left ventricular antero
lateral wall, apex, and inferior wall were well seen
in this view. The left ventricular cavity appeared as

a region of reduced activity between these structures
(Figs. 2 and 3). The right ventricle and septum were
not well seen. The left ventricular anterolateral wall
and the inferior wall appeared as two bands of ac
tivity extending in arcs between the base of the heart
and the apex of the left ventricle. In 7 out of 13
studies, these arcs tapered slightly a short distance
from the apex. In these seven subjects the apex ap
peared as a well-defined zone of reduced activity.

The two walls generally appeared to be of compara
ble thickness, and in 6 cases out of I 3 they concen
trated activity to a similar degree. The inferior wall
was more prominent in 6 out of 13, and the antero
lateral wall in only 1 out of 13. Near the base of
the heart, the activity in the anterolateral wall (10
out of I 3 ) and the inferior wall ( 8 out of I3 ) ap
peared to taper and became less distinct. The di
mensions of the left ventricle as visualized in the
anterior projection are given in Table 2.

Rest (45Â° left anterior oblique view). This view
was the best for visualization of the septum and for

estimation of the size of the left ventricular cavity.
The septum and posterolateral wall of the left yen
tricle were seen to extend upward to the region of
the mitral and aortic valves (Figs. 2 and 3) . The

TABLE 2. APPARENT DIMENSIONS OF
ThE LEFTVENTRICULAR MYOCARDIUM

ANTaIOR
Average fhickness, inferior wall
Averagethickness,anterolateral

wall â€¢
Depth at base
Length of ventricle

2.5 0.8 1.4â€”4.1

2.0 0.2 1.9â€”2.3
6.8 1.0 5.6â€”8.4
7.4 0.8 5.6-8.4

40â€”45Â°LEFTANTERIOR OBLIQUE
Septum thickness at aortic

plane (a)
Septum thickness at base (b)
Average postero-inferior wall

thickness (i)
Ratio septal thickness (a/b)
Ratio (b/i)

1.7 0.4 1.4â€”2.3
2.0 0.3 1.4â€”2.3

2.4 0.3 1.9â€”2.8
0.9 0.1 0.7â€”1.0
0.8 0.15 0.6â€”1.1

length and shape of the septum was variable. Its

length was determined by the position of the aortic
valve, while its contour varied from slightly trape
zoidal, tapering towards the aortic valve plane (9 out
of I 3 ), to uniform thickness throughout (4 out of
I 3 ) . The ratio of septal width at the aortic valve
plane to its width in its distal portion varied from
0.6 to 1.0 (Table 2) . When the septum was trape
zoidal, its activity decreased uniformly into the valve
plane without any abrupt cutoff. With a high aortic
valve, the septum appeared longer, with a more
abrupt reduction in septal activity at the aortic valve
plane. In the majority (7 out of I 3) the inferior
portion of the septum swept around to form the in
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ferior wall of the left ventricle without any signifi
cant discontinuity. In the remaining six the transition

was visible, with less activity in the inferior wall of
the ventricle than in the distal part of the septum.
The inferior wall of the left ventricle blended im
perceptibly into the posterolateral wall, ending in
the region of the mitral valve, where its termination
was either abrupt (S out of I 3 ) or tapering ( 8 out of
I 3 ) . The mitral valve itself produced a region of re
duced activity in the upper half of the posterior wall
of the left ventricle, but its full extent was variable.

Irrespective of its extent, the point of insertion of the

mitral valve into the posterior wall was at times as
sociated with a localized reduction in thallium ac
tivity (2 out of I 3 ) . In 5 out of I 3 subjects there was
a region of increased thickness about midway down
the posterolateral wall of the left ventricle; this prob
ably represented the point of insertion of the papil
lary muscle.

The right ventricular myocardium was not usually
seen in the rest study ( 1 1 cases) . Slight visualization
of the right ventricle occurred in two subjects who

had tachycardia at the time of injection of tracer.
The amount of activity within the right ventricular
free wall was always less than the activity within the

septum and left ventricular free wall and was only

slightly above background. A small lip of activity
extending anteriorly from the inferior portion of the

septum was the most frequently seen ( 7 out of I 3)

portion of the right ventricular free wall.

Rest (600 left anterior oblique view). This was the
best view for visualization of the posterolateral wall
of the left ventricle, and it aided in interpreting the

other views with respect to the anteroseptal and in

ferior walls. The anteroseptal, inferior, and postero
lateral walls formed a continuous band of activity,
with some slight thinning in the anterior part of
the inferior wall in five subjects. In 6 out of I 3
subjects, there were two regions of increased wall
thickness, one in the low anteroseptal wall and the
other in the posterior wall. A small lip of right yen

tricular wall was seen in front of the anteroseptal wall
of the left ventricle in most subjects (9 out of 13).

Scan appearance after tracer injection at exercise.
Although the overall pattern of thallium distribution
to the left ventricle, and the contour and dimensions
of the heart, largely duplicated those of the rest
study, certain important differences were found.
There was less pulmonary and splanchnic activity
and an absolute increase in the myocardial 201Tlup
take in all subjects (see above) . The 2Â°'Tldistribu
tion throughout the left ventricular myocardium was
more homogeneous at stress (13 out of 13). The right
ventricular myocardium was visualized in all subjects
at stress ( Figs. 2 and 3 ) . In the 40Â° LAO view it

was seen to extend anteriorly in an arc from the
base of the septum and upwards to the plane of the

tricuspid valve. In so doing, it partly enclosed an
area at least as large as the area of the left ventricle
(area RV/LV = 1.0â€”1.3).

The effects of cardiac motion on the apparent
thickness of the myocardial walls can be appreciated

from the dog scan (Fig. 4).

DISCUSSION

The phantom studies with 20T1 suggest that mul
tiple views are essential if small lesions are to be
detected. While lesions of 2.5 cm or greater can be
seen in any projection, the smaller lesions are often
seen best when viewed either â€œenfaceâ€•or â€œintan
gent.â€•Because of the relatively low energy of 201Tl,
small lesions may be obscured by superimposed

overlying or underlying areas of normally perfused
myocardium. Conversely, the tracer inhomogeneity
seen in normal subjects at the apex of the myocar
dium might be interpreted as a perfusion defect
indicative of ischemic heart disease. An apical zone
of decreased 201T1 concentration was seen in 7 of
the 13 normal resting subjects. While the decreased
apical tracer concentration seen in normal subjects
may resemble that seen in patients with documented
myocardial infarction and could thus be interpreted
as a perfusion defect, there are important differences
that allow separation of the normal subjects from
those with proven ischemic heart disease. The de
crease in activity in acute myocardial infarction is

FlG. 4. InvvOscansof canineheart,
including 10-cm lead marker (partially out
lined). Apparent thickness of ventricular
wall in ungated image (A) is less than that
seen in systolic image (B) but greater than
that in diastolic image (C). Ventricular
cavity appears largest in diastolic image.
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relatively abrupt, whereas there is a more gradual
decrease in activity near the apex in the normal sub
jects. The picture in the normal subjects is probably
due to anatomic thinning of the heart in this zone. In
the normal subjects the appearance of this zone tends
to become more uniform during stress, whereas in
patients with ischemic heart disease the tracer activity
either remains abnormal or decreases further during
stress. In addition to decreased tracer concentration
at the apex in normal resting subjects, irregularities
can be seen in the thickness of the septum and the
posterior and inferior walls of the left ventricle. These
irregularities are probably due to insertion of the
papillary muscles. The anterior papillary muscle pro
trudes partly from the anterior and partly from the
septal wall of the left ventricle, whereas the posterior
papillary muscle arises in several parts from the p05-
tenor wall (6). The sizes and sites of insertion of
these muscles are variable, so that in some individuals
they will be seen prominently in the 201Tl scan,
whereas in others they will not be seen at all.

One of the problems previously encountered in
myocardial perfusion imaging with 43Kand @â€˜Rb was
intense activity in the liver or stomach, which ob
scured the inferior border of the heart, making de
tection of inferior lesions difficult. This problem was
not encountered in the present study using 20Tl
because of the relatively lower hepatic and gastric
uptake of this agent compared with previously used
cationic tracers (1).

The measured dimensions of the cardiac image
presented in this study are somewhat at variance
with the reported thickness (1 .5 Â±0.2 cm) of the
left ventricle in cadavers (6) . There are two princi
pal reasons for this discrepancy: (A) the 201'fl myo
cardial scan is accumulated during the entire cardiac
cycle and thus gives a blurred image of a moving
target; and (B) the cardiac wall is not a flat struc
ture viewed on edge but is curved around the central
cavity. The excursion of the ventricular wall between
diastole and systole tends to set the outer limits of
the ventricular walls at the end diastolic position
while the inner limits approximate the end systolic
position of. the endocardium. Cardiac rotation dur
ing systole will further tend to increase the apparent
dimensions of the muscle wall. The motion artifact
introduced in this way may be partially overcome by
â€œgatingâ€•the scintillation camera to acquire data only
during end systole and/or end diastole. Although
gating sharpens the myocardial perfusion image, the
total scanning time is increased due to the consider
ably shortened period in each cardiac cycle during
which data are obtained. Patient motion artifacts and
acceptability become significant problems in certain
circumstances when imaging time is prolonged.

The ovoid shape of the left ventricle tends to de
crease the apparent size of the ventricular cavity on
the myocardial perfusion scan. The cavity will be
seen only when there is sufficient contrast between
the walls seen in tangent and the walls seen â€œenface.â€•
The apparent size of the left ventricular cavity, and
the apparent wall thickness, will depend on the de
gree of contrast employed as well as on the anatomy
of the ventricle. The measurements obtained from
the ungated images should thus be regarded as rela
tive rather than absolute. Nevertheless, such meas
urements may be of considerable value in helping
to differentiate hypertrophic changes and ventricular
dilatation from normal conditions (7).

The inability to visualize the right ventricular myo
cardium on the normal resting perfusion scan prob
ably reflects its smaller mass, thickness, and blood
supply. Average right ventricular thickness is about
one-third of left ventricular thickness (8) . Right
ventricular myocardial visualization following injec
tion at stress and during resting tachycardia appears
to be related to increased myocardial blood flow
under these conditions as well as to a general reduc
tion in background activity.

The usual dose of 201Tlgiven for cardiac scanning
is 2 mCi. Because our volunteers were healthy mdi
viduals easily able to tolerate a prolonged scanning
period, the dose administered in this study was only
I mCi per scan. The radiation burden for 201Tlad
ministered intravenously has recently been estimated
by Bradley-Moore et al (9) . Although the total
body dose is 0.07 rad/mCi, the renal and gonadal
doses are greater (kidney, 0.25/mCi; testes, 0.25/
mCi) and were major considerations when the
smaller standard dose was chosen for our normal
volunteers.

Since the 201'fl distribution during stress is more
uniform than that at rest and since the scan is easier
to interpret because of the lower background activity
present at stress, we suggest that the stress scan
should the first study in a patient suspected of is
chemic heart disease. If tracer uptake is uniform
with injection at maximal stress, a resting scan may
not be necessary. If, however, an area of inhomoge
neity in tracer distribution is detected at stress, a
resting scan is indicated in order to determine
whether the perfusion defect noted at stress is pres
ent at rest, thus suggesting an area of permanent
myocardial damage, or whether it disappears at rest,
suggesting an area of transient ischemia.
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