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Diagnostic sensitivity of SPECT myocardial
perfusion imaging using a pumping cardiac
phantom with inserted variable defects
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Background. The diagnostic sensitivity of various SPECT MPI procedures was assessed
using a pumping cardiac phantom with variable defects inserted in the myocardial wall of the
left ventricle.

Methods and Results. A diagnostic evaluation of 142 myocardial defects was performed. A
diagnosis blinded to prior-known conditions was compared to the known defects severity
(transmural, subendocardial) and defects position within the myocardial wall of the left ven-
tricle (apical, anterior, inferior) for three body types (average male, large male, large female).
Non-attenuation corrected, attenuation corrected and gated SPECT MPI were performed. The
diagnostic sensitivity was improved when applying attenuation correction or gating techniques
to identify subendocardial defects in the inferior, anterior and apical segments of the myo-
cardial wall of the left ventricle for all three body types. Transmural defects could be identified
without any attenuation correction or gating.

Conclusions. The diagnostic sensitivity was improved when applying AC or GSPECT
techniques. (J Nucl Cardiol 2013;20:609-15.)
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INTRODUCTION

Coronary artery disease (CAD) is the most common
form of heart disease worldwide. Statistics show that
CAD is one of the leading causes of death for both men
and women in Europe and in the United States."* Once
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CAD is detected, the condition should be closely
monitored and appropriate steps should be taken to
prevent deterioration or death. Myocardial perfusion
imaging (MPI) has been proven to be able to assess the
functional significance of a coronary artery stenosis.”

In recent years, radionuclide-imaging technologies
have evolved rapidly with the development of new
instrumentation in an attempt to accurately perform atten-
uation correction with validated commercial hardware/
software solutions that enhances the interpretive confi-
dence and accuracy of single photon emission computed
tomography (SPECT) myocardial perfusion studies.*®
Various studies highlight the benefits of attenuation cor-
rection and/or gating in MPI. Nevertheless, some studies
failed to demonstrate improvement or increased specificity
at the cost of sensitivity.”® While analytic models and
patient data are useful, a reproducible, compartmented,
mechanical phantom is also useful to compare and optimize
MPI studies without exposing patients to radiation.

This study investigated the diagnostic sensitivity of
non-attenuation corrected (NC), attenuation corrected
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Figure 1. The small and large rubber membranes of the
cardiac phantom. The small membrane is mounted inside the
larger membrane, both kept in position by a holder. The inner
membrane defines the left ventricular cavity, while the space
between the inner and the outer membrane represents the
myocardial wall of the left ventricle. A solid defect is glued on
the outer part of the inner membrane.

(AC) and gated SPECT (GSPECT) techniques for
transmural and subendocardial defects (a) in three body
types and (b) in the three main areas of left ventricle. For
this purpose, we utilized a custom-built pumping heart
phantom with inserted defects, varying in severity and
position, to experimentally simulate CAD.

MATERIALS AND METHODS

We performed 43 acquisitions using a custom-built
pumping heart phantom resulting in a total of 142 evaluated
myocardial defects. The phantom, acquisition and reconstruc-
tion parameters as well as the images and the physician’s
report were stored in a database to compare the prior-known
parameters with the blinded diagnosis.

Dynamic Cardiac Phantom and Defects

The dynamic cardiac phantom consisted of (a) a twin-
membrane system representing the left ventricle, (b) a pump-
ing system and (c) a computer-controlled system. The cardiac
phantom is based on a twin-membrane where a small rubber
membrane is mounted inside a larger rubber membrane. Both
membranes are kept in position by a holder, as shown in
Figure 1. The inner membrane defines the left ventricular
cavity, while the space between the inner and the outer
membrane represents the myocardial wall of the left ventricle.

The ellipsoid membranes of 1 mm thickness expand
during the diastole and retract during the systole into their
initial shape without being stretched with time due to the
material characteristics. The membranes were manufactured
through the process of injection moulding. The thickness of the
myocardial wall of the left ventricle at systole was 12 mm and
at diastole was 11 mm.

Diastole and systole were achieved by pumping water in
and out the inner membrane. For this purpose, a piston was
activated by a stepper motor which was controlled by a
computer. As the cavity between the inner and the outer
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Figure 2. The cardiac phantom during expansion (diastole)
and compression (systole).

membrane was filled with water which is non-compressive, the
pressure was transferred from the inner to the outer membrane.
For the imaging procedures, a diluted radionuclide was also
injected within the myocardial wall. Figure 2 shows the twin-
membrane system during expansion and compression.

The studies have been performed at 60 beats per min. The
ejection fraction was 30 = 3%. This was obtained from
measurements of the end-systole-volume (ESV) and the end-
diastole-volume (EDV) of the cardiac phantom, and it was also
compared with the corresponding values obtained from the
processing workstations. For the gated studies, the signal from
an ECG simulator was used as an input to the ECG device
whose exit signal triggered the SPECT and the computer-
controlled pumping system.

One or multiple defects were placed at specific locations in
the spacing between the inner and outer membranes to represent
specific coronary obstruction, according to the segmentation
model of the left ventricle.’ Transmural (1 c¢m in thickness) and
subendocardial (0.5 cm in thickness) defects, of 2 x 2 c¢cm and
1.5 x 1.5 cm in extent, glued on the outer part of the inner
membrane (Figure 1), were placed in the apical, the anterior
and the inferior regions of the myocardial wall of the left
ventricle. More cardiac phantoms were constructed to simulate
different combinations of defects. When using a transmural
solid defect (100% reduction in flow through the myocardial
wall), it is expected to measure a 100% reduction in flow, while
when using a subendocardial solid defect (100% reduction in
flow in only half of the myocardial wall), it is expected to
measure a 50% reduction in flow. In reality, defects may be due
to an incomplete reduction in flow which is not modeled by this
phantom. Simulations have shown that due to partial volume
effects, a small defect with 100% reduction in flow and a larger
defect with 50% flow reduction will appear the same with
conventional technology.'®"!

For the MPI, the cardiac phantom was inserted within the
RSD Anderson fully tissue equivalent anthropomorphic phan-
tom to simulate the scattering and the non-uniform attenuating
environment introduced by the thoracic structures.'” The
thorax phantom represents an average male. With the addition
of the thorax overlay, it could represent a large male. Adding
the breasts on the thorax overlay, it could represent a large
female. The thorax containing the lungs and the pumping heart
was hermetically closed and then the rest of the thorax cavity
was completely filled with water to simulate the soft tissue.
Figure 3 shows the large female (left) and the average male
(right) body types of the anthropomorphic phantom in the
Philips Forte/Vantage SPECT/'>*Gd.

Figure 4 shows transverse chest CT slices of a normal
heart (left) and the cardiac phantom at diastole (right) inserted
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Figure 3. The large female (leff) and the avera
phantom in the Philips Forte/Vantage SPECT/'

§

3e male (right) body types of the anthropomorphic
Gd.

Figure 4. Transverse chest CT slices of a normal heart (leff) obtained at NGH (a left ventricle, b
right ventricle, ¢ right atrium, d left atrium) and of the cardiac phantom at diastole (right) within the
average male body type of the anthropomorphic phantom. The position of the cardiac phantom (left
ventricle) within the anthropomorphic phantom is very close to the position of a normal heart.

in the average male body type of the anthropomorphic
phantom. The position of the cardiac phantom (left ventricle)
within the anthropomorphic phantom is very close to the
position of a normal heart.

Image Acquisition and Reconstruction

The dynamic cardiac phantom with one or multiple
defects in specific positions within the myocardial wall of the
left ventricle, of specific thickness and extent, were inserted in
the anthropomorphic phantom (average male, large male, large
female) as described above and scanned using two different
modalities: (a) the GE Millennium VG/Hawkeye (SPECT/CT)
with the Entegra workstation, located at the Nicosia General
Hospital (NGH) and (b) the Philips Forte/Vantage
(SPECT/'33Gd) with the JetStream workstation, located at
the Limassol General Hospital (LGH).

We performed NC, AC and GSPECT acquisitions using
22.2 MBq of **™Tc. The available scanners and processing

software could apply attenuation correction on non-gated
studies only.

The acquisition protocol at NGH consisted of two Low
Energy High Resolution (LEHR) collimators in L-shape
position. Sixty projections were acquired per scan. For the
imaging, a 20% energy window was centred on the 140 keV
photopeak of *™Tc. Eight gates per cycle were recorded for
the gated acquisitions. The gantry performed a 90° rotation
(135°-225°), thus covering 180° (dual-head). The attenuation
correction was performed by acquiring low dose CT slices over
the region of the heart.

The acquisition protocol at LGH consisted of 64 projec-
tions. All other acquisition parameters were the same as for the
acquisition protocol at NGH.

The FBP image reconstruction algorithm was available on
both workstations and it was utilized to process the NC images.
The AC images were processed using the OSEM iteration
algorithm on the Entegra workstation (2 iterations, 10 subsets),
while the MLEM iteration algorithm was utilized on the
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Table 1. Number of evaluated defects inserted in
the cardiac phantom which was placed in three
different body types. The acquired images for
these defects were obtained at the Nicosia Gen-
eral Hospital (NGH) and at the Limassol General
Hospital (LGH), with non-gated and gated SPECT
(GNC), and attenuation corrected (AC) techniques
and for two thicknesses (0.5, 1 cm) of defects

GNC,
Body type Hospital AC Thickness
Average male NGH: 18 GNC: 8 6,2
50 AC: 10 6,4
LGH: 32 GNC: 16 12,4
AC: 16 12,4
Large male 38 NGH: 14 GNC: 8 6,2
AC: 6 4,2
LGH: 24 GNC: 12 8,4
AC: 12 8,4
Large female 54 NGH: 34 GNC: 18 16, 2
AC: 16 14, 2

LGH: 20 GNC: 10 6,4

AC: 10 6,4

Defect position: apical (42), anterior (63), inferior (37)

JetStream workstation (30 iterations). The Butterworth filter
was utilized at NGH (critical frequency: 0.4 cycles/cm, order:
10) and at LGH (critical frequency: 0.66 cycles/pixel, order:
5). Scatter correction was applied on the AC images at NGH
and LGH.

From the obtained images, 142 defects were evaluated for
various phantom, acquisition and reconstruction parameters as
shown in Table 1.

Evaluation of Diagnosis

The physician reported a diagnosis on the defect position
and severity or decided that the image quality was not adequate
to perform diagnosis (uninterpretable images). Note that the
physician’s diagnosis was performed without having prior
knowledge of the defect parameters. As the defect volume was
less than a segment, the defect extent was not taken into
consideration for the statistical analysis.

We then categorized the diagnoses into: (a) correct
diagnosis where both defect position and severity were
correctly identified, (b) over-diagnosis where the defect
position was correctly identified but the defect severity was
overestimated, (c) under-diagnosis where the defect position
was correctly identified but the defect severity was underes-
timated, (d) missed defect diagnosis where the inserted defect
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could not be identified on the image, (e) false-defect diagnosis
where a non-existent defect was identified and (f) uninterpret-
able diagnosis where poor image quality prevented any
diagnosis to be performed.

Considering the correct, over- and under-diagnosis as the
true-positive (TP) diagnosis, and the missed-defect diagnosis
as the false-negative (FN) diagnosis, we calculated the
diagnostic sensitivity (Sens) of the NC SPECT, AC SPECT
and GSPECT studies, as: Sens = (TP)/(TP + FN). A P value
of less than .05 was considered statistically significant.

RESULTS AND DISCUSSION

The diagnostic sensitivity of NC SPECT, AC
SPECT and GSPECT studies for transmural and suben-
docardial defects (a) in three body types and (b) in the
three main areas of left ventricles were investigated. The
uninterpretable images were 0% from NC, 2% from AC
and 6% from GSPECT studies.

First, we present in Figure 5 the short-axis slices
(left column) and CT slices (right column) for the
average male (upper), the large male (middle) and the
large female (bottom), with no heart defects, obtained at
NGH. The additional attenuation material from the large
female and large male reduced the counts in the
inferoseptal and anterolateral myocardial wall. This
effect is more pronounced for the large female.

Figure 5. The short-axis slices (left column) and CT slices
(right column) for the average male (upper), the large male
(middle) and the large female (botfom), with no heart defects
obtained at NGH. The additional attenuation material from the
large male and large female reduced the counts in the
inferoseptal and anterolateral myocardial wall. This effect is
more pronounced for the large female.
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Figure 6. The short-axis (left), the vertical long-axis (middle)
and the horizontal long-axis (right) for the non-attenuation
corrected (upper column) and attenuation corrected (bottom
column) images of the pumping heart placed within the
average male body type of the anthropomorphic phantom,
obtained at LGH. Two transmural defects, 2 x 2 cm in extent,
were inserted into the heart, in the mid-anterolateral and in the
mid-inferoseptal positions.

Figure 6 shows the short-axis (left), the vertical
long-axis (middle) and the horizontal long-axis (right)
for the NC (upper column) and AC (bottom column)
images, obtained at LGH, of the pumping heart placed
within the average male body type of the anthropomor-
phic phantom. Two transmural defects, 2 x 2 cm in
extent, were inserted into the heart, in the mid-antero-
lateral and mid-inferoseptal positions. Further, Figure 7
presents the polar maps of the NC (left column) and AC
(right column) images of the pumping heart placed
within the (a) average male, (b) large male and (c) large
female anthropomorphic phantom, obtained with the
SPECT/CT at NGH. Two transmural defects, 2 x 2 cm
in extent, were inserted into the heart, one in the apical-
septal (grey arrow) and the other in the mid-anterior
(white arrow) position. The additional material added to
the anterior part of the anthropomorphic phantom for the
large male and large female attenuated further the
signal. The diagnosis was improved after applying
attenuation correction techniques.

Figure 8 presents the diagnostic evaluation for
identifying subendocardial defects from NC, AC and
GSPECT MPI, obtained at NGH and LGH. The diag-
nostic sensitivity for identifying the defects in NC
studies was 0.79, in AC studies was 0.82 and in
GSPECT studies was 0.9. The increase in the diagnostic
sensitivity between NC and AC, and between NC and
GSPECT, was statistically significant (P < .05). The
percentage of correct diagnosis was increased, while the
percentage of missed-defect diagnosis was reduced
when applying AC or GSPECT. Furthermore, the
columns in the figure are subdivided to subendocardial
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Figure 7. Non-attenuation corrected (left column) and atten-
uation corrected (right column) polar maps of the pumping
cardiac phantom, obtained with the GE Millenium VG/
Hawkeye SPECT/CT, placed within the (A) average male,
(B) large male and (C) large female body types of the
anthropomorphic phantom. Two transmural defects, 2 x 2 cm
in extent, were inserted into the cardiac phantom, one in the
apical-septal (grey arrow) and the other in the mid-anterior
(white arrow) position. The additional material added to the
anterior part of the anthropomorphic phantom for the large
male and large female attenuated further the signal. The
diagnosis was improved after applying attenuation correction
techniques.

defects in the inferior, anterior and apical segments of
the myocardial wall of the left ventricle to show the
influence of NC, AC and GSPECT. Mostly, anterior
defects were over-diagnosed, while inferior defects tend
to be missed. This is related to the increased attenuation
in the inferior wall of the LV (missed defects). The
diagnostic sensitivity of NC, AC and GSPECT on
subendocardial defects in the inferior, anterior and
apical segments of the myocardial wall of the left
ventricle is presented in Table 2. AC or GSPECT
increased the diagnostic sensitivity for these defects
(P < .05). All transmural defects were identified in all
NC, AC and GSPECT MP images.

The influence of AC and GSPECT on the diagnostic
sensitivity of subendocardial defects in the three body
types is presented in Table 3. The AC, compared to NC,
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increased the diagnostic sensitivity for identifying sub-
endocardial defects in the average male from 0.68 to
0.83 (P < .05), in the large male from 0.83 to 0.88
(P < .05), and in the large female from 0.68 to 0.78
(P < .05). The GSPECT, compared to NC, increased the
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diagnostic sensitivity for identifying subendocardial
defects in the average male from 0.68 to 0.83
(P < .05), in the large male from 0.83 to 1.00
(P < .05) and in the large female from 0.68 to 0.88
(P < .05). All body types benefited from AC or
GSPECT.

[ZZZINC Inferior
== NC Anteri
= TTING Apical CONCLUSIONS
50 B AC Inferior .
EEEIAC Anterior In this study, we present our first results on the
° zég:gg’?'lnfenm diagnostic sensitivity of MPI using the constructed
- 40 EZE] GSPECT Anterior pumping cardiac phantom with inserted variable defects.
g SIS GSPECT Apical A diagnosis blinded to prior-known conditions was
c 3 e performed to evaluate the CAD. NC, AC and GSPECT
§ [11] techniques were investigated for various phantom
@ 25 L :
a % | configurations.
0 |l Attenuation correction or gating techniques
e e 1L . gaing o
15 |- :::% L] increased the percentage of correct diagnosis and
., . . .
10 E:§i reduced the percentage of missed-defect diagnosis. AC
5 %23 or GSPECT increased the diagnostic sensitivity com-
% . . . e .
:§:§ ["l. pared to NC. In particular, the diagnostic sensitivity was

Over-
Diagnostic Evaluation

Correct Missed defects False defects

Figure 8. Diagnostic evaluation of subendocardial defects
from non-attenuation corrected (NC), attenuation corrected
(AC) and GSPECT MPI, obtained at NGH and LGH. The
increase in the diagnostic sensitivity between NC and AC, and
between NC and GSPECT, for inferior, anterior and apical
defects was statistically significant (P < .05).

improved for subendocardial defects in the inferior,
anterior and apical segments of the myocardial wall of
the left ventricle for all three body types, while
transmural defects could be identified without any
attenuation correction or gating.

This methodology allows investigating and evalu-
ating the sensitivity of MPI techniques without exposing
patient to radiation in order to determine the most

Table 2. Diagnostic sensitivity (Sens) and statistical P value of non-attenuation corrected (NC),
attenuation corrected (AC) and GSPECT MPI, obtained at NGH and LGH, for subendocardial defects in
the anterior, inferior and apical segments of the myocardial wall of the left ventricle

Sens P
Subendocardial defects NC AC GSPECT NC-AC NC-GSPECT
Anterior 091 1.00 1.00 .01 .01
Inferior 0.56 0.85 0.88 .02 .02
Apical 0.58 0.73 0.87 .02 .01

Table 3. Diagnostic sensitivity (Sens) and statistical P value of non-attenuation corrected (NC),
attenuation corrected (AC) and GSPECT MPI, obtained at NGH and LGH, for subendocardial defects in
the average male, large male and large female

Sens P
Body type NC AC GSPECT NC-AC NC-GSPECT
Average male 0.68 0.83 0.83 .001 .001
Large male 0.83 0.88 1.00 .02 .02
Large female 0.68 0.78 0.88 .001 .03
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appropriate and cost-effective technique for CAD
diagnosis.

In this study, the sensitivity was only measured. The
specificity is also important when evaluating different
means of acquiring and/or processing AC and GSPECT
data. A change in methodology, such as using a different
reconstruction algorithm, may improve sensitivity while
at the same time reducing specificity. Next studies will
include measurements of sensitivity as well as of
specificity.

In the future, we will investigate more phantom and
processing parameters for further MPI optimization. The
improved image quality and the interpretive certainty
will lead to more definite conclusions of the MPI studies
for the early detection of CAD and its effective
treatment.
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