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Chapter 1

The application of gated SPECT in
nuclear cardiology. Introduction
and outline






INTRODUCTION

Coronary artery disease is the leading cause of death in western countries and has a major
impact on modern society [1,2]. In the latter part of the last century several dramatic changes,
because of technological advances or improved therapeutic options, occurred in the care and
management of patients with coronary artery disease. As a result of both new or improved
diagnostic and therapeutic capabilities, significant chances took place in the population with
respect to the occurrence of various patterns of ischemic heart disease. The improvement
in survival after acute myocardial infarction resulted in a markedly increased population of
patients with more or less extensive cardiac disease. Patients tend to be older and to have a
more severe extent of disease. The advances in medical management come with an increase
in cost [3]. Costs have become the major factor in the development and implementation of
clinical protocols for the management of this patient group [4,5]. In this setting it becomes
more important to go beyond establishing a diagnosis of coronary artery disease, and towards
the level of risk stratification [3]. This need for risk stratification applies to patients with either
acute or chronic coronary artery disease.

Stress test is a technique to assess information about myocardial perfusion. However, under
certain conditions the sensitivity or the specificity of the stress test dropped to low levels. For
instance in patients with a history of myocardial infarction, or with an acquired left bundle-
branch block, or in those unable to attain the required exercise level, the electrocardiographic
criteria often proved too crude [6,7]. Especially in women, the diagnostic power of the stress
test appeared to be quite disappointing [8-11]. Although some reports indicate that gender-
specific criteria may result in significant improvements [12]

Coronary angiography enables us to assess coronary artery stenosis, wall motion and left
ventricular ejection fraction (LVEF). Unfortunately this is a costly and invasive procedure.
Myocardial perfusion scintigraphy provides additional information about myocardial perfusion,
but with far less anatomical detail. It is essentially noninvasive. Main use of myocardial perfusion
scintigraphy is in risk stratification and in the assessment of the presence of reversible ischemia
in patients with known or suspected coronary artery disease. As such it is used as a diagnostic
pre-filter. It was concluded that patients with either a very high, or a very low prior risk for
ischemic heart disease should not undergo myocardial perfusion scintigraphy [13] (figure
1). In a large proportion of patients with an intermediate probability of reversible ischemia,
no reversible ischemia is actually present. These patients do not have to undergo invasive
procedures. Such patients are preferably treated with medication only. This management
strategy proved to be cost-effective in patients at an intermediate risk for cardiac events due
to coronary artery disease [14-18].

RADIOPHARMACEUTICALS

In the early 70's thallium-201 (2°'Tl) was introduced as a potassium analogue [19-21]. It has
more favourable radio-physical features than radioactive potassium.
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Figure 1. Pre- and post-test likelihood of coronary artery disease calculated using Bayesian principles

for exercise ECG and Myocardial Perfusion Scintigraphy (MPS).
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Pre-test likelihood ECG (adapted from reference 13).

Although 29'T| performed reasonably well in patients at an intermediate risk, the number of
patients that were wrongly diagnosed (false positive and false negative combined) still exceeded
10% [15, 22-26]. Thallium was not an ideal pharmaceutical for perfusion scintigraphy. It has a
low photon energy (80 keV) and a rather long half-life of 72 hrs. Technetium-99m (°*™Tc) has
a half-life of 6 hours and therefore permits the use of a larger amount of radioactivity. Also
the higher photon-energy (140 keV) results in less scatter and less attenuation. Both factors
contribute to an improvement in image quality.

A number of ?°Tc-based pharmaceuticals has been developed and introduced for myocardial
perfusion imaging, based on the assumption that their use would result in an increased image
quality and thereby a significant improvement in diagnostic performance. The former proved
to be true in practice, especially with the use of single photon emission computed tomography
(SPECT) and more recently the use of gated SPECT. Some studies indicated a reduced number
of borderline diagnoses especially with the application of gated SPECT technology [27,28].
99mTchexakis-2-methoxy-2-methylpropyl-isonitrile (°*™Tc-MIBI) was one of the first and most
successful 2*™Tcbased pharmaceuticals. Tetrofosmin became available somewhat later in the
nineties. Its clinical introduction and initial evaluation in humans took place ‘in the wake’ of
the introduction of ?°MTesestamibi for myocardial perfusion scintigraphy. Tc99m-1,2 bis [bis
(2-ethoxyethyl) phosphinol] ethane, (tetrofosmin, Myoview®, Amersham International U.K.)
is cationic and lipophilic. The most likely mechanism for the uptake of °°™MTc tetrofosmin is by
potential driven diffusion of the lipophilic cation across the sarcolemmal and mitochondrial
membranes [29-32]. %°™Tctetrofosmin shows little if any redistribution. The absence of
redistribution is the reason for ?°MTctetrofosmin administration during both stress and rest.
The uptake in the myocardium is rapid. Approximately 1.2% of the injected dose of 2°™Tc
tetrofosmin can be found in the myocardium within five minutes. It remains stable for the first
hour, then gradually drops to 1.0% at 2 hours and 0.7% at 4 hours. At 24 hours only 0.2% of
the injected dose was still present in the myocardium. The clearance from the bloodstream is
rapid, with less than 5% remaining in the blood pool at 10 minutes post-injection. Approximately



66% of the injected dose activity is excreted within 48 hours post-injection with approximately
40% excreted in the urine. Faecal clearance varies between 17 and 41% with a tendency
towards lower faecal clearance after exercise [33].

The uptake in many organs was dependent upon the exercise level at the time of injection. The
uptake in lungs, liver, gallbladder, kidneys, thyroid and gastrointestinal tract all showed a 1.2
to 2.2-fold decrease in uptake after exercise [33]. Early liver uptake dropped rapidly from 4.9-
10.6% of the injected dose at 5 minutes to less than 1.6% at two hours [33]. The gallbladder
activity reaches its peak at 2 hours. At rest it can contain up to 11% of the injected dose.
The relatively high liver activity is the major disadvantage of °°™Tc-based pharmaceuticals.
Therefore, image acquisition starts 45 to 60 minutes after administration. The lung uptake
is low, resulting in heart-to-lung ratios of 3 to 5 minutes post injection and rapidly improving
with time [33].

Side-effects are very rarely seen. After intravenous injection a very small number of individuals
notices a “metallic” taste, or reports mild nausea. To date so far, no serious side-effects have
been reported [34].

Besides information on myocardial perfusion it is also important to be informed about the
left ventricular function. The high count density achieved with °°™Tctetrofosmin and the fact
that ?°MTctetrofosmin retains in the myocardium make it possible to analyse left ventricular
function, even until several hours post injection.

LEFT VENTRICULAR FUNCTIONAL IMAGING MODALITIES

The left ventricular ejection fraction can be derived from scintillation by several different
diagnostic methods. The ventricular pump function can be measured by imaging the
cardiac transit of an intravenously administered bolus of radioactivity, first-pass radionuclide
angiography [35,36]. A bolus of tracer is imaged as it passes through the cardiac chambers.
End-diastolic (EDC) and end-systolic (ESC) counting rates are measured during left ventricle (LV)
bolus transit and corrected for the background, represented as a time activity curve. The peak
shows the heart in end-diastolic phase (ED) and the lowest point of the curve shows the heart
in end-systolic phase (ES). The left ventricular ejection fraction is calculated by the formula:
LVEF=(ED-ES)/ED. The ejection fraction is based on the amount of radioactivity (number of
‘counts’) and is not based on the geometry of the ventricle.

The second, more commonly used, method is equilibrium radionuclide ventriculography [35].
With the latter method autologous red blood cells are labelled with °°™Tcpertechnetate
resulting in high-contrast imaging of vascular space. ECG triggered (synchronic with the R-top
signal) data on gated ESC and EDC acquired over several hundred cardiac cycles are summed,
and corrected for background. Depending on the method of data acquisition the RR-interval
is divided into 16 to 24 frames. The division of the cardiac cycle into more frames is called
‘multiple-gating’. Computer programs assess count-rate changes, yielding measurements
of global and regional ejection fraction, volumes, and emptying and filling rates of left and
right ventricle [35,37,38]. The analysis of global and regional left ventricular function can be
assessed either at rest or during stress. This is all viewed in cine format. The contractile reserve
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can be assessed by this method and used as a sensitive test for impaired global and regional
ventricular function.

A number of potential errors that can affect the accuracy of LVEF measurements has been
explained in literature, such as poor definition of blood pool edges, inadequate gating,
insufficient separation of left and right ventricles, significant soft tissue attenuation over the
left ventricle and inappropriate background subtraction [35].

Evolution of myocardial function and perfusion imaging.

In 1984 Narahara et al. [39] were the first to report the ability of combining assessment of
ventricular function and myocardial perfusion during one single test using bicycle exercise.
Gold-195m with a half-life of 30.5 seconds was used for first pass radionuclide angiography
(RNA) and thallium-201 was used for the assessment of the myocardial perfusion. Immediately
after the administration of 2 mCi of thallium-201, approximately 20 mCi of gold-195m was
injected to obtain an exercise first-transit study that required 30 seconds of acquisition time.
Within 5 minutes after the acquisition of the first-transit study and the termination of exercise,
the acquisition of the myocardial perfusion imaging started. Three hours thereafter, the
redistribution images were obtained.

Verani et al [40] used iridium-191m, with a half-life of 4.96 seconds, for measuring the LV
function with RNA, a few years later. The myocardial perfusion was measured using 2017l
immediately following first pass RNA. Later, several studies reported the use of *°"Tclabeled
agents to obtain information about the condition and behaviour of ventricular function with
RNA and myocardial perfusion simultaneously [41,42]. In 1989 Najm et al [43] reported that
they assessed a method of providing information on the left ventricular function as an adjunct
to myocardial perfusion imaging using Tc99m MIBI (2-methoxy-2-methyl-isopropyl-isonitrile).
Radionuclide fractional shortening was calculated from the anteroposterior and the septum to
lateral wall axes (on the anterior oblique 45° view) in diastole and systole. Data were acquired
from 18 frames per cardiac cycle. The global fractional shortening correlated closely with left
ventricular radionuclide ejection fraction.

The introduction of single photon emission computed tomography (SPECT) [44-46] and the
continuously improving imaging hardware and reconstruction software allowed the creation
of three-dimensional images of the left ventricle. The SPECT technique has several advantages
over planar imaging for the analysis of perfusion and function, such as improved resolution,
differentiation of overlapping myocardial regions, improved sensitivity and specificity
of diagnoses, depiction in planes familiar to cardiologists and colour images improving
interpretation and presentation. Due to these developments the assessment of left ventricular
function and perfusion during one single acquisition has assumed enormous proportions; In
1990 Marcassa et al. [47] analyzed regional wall thickening with Tc99m MIBI with a method
based on the partial volume effect (the systolic-diastolic changes in the detected radioactivity
would reflect changes in myocardial wall thickness). The myocardial perfusion images were
gated in 16 frames per R-R interval. The left ventricular end-diastolic and end-systolic edges
were manually drawn; this was the only operator-dependent procedure.

Faber et al. (1991) reconstructed a tomographic radionuclide ventriculogram with a 16-frame
gated SPECT acquisition using °°"TcMIBI and a cylindrical co-ordinate system was used to
determine left ventricular surface points [48]. Global variables, such as volumes, ejection
fraction, and myocardial mass were computed. Otherwise from asking the user to identify



the left ventricular long axis, the method was entirely automatic. The automatically calculated
motion and perfusion values from gated SPECT images were validated by comparing them
with those determined from hand-traced surfaces of cardiac rotation magnetic resonance (MR)
images. In 1993 DePuey et al. [49] reported on the calculation of the LVEF using an 8-frame
gated SPECT myocardial perfusion acquisition after injection of °°™TcMIBI. The endocardial
borders were manually drawn at a count level of 34% of the maximum. The LVEF was
derived from end-diastolic and end-systolic endocardial borders. LVEFs calculated from gated
MIBI SPECT ranged from 0.21 to 0.73 and correlated linearly with gated blood-pool values
with correlation coefficients ranging from 0.79 to 0.88. Intra-observer and inter-observer
reproducibility in determination of LVEF from gated MIBI SPECT were suboptimal (r=0.75).
Hambye et al. [50] reported in 1997 on ECG-gated SPECT imaging. Eight time-frame gated
SPECT data was collected, using °°™Tcsestamibi. Ejection fraction was calculated using
a semiautomatic edge-detection technique based upon a threshold-searching method and
compared with values obtained from first-pass or equilibrium radionuclide angiography. End-
diastolic and end-systolic bins were selected manually by the observers on a short-axis image,
using a colour cine-loop display. End-diastolic and end-systolic endocardial borders were drawn
automatically on the mid-ventricular vertical (VLA) and horizontal long-axis (HLA) images at
80% of the maximum profile activity. An elliptical interpolation was applied at end-diastole
and end-systole between the borders determined on these orthogonal slices to calculate the
corresponding volumes. In patients with regions of severely impaired perfusion, especially those
involving extended regions of the left ventricle, the thresholding algorithm was unable to draw
the endocardial border accurately and therefore manual determination was necessary. Despite
slight discrepancies between gated SPECT with other radionuclide angiographic methods at
extreme LVEF values (under- or overestimation with gated SPECT for absolute values below
40% and over 65% respectively), there was a good correlation observed over a wide range of
values. Good reproducibility was noted, with an inter- and intra-observer variability of —0.2 +
3.5 (range —7.6 t0 6.9%, r=0.97) and —0.2 + 2.2% (range —5.9 to 3.5%, r=0.99) respectively.
In that same year, Calnon et al. [51] developed a new gated SPECT method for computing the
global LVEF based entirely on changes in maximum regional myocardial counts during systolic
contraction, independent of endocardial edge detection or other geometric measurements. By
quantifying the changes in maximum pixel counts (partial volume effect), regional systolic wall
thickening could be assessed.

QUANTITATIVE GATED SPECT (QGS).

introduction

A disadvantage of the described techniques to acquire left ventricular function is the non-
automatic delineation of the myocardial border and hence operator dependency which may
lead to a higher inter-observer variability compared to a totally operator independent method.
Germano et al. [52-59] developed a complete automatic algorithm: quantitative gated SPECT
(QGS). With this method it is possible to quantify the left ventricular cavity volumes, the left
ventricular ejection fraction and to visualize left ventricular wall motion and wall thickening.
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Figure 2. Left: Screen display with short and long axis images with overlaid endocardial and epicardial

contours.
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Short axis images are used as input. under: Four dimensional (three dimensional plus time) display screen
utilized for the assessment of global and regional myocardial function. Gated short axis images are used
as input.



This algorithm uses gated short-axis data sets after stacking them together to form a three-
dimensional image volume (figure 2).

Automatic segmentation of the left ventricular myocardium will take place, based on initial
heuristic thresholding, binarization, and clustirification of the three-dimensional image,
followed by iterative cluster refinement using pixel erosion and pixel growing (repetitive
dilatation). The classical Hough transform is applied to detect contiguous local maxima forming
approximate circles [60,61]. Each circle is assigned a score proportional to the average count
value along its circumference and the ratio of that value to the average count at the center,
so as to favour doughnut-like count distributions. The circle with the highest score is deemed
the most likely to represent the left ventricle and is expanded by 2 pixels outwards. For three-
dimensional short-axis volumes, all voxels outside the cylinder with that circle for section are
discarded. Once the left ventricle has been isolated and its centre of mass is automatically
determined, rays are drawn from it according to a spherical sampling model. From this a
first estimate is defined of the three-dimensional midmyocardial surface, which is then fitted
to an ellipsoid. The best-fit ellipsoid defines new sampling co-ordinate system, along which
count profiles normal to the myocardium are measured and fitted to asymmetric Gaussian
curves. Endocardial and epicardial surfaces are determined based on the Gaussians’ standard
deviations. The valve plane is determined by fitting a plane to the most basal myocardial
points. Contours are generated even in apparent absence of perfusion because Gaussian
fitting operates on the segmented but non-thresholded image, and is thus able to discern
very low levels of perfusion. Thereby, contours are generated by maximazing the smoothness
of the surface patch defined by the invalid points (extrapolating those of points immediately
adjacent to the nonperfused area) [52-59].

Left ventricular volumes are calculated by straight summation of the volumes of the voxels
bound by the endocardium and the valve plane. The LVEF is derived from the end-diastolic
and end-systolic cavity volume, all without operator interaction [52-59]. The relation between
8 frame and 16-frame measurements of gated SPECT LVEF has been investigated for QGS
algorithm [53]. Due to the smoothing of the time-volume curve, the 8-frame gating was shown
to somewhat underestimate LVEF (3.7 LVEF percentage points compared to 16-frame LVEF
gating). The degree of underestimation is remarkably uniform over a wide range of ejection
fractions.

Regional wall motion is the excursion of the three-dimensional endocardial surface from end-
diastole to end-systole. Segmental thickening is calculated using both geometric and count
considerations (partial volume effect) [52-59].

Gated SPECT takes full advantage of the properties of °°™Tc perfusion agents, namely high
count rates and stable myocardial distribution with time. Because the tracer distribution in the
myocardium is stable, spatial and temporal changes in the myocardial tracer activity during the
cardiac cycle reflects regional myocardial wall motion and wall thickening. An advantage of
this technique is the possibility to assess perfusion and function during one single acquisition.

Gated SPECT imaging validation by other methods.

Functional data on the left ventricle acquired by the gated SPECT technique has been compared
with other well-known imaging modalities such as magnetic resonance (MR) imaging, contrast
angiography, echocardiography, gated blood pool imaging and RNA [53,62-71]. These studies
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reported a good to excellent agreement between these imaging modalities and gated SPECT.
Bavelaar-Croon et al. [70] found a correlation coefficient of 0.85 for the LVEF measured by gated
SPECT as compared to MR imaging. They also found an excellent correlation coefficient for
both the left ventricular end-diastolic volume (LVEDV) and left ventricular end-systolic volume
(LVESV): r=0.94 and r=0.95 respectively. Higher mean LVEDV and LVESV were measured by
gated SPECT as compared to MR imaging, but the differences were not significant. This finding
is due to inclusion of part of the outflow tract with MR imaging. Vaduganathan et al. [66]
found in 25 patients with an acute myocardial infarction an exact agreement for wall motion
scores in 92% of the segments with a kappa of 0.82 between gated SPECT and MR imaging.
Correlations between the two techniques were also good for LVEDV, LVESV and LVEF resp.
r=0.81, r=0.92 and r=0.93. Atsma et al. [69] compared LVEF data acquired by gated SPECT
and LVEF measured by contrast ventriculography in 74 patients. The authors found a good
correlation (r=0.84) between the two imaging modalities. They also found exact agreement of
segmental wall motion scores on a 4-point scale in 89% of the segments with a kappa value
of 0.76. Bacher-Stier et al. [67] reported a correlation coefficient of 0.86 between the LVEF
measured by gated SPECT and echocardiography in rest. Moreover, using echocardiography
as reference standard, regional wall motion abnormalities were identified by gated SPECT with
high sensitivities (88%-100%) and high specificities (82%-98%).

Quantative Gated SPECT, the version used in this thesis.

Visual interpretation of myocardial wall motion and wall thickening has been shown to
provide important diagnostic and prognostic information in various groups of patients with
known or suspected coronary artery disease [72]. However, substantial operator dependency,
intraobserver and interobserver variability in interpretation compromise the reproducibility
of non-automatic and non-quantitative techniques. Germano et al. [54,73] has developed
a new approach to a quantitative analysis of the regional wall motion and wall thickening.
The algorithm uses also ellipsoid fitting and sampling of the myocardium and generates
non-slice-based analysis of relative myocardial perfusion, independent of the size, shape,
and orientation of the left ventricle. In addition to a numeric measurement of the extent,
severity, and reversibility of perfusion defects, the approach provides automatic, computer-
derived segmental scores, analogous to the semiquantitative 20-segment, 5-point (0-4) visual
scores model, and the option for building customized normal databases. Perfusion at each
myocardial sampling point was calculated as the average uptake along the count activity profile
(endocardial-epicardial segment) normal to the myocardium and passing through that point
[54,56,58,73]. Endocardial and epicardial surfaces were derived even in areas of apparent
absence of perfusion using rule-based criteria ensuring the continuity of surface myocardial
count profiles (as described above) [56,58]. Normal limits and abnormality criteria for relative
myocardial uptake, for each of the 20 myocardial segments, seen during stress *°™Tcsestamibi
imaging and rest 2°'TI imaging were developed [56,58,73]. This thesis is based on Cedars-
Sinai’s Quantitative SPECT (QGS) software program developed by G. Germano (version 2.0,
revision A"figure 2) [52].



CONSIDERATIONS AT THE START OF THE STUDY

Diagnostic value of gated SPECT myocardial perfusion imaging.

The sensitivity of exercise perfusion imaging for detecting angiographicaly significant CAD
ranges from 85-91% [13]. The specificity ranges from 70-94%. The addition of SPECT to
exercise testing increases the diagnostic accuracy to detect CAD, with no significant differences
between men and women [74-76]. Factors that effect the diagnostic performance are referral
bias [76], reduced stress tolerance [77,78], anti-angina medication [79-80], imaging problems
like tracer activity below diaphragm [81,82], photon attenuation and scatter, patient motion,
low count statistics, reconstruction artifacts [23]. It can be such a large bias that it is likely
to have a negative impact in discussions on the role of perfusion scintigraphy in patient
management.

The addition of left ventricular function parameters assessed by gated SPECT has improved
the diagnostic value [27,28]; as an attenuation artifact usually will show a fixed perfusion
defect with concomitant preserved wall thickening and/or motion, whereas a region with a
fixed perfusion defect due to myocardial infarction will show absence of wall thickening and
or motion. Gated SPECT may show absence of wall thickening potentially indicating necrosis
or stunning, and conversely, gated SPECT may show concomitant preserved wall thickening in
the infarct region suggesting preserved viability.

Potential limitation of perfusion imaging is the measurement of relative myocardial blood flow,
rather than absolute blood flow. In patients with multivessel CAD, the degree of ischemia may
be underestimated because of globally reduced perfusion of the left ventricle. Overall sensitivity
for identifying any SPECT abnormality of the combined perfusion/ function assessment in
three vessel disease is 80-95%, and for two or single vessel disease 92% and 86%, respectively
[83-85]. The overall specificity is 72% [85].

Transient ischemic LV dilatation (TID) on myocardial perfusion imaging indicates a significant
enlargement in LV size on the stress images compared with the rest images. Abnormal TID
is related to a greater amount of ischemic burden as wel as multivessel-type or LAD territory
perfusion abnormality [86-88].

In the line of risk stratification viability assessment is an important subject. For example, in
patients with established extensive coronary artery disease, it is considered worthwhile to
salvage even small areas with viable contractile cells [89]. However, revascularisation in patients
with extensive coronary artery disease is associated with a considerable risk of periprocedural
complications, so it is only justified in patients with remaining viable but dysfunctional
myocardium [90,91].

Several imaging modalities are potentially available. Positron emission tomography can be
used to detect areas of increased '8F-fluoro-deoxy-glucose (FDG) uptake, as a prove of altered
glucose metabolism. Alternatively, the gated SPECT technique can help distinguish contractile
from non-contractile myocardial tissue at places with borderline perfusion [92]. Improvements
in local perfusion after specific therapy is taken as conformation of viability.

The main use of myocardial perfusion imaging is in the assessment of the presence of
reversible ischemia, as such it is used as a diagnostic pre-test for coronary angiography. The
prognostic side of myocardial perfusion imaging, as extra information on a diagnostic study, is
not commonly used. The prognostic side of myocardial perfusion imaging could be used in a
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more structural manner for the management of patients with coronary artery disease. Patients
with a very low probability [<1 % per year] for cardiac events can be discharged from follow-
up. This management can lead to a gain in efficacy and cost-effectiveness. The evaluation of
the incremental prognostic value of the left ventricular ejection fraction, as can be obtained
from gated SPECT data, may be important for the risk stratification of patients with extensive
coronary artery disease.

Subpopulations

Myocardial perfusion scintigraphy is used for a wide range of distinct clinical purposes
(subgroups). Among these subpopulations the relative frequencies of certain findings, and
thereby both the prognostic value, and the diagnostic performance of perfusion imaging will
vary enormously. For instance, the majority of the data on prognostic value of the parameters
assessed by gated SPECT has been obtained in a mixed gender population and may not be
applicable to women. Women often have smaller LV volumes. It has been shown that gender
related differences in normal limits exist [93-95]. In addition, a multicenter phantom study
showed a wide range of results in different standard end-systolic and end-diastolic volume
combinations. Moreover, the LV ejection fraction (LVEF) was overestimated and both the end-
systolic volume (ESV) and end-diastolic volume (EDV) were underestimated. Especially, this is
the case for small volumes. Cutoff values for LV functional parameters should be validated in
each center [95].

As the case mix varies from institution to institution, the interpretation of pooled data is
difficult at best [96].

The importance of rigorous and extensive reporting at the subgroup level, especially for risk
assessment, was emphasized in an invited commentary in the American Journal of Epidemiology
[97].

THE LEIDEN TETROFOSMIN DATABASE

At the Leiden University Medical Center 2°'T| was routinely used for myocardial imaging until its
replacement by %°™Tctetrofosmin. After a trial period, tetrofosmin is being used in all patients
referred for myocardial perfusion scintigraphy since August 1995. In addition to some basic
demographic data, relevant clinical parameters, from the medical history or on the level of
exercise reached during the stress test are reported in a well-standardised manner. Reporting
was routinely performed by an experienced nuclear medicine specialist and a cardiologist in
consensus reading. Since November 1997, the patients underwent imaging according the
gated SPECT technique routinely.

All data were systematically and prospectively entered in a computerised database, that on
July 15t 2000 held data on more than 2350 procedures in over 2000 patients.

Where available, data was added on any angiography procedure, angioplasty procedure or
coronary bypass operation performed prior to or shortly after the scintigraphic procedure.
This extensive database, including follow-up data, formed the basis for the studies presented
in this thesis.



AIM AND OUTLINE OF THE THESIS

The aim of the thesis is to further expand our insights in the prognostic and diagnostic value of
myocardial perfusion imaging using the gated SPECT technique according to the Cedars-Sinai’s
Quantitative Gated SPECT (QGS) software [52].

We studied the robustness of the QGS technique, assessing the quantitative segmental score
of wall motion, wall thickening and left ventricular volumes. Following this validation, the
additional prognostic value of gated SPECT on subgroup level was investigated.

In Chapter 2 we evaluated the reproducibility and operator dependence for the quantitative
regional left ventricular functional parameters assessed by Cedars-Sinai’s Quantitative
automated gated SPECT (QGS) software.

In Chapter 3 left ventricular function parameters at rest were compared to LV function
parameters 30 minutes post-stress in patients with a myocardial infarction: evaluation with

gated SPECT.

In Chapter 4 the prognostic value of gated SPECT in patients with a left bundle branch block
was evaluated.

In Chapter 5 we evaluated the additive prognostic value of perfusion and functional parameters
assessed by gated SPECT in women.

In Chapter 6 a review is presented of the relevant literature on prognostic value of gated
SPECT imaging.

Chapter 7 contains a summary, general discussion and future perspectives.
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ABSTRACT

Objectives: To evaluate the reproducibility and operator dependence for the quantitative
regional left ventricular functional parameters (LVFP) assessed by Cedars-Sinai’s Quantitative
automated gated SPECT (QGS) software.

Methods: The QGS algorithm was reviewed in detail and potential operator dependencies were
defined. Series of prototypes were selected, consisting of a) normal perfusion, b) perfusion
defects in all perfusion regions, c) perfusion studies of patients with angiographic confirmed
normal coronary arteries, proximal ( >70% stenoses) single and multiple vessel disease, and d)
spurious activity in close proximity. While defining and re-orienting the volume containing the
left ventricle, the operator adjusted 8 variables/ degrees of freedom (DF). The software was
used without further operator interventions. Results were expressed as a coefficient of variation
(COV). Separate COV were calculated per distinct DF. A segment was considered not robust
when the COV did exceed 20% in a single DF, 15% in at least 2 DF, or 10% in at least 3 DF.
Results: Regional left ventricular EF and volumes showed excellent reproducibility.

Normal perfusion and the vessel disease prototypes showed an excellent COV (for all
re-orientation steps [33/prototype]) mostly below 5% for LVFP. However, regional wall motion
and thickening became less reliable in the presence of large perfusion defects or artifacts.
Conclusions: Quantitative estimates for regional left ventricular functional data show excellent
reproducibility using automated gated SPECT. However, there may be substantial operator
dependency in the presence of large defects or spurious activity in close proximity.



INTRODUCTION

Techniques for automated quantitative approach of myocardial perfusion imaging have been
developed and refined over the past decades. Automation and quantitation in nuclear cardiology
are important to minimize inter- intra operator variability and increase reproducibility [1]. New
quantitative image processing software should undergo systematic independent evaluation
and thorough search for clinical conditions under which the underlying algorithms may fail or
loose precision. With regard to the validation of the Cedars-Sinai’s Quantitative SPECT (QGS)
software, several requirements have already been met. The algorithm and its basic validation
have already been described [2-15]. However, one particular issue is still not fully solved:
reproducibility of the quantitative assessment of regional functional parameters in the presence
of severe major defects or artifacts. In cross-validations with other techniques, results have
been evaluated on population level. Any failure in specific subgroups will be diluted by the large
amount of successful analysis over the investigated population. The software used in the QGS
technique is complex and, under certain conditions, falls back on alternative algorithms. This
complexity makes cross-validations with other techniques difficult. Therefore, our assessment
was based on a system analyses to test the reliability of the quantitative assessment of the
left ventricular volumes (end-diastolic and end-systolic), LVEF and regional segmental wall
motion and wall thickening. In this approach we tried to identify conditions under which the
algorithm becomes operator-dependent. We especially reviewed the algorithm for interfering
clinical conditions, such as large perfusion defects, activity below the diaphragm and operator-
dependent factors in the image processing. The operator-dependent factors contain only the
reorientation that the operator has to perform after raw data acquisition. The rest of the data
processing can easily kept constant, is assumed to be stable.

Assessment of the average defect size in a representative population from our institution
showed that of the total population one third has a large perfusion defect defined as 7 or
more hypoperfused segments using a 20-segment model (figure 1). This indicates that this is
a very large patient group.

The aim of this study was to evaluate systematically the reproducibility of all quantitative
functional results of the QGS-software program.

Figure 1. Distribution of defect sizes, using a 20-segment model.

N= 2536 consecutive myocardial perfusion
studies using 99mTc-tetrofosmin between
April 1995 and July 2000.
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METHODS

Study population.

Seventeen patients were selected who underwent 99m-Technetium (tetrofosmin) gated SPECT
myocardial perfusion scintigraphy at the Leiden University Medical Center between November
1997 and 1 January 2000. Study selection was partially based on the findings of the system
analysis: based on clinical conditions and operator-dependent factors (described below). This
selection was supplemented to cover a representative range of defect sizes, locations and
artifacts on perfusion imaging studies. The selection resulted in examples of studies with
isolated perfusion defects in all different regions of the left ventricle, spurious activity below
the diaphragm and left ventricle aneurysm. A second series was selected based on findings at
coronary angiography. For each unique constellation of defect, artifact, stenosis or combination
thereof, a typical example (a so-called prototype) was selected.

Patients with severe perfusion defects or severe angiographic stenosis were selected, as this
represents the worst-case scenario for the software. Each prototype was subjected to the
analysis, as described below. Global characteristics of the selected prototypes are shown in
table 1.

Table 1. Global characteristics of the selected prototype studies used in the assessment of robustness.

Prototype EDV ESV LVEF Rejects Defects  Perfusion/ Angiographic findings
A 86 38 56 0 0 normal perfusion

B 210 116 45 0 7 inferior defect

C 104 76 27 0 7 anterior defect

D 158 91 43 0 2 infero-lareral defect

E 92 46 50 0 8 antero-septal defect

F 199 132 33 4 8 apical defect

G 315 269 15 0 10 large defect*

H 247 207 16 0 12 aneurysm

| 178 124 30 19 5 activity below diaphragm
J 94 45 52 0 2 normal coronary arteries
K 222 163 27 2 8 proximal LAD stenosis

L 210 148 30 3 11 prox. LAD, RCA stenosis
M 183 135 26 0 5 prox. LAD, RCX stenosis
N 56 14 76 0 0 prox. RCA stenosis

O 135 67 50 0 3 prox. RCA, RCX stenosis
P 78 21 73 0 0 prox. RCX stenosis

Q 105 51 52 0 0 3 vessel disease

EDV =end diastolic volume [ml]; ESV =end systolic volume [ml]; LVEF = left ventricular ejection fraction
[%]; Rejects: number of analyses out of 33, rejected because of obvious misfit on visual inspection.
Defects: number of segments with uptake below 40% on automated end systolic bull's eye projection
using 20 segments. * Large perfusion defect, with only activity in the basal segments.



Gated SPECT protocol.

Perfusion studies.

Myocardial perfusion scintigraphy was performed using 500 MBg °°™Tctetrofosmin, as
previously described [16]. Stress images (bicycle exercise, or adenosine 0.14 mg/kg/min for
6 minutes, or dobutamine up to 40 ug/kg/min) and rest images were obtained. Shortly
after injection of tetrofosmin the patient was instructed to drink some milk to stimulate and
accelerate hepatobiliary clearance. All gated acquisitions took place with the patients in prone
position, 30-45 minutes (stress) or 45-60 minutes (rest) post-injection. Imaging was performed
with a triple-head 360° rotating gamma camera equipped with high resolution collimators (GC-
9300 GMS, Toshiba, Japan). A total of 90 frames of 30" duration in a 64 x 64 pixel matrix were
obtained at 4° intervals using a non-circular orbit. Sixteen bins per cardiac cycle were acquired.
All studies were prefiltered with a 9th order Butterworth filter with a cut-off frequency of 0.26
cycles/pixel. Filters were kept constant for all studies. No attenuation correction was applied.

Quantitative gated SPECT analysis.
Gated SPECT analysis was performed using the Toshiba implementation of the QGS-software,
version 2.0, revision A”. In which quantitative assessment of end-diastolic and end-systolic
perfusion, wall motion and wall thickening using the 20-segment bull’s eye representation
of the QGS model [figure 2], as well as estimates for end-diastolic (EDV) and end-systolic
(ESV) ventricular volume and derived stroke volume and LVEF is incorporated. The underlying
algorithms have been reviewed in literature [2-13,17]. The software algorithm implementation
is the same in the different camera systems. Volumes were expressed in milliliters (ml), wall
motion in millimeters (mm), with a reported

e [N AR ST ORSETe [ (SO EREER O EREIBIEN  accuracy of 0.1 mm, whereas wall thickening
left ventricle used by the QGS system was expressed as a percentage of the fitted

anterior end-diastolic thickness.

Coronary angiography

Coronary angiography was performed

according to the standard Judkins technique.
septal lateral An obstruction in 1 of the 3 major epicardial

coronary arteries of >70% on visual

examination was considered significant.

For this study, coronary angiograms were

only evaluated if they had been performed

inferior within 90 days after myocardial perfusion

scintigraphy. Only proximal coronary artery

stenosis were included. Proximal stenosis were defined as: left anterior descending coronary

artery (LAD): proximal of the first diagonal branch; Left circumflex artery (LCX): proximal of

the obtuse marginal branch; and right coronary artery (RCA): from the origin till the second
acute marginal branch.
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Statistical analysis.

Systems analysis. The QGS algorithms and the entire acquisition- and filtered backprojection
procedures were systematically studied, to identify error-sources that could potentially result in
loss of precision of the QGS algorithms. This effort was specifically aimed at:

1. identifying clinical conditions, such as large perfusion defects; the presence of significant
amounts of activity below the diaphragm; or anatomical variations, which could interfere
with the reliability of the algorithms;

2. identifying operator-dependent factors in the image processing that could be rigidly and
reproducibly standardized;

identifying operator-dependent factors in the image processing that could not be standardized

in a fully reproducible manner.

Our approach was essentially a system analysis. The system analysis revealed that the software

applied several alternative algorithms, to initially detect and preliminary establish exact

location, orientation, size and crude shape of the left ventricular cavity. The choices made by
the software are dependent on relative count density, location and intensity of spurious activity
in, for example, liver, intestines, spleen, lungs, or stomach, as well as on the extent and level
of uptake of the segments of reliably detected myocardium. For many of these effects, it could
be deduced that the size, shape, orientation and location of the operator defined bounding
box (reconstruction slices in which the left ventricle is situated) could potentially influence the
choices made by the program and hence could result in variation in quantitative results for wall
motion, wall thickening, EDV, ESV and LVEF. Due to the complexity of the software, it was
not possible to reliably predict the choices made by this software under various conditions.

Hence the systems analysis resulted only in global and qualitative, rather than specific and

quantitative descriptions of conditions that might lead to failure due to excessive operator

dependence. Results from this analysis were used to select representative clinical studies for
further robustness analysis.

Criteria for defect size (extent) and severity.

Criteria on normal perfusion studies were described earlier [18, 19]. Based on an earlier analysis
[7, 20], it was concluded that segmental uptakes below 40% in the QGS 20-segment end-
systolic perfusion quantification corresponded best with severe perfusion defects. The extent
of the perfusion defect is the summation of all segments with a severe perfusion defect.
Seven or more segments with severe compromised perfusion in the 20 segment bull’s eye
were defined as large. This corresponds with > 26% myocardial abnormality according to the
method described by Berman et al. [21].

Operator dependence.

When making the reconstruction for QGS analysis the operator has to set a range of
reconstruction parameters, forming a sort of bounding box in which the left ventricle is
situated. During this procedure the operator has to set 8 degrees of freedom (see below).
For each individual prototype, an initial representative reconstruction and QGS analysis was
performed followed by repeat reconstructions and QGS analyses, in which a single parameter
(a degree of freedom) was systematically varied. These parameters defined the size, location
and angular orientation of the bounding box of the data subset of the entire reconstruction
volume that was made available to the QGS software. The following parameters were varied:



angle of rotation in the transversal plane: +20°, °+10°, -10°, -20°;

angle of rotation in the sagital plane: +20°, °+10°, -10°, -20°;

horizontal translation of the selected bounding box: +4, +2, -2, and -4 voxels;

vertical translation of the selected bounding box: +4, +2, -2, and -4 voxels;

translation along the long axis: +4, +2, -2, and -4 voxels;

variation in width of the bounding box: +4, +2, -2, and -4 voxels;

variation in height of the bounding box: +4, +2, -2, and -4 voxels;

variation in length of the bounding box: +4, +2, -2, and -4 voxels;

In some instances, visual inspection showed an obvious failure of the QGS software to fit the

© N v A WDN =

model to perfusion data. These cases were excluded from further analysis. All parameters that
could be standardized between studies were kept constant.

For each individual segment, or EDV, or ESV, or LVEF, the spread in results due the systematic
operator-dependent variation in size, orientation and location of the bounding box was
expressed as a standard deviation [SD]. This was done both for wall motion and wall
thickening. Each standard deviation was also expressed as a percentage of the respective
average (coefficient of variation, [COV]), for a completely normal reference study.

This preliminary analysis resulted in 16 bull's eye representations of segmental operator
dependence; one for each of the 8 degrees of freedom controlled by the operator, and one
each for wall motion and wall thickening. This analysis was performed for all prototypes.

Integration of results.

For reasons discussed in detail below, the 8 degrees of freedom were not considered to be

statistically fully independent. The results from each set of 8 different bull’s eye images were

used to generate a bull’s eye representation, indicating -per segment- whether its quantitative

results were considered reproducible for that particular prototype. Two sets of rules were

used, for reasons described below:

- one set was based on the COV for each segment;

- the other set used absolute values for the SD for wall motion and wall thickening.

The rules used to assess reproducibility per segment were:

1. If the COV exceeded 20% in at least one degree of freedom, lack of reproducibility was
concluded;

2. If the COV exceeded 15% in at least two degrees of freedom, lack of reproducibility was
concluded;

3. If the COV exceeded 10% in at least three degrees of freedom, lack of reproducibility was
concluded.

4. If the SD exceeded 1.0 mm (wall motion), or 10% (wall thickening), lack of reproducibility
was concluded;

5. If the SD exceeded 0.75 mm (wall motion), or 7.5% (wall thickening) in at least 2 degrees
of freedom, lack of reproducibility was concluded;

6. If the SD exceeded 0.5 mm (wall motion), or 5% (wall thickening) in at least 3 degrees of
freedom, lack of reproducibility was concluded.

Rules 1 to 3 were applied to the bull’s eye representation for COV; rules 4 to 6 for the SD bull’s

eye.
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Criteria for reproducibility.

To our knowledge, no criteria have been previously published to define clinically relevant
uncertainties or inaccuracies regarding the exact quantification of regional wall motion and wall
thickening. Basically 3 different types of criteria were available: 1) COV, based on the observed
averages in the same study; 2) COV, based on observed averages in normal studies; and 3)
SD, without reference to the average values of either the same study, or normal studies. It is
obvious that COV, based on observed averages in the same study has little value. For example
in the presence of akinesia, locally segmental COV for wall motion will become extremely high,
even though the absolute SD is quite modest. The COV, calculated using observed averages
in normal studies is more meaningful for most segments, but not for all. For example, the
wall motion in basal septal segments is very small and hence the COV will become high. This
obviously has no clinical significance. We therefore have chosen to apply a mixed technique.
For the majority of the segments criterion 2 is the preferred choice. Where a segment failed
criterion 2, we reported on criterion 3 too. It is obvious, given the considerable anatomical
variation in size, shape and orientation of the left ventricle, that reference values will show
relatively large variation, when expressed as COV, at the basal and septal sides of the ventricle.
For this reason we considered a segment in the basal and septal region not robust when both
the COV and SD are not robust.

A recent publication by Sharir et al [17] may provide some guidance, as the normal variation
between normal subjects sets an upper limit to the variation encountered in normal subjects.
On average the segmental values for standard deviation for wall motion and wall thickening
in this group both corresponded to approximately 20% COV. This number was taken as the
upper acceptable limit for operator-dependent within-prototype segmental variation when
using the COV methods (criteria 1, 2 and 3 in the section above).

With regard to the criteria based on the observed segmental variation (SD), two assumptions
led to similar thresholds. The final values were 1.0 mm and 10% for robustness of wall
motion and wall thickening. First, it was considered reasonable to attribute at most half of
the between subjects segmental variation to operator dependent variation in processing.
Secondly, a detailed analysis of the relation between cut-off value and number of rejected
segments revealed that for wall motion a limit of between 0.9 and 1.6 mm resulted in a clear
separation of obviously robust and obviously non-robust studies. For wall thickening, a similar
analysis showed that over a very wide range of cut-off values for severity of perfusion defect
(25 - 55%), a cut-off value of 10% for maximum allowable variation (expressed in SD) in wall
thickening did not result in any changes in the number of rejected segments.

As mentioned above, a COV exceeding 20% at the basal segments is meaningless if the
normal wall motion at such segment is, for example, only a modest 1.5 millimeter, as no
clinician would demand a 0.3 mm reproducibility from gated SPECT technology. Furthermore,
the smallest angle between the long axis of the left ventricle and the valvular plane shows
considerable variation. This adds to the arguments in favor of selectively applying criterion 3
for the basal ring.



RESULTS

Selected studies

Table 1 describes the 17 selected prototypes with regard to extent and severity of perfusion
defect and, if applicable, the matching angiographic data. In addition, the EDV, ESV and LVEF
are also given in table 1.

For each prototype, summary bull’s eye representation for robustness of segmental wall motion
and wall thickening is given in figures 3A-Q. In these bull’s eye representations, segments that
were not robust based on the COV criteria are marked accordingly. Where applicable, those
segments not considered robust based on both COV and SD criteria are identified.

Table 2 gives results per prototype for end-diastolic, end-systolic, LVEF, and an indication on
the robustness of each measure for each prototype. The mean values for EDV, ESV and LVEF
were respectively 157 ml, 103 ml and 41%.

Operator dependence

Figure 4 shows a typical example of how quantitative results per segment per degree freedom
result in the summary bull's eye maps for COV and SD. In this figure the 2 summary bull’s-eye
representations for each individual degree of freedom are shown. In case of a typical study
showing normal perfusion (figure 3A), all segments (beside this, also the EDV, ESV and LVEF
values) are robust, except for the segments at the basal edge, which is not robust, based on
COV. Analysis based on COV most other prototypes are not robust at the basal edge, especially
at the septum. For the analysis based on SD only operator dependence in the basal area in a
few segments are seen. A clear hierarchy seems to exist regarding robustness of the global
parameters, with EDV being most and ESV being least robust. With regard to the segmental
wall motion and wall thickening results, in general, only a poor correlation was found between
defect size or location and the number and location of segments showing large variation. In
case of very large defects the variation at the center of the defect tends to be minimal, unless
spurious activity is close to the defect.

DISCUSSION

Our results show excellent reproducibility for left ventricular function parameters using the
Cedars-Sinai’'s Quantitative Gated SPECT software. However, large perfusion defects, or the
presence of spurious activity near the left ventricle may increase operator dependence.

The QGS software relies on a series of assumptions that cannot be fully tested under
experimental conditions. Therefore systematic comparison with other imaging modalities is
important. Several groups have compared the quantitative results from the QGS software with
similar results from other modalities. Generally in mixed datasets, the concordance with regard
to the LVEF is good for contrast ventriculography and ultrasound techniques [6-9]. Similarly, the
concordance with regard to wall thickening is quite good [12]. Some data are also available on
wall motion, but these data are usually limited to the use of an ordinal scale, rating wall motion
as normal, hypokinetic, akinetic or dyskinetic. When using this ordinal scale, concordance
with contrast ventriculography and ultrasound is good [12]. The methods used in literature
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Figure 3. The Bull's Eye representations of the Prototypes A-Q.
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so far, however focused on global comparisons in heterogeneous groups of patients, thereby
diluting systematic discrepancies in case of specific defects or artifacts. Hence such studies are
unsuitable for the validation of gated SPECT quantitation in the presence of defects. To our
knowledge, so far no calibrated phantoms exist that can simulate major defects or artifacts.
In this study we focused on the operator dependent factors in image processing, which are
not easily kept constant. Filtering of data or positioning of the patient, for example, can
be well standardized and therefore this was not evaluated in this study. Evaluation of the
algorithm revealed that the size, shape, orientation and location of reconstruction slices are
operator dependent factors that are hard to keep constant, and therefore potentially influence
the choices made by the program in processing the quantitative results for wall motion, wall
thickening, EDV, ESV and LVEF.

Prototypes.

It is difficult to evaluate the effects of certain types of defects on quantitation in a reproducible
manner. Some arbitrariness will remain regarding the choice of suitable reference studies. We
have explicitly chosen studies that showed complete perfusion defects during scintigraphy
or significant stenoses at coronary angiography as a starting point. We assumed that the
algorithms are less likely to be affected in case of similarly sized defects, with only moderately
decreased perfusion. In this respect the selected studies can be considered as worst case
scenarios for the algorithms used. Only in case of extensive areas of lack of robustness did we
add studies showing decreased, but not absent perfusion. There is a little known about cut-

Table 2. Robustness of the left ventricular volumes and EF.

Prototype EDV ESV LVEF

cov SD Ccov SD cov SD
A 0 0 0 0 0
B 0 0 1% 0 0
@ 0 0 1* 1* 0 0
D 0 0 0 0
E 0 0 0 0
F 0 0 0 0
G 1# 1% 1™ 1 0 0
H 1 1 1 1 1* 1*
| 1* 1 1 1 0 0
J 0 0 0 0 0 0
K 0 0 1™ 1™ 0 0
L 0 0 0 0 0 0
M 0 0 0 0 0 0
N 0 0 0 0 0 0
(6] 0 0 0 0 0 0
P 0 0 0 0 0 0
Q 0 0 0 0 0 0

EDV= end-diastolic volume; ESV= end-systolic volume; LVEF= ejection fraction. COV= coefficient of variation;
SD= standard deviation; 0= robust; 1=not robust. * COV > 20%; # COV > 15%; $ COV > 10%.
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Figure 4. Summary Bull’s eye of the different degree of freedom..
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off point for severe perfusion defects. Some studies report on mean count activity. Chua et al
[7] presented a mean count activity of 19.9% =+ 10.5 % of maximal myocardial count activity.
Hashimoto et al [20] reported that myocardium with a per cent peak count of 40% or less
has very low probability of myocardial viability. This is in line with our cut-off value for severe
perfusion defect.

Integration of results obtained per degree freedom.

The variations in quantitative results, as found per degree freedom, were clearly not
independent in a statistical sense. Each variation, as found, is the vector sum of multiple
components, including the filtering [smoothing] effects of any oblique re-orientation of the
voxel space. As the latter component is present in the results for all degrees of freedom, but
would be encountered only once during normal operation, vector addition would overestimate
the cumulative effects considerably. Therefore a pragmatic alternative was chosen: only the
worst 3 degrees freedom were evaluated (for exact criteria see methods). The analysis resulted
in a large amount of summary results that could not be presented in a meaningful manner
without this or a similar data-reduction approach. Each individual prototype resulted in 43
summary statistics per degree freedom evaluated, for a total of 344 standard deviations,
which is obviously too high for practical use. It was therefore considered impractical to present
quantitative results instead of the presented segmentwise dichotomous results. The chosen
practical limits loosely represent 20% variation, expressed as COV (referring to a normal
study), 1.0 mm for wall motion, or 10% for wall thickening. It must be borne in mind that
these limits, when expressed as 95% confidence bands correspond to + 40%, + 2.0 mm or +
20% segmental variation respectively and hence cannot be considered too restrictive. This is
in line with literature [22].



Practical implications and guidelines.

This study was designed to identify the limits of the reproducibility of the QGS system. It also
gives an indication of the intra-operator variability for different kinds of perfusion defects.
Figure 3 summarizes the robustness of the QGS system for the different prototypes. The
prototypes represent worse-case scenarios and show that when the number of perfusion
defects is limited, the software has excellent reproducibility with regard to EDV, ESV, LVEF,
wall motion and to a less extent wall thickening. This is in line with Paeng et al [23] who
reported good reproducibility in group of 31 patients. Also, they found less concordance for
wall thickening, especially in the septal and inferior region.

When perfusion defect sizes are large, especially when the defects themselves are severe
(<40% in the quantitative analysis that is part of the QGS software), wall thickening
quantitation becomes unreliable in more than just one occasional segment, and figure 3A-Q
should be consulted. Spurious activity in close proximity of the left ventricle can interfere with
guantitation. The correlation between location of perfusion defects and lack of reproducibility
is not very good. The operator dependent variation in segmental wall motion quantification
remains < 10% in virtually all segments even in the presence of most of the major perfusion
defects. Exceptions can be found in figure 3A-Q. Spurious activity in close proximity of the left
ventricle can interfere with quantitation.

In this study QGS-software, version 2.0, revision A" was used. More recent versions of the
software are available in which the algorithm has an automatic re-orientation procedure,
leaving little room for operator intervention. Also for the later versions an evaluation like this
study is necessary to evaluate its reproducibility in the different specific subgroups.

Limitations of this study.

The number of prototypes is relatively small and should be considered a compromise. In our
series of experiments, it became obvious that precise territorial mapping for each defect type
is not feasible and that the reported generic guidelines probably reflect the best achievable
results. Furthermore, as no suitable gold standard exists with regard to the assessment of
segmental wall motion and wall thickening, evaluation of systematic errors is cumbersome.
Recent guidelines recommend to use a 17 segment model for the left ventricle [23]. Recently,
Berman et al [21] reported on methods to convert a 20-segment scoring system to a 17-segment
model. The 17-segment model demonstrated a trend toward fewer mildly abnormal scans
and more normal and severely abnormal scans. In this study we used a 20 segment model.
It has been shown that partitioning may play significant role in the reproducibility. Paeng et
al [22] showed significant differences between the 20 segment model and repartitioning the
myocardium in 5 regions. The absolute differences between repeated measurements of the
20 segment model and the 5 segment model for wall motion and systolic thickening were
0.77 + 0.62 mm, 7.2 %+ 7.2 % and 0.52 + 0.49 mm, 4.5%+3.7% respectively. Absolute
differences between the groups were significant (t test P<0.001). In a 17 segment model the
absolute differences will be more close to the 20 segment model, and will probably not greatly
influence our results.

Conclusions

For the Cedars-Sinai’s Quantitative Gated SPECT software quantification the global parameters,
such as end-diastolic end-systolic left ventricular volume and LVEF are less influenced by operator
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dependent settings than segmental measures for wall motion and wall thickening, and can be
considered operator-independent. The quantification of wall motion and thickening are robust
for operator dependent variation in processing. In the presence of major perfusion defects or
significant spurious activity below the diaphragm, however, especially wall thickening becomes
more operator dependent in some cases.
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ABSTRACT

Background. Quantitative electrocardiogram-gated single photon emission computed
tomography (SPECT) myocardial imaging (QGS) is a means of providing functional information
about the left ventricle and myocardial perfusion. However, the functional information derived
30 minutes post-stress may be different from the left ventricular (LV) function determined
at rest. This study determined whether LV function post-stress would be different from LV
function at rest in patients with an earlier myocardial infarction.

Methods and Results. LV perfusion and ejection fraction (LVEF), were determined by means
of both the rest and post-stress acquisition in 58 patients with an earlier myocardial infarction
and in 23 patients with a low likelihood of coronary artery disease by using technetium-99m
tetrofosmin and the QGS program. The interobserver and intraobserver variability of LVEF was
excellent, within a margin of 2%. No significant differences in LVEF were observed between
post-stress and rest in the 23 patients with a low likelihood of disease (ALVEF 0.04+/-3.2%,
p = not significant). Conversely, the patients with an earlier myocardial infarction showed a
significantly lower LVEF post-stress, compared with that at rest (ALVEF -1.9+/-4.2%, p=0.002).
In 33 patients (57%), the LVEF post-stress was 2% or more lower than the LVEF at rest.
Furthermore, reversible ischemia, which was present in 16 patients (28%), did not interact
with the ALVEF post-stress, compared with the ALVEF at rest (p=not significant). Parameters
such as the stress modality (adenosine stress or exercise), the number of stenosed vessels, or
the perfusion defect severity score did not influence the ALVEF post-stress, compared to ALVEF
at rest.

Conclusions. In patients with an earlier myocardial infarction, LV function post-stress may
not represent true resting LV function. Consequently, this result justifies the stratification of
patients before starting the gated SPECT study. In patients with an earlier myocardial infarction,
the gated acquisition should be performed during the rest study.



INTRODUCTION

Bacause left ventricular ejection fraction (LVEF) is a major determinant of prognosis in patients
with coronary artery disease, it is important to assess LVEF in addition to myocardial perfusion
[1]. The recently developed quantitative gated single photon emission computed tomography
(SPECT) program (QGS) provides reliable information on LVEF, LV wall thickening, LV wall
motion, LV end-diastolic volume (LVEDV) and LV end-systolic volume (LVESV) in addition to
myocardial perfusion [2-4]. Gated acquisition of the stress myocardial perfusion images 30
minutes post-stress is generally considered myocardial perfusion at maximal stress where LV
function is the resting situation. However, post-stress LV dysfunction may develop in patients
with stress-induced ischemia, probably because of myocardial stunning [5-8]. This implies that
when gated SPECT is obtained 30 to 45 minutes post-stress, LVEF and LV volumes may not
represent the true resting LV function. Furthermore, the influence on LV function obtained by
using pharmacological stress (adenosine, dipyridamole or dobutamine), as compared with that
obtained by using exercise stress, is not fully elucidated [9-14]. The recently developed QGS
program is applied routinely in an increasing amount of nuclearimaging departments worldwide
[2-4]. So far, no studies involving pretest stratification of patients have been published. The
aim of this study was to determine whether LV function post-stress would be different from
basal LV function at rest in patients with a previously sustained myocardial infarction and
whether there was a different influence on LV function between pharmacological stress and
conventional exercise stress. This information may facilitate the stratification of patients before
they undergo a gated SPECT study.

METHODS

Patients

We studied 58 consecutive patients with an earlier myocardial infarction. There were 10
women and 48 men (mean age, 61.8 + 11.6 years; range 50 to 80 years). In all patients, a
persistent defect in at least 3 of 18 LV segments was shown with gated SPECT myocardial
perfusion imaging. Exclusion criteria were left bundle branch block, irregular heart rhythm,
and reconstruction artifacts caused by tracer activity in intestines lying next to the heart. The
baseline characteristics of the 58 patients are listed in table 1. A control group of 23 patients,
who had a low pretest likelihood of coronary artery disease and normal results on a myocardial
perfusion scintigram (Table 1), was selected.

Stress protocols

All patients underwent a 2-day imaging stress/rest protocol, in which the gating was done
during both the rest and the stress myocardial perfusion SPECT acquisition. In 24 patients (41%),
a symptom-limited exercise stress test was performed in the upright position with a bicycle
ergometer. In all patients undergoing physical exercise, beta-blocking agents were discontinued
at least 48 hours before the test. The exercise stress protocol included a stepwise increase in
workload depending on gender, age, weight and height. This protocol is routinely applied in
our institution. When the prespecified maximum workload (depending on gender, age, weight
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Table 1. Patients characteristics and stress modalities used.

Myocardial infarction (N =58) Control Subjects (N=23)
Q-wave on ECG 51 n.a
Elevated enzymes (CK,CK-MB) 7 n.a
with no Q-wave on ECG
Age (y)* 61.8 £ 11.6 (range 50-80) 58.5 £10.4 (range 47-85)
Men* 48 13
Women 10 10
Stress modality -Ergometry 24 13
-Adenosine 27 9
-Dobutamine 7 1
1-vessel disease 17 n.a.
2-vessel disease 14 n.a.
3-vessel disease 12 n.a.
No angiogram 15 n.a.

* P <0.05 for difference in age and gender between patients and control subjects. Controls subjects
were defined as patients with a low pre-test likelihood of coronary artery disease and normal results on a
myocardial perfusion scintigram. n.a.=not applicable

and height) is achieved, the physical validity is considered to be at least 100%. Exercise stress
endpoints were severe angina, physical exhaustion, dyspnoea, sustained tachyarrhythmias,
exertional hypotension, or ischemic sinus tachycardia (ST)-T segment depression of at least
0.2 mV with a duration of 80 ms. Exercise was considered inadequate when the physical
validity of the patient was less than 80% of the predicted validity (workload) in the absence of
angina or an ischemic ST depression. Pharmacological stress with 0.14mg/kg/min adenosine
during 6 minutes was used in 27 patients (47%) who were not able to exercise adequately.
All these patients withheld caffeine-containing beverages for 12 hours before the test. A dose
of 300 pg/kg dobutamine in 15 minutes was used in 7 patients (12%) who where not able to
exercise adequately and who also had a contraindication to the use of adenosine. Before and
every minute during stress, 12-lead electrocardiography (ECG) was performed. In case of ST-T-
segment abnormalities, registration of the stress ECG was continued until normalization of the
electrocardiogram was seen.

Exercise versus pharmacological stress

To assess the influence of different stress modalities on the change in LVEF, LVEDV, and
LVESV, we analyzed baseline and post-stress LVEF, LVEDV and LVESV both in the patients who
received pharmacological stress agents and the patients who underwent ergometry stress. For
the purpose of this study, we only compared adenosine stress with conventional exercise.

Image acquisition protocol

A dose of 500 MBq (13.5mCi) technetium-99m tetrofosmin (Myoview, Cygne-Amersham) was
administered 45 to 60 minutes before rest image acquisition and 30 minutes before to stress
image acquisition. Imaging was performed with the patient in prone position with a Toshiba
GC-9300 triple-head camera equipped with high-resolution collimators and connected to a



Toshiba GMS 5500 computer. A 360-degree rotation with a noncircular orbit as close to the
patient as possible was obtained with 90 steps of 4 degrees, 30 seconds per step, and a 64-by-
64 matrix size. A 20% symmetric energy window centered on the 140 keV peak was used.
Sixteen frames per cardiac cycle were gated. The data were prefiltered with a Butterworth
filter power 9, order 8, and a cut-off frequency of 0.32, and they were reconstructed with
the filtered back-projected algorithm and a Ramp filter. The data were reoriented to obtain
oblique-angle tomograms parallel to the long axis and short axis of the left ventricle. The
reconstructed data were projected as tomographic slices in short, vertical, and horizontal axis
views in a side-by-side display. In addition, the images were displayed as polar plots (bull’s-
eye maps). Numerical values of LV volumes and LVEF were calculated by using a commercially
available software package (QGS), yielding a dynamic 3-dimensional LV image developed by
Germano et al. [2-4,15,16]

Static image analysis

On the static perfusion images, semiquantitative analysis of myocardial perfusion was
performed for 18 LV segments. There were 6 segments on a preapical and mid-short-axis slice,
4 segments on the basal short-axis slice, (the septal part was left out because of the presence
of the membranous part of the interventricular septum), and 2 apical segments on the vertical
long-axis slice. This segment scheme is a modification of the scheme used by Germano et
al.[3]. The analysis was done in both rest and stress perfusion images. All segments were
scored using a 4-point scale: no uptake; less than 30% of normal perfusion (score 0), severely
diminished uptake; 30% to 55% of normal perfusion (score 1), slightly diminished uptake; 56%
to 80% of normal perfusion (score 2); and 80% to 100% of normal perfusion (score 3), normal
uptake. The percentages were judged by using a hot-metal square color scale. The scoring
was done by 2 experienced observers in consensus (CB, MS). Defects were characterized as
fixed or reversible. A defect was considered to be fixed when there was no change between
the stress and the rest image. A defect was considered to be reversible when there was an
improvement in tracer uptake of at least 1 grade between stress and rest images. A perfusion
defect severity score was calculated by summing the scores of 18 segments in the rest study.
A lower score implies a more extensive perfusion defect. The severity of the reversibility was
judged by calculating the numerical difference in perfusion score between the rest and stress
study. Based on the stress-rest images, patients were divided into groups: patients with only
fixed defects (n=42) and patients with additional reversible defects (n=16). Additional ischemia
was defined as reversible ischemia in 2 or more LV segments in addition to the fixed perfusion
defect.

Coronary Angiography

Coronary angiography was performed according to the standard Judkins technique. An
obstruction of 50% or more in 1 or more of the major 3 coronary arteries seen by means of a
visual examination was considered to be significant.

Statistical analysis

To determine interobserver variability, 3 technicians reconstructed the raw data of 19 patients
to analyze LVEF. The standard deviation (SD) of the LVEF was expressed in LVEF units. The
intraobserver variability was determined by 1 technician reconstructing the raw data twice,
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with an 11 day-interval between processing instances in all 19 patients. The outside limits
for variability of the measurements were determined to be 2 SD beyond the mean value.
Significant differences of changes in LVEF, LVESV, and LVEDV between patients with and
without reversible ischemia was tested by using the unpaired Student’s t test. The same test
was applied as a means of calculating the significance of differences in differences in changes
of LVEF, LVEDV and LVESV between patients undergoing adenosine and ergometry stress. The
paired Student t test was used as a means of calculating the significance in change between
post-stress and rest of LVEF, LVESV, and LVEDV within patients and control subjects. Analysis
of variance (ANOVA) was applied as a means of analyzing the influence of reversible ischemia
on the changes in LVEF, LVESV, and LVEDV post-stress versus rest in the whole group. ANOVA
was also used as a means of determining the influence of the amount of stenosed vessels on
changes in LVEF, LVEDV, and LVESV post-stress versus rest. Covariance analysis was used as a
means of adjusting the confounding effects of age and gender. Values are shown as the mean
plus or minus SD, unless indicated otherwise. A p value of 0.05 or less was considered to be
significant.

RESULTS

Serial reproducibility

For the interobserver variability, a SD of the mean LVEF of 0.77% was found (range 0.5 to 1%)
expressed in LVEF units. For the intraobserver (P.D.) variability, a SD of 0.89% was found. The
limits for serial reproducibility of the measurements were thus determined to be 2x0.89=1.8%.
The Bland Altman plot showed that the differences in LVEF measurements between 2
technologists in this reproducibility study were independent of the LVEF level. Because the
QGS only provides integer values for LVEF, we used a cutoff value of 2% to distinguish real
LVEF changes from LVEF changes that might be caused by imperfect reproducibility.

Control group

The resting LVEF, LVESV, and LVEDV are shown in table 2. The mean LVEF, LVESV, and LVEDV
in the group of patients with a low likelihood of coronary artery disease were not significantly
different between post-stress and resting condition (Table 3).

Table 2. Rest LVEF, LVESV and LVEDV in the control group (n=23) and in 58 patients with an earlier

myocardial infarction.

LVEF (%) LVEDV (ml) LVESV (ml)
Controls  (n=23) 548+45 99.7 176 453+10.9
All patients  (n=58) 39.5 + 12.4* 158.2 + 57.2* 101.2 + 54.0*
Isch + (n=16) 35.6+14.8 160.3 + 60.0 109.7 + 60.0
Isch- (n=42) 410+ 11.2 157.4 +56.9 98.0 +51.7

LVEF: Left ventricular ejection fraction; LVEDV: left ventricular end-diastolic volume; LVESV: left ventricular
end-systolic volume; Isch+: reversible ischemia in addition to a fixed defect; Isch-: only a fixed defect.
Values represent mean + SD. *p<0.001, difference in rest LVEF, LVEDV, and LVESV between controls
subjects and patients. p= not significant between patients with and without reversible ischemia. P value
obtained with the unpaired Student'’s t test.



Table 3. Changes in LVEF, LVESV and LVEDV post-stress compared with rest in the 23 control patients

and in patients with previous myocardial infarction.

ALVEF (%) ALVEDV (ml) ALVESV (ml)
Control patients (n=23) 0.04 +3.2* -1.3+7.6* -0.7 £5.1%
Patients with earlier MI (n=58) -1.9£4.22 7.9 £17.6° 6.5 +18.7°

A: Difference post-stress compared with rest; LVEF: left ventricular ejection fraction; LVEDV: left
ventricular end-diastolic volume; LVESV: left ventricular end-systolic volume; MI: myocardial infarction.
Values represent mean +/- SD. *: p=not significant; Patients: 2 p=0.002 for ALVEF; ® p= 0.001 for A LVEDV
and ©p=0.002 for ALVESV. P values obtained with the paired Student’s t-test.

Myocardial infarction group

The mean resting LVEF, LVEDV and LVESV in patients with an earlier myocardial infarction are
listed in Table 2. There was a significant difference in rest LVEF, LVEDV, and LVESV between the
patient and control group (Table 2). In contrast, there were no significant differences in rest LV
parameters between patients with and without reversible ischemia (Table 2). Within the total
group of 58, we found a significant average change in LVEF, LVEDV and LVESV post-stress
versus the resting condition (Table 3). Conversely, the difference in change of LVEF, LVESV and
LVEDV between the rest and the stress acquisition was not different between patients with
and patients without reversible ischemia [LVEF(%), 0.94 +1.1 (p=0.5), LVEDV(ml), -4.7 +4.6
(p=0.4); LVESV(mI), -4.4 +4.2 (p=0.4)]. Thus, it was demonstrated by means of ANOVA that
the presence of reversible ischemia, which occurred in 16 patients (28%), did not influence
the differences in LVEF, LVEDV and LVESV post-stress, as compared with the resting condition
(p=0.4). By using the cutoff value of 2% to define a true change, we found a decrease (>2%)
in LVEF in 33 patients (57%), an increase (>2%) in LVEF in 12 patients (22%), and no change in
LVEF in 13 patients (21%; Figure 1). The amount and severity of the perfusion defects were not
predictive of changes in LVEF post-stress compared with rest LVEF (r=0.05).

Figure 1. Percentage of patients with myocardial infarction with 1: decrease (> 2%), 2: unchanged

(=2%<x<2%) or 3: increase (>2%) of left ventricular ejection fraction post-stress compared to rest. SEE
for 1: 6.5%, SEE for 2: 5.3% and SEE for 3: 5.4%.
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Table 4. Influence of the number of stenosed vessels on changes in LV functional parameters post-

stress compared with rest. In 43 of 58 patients (74%), a coronary angiogram was available.

1-vessel disease 2-vessel disease 3-vessel disease P value by means
(n=17, LAD 12, (n=14, LAD 12, (n=12) of ANOVA
RCA 4, LCX 1) RCA 6, LCX 10)

Rest LVEDV (ml) 163.1 £ 59.5 145.7 +62.5 173.1 £+43.6 NS

Rest LVESV (ml) 102.3 £57.0 94.8 +58.8 114.8 +46.0 NS

Rest LVEF (%) 40.8 + 13.2 39.3+14.8 36+ 11.8 NS

ALVEDV (ml) 7.5+20.8 4.36 + 14.8 5.6+ 18.9 NS

ALVESV (ml) 8.6+ 14.8 4.9+ 15.5 8.25+21.9 NS

ALVEF (%) -2.1+39 -1.3+3.3 -1.9+55 NS

LAD: Left coronary artery; RCA: right coronary artery; LCX: left circumflex artery; ALVEF: change in left
ventricular ejection fraction post-stress compared with rest; ALVEDV: change in left ventricular end-
diastolic volume post-stress compared with rest; ALVESV: change in left ventricular end-systolic volume
post-stress compared with rest; NS: not significant. ANOVA, analysis of variance.

Coronary Angiography

In 43 patients (74%), coronary angiography data were available. The changes in LVEF, LVEDV,
and LVESV post-stress between patients with 1, 2, or 3 stenosed vessels were not statistically
significant (Table 4).

Stress modality

In the group of patients with an earlier myocardial infarction, there were no significant
differences in resting LV function between the patients who underwent adenosine stress
and the patients who underwent conventional exercise (Table 5). Also the changes in LVEF
and LVESV post-stress compared with those at rest were not significantly different between
groups. There was a marginally significant increase in LVEDV for the adenosine group (p=0.04).
However, when applying the Bonferroni correction, the differences in change of LVEDV
between both stress modalities were no longer statistically significant (p=0.08; Table 5).

Table 5. Mean LV function parameters in patients with different stress modalities. Because there

were only 7 patients with dobutamine stress, we only calculated the P values between adenosine and
conventional exercise.

Ergometry (n=24) Adenosine (n=27) P Ergometry vs Adenosine
Rest LVEDV (ml) 169.4 £ 110.7 150.0 + 51.6 NS
Rest LVESV (ml) 110.7 £ 57.8 92.0 £48.0 NS
Rest LVEF (%) 376+ 11.5 41.8 £12.1 NS
ALVEF (%) -1.2+4.6 26+4.2 NS
ALVEDV (ml) 1.0+18.4 11.9+17.9 0.04, Bonferroni: 0.08
ALVESV (ml) 4.1+204 11.7 £15.6 NS

LVEDV: Rest left ventricular end-diastolic volume; LVESV: rest left ventricular end-systolic volume; LVEF:
rest left ventricular ejection fraction; ALVEF: change in left ventricular ejection fraction post-stress
compared to rest; ALVEDV: change in left ventricular end-diastolic volume post-stress compared to rest;
ALVESV: change in left ventricular end-systolic volume post-stress compared to rest; NS: not significant.
Values represent mean + SD.



Discussion

Gated SPECT myocardial imaging is routinely performed in many nuclear imaging departments.
Because of logistics, the gating may be done during the acquisition of either the rest or the
stress study. Several studies have shown a transient deterioration of LV function in patients with
exercise-induced ischemia that persists long after cessation of exercise [5,6,8,17]. Therefore,
when gated acquisition is only done during the acquisition of the stress perfusion study, LV
function 30 minutes post-stress may not represent true LV function at rest. However, it is not
known beforehand which category of patients will show reversible ischemia. Therefore, it is
not possible to decide ahead of time whether the gated acquisition has to be done at rest. In
our study, taking into concern the interobserver and intraobserver variability, we calculated a
decrease of 2 or more LVEF points to be significant. The average decrease in LVEF for the whole
patient group with a myocardial infarction was 1.9%, which was statistically significant. The
highest LVEF decrease in this study was 13%. Although an average decrease of 1.9 LVEF points
post-stress compared with rest is not clinically important, it is not fully known which patient
will show a clinically significant or insignificant change when the rest study is non- gated.
In our study we found that 33 of 58 patients (57%) with a previously sustained myocardial
infarction showed a statistically significant deterioration of LV function (>2%) that persisted
as long as 30 minutes after stress, even in patients without concomitant reversible ischemia.
This finding allows the stratification of patients before starting the gated SPECT study. In all
patients with definitive evidence of a previously sustained myocardial infarction, gating should
be performed during the acquisition of the resting study to determine the true LV function at
rest. Subsequently, in these patients, we found a similar change of LV function between post-
stress and rest for patients who had adenosine stress and patients who underwent bicycle
exercise.

Previous studies

Several studies have shown a transient deterioration of LV function in patients with exercise-
induced ischemia that persisted long after cessation of exercise [5,6,8,17,18]. This phenomenon
may be attributed to myocardial stunning, which has been defined as spontaneous reversible
post-ischemic dysfunction in the presence of normalized perfusion [19]. Thisimplies that patients
with ischemia shown by means of the perfusion image may have a decreased LV function
when gating is done during the post-stress study. Several pathophysiological mechanisms of
myocardial stunning have been put forward, such as the oxygen-radical hypothesis and the
calcium-overload hypothesis [19-22].

To date, only a few articles have been published on the evaluation of LV function at least
30 minutes post-stress analyzed with °°MTc labeled agents in combination with the QGS
program [7,17,18]. Johnson et al.[7] analyzed 22 patients in whom a significant decrease in
LVEF post-stress was shown. All 22 patients had reversible ischemia, and 10 of the patients
(50%) had a history of myocardial infarction. In another group of patients (n=20), in whom
only a fixed defect was shown, the average change in LVEF post-stress was not significant. In
this group, 14 patients (70%) had sustained an earlier myocardial infarction. Because 6 of the
patients (30%) were not known to have an earlier myocardial infarction, these results are not
comparable with our results. Our findings are discordant with the findings of Paul et al.[17]
who could not find a deterioration in LV function in 18 patients with a myocardial infarction.
However, these patients were defined by means of the presence of fixed perfusion defects,
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