
Computer Modeling of Planar Myocardial
Perfusion Imaging: Effect of Heart Rate
and Ejection Fraction on Wall Thickness
and Chamber Size
Josef Machac, Howard Levin, Ethan Balk, and Steven F. Horowitz

Mount Sinai Medical Center, New York City. New York

Myocardial perfusion imaging is generally performed as a static acquisition without regard for
dynamic changes in the cardiac cycle. The effect of heart rate and ejection fraction on the
appearance of left ventricular chamber size and wall thickness as perceived in 201TI

scintigrams has not, to our knowledge, been previously studied. A dynamic computer model
of the left ventricle was constructed, capable of varying the heart rate and ejection fraction.
Parallel slices through the model were convolved with experimentally derived 201TIpoint

spread functions at corresponding depths to incorporate the effects of scatter and
attenuation. Both gated and static left anterior oblique images were created at three clinically
encountered heart rates and ejection fractions, with constant end-diastolic volume and left

ventricular mass. Results of the study indicate that perceived and quantified wall thickness
increases and chamber size decreases appreciably with increasing ejection fraction and
(slightly) with increasing heart rate. Thus, evaluation of wall thickness and chamber size in
planar images should take into account variations in heart rate and contractility. This is
especially pertinent to estimates of left ventricular hypertrophy and chamber size, attempted
from nongated myocardial perfusion images.
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.lanar myocardial perfusion imaging with thallium-
201 (2Â°'T1)has been used for more than a decade as an

important technique for the diagnosis of coronary ar
tery disease. In addition to evaluating perfusion, a num
ber of clinically relevant observations can be made from
201T1scintigrams concerning left ventricular chamber

size and myocardial wall thickness. The finding of a
dilated cavity or hypertrophied left ventricular myocar
dium conveys clinically relevant information. However,
a number of theoretical factors may affect perceived
cavity size and wall thickness in addition to true cavity
dilatation and myocardial hypertrophy. These include
attenuation, overlying structures, heart rate, and wall
motion. The latter has been addressed previously with
several authors finding that ECG gating of 2Â°'T1images
decreases blurring due to wall motion (/-5). All inves
tigators observed, as expected, that apparent wall thick-
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ness was greater and cavity size smaller on the compos
ite views, compared with the gated end-diastolic views
alone. Garty et al. (5) found thallium image gating to
be advantageous for the detection of myocardial per
fusion defects, although this was not supported by the
findings of the other authors (1-4).

Thus, thallium imaging is routinely performed with
out gating, and the confounding influence of blurring
due to wall motion remains unresolved. This has not
been previously studied in a systematic fashion. We
have designed a dynamic mathematic computer model
that simulates the normal planar left ventricular myo
cardial perfusion image in order to examine the effect
of different ejection fractions (EF) and heart rates (HR)
on perceived wall thickness and chamber size on the
composite, or "ungated" images.

MATERIALS AND METHODS

The overall method of modelling was similar to that
of Vos et al. (6). The computer model of the myocar
dium consisted of a typical normal left ventricle with
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dimensions derived from routine two-dimensional ech-
ocardiograms and contrast ventriculography. The left
ventricular diastolic myocardium was represented as 10
mm thick at the base and 5 mm thick at the apex in
the shape of a parabola (Appendix 1)(7). The long axis
of the inner volume was 10 cm from base to apex and
the short axis 5 cm at the base (a 2.5-cm hemiaxis).
This model was designed such that the inner volume
could symmetrically decrease to any desired volume.
The position of the base during the cycle was fixed. The
dynamic ratio of long axis to short axis in diastole and
systole was determined by a linear equation approxi
mating the measurements obtained by Herman et al.
(8) in their angiographie measurements (Appendix 2).
These dimensions and their changes are also similar to
measurements in normal subjects by Gould et al. ( 1974)
(9). It was assumed that the uptake of thallium is
uniform within the myocardium. The volume and mass
of the myocardium and, therefore, the content of thal
lium within the myocardium were held constant
throughout the cycle. This assumption was experimen
tally confirmed by Sanmarco and Davila (70) and
utilized also in the work of Hugenholtz et al. (77) and
Gould et al. (9). A typical gated blood-pool time-activity
curve of a normal patient with an EF of 55% at a HR
of 60 bpm was chosen as a reference in order to repre
sent the volume change of the inner chamber through
out the cycle. The time-activity curve was also recorded
at low levels of exercise at heart rates of 80 and 100
bpm. The EF for the model was controlled by scaling
the time-activity curve to achieve EF of 30%, 55%, and
80% at each HR. The heart model was thus completely
described mathematically.

The model could be projected in any desired orien
tation onto a three-dimensional matrix measuring 128
x 128 x 48 pixels with one cubic voxel measuring 0.23
cm, similar to the scale used in our routine clinical
imaging. To facilitate the measurement of wall thick
ness and chamber size in this experiment, a symmetrical
left anterior oblique (LAO) view was chosen. The heart
model was rotated in the horizontal and vertical planes
such that the long axis was perpendicular to the simu
lated Anger camera face. The tip of the ventricle in end-
diastole was 2 cm deep to the surface of the "chest."

For each of the 16 volumes within the cardiac cycle, 48
parallel slices of the model were manufactured from
base to apex, along with background (72), and stored
on flexible magnetic disks for later batch processing.

In order to simulate attenuation, scatter, and limited
resolution of the collimator-Anger camera imaging sys
tem, the projected parallel slices of myocardial thallium
at the various depths were convolved with the point
spread functions of M'T1at the corresponding depths.

This was accomplished by the following means. A thin
(100X) plastic pipette was suspended in a water bath.
The shape of the bath was rectangular in order to obtain

spatial uniformity. This thin pipette, 10 cm in length,
was filled with a total of 200 mCi of thallous-201
chloride. This line source was then imaged with an
Anger camera at progressive depths of 1 cm within the
water bath starting at 1cm up to a depth of 20 cm. The
camera used for this experiment is employed for routine
clinical thallium imaging and was equipped with a
general all-purpose collimator. The images were stored
in a 128 x 128 digital matrix. The profiles of the line
spread functions then underwent discrete Fourier trans
formation in order to form a unidimensional filter
(modulation transfer function). Filters corresponding
to the exact depths of the 48 slices of the model were
produced by linear interpolation between the 1-cm
layers of acquired filters, starting at 2 cm, corresponding
to the tip of the ventricle in end-diastole. A two-dimen
sional filter was formed by spinning the one-dimen
sional filter about the center of a 128 x 128 matrix,
facilitated by an array processor. This operation as
sumes a two-dimensional symmetry of the imaging
process. We confirmed this during the design process
by comparing the line spread function of a horizontal
and then a vertical source with the line spread function
obtained from the inverse Fourier transform of the
product of the Fourier transform of a hypothetically
perfect line, and the two-dimensional filter, obtained
from the same depth. The two techniques produced
identical results, thus verifying the accuracy and validity
of the convolution process. The two-dimensional Four
ier transforms of the simulated myocardial sections at
the various depths were multiplied by the appropriate
two-dimensional filters and underwent an inverse Four
ier transform, all performed by an array processor. This
is equivalent to the convolution of the object model
slices by the point spread functions at corresponding
depths. These 48-layer images were then summed, pro
ducing the planar projection at one point in the cardiac
cycle. Sixteen-frame image sets were manufactured for
three different HR and three EFs. These sets were
analogous to gated planar thallium images. The sum of
the 16 frames of the cardiac cycle corresponded to static
planar images. Figure 1 shows the simulated imaged
ventricle in the typical anterior, LAO, and lateral views
with a vertical tilt of 35Â°.

The apparent wall thickness and chamber size were
evaluated both visually and quantitatively. Visual eval
uation was performed by two experienced readers from
computer displays of all nine assembled static LAO
images at variable thresholds and contrast settings. Wall
thickness and cavity size were compared across rows
and down columns (Fig. 3) without knowledge of sim
ulated EF or HR. The quantitative method employed
measurements on a region of interest (ROI) identified
by a uniform count threshold after background sub
traction. Five arbitrary threshold levels were examined,
the lowest demonstrating central cavity obliteration in
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A
at least one of the nine images. The highest threshold
had the same count density as the peak counts in at
least one of the nine images. This range fell between 84
and 100% of the peak counts of the image with the
lowest peak counts. The measurements obtained were:
the myocardial area (number of square pixels), the outer
diameter, and the inner diameter of the left ventricular
image measured in number of pixels. The wall thickness
was one-half the difference between the outer and inner

diameters.

RESULTS

Visual Assessment
Sample horizontal LAO gated images, together with

the summed static images are shown in Fig. 2. The pair
at the top shows the effect of changing the EF. The
increased wall intensity and thickness and decreased
chamber size in systole can be seen at the higher EF.
The pair at the bottom of Fig. 2 shows the effect of a
changing HR. Ventricular systole occurs later in the
cycle and a larger fraction of time is spent in systole.

Figure 3 shows the nine static, summed images re-

FIGURE 1
Example of simulated static anterior
(45Â°),LAO (0Â°),and left lateral (-45Â°)
views and moderate vertical tilt (35Â°)

suiting from the combinations of the three EFs and
three HRs. These images simulate static acquisitions of
clinical studies in the LAO view for a horizontal heart.
There was complete agreement in visual assessment of
images between the two observers in noting the appear
ance of a smaller chamber and thicker myocardial wall
at higher EFs. The change in left ventricular appearance
with HR was slight. The difference was most apparent,
however, at high EF, demonstrating a smaller chamber
and thicker wall at higher HR.

Quantitative Measurements
The behavior of the area of the ROI, corresponding

to the perceived myocardial mass, and characterized by
an outer diameter, inner diameter, and wall thickness,
were studied quantitatively for several fixed thresholds
(Table I). The myocardial area generally increased with
higher H R and higher EF. Relatively greater changes
were observed at higher thresholds. EF produced greater
changes than the HR over the ranges of values studied.
There were generally no changes in the outer diameter
with either HR or EF manipulation (these results were
not included in Table 1). The inner diameter consist
ently decreased at higher EF and decreased with a higher

HR EF C ES ED
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^^ C -^^^^ ~j"J*

60 so O OOOOOOO
ES

oooooooooo
ED

ES ED

60 55 O OOOOOOOOOOOOOOOOO

100 55 oooooooo
ES

oooooooo
ED

FIGURE 2
Examples of simulated gated 201TIleft ventricular images in horizontal LAO view, and summed static views at extremes
of EF, in %, and HR, in bpm. C = composite static view, ES = end systole, ED = end diastole
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FIGURE 3
Simulated horizontal LAO views of
same left ventricle at combinations
of three values of HR, in bpm, and
EF, in %

80

HR at some thresholds while remaining the same at
others as seen in Table I. Wall thickness was consist
ently increased at a higher EF, but increased slightly or
remained constant with a higher HR.

DISCUSSION

The main purpose of the present study was to eval
uate the influence of the cardiac cycle on perceived wall

thickness and inner chamber size of the left ventricle as
imaged by planar 2Â°'Tlscintigraphy. Only one previous

study, to our knowledge, has compared perception of
left ventricular hypertrophy on planar 2Â°'Tlimages
with two-dimensional, echocardiographic measure
ments (/3 ). Although the effects of HR and wall motion
on the myocardial perfusion image have been alluded
to as a possible source of error in single photon emission
computed tomography (SPECT)20'Tl mass measure-

TABLE 1
Left Ventricular Chamber Size, Wall Thickness, and Wall Area as Function of Heart Rate, Ejection Fraction,

and % Threshold

Threshold (% maximum)

81% 86% 90% 94% 98%

Wall area (squarepixels)HR60

8030

Â¡256256EF
5580268272272

280Inner

diameter (#pixels)60

8030EF

55807
75
53

3100264277280100750HR60

80100305580218

220222224
236240228
24024260

80100305580997755533HR60

80100305580176

180180200
204204216
22022860

80100305580999777555HR60

80305580132

152172
176180
19660

8030558011

99
77

51001601802001009756030

6455
12480
1486030

1155
980

7HR80

10092

96136
146156
16480

10011

119
97

7

Wall thickness (# pixels)

60 80 100 60 80 100 60 80 100 60 80 100 60 80 100

30
EF 55

806

6 6 30
7 7 7 55
8 8 9.5 805

5 6 30
677 55
6 7 7 80444

30
5 5 5 55
6 6 6 803

4 4 30
4 5 5 55
5 6 6 80222

333
444
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ments (14-16), it has not yet been systematically stud

ied nor considered in the single available clinical study
(13).

H R and varying wall motion can, theoretically, affect
the perceived planar images in a number of ways. A
faster HR results in a greater proportion of time spent
in systole when the ventricle is smaller and the myocar
dium thicker. A higher EF results in a smaller chamber
volume and a thicker myocardium at all points of
systole, although the time spent in systole is not signif
icantly altered. On the other hand, a smaller mean
chamber volume results in a greater distance between
the ventricle and the detector, thus increasing the atten
uation of the photons emanating from the myocardium
and decreasing the relative attenuation difference be
tween the base and the apex. Thus, the problem is
spatially and temporally complex.

It would be difficult to explore the effects of HR and
EF of the normal heart on the appearance of thallium
images in vivo because of the difficulty inherent in
precisely controlling such factors as myocardial thick
ness and contractility in humans or animals. A mathe-

matic computer simulation was chosen over a mechan
ical model, since it proved to be extremely difficult to
build and control a dynamic physical phantom with
characteristics similar to the real heart (77). The com
putation time for the present model was greatly de
creased by an array processor. This study is an example
of the use of the array processor in applications other
than SPECT reconstruction or routine smoothing
operations.

The visual results show that there is a slight increase
in count density and wall thickness with increasing HR,
while at increasing EF there is a more easily appreciated,
thicker myocardium and smaller chamber size, even
though true myocardial mass remains the same. This
finding suggests that assessment of left ventricular hy
pertrophy from nongated myocardial perfusion imaging
is potentially misleading without knowledge of the state
of myocardial contractility.

For purposes of quantitative comparison, the images
in the present study were measured using variable,
arbitrarily chosen thresholds. They were in the usable
range of counts below which no central cavity would
have been seen, and above which all myocardial activity
would have been excluded. This range would be ex
pected to vary from person to person depending on
ventricular size and shape, amount of tissue scatter and
camera resolution, as well as background uniformity.
We chose the threshold method of edge detection, since
this method would probably best approximate subjec
tive visual assessment from film or computer console
display, such as in Figs. 1. 2, and 3. The results of
the quantitative measurements support the visual
impressions.

At higher thresholds, the absolute and relative

changes in the myocardial area, as a function of EF and
HR, were greater. This may be due to the possible
dominance of this region by the periapical segments,
which recede away from the detector during systole.
When the average distance from the detector is greater,
as when the HR or EF are high, attenuation of activity
causes a decrease in counts and, hence, a smaller profile.
At a low threshold, the basal segments probably con
tribute more to the ROI, resulting in less sensitivity to
the mean distance from the detector. This mechanism
is complicated by changes in left ventricular geometry
in systole. The variability in the presence or absence of
a change in the measured dimensions of the inner
chamber and wall thickness as a function of HR is
undoubtedly due to the large size of the pixel relative
to the magnitude of change measured, resulting in an
all-or-none phenomenon. Although the pixel size is the

same as used in our clinical work, the use of a finer
matrix, in retrospect, would have been more helpful,
although more tedious. Thus, these results should be
viewed as a total impression from all thresholds. The
changes in dimension measurements as a function of
EF and changes in the measured area were more con
sistent, undoubtedly due to their greater magnitude,
and thus less subject to the above sampling problem.

The dependence of the magnitude of changes in the
measurement on the threshold value corresponds, in
every day practice, to the effect of changing the exposure
settings for film recording of images, or the manipula
tion of display parameters on computer screens. Thus,
the visual impression of the effects of physiologic
changes on the images is expected to be dependent on
the display parameters. The problem appears unavoid
able but it emphasizes the risk in such interpretations
from images recorded on film where the threshold is
arbitrarily set. In digital format, the observer can vary
the display parameters to examine images as these
under a variety of conditions. That is what we tried to
do by selecting multiple thresholds to verify that meas
urements at one particular threshold were not unique.
Although the magnitude of the changes in the measured
parameters among the different thresholds differed, the
patterns of change were similar. Thus the choice of
threshold used would not alter the basic points of this
study.

The range of EFs examined spans a wide spectrum
of clinically encountered left ventricular function. The
changes in HR between early and delayed thallium
exercise studies usually lie within the range examined
in this study. The change in EF between an early,
postexercise study and delayed study would not be
expected to be larger than 10-20%. However, the

amount of change in EF that may occur in serial studies
in a patient with a diffuse disease process could poten
tially be much greater. In viewing an ungated planar
study of a particular patient for the first time, one does
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not know whether the left ventricle looks thick because
it is hypercontractile or hypertrophied.

The present work also has implications for three-
dimensional imaging of the heart with 2Â°'T1SPECT, or

positron emission tomographic (PET) imaging using
any number of myocardial perfusion or metabolic
tracers in which left ventricular mass can be quantified
(14-16). An advantage of three-dimensional imaging
lies in the ability to directly compare the measured mass
with independent measurements using other invasive
or noninvasive techniques (11J4-16J8). These three-
dimensional methods, however, are also dependent on
some method of myocardial edge detection, such as
threshold, maximum gradient detection, or fitting to a
model (19).

Regardless of the method of three-dimensional im
aging and reconstruction, cardiac motion will remain
as a problem for mass measurements. Since 2Â°'T1im

aging suffers from a relatively low counting rate, gating
in SPECT would be expected to be even less attractive
than in planar images. However, the high count rates
of PET using short-lived positron emitting isotopes has
made the acquisition of gated images in a short time
feasible, thus minimizing the effect of cardiac motion
(20). Our model may be adapted for simulation of
SPECT imaging to specifically study the effect of wall
motion on measured left ventricular mass. Since PET
imaging utilizes an entirely different concept of image
data acquisition, a different model of simulation would
need to be constructed, to deal with problems unique
to PET such as different in-plane and out-of-plane
sensitivities (21).

The present model makes a number of assumptions.
We have chosen one typical ventricular shape and size.
Similar, although not necessarily identical results would
be expected for other ventricular shapes. We have as
sumed a uniform scattering medium similar to water,
although the true chest tissues consist of a nonuniform
composite ranging from air to bone, with a superim
posed nonuniform background. Previous work has
shown water to be a close approximation, providing
satisfactory results for left ventricular volume measure
ments (22,23). This model examined only symmetric
wall motion. Translational and rotational motion, fre
quently observed in gated cardiac blood-pool imaging,
may account for some of the commonly found asym
metry between septal and posterolateral wall thickness
on 301T1static images. It is also possible that this

asymmetry is related to normally occurring regional
differences in wall motion.

We conclude that the evaluation of chamber size and
wall thickness from planar thallium images must be
done with caution. The appearance of these images is
significantly dependent on the EF, and, to a lesser
extent, on HR. This may be of importance in inter
preting studies in patients with hyperkinetic hearts (es

pecially those immediately postexercise) and is influ
enced by the wide range of recovery time necessary for
the heart rate to return towards baseline after stress.
This observation has implications for measurements of
myocardial mass and thickness in nongated 2Â°'T1

SPECT and PET, suggesting the need for similar com
puter simulations in addition to standard clinical
investigations.
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APPENDIX 1

The equation of the inner and outer boundaries of left
ventricle is:

Y = K X SA2,

where Y is the position along the long axis, SA is the radius
or short axis at position Y, and K is a constant unique to the
inner or outer surface.

APPENDIX 2

During the cardiac cycle, for a predetermined EF, the inner
volume V, follows a time-activity curve as described in the
methods section, starting from an end-diastolic volume VD.
The short axis (SA), the long axis (LA), the basal thick
ness (BT) and apical thickness (AT) follow the following
relationships:

SA shortening = 1.6
% LA shortening

T(SA)2LA

The outer volume (V0)= V, + AV, where AV(total myocardial
volume) is constant throughout the cycle. These equations
determine the exact left ventricular size and shape.
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