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Abstract—Cardiac SPECT is typically performed clinically
with static imaging protocols and visually assessed for perfusion
defects based upon the relative intensity of myocardial regions.
Dynamic imaging, however, has the potential to provide quan-
titative measures of flow, possibly improving diagnosis. The
objective of this study was to compare the information content
of dynamic and static thallium SPECT imaging as measures of
myocardial perfusion. Studies were performed in four canines,
each with an occlusion placed on the left anterior descending
coronary artery. Dynamic SPECT imaging was performed at
rest and under adenosine stress, and subsets of the data were
summed to provide corresponding static datasets for identical
physiologic conditions. Microsphere-derived flow measurements
were used as the gold standard. The dynamic data were fit to a
two-compartment model to provide regional estimates of wash-in
rate parameters. Occluded-to-normal ratios were also calculated
for each canine study. The results show comparable correlations
with microspheres for both wash-in and static scaled image
intensities. The dynamic data provided higher defect contrasts,
which were more accurate than the static occluded to normal
ratios. Preliminary studies were also performed in two patients
and the static and dynamic data compared. These results show
that dynamic thallium imaging may provide improved diagnostic
information compared to static imaging for myocardial perfusion
SPECT studies.

Index Terms—Blood flow, dynamic imaging, single photon emis-
sion computed tomography, thallium.

I. INTRODUCTION

K NOWLEDGE of regional cardiac perfusion is essential
for the control and management of coronary artery dis-

ease. Positron emission tomography (PET) is arguably the best
noninvasive modality to evaluate myocardial perfusion. How-
ever, PET suffers from poor availability and lack of reimburse-
ment. Single photon emission computed tomography (SPECT),
on the other hand, is widely available. Myocardial perfusion
studies with SPECT are performed clinically on millions of pa-
tients each year.

A static imaging protocol is typically used in clinical car-
diac SPECT perfusion studies. Many different SPECT tracers
have been investigated for studying perfusion.Tl is a widely
used tracer in clinical studies for evaluating myocardial perfu-
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sion as well as myocardial viability. Static Tl SPECT has
been shown to correlate well with blood flow in dogs [1] and is
a standard procedure for evaluating myocardial perfusion. The
static Tl images, wherein a single three-dimensional image
is obtained, are qualitative in nature but do not provide absolute
quantification of myocardial blood flow. To obtain quantitative
measures of myocardial blood flows, dynamic imaging has been
shown to have promise [2]–[6].

There has been a significant amount of work investigating
dynamic SPECT imaging using Tc-labeled teboroxime
[3]–[6]. Teboroxime has very rapid kinetics, which necessitate
very fast temporal sampling that is not feasible on most SPECT
systems. Additionally, the underlying cellular mechanisms of
teboroxime transport are not fully understood. In this paper, we
investigate dynamic SPECT imaging with Tl. Thallium-201
is a potassium analog and works in conjunction with the Na-K
ATPase pump. It undergoes high transcapillary extraction
during the early uptake phase immediately following adminis-
tration. Moreover, Tl has very slow washout kinetics, which
suggests that slow dynamic acquisitions with a SPECT camera
may be feasible. There is evidence that wash-in rate parameters
estimated from dynamic thallium SPECT may provide accurate
quantitative measures of myocardial blood flow [2]. The main
objectives of this study were:

1) to acquire and process dynamic Tl SPECT images
using analysis methods developed by our group [5];

2) to compare the dynamic SPECT canine studies using
Tl with summed subsets of dynamic data and micro-

sphere derived flows;
3) to perform preliminary studies in patients to assess the

feasibility of dynamic Tl imaging in patients.

II. M ETHODS

A. Canine Studies

Six studies were performed in four canines. Each dog was
anesthetized and the chest was opened. A catheter for micro-
sphere delivery was placed in the left atrial appendage. A snare
was placed on the left anterior descending (LAD) coronary
artery to give 100% occlusion of blood flow. In two dogs, both
rest and adenosine stress protocols were used. Resting studies
were done under normal physiological condition, whereas in
stress studies a 6-min infusion of the vasodilator adenosine was
used.

The imaging was done on a three-head gamma camera
(Marconi; PRISM 3000XP) equipped with fan beam colli-
mators. Each dog was placed on the table in the right lateral
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decubitus position. First, transmission imaging was performed
with a Tc line source. Dynamic SPECT imaging was
then initiated, and a bolus injection of 3–4 mCi Tl was
administered intravenously approximately 5–10 s after the
start of imaging. For each study, 90 full sets of projection
images (64 bins 64 slices 120 angles were obtained
in two stages with a pixel size of 0.712 cm. The first stage
consisted of 60 frames of 10 s each, and the second stage with
30 frames of 60 s each. There was a dead time of approximately
0.3 s between each time frame while the gantry motion was
reversed. Radioactive microspheres (Sn or Ru) were
injected directly into the left atrium simultaneously with the

Tl administration. An arterial reference sample was drawn
from the femoral artery at the rate of 6.5 mL/min for 2 min,
beginning just prior to the microsphere injection.

At the end of the study, the animal was sacrificed and the
heart was excised. The heart was sectioned into six slices ap-
proximately 10 mm thick, and each slice was further divided
into eight equal sectors. Each of the tissue samples was weighed
and placed into a vial for well counting. These data were further
processed to obtain myocardial blood flows for each region [6],
and they were used as the gold standard for blood flows.

The imaging data were processed in two ways in order to eval-
uate and compare dynamic imaging with compartmental mod-
eling to conventional static imaging. First, static images were
obtained by summing up 20 min of the dynamic data begin-
ning 10 min after injection. This summing scheme was chosen to
provide static datasets representative of what would be obtained
from conventional static Tl studies. Reconstruction was done
using six iterations of the ordered subsets expectation maxi-
mization (OS-EM) [8] algorithm. Compensation for attenua-
tion and depth-dependent detector response was also performed
by modeling these effects in the projector and backprojector of
the iterative algorithm. Following reconstruction, the static im-
ages were reoriented into short-axis slices (1.4 cm thick), and
four symmetric regions of interest (ROIs) were drawn on each
slice [9]. The microsphere data were registered visually to the
short-axis slices from the static images.

The dynamic dataset was also reconstructed with OS-EM and
compensated for attenuation and detector response similar to the
static dataset. Time activity curves were obtained by gathering
the ROI data for all time frames. The blood input function was
estimated from the image data using an ROI drawn over the left
ventricle blood pool. The time activity curves were fit to the
two-compartment model shown in Fig. 1 using RFIT [10]. How-
ever, the fitting routine failed to converge for many of the re-
gions, likely due to the very high levels of statistical noise in the
earliest time frames. In order to reduce the noise in those time
frames, we investigated different methods of summing the orig-
inal time frames to produce dynamic datasets with slower tem-
poral sampling. Computer simulations were performed in order
to determine the effects that these different sampling schedules
would have upon the bias in the kinetic rate parameter estimates.
The results of these simulations are shown in Table I. Summing
the original time frames to obtain the sampling schedule listed
in the first row of Table I was found to enable RFIT to converge
in all the cases. The simulations indicate that the bias introduced
into the wash-in parameter estimates is negligible for this sam-

Fig. 1. Two-compartment model used to represent the kinetics ofTl
distribution in the myocardium.

pling schedule; hence this schedule was used to process all of
the canine studies.

The dynamic data with the revised sampling schedule were
processed again, and the wash-in rate parameter (), obtained
from the fitting routine, was used as a measure of blood flow.
Since Tl has very slow washout kinetics, the washout rate pa-
rameter ( ) can be estimated accurately only if a long image
acquisition duration is used [11]. Hence for the studies per-
formed, was not analyzed. Twenty regions were considered
for each of the six studies. The data obtained from each ca-
nine study were pooled, and the wash-in parameters and the
static intensities were compared to the gold-standard micro-
sphere flows. A total of 120 data points were used to compare
the static and dynamic data with the microsphere flows. Since
the static intensities only provide relative flow information and
are not quantitative, interstudy scaling needed to be applied be-
fore the data could be pooled. Thus, the static data were scaled
such that the sum of the static Tl intensities for each study
matched the sum of the microsphere flow values. The wash-in
rate parameters were not scaled, as these data are inherently
quantitative.

In order to quantify defect contrasts, regions were drawn on
the area fed by the occluded artery and a distant normal re-
gion. The size of these regions ranged between 3–9 cmfor
the occluded regions and 6–10 cmfor the normal regions. The
image data were then reprocessed using these regions, and oc-
cluded-to-normal (O/N) ratios were calculated for both the static
data and for the wash-in rate parameter estimates. The corre-
sponding occluded and normal regions of the microsphere data
were used as the gold standard.

B. Patient Studies

Dynamic Tl SPECT studies were performed at stress in
two patients. Projection data were acquired on a three-head
camera equipped with parallel hole collimators (Marconi;
IRIX). The patient was placed on the camera bed, and adeno-
sine was infused at a rate of 0.14 mL/kg/min for 6 min.
Approximately 3 mCi Tl was administered intravenously
using a 30-s infusion. The projection images were acquired
with 128 128 image matrices using 0.466-cm pixels, and 120
projection angles were acquired over 360for each time frame.
The data were obtained in two stages: the first stage with 60
frames of 11 s each and the second stage with 60 frames of 30
s each. The revised sampling schedule chosen for the patient
studies was as follows: six frames of 22 s, six frames of 88 s,
five frames of 120 s, and eight frames of 150 s each. This was
different than the schedule used with canine studies, in part
because Tl was infused over 30 s in patient studies.

The processing of the dynamic and static data was similar
to that in the canine studies. However, in addition to attenuation
and detector response compensation, effective source scatter es-
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TABLE I
RESULTS OF THECOMPUTERSIMULATIONS SHOWING THE BIAS IN KINETIC RATE PARAMETER ESTIMATES FORVARIOUS SAMPLING SCHEDULES

Fig. 2. Summed short-axis slices for one of the canine studies. The perfusion
defect can be seen in the anteroseptal wall of the more apical slices.

timation (ESSE) model-based scatter compensation was also
performed [12], [13]. For each study, the effect of scatter com-
pensation was evaluated by comparing the dynamic wash-in pa-
rameters obtained with and without scatter compensation. Four
ROIs were drawn on each of eight 10-mm-thick short-axis slices
of the static data set for analysis. As in the canine studies, scaling
of the static data was performed when the data were pooled.
Since no microsphere measurements were obtained, the static
intensities for each study were scaled relative to the wash-in pa-
rameters in two ways. First, they were scaled such that for each
study, the sum of the wash-in rate parameters was equal to the
sum of the static data. In the second approach, scaling was done
such that the maximum of the wash-in parameters in each study
was equal to the maximum of the static Tl data for the re-
spective study.

III. RESULTS

A. Canine Studies

The summed short-axis image data for one of the canine
studies with an occlusion is shown in Fig. 2. A perfusion defect
can be seen in the more apical slices, which corresponds well
with the area fed by the occluded artery. Example time activity
curves for both the original and revised sampling schemes are
shown in Fig. 3. Substantial noise can be seen in the curves,
especially for the original sampling scheme with short time
frames. Recall from the methods section that the fitting routine
failed to converge in many cases, and that the sampling scheme
was revised to overcome this problem (Table I). The revised
sampling scheme was used for all further dynamic data analysis
of the canine studies.

(a)

(b)

Fig. 3. Time activity curves for a canine study (a) with original dynamic
temporal schedule and (b) after summing frames (15 at 20 s+ 10 at 30 s+
10 at 60 s+ 10 at 120 s).

For each individual study, the correlation with microsphere
data for the static and dynamic methods is listed in Table II.
High correlations were observed between the static and dynamic
wash-in data. The correlation plots for the pooled data for the
static and dynamic case are shown in Fig. 4. The wash-ins were
related to the microsphere flows by

, while the scaled static data were related to the micro-
sphere flows by .

Polar plots for each canine study using the static data, wash-in
parameters, and corresponding microsphere data are shown in
Fig. 5, and the occluded-to-normal ratios for each study are
listed in Table III. The wash-in data gave higher defect contrasts
than did the static data, and the dynamic results matched the
gold-standard microsphere contrasts more closely in five of the
six studies. However, the wash-in rate parameters overestimated
the size of the hypoperfused region in some studies (columns 2
and 5 in Fig. 5).
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TABLE II
INDIVIDUAL CORRELATIONS FOR THECANINE STUDIES

(a)

(b)

Fig. 4. Scatter plots for the pooled canine data: (a) wash-in rate parameters
versus microsphere-derived flow values and (b) scaled static data versus
microsphere flows.

B. Patient Studies

Fig. 6 shows scatter plots of the wash-in versus the scaled
summed static intensity data. The total number of regions in
each study considered was 32. The wash-ins were related to
the scaled static data by when
the summed data were scaled such that the sum of the static
intensities equaled the sum of the wash-in parameters for each
study, as in Fig. 6(a). The correlation fit was

when the static data were scaled such that the max-
imum value of the static data equaled the maximum value of the
wash-in parameter for each study, as in Fig. 6(b). The correla-
tion coefficients were comparable for both cases and were not

Fig. 5. Polar plots for the six canine studies. First row shows the polar plots
for the flow data using microspheres, second row shows the polar plots for the
wash-in parameter data, and third row shows the polar plots for the static data.
The first two columns are polar plots for rest studies, and the next four columns
are those of stress studies. The studies from left to right are arranged as study 2,
study 4, study 1, study 3, study 5, and study 6. The study numbers correspond
to those mentioned in Tables II and III.

TABLE III
OCCLUDED-TO-NORMAL RATIOS FOR THECANINE STUDIES

overly sensitive to the scaling method used. A comparison of the
static intensities with and without scatter compensation showed
that scatter compensation changed the static intensity values by
approximately 20% and wash-in parameters by approximately
10%. Although dynamic data are affected less by scatter, scatter
correction is likely still required to obtain accurate quantitative
measures for dynamic studies.

IV. DISCUSSION

The dynamic and the static summed thallium data both have
been compared with respect to the microsphere data as the gold
standard. The slope of less than one in the case of the wash-in
versus spheres may be due to several causes. One is the fact that

Tl uptake is from the plasma and not the whole blood. How-
ever, the method considered here assumes input from the whole
blood. This results in overestimation of the volume from which
the tracer is being extracted. Hence, the wash-in parameters that
reflect the fraction of tracer extracted from a given volume of
blood are underestimated. The effect of compensating for other
degrading factors such as partial volume effects, hematocrit, and
extraction fraction discussed in [1] were not considered here.
Corrections for these factors may help provide absolute quanti-
tative measures of myocardial blood flow.

It was necessary to perform interstudy scaling in order to pool
the static data sets. However, such scaling has a tendency to
produce high correlations because the scaling itself introduces
some degree of correlation in the data. The uptake ofTl may
differ between studies, and better ways to scale the data have yet
to be developed.
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(a)

(b)

Fig. 6. Scatter plots of the wash-in parameters versus scaled static for the
pooled patient data. In (a), the static data were scaled so that the sum of the
wash-in parameters for each study equaled the sum of the static intensities. In
(b), the static data were scaled such that the maximum of the wash-in parameter
for each study was equal to the maximum of the static data for that study.

Our results showed that dynamic imaging provided more ac-
curate contrast between occluded and normal regions than did
static imaging. This may be in part because the static data were
more sensitive to scatter effects than were the dynamic data (see
the patient studies results). Since perfusion studies aim at dif-
ferentiating between normal and hypoperfused myocardium, it
is important to get accurate contrast between the ischemic and
normal regions. However, dynamic data overestimated the ex-
tent of ischemic regions in some cases.

Static cardiac SPECT studies depict regional tracer uptake.
The analysis is typically based upon subjective image interpreta-
tion. This approach often provides good information for patient
management in case of coronary artery disease. The dynamic
approach used here may help in obtaining an objective analysis,
which may translate into more accurate diagnosis. This method
might be especially useful in cases where patients are suffering
from three-vessel disease, whereby there is an overall global re-
duction of myocardial perfusion.

Static cardiac SPECT imaging protocols are less complicated,
and the total processing time required is less than that required
by dynamic cardiac SPECT imaging with Tl. Our studies re-
quired a total imaging time of about 40 min for dynamic imaging

protocols. During static imaging, however, the initial 15 min
are skipped to allow the clearance of the tracer from the blood
pool, and imaging is performed for the next 20 min. Due to
the relatively long imaging time for dynamic cardiac SPECT
imaging, some artifacts might occur due to patient motion. How-
ever, studies would be required to optimize the total imaging
time required for dynamic cardiac perfusion SPECT withTl.

The biodistribution and long half-life of Tl limits the al-
lowable dose to 3–4 mCi in humans. This is a major drawback
for dynamic SPECT studies because it results in low counts and
high noise, which in turn can cause the fitting routine to fail to
converge. To circumvent this problem, longer sampling inter-
vals may be used. The temporal sampling protocol obtained by
summing dynamic data from the scanner to fewer frames gave
reasonable fits to the two-compartment model. However, more
studies are needed to investigate the optimal sampling protocol
for different thallium infusions and the clinical potential of dy-
namic Tl cardiac SPECT.

V. CONCLUSION

Dynamic Tl SPECT imaging provides myocardial blood
flow information that is comparable in many ways to staticTl
SPECT. With the application of appropriate corrections, dy-
namic Tl SPECT can likely provide absolute quantitative
flow information. Dynamic Tl imaging also has the advan-
tage of providing defect contrast that matches more closely to
the gold standard microsphere flows than does static thallium
but may sometimes overestimate the size of ischemic regions.
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