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Abstract

In an ongoing international multi-center trial, positron
emission tomography (PET) is being used to evaluate the effect
of a new P-selectin antagonist on the infarct size in patients
with acute myocardial infarction, treated with thrombolysis.
Although it is possible to correct for site-dependent factors, it
is desirable to reduce these factors to a minimum. Therefore,
acquisition and reconstruction protocols have been defined
that can be closely followed by all participating centers. The
resulting reconstructed images are transferred to the core center
for central processing with semi-automatic software. This
paper reports on the experiment that was carried out to assess
the inter-center reproducibility of defect size determination
with this protocol. Also the spatial resolution of the short axis
slices was examined. In addition, the analysis procedure was
applied to normal PET-studies to evaluate the specificity of
perfusion defect detection.

The transmural cold defect in the phantom occupied 14.8%
of the left ventricular area. The automated analysis was
applied to the phantom measurements from the fourteen
participating PET cameras. It yielded an accurate estimate of
15.1 % with a standard deviation of 0.6%, indicating excellent
reproducibility. The spatial resolution in the short axis slices
was similar for all PET systems: 9.6 mm + 0.8 mm. The same
procedure produced a defect size of zero in the studies of the
normal volunteers.

This study indicates that cardiac studies from multiple
PET-systems can be pooled for statistical analysis.
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. INTRODUCTION

In the ongoing international clinical multi-center trial
“Psalm” (P-Selectin Antagonist Limiting Myonecrosis),
positron emission tomography is being used to evaluate
the effect of a new P-selectin antagonist on the infarct size
in patients with acute myocardial infarction, treated with
thrombolysis. The inclusion criteria select patients with severe
myocardial infarctions: persistent ST-segment elevation of at
least 0.2 mV in 2 or more limb leads or 0.3 mV in 2 or more
contiguous precordial leads. The primary end points of the
study are the perfusion and metabolic defect sizes as assessed
with positron emission tomography using *N-ammonia and
18F fluorodeoxyglucose (FDG). The defect size is expressed as
a fraction of the total area of the left ventricular wall.

Fourteen PET-systems in thirteen centers are being used.
They include five different types of PET systems (GE Advance,
Ecat Exact, Ecat HR+, Ecat 951 and Posicam HZL/R), and
different releases of the system software. Consequently, it
cannot be excluded that the data depend, to some extent, on the
site where the PET-scan has been performed. With appropriate
randomization and statistical analysis, it is always possible to
correct for the presence of unwanted factors, but to maximize
the statistical power, the influence of such factors should be
minimized.

To minimize the influence of the site, the amount of work
done in a single core center should be maximized. However,
because of the use of cameras from different manufacturers,
centralized reconstruction is not feasible, and reconstruction
has therefore been done locally. A detailed acquisition and
reconstruction protocol has been defined, which can be closely
followed by all participating centers. The reconstructed images
are then transferred to the core center and are processed and
analysed in an identical way.

To validate this approach, a cardiac phantom experiment
was designed. The same phantom was sent to all sites, and
scanned and reconstructed using the trial protocol. The file
with the reconstructed volume was transferred to the core center
and analysed with the software used for the trial. The defect
is determined by applying a simple thresholding procedure to
the polar map representing the myocardial tracer uptake. The
phantom experiment permits evaluation of the reproducibility
of defect size determination. In addition, it permits estimation
of the effect of the entire procedure on the spatial resolution of
the final images. Finally, the same analysis procedure was also
applied to images of normal volunteers to assess the probability
of a false positive outcome.

[l. MATERIAL AND METHODS

The protocol includes the dynamic acquisition in 2D mode
(septa in the field of view) of *N-ammonia images, permitting
absolute quantification of myocardial blood flow with tracer
kinetic modelling analysis. However, the primary end point
is relative defect size as determined from baseline ammonia
and FDG studies. This requires accurate delineation of the left
ventricular wall, and accurate definition of the perfusion defect.



To optimize the performance of the semi-automatic delineation
procedure, maximum-likelihood reconstruction has been used
rather than filtered backprojection.

Each frame is reconstructed at the site using OSEM
(maximum-likelihood expectation-maximization, accelerated
with ordered subsets [1]), applying 5 iterations with 8 subsets
and no post-smoothing. The files with the reconstructed
volumes are transferred to the core center for further centralized
processing and analysis. All volumes are first post-smoothed
with a 3D Gaussian kernel with a full width at half maximum
(FWHM) of 6 mm in all directions.

The system resolution of the PET-camera is position
dependent. However, it varies only moderately over the main
portion of the field of view and the variation is usually small
compared to the final image resolution. The finite resolution of
the PET camera is ignored in most clinical implementations
(of both filtered backprojection and maximum-likelihood
reconstruction), allowing it to propagate into the final
reconstruction. Thus, the final resolution in the reconstructed
image is a combination of the system resolution and the
impulse response of the reconstruction algorithm.

Filtered backprojection is linear and shift invariant, so it
does not contribute any position dependence to the spatial
resolution. In contrast, maximum-likelihood reconstruction is
neither linear nor shift invariant, and at low iteration numbers,
its position dependence may dominate that of the system.
However, the maximum-likelihood solution is (virtually)
unbiased [2], implying that at very high iteration numbers, the
impulse response function becomes very sharp (converging to
a Dirac impulse). Subsequent convolution with a Gaussian
kernel then produces a virtually position independent impulse
response for the reconstruction algorithm. It is hypothesized
that with 5 x 8 OSEM iterations and a 6 mm FWHM
Gaussian kernel, the resolution dependence of the algorithm
is acceptably small, compared with the average resolution of
the final reconstruction. This hypothesis was verified with
experiments described below.

A. The cardiac phantom

As an introduction to the actual clinical study, a multi-center
phantom experiment was carried out for the following purposes:

1. Technical quality assurance: successful completion of
the phantom experiment in each of the sites proves that
the sites are able to apply the requested reconstruction
procedure, and that problems related to file transfer to
the core center (possibly different computer platforms
and/or different file formats) have been solved.

2. To estimate the inter-center reproducibility of
quantification of defect size, which is the primary
end-point of the multi-center trial.

3. To estimate the site-dependence of spatial resolution,
which may affect kinetic modelling results.
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Figure 1: The cardiac phantom with the large transmural and small
subendocardial inserts.

Figure 1 shows the phantom (Data Spectrum Corporation). It
consists of a left ventricle with fillable wall and cavity, mounted
in a 20 cm diameter cylinder. The left ventricular wall is 10
mm thick and contains two inserts, filled with non-radioactive
water: a large transmural infarction (10 mm thick, 14.8 % of the
total wall volume), and a small subendocardial infarction (5 mm
thick, 4.8% of the total wall volume). The cavity is filled with
non-radioactive water. The wall and the cylinder were filled
with water containing a solution of '8F. The concentration of
the wall was five times higher than that of the cylinder, and the
total radioactivity was about 20 MBq. The phantom was placed
in the PET-system, and a 40 min emission scan and a 30 min
transmission scan were performed. The transmission scan was
done after overnight decay of the radioactivity, or immediately
after the emission scan if the software provided a post-injection
transmission protocol.

B. Defect size determination

As described above, a transaxial volume is reconstructed at
the PET site and transferred to the core center, where it is post-
smoothed with a 3D Gaussian filter with 6 mm FWHM.

Then, the long axis of the left ventricle is indicated
manually in the transaxial volume image, the image is
resampled into radial slices and the left ventricular wall is
automatically delineated as described previously [3,4]. This
results in a three-dimensional delineation of the left ventricular
wall. From the delineation, a polar map is computed [3, 4].
For each pixel of the polar map, a single value is computed,
representing the regional transmural tracer uptake. In addition,
the left ventricular wall area represented by each pixel is
computed from the delineation. Thus, we can directly compute
the area of the left ventricular wall corresponding to a region
in the polar map, and the reported value is unaffected by
the deformations applied to compute that map. By reporting
the area rather than the volume, we eliminate the need to
determine the wall thickness accurately, which is difficult to do
in emission tomography.



Figure 2: Radial slice, short axis slice and polar map of a phantom
measurement. The first image of the bottom row shows the grid
which is used to define the normalization value and the perfusion
territory. The last image shows the perfusion territory used to exclude
the subendocardial defect, and the perfusion defect defined with a
threshold of 50%.

In figure 2, a grid consisting of 33 segments is shown. This
grid is used for two purposes. Firstly, the mean tracer uptake
in every segment is computed, and the maximum of those
values is used to normalize the entire polar map (so the mean
tracer uptake in this reference segment is regarded as 100%).
Secondly, the operator can define perfusion territories by
combining multiple segments into a single region of interest.

Finally, a threshold is applied to the pixels (not the
segments) of the perfusion territory to define the perfusion
defect. The procedure is illustrated in figure 2 for the analysis
of a phantom experiment. The last image shows the perfusion
territory in white, and the perfusion defect (for the large insert)
obtained with a threshold of 50% in grey. To analyse the other
defect, a second perfusion territory must be defined.

C. Reproducibility of defect size

The same phantom was scanned by the fourteen
participating PET-cameras and analyzed as described above.
Thresholds ranging from 30% to 80% were applied and the
corresponding defect size was computed for both inserts. The
polar map value in the transmural defect should be 0%, so
assuming that the edge response function is sufficiently sharp, a
good estimate of the defect should be obtained with a threshold
of approximately (100+0)/2 = 50%. Similarly, a good estimate
for the subendocardial defect is expected with a threshold
of about (100 + 50)/ 2 = 75%. Moreover, if the behavior of
all PET-systems is similar, they should all produce a similar
relationship between threshold value and estimated defect size.

D. Reproducibility of the spatial resolution

The spatial resolution of the post-smoothed OSEM
reconstructions was estimated from the short axis slices. The
short axis slice was modelled as the convolution of a high
resolution image with a Gaussian point spread function. Least
squares fitting was applied to determine the parameters of the
high resolution image and the width of the Gaussian kernel.

The width of the kernel (characterized by its full width at half
maximum or FWHM) was used as the estimate of the spatial
resolution. The high resolution image consisted of an annulus
with known dimensions (representing the wall). The position
of the annulus and the activities in the wall, the cavity and the
background were determined in the fitting procedure, together
with the width of the Gaussian. In the calculation of the high
resolution image, partial volume effects due to the finite pixel
size were taken into account. The procedure is illustrated
in figure 3. For each study, we analyzed two or three short
axis slices in which the inserts were not visible, and the mean
FWHM was reported.

Figure 3: From left to right: 1) the short axis slice, 2) the synthetic
high resolution image, 3) same after convolution with the Gaussian
point spread function, 4) the difference between 1 and 3.

E. Effect of number of iterations on the spatial
resolution

As stated above, we hypothesized that with post-smoothing
after 5 x 8 OSEM iterations, the reconstruction algorithm
will have a virtually position independent local impulse
response. This is only true if the spatial resolution after 5
x 8 iterations is close to the resolution of the ML-solution,
that is, the resolution after an infinite number of iterations.
This is obviously difficult to verify exactly, but a very strong
indication is obtained by comparing the resolution after 5 x
8 iterations with that obtained after “many” iterations. The
Leuven phantom experiment was reconstructed twice, once
with 5 x 8 and once with “many” iterations, implemented as
24 iterations of 8 subsets, 2 iterations of 4 subsets and two
iterations of 1 subset. For both images, the spatial resolution
was determined with the procedure described above.

F. Evaluation on normal volunteers

Maes et al [5] studied the myocardial tissue perfusion with
PET and '3N-ammonia early after successful thrombolysis.
They found that in 11 of 30 patients with normalized
myocardial flow below 50%, no recovery of left ventricular
function occurred at 3 months. One of the aims of the ongoing
trial is to test the hypothesis that the new agent reduces the
occurrence of this no-reflow phenomenon. For that reason, a
threshold of 50% was proposed to detect perfusion defects.

A second argument in favour of this threshold is produced
by the phantom experiments: as shown below, a threshold of
50% yields an accurate estimate of the defect size produced by
the transmural insert.

Because even with normal perfusion, the tracer uptake in
the human heart is not as uniform as it is in the phantom, the
error on the estimated defect size is expected to be larger than
in the phantom measurements. In principle, this could lead



to a misclassification of normally perfused myocardium as a
perfusion defect. Therefore, a final test of the 50% threshold
was done by applying the procedure to a series of archived PET-
studies of normal volunteers. We analysed 19 baseline 3N-
ammonia studies and 8 '®F-FDG studies.

[1l. RESULTS

A. Reproducibility of defect size

Figure 4 shows the relation between the threshold and
the estimated defect size for the two inserts and the 14
PET-systems. Except for extremely low or high thresholds, the
estimated defect sizes were very similar for all systems.

As expected, accurate estimates were obtained with a
threshold of 50% for the transmural infarct, and with a
threshold of 75% for the subendocardial infarct. The true
relative area of the large insert was 14.8%, mean and standard
deviation of the estimates with the 50% threshold were 15.1 +
0.6. The true relative area of the small insert was 4.80%, and
with the 75% threshold we obtained 4.89 % =+ 0.51 %.
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Figure 4: The phantom defect size as a function of the threshold, for
the two inserts and the 14 PET-systems. The horizontal dashed lines
show the true defect sizes.

B. Reproducibility of the spatial resolution

The spatial resolution of the short axis slices was 9.6 mm
+ 0.8 mm, the maximum was 10.9 mm, and the minimum,
8.5 mm. We found no relation between the resolution and
the system type. There was a weak but significant correlation
between resolution and pixel size (r = 0.53, P = 0.025), and no
significant correlation between resolution and plane separation.

C. Effect of number of iterations on the spatial
resolution

The spatial resolution of the Leuven phantom image was 9.2
mm with post-smoothing after 5 x 8 iterations, and decreased
to 8.1 mm when the procedure with increased iteration number
was applied.

D. Evaluation on normal volunteers

Figure 5 shows the results obtained in the normal ammonia
and FDG studies. With a threshold of 50%, defect size was zero
in all cases. With thresholds above 60%, relative defect sizes
exceeding 10% are obtained.
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Figure 5: The defect size as a function of the threshold in normals.
The left panel shows the relation in 19 normal ammonia studies, the
right panel is for 8 normal FDG studies. The three curves show the
mean, the minimum and the maximum defect size obtained for each
threshold.

V. DISCUSSION

The primary end points of the clinical multi-center trial are
the relative defect sizes as determined from baseline ammonia
and FDG studies. This requires accurate delineation of the left
ventricular wall, and accurate definition of the perfusion defect.
To optimize the performance of the semi-automatic delineation
procedure, it was decided to use maximum-likelihood
reconstruction rather than filtered backprojection. No adverse
effect of this choice on the kinetic modelling (secondary
end-points) is expected. Although many groups still prefer
filtered backprojection for kinetic modelling analysis, others
report good results with statistical reconstruction as well.
Schiepers et al [6, 7] found that with OSEM, the dynamic
curves were less noisy, which resulted in a smaller residue
after fitting. Boellaard et al [8] studied the effect of OSEM on
the kinetic analysis of dynamic FDG-images. They reported
a better signal to noise ratio for the tissue curves, and a
reduced noise contribution from the transmission scan with
OSEM as compared to FBP. The tissue curves from both
algorithms produced equivalent quantitative data. However,
they also observed positive bias in the later time points of the
input curve. This was probably due to zeroing the negative
values resulting from precorrection for randoms and scatter.
This effect is most pronounced for a low count region (the
blood pool at late time points) surrounded by regions of high
activity (the myocardial wall). Fortunately, in our study, the
quantification of myocardial blood flow was based on the first
few minutes of the study, where the bias was negligible.



The threshold of 50% produced accurate defect size
estimates for the transmural phantoms on all cameras. This is
in good agreement with the SPECT and PET cardiac phantom
study of Matsunari et al [9]. In addition, the evaluation in
normal volunteers showed that with this threshold, no false
positives are generated. However, the phantom experiment
also showed that the same threshold fails to detect the
subendocardial infarction. Maes et al reported that in about one
third of patients, persistent severe perfusion defects were seen
after successful thrombolysis [5]. In patients with a flow index
of less than 50%, no functional recovery was observed after
three months. Since the aim of the trial is to test the hypothesis
that the new agent reduces the occurrence of this no-reflow
phenomenon, the defect size obtained with a 50% threshold
was used as the primary end point. Figure 4 shows that the
relation between defect size and threshold is linear and similar
for all systems, indicating that the exact value of the threshold
is not very critical.

The difference in spatial resolution obtained with 5 x 8 and
with (24 x 8, 2 x 4,4 x 1) iterations was 1.1 mm. This shows
that the effect of incomplete convergence at 5 x 8 iterations
is small compared to that of other resolution degrading
factors. When applied to patients, the heart is moving during
the dynamic scan, which further degrades the resolution,
so it is concluded that 5 x 8 iterations is sufficient for our
purposes. Although more sophisticated methods exist to obtain
uniform resolution with statistical reconstruction [10, 11],
post-smoothed OSEM is currently probably the only one that
can be easily implemented with widely available software.

The spatial resolution (FWHM) in the short axis slices was
9.6 mm with a standard deviation of less than a mm, indicating
that by using the same reconstruction algorithm and the same
post-smoothing for all cameras, the site dependence of the
resolution is nearly eliminated. This may also be partly due to a
common strategy used on high resolution cameras, which is to
sacrifice some of the resolution to speed up the reconstruction
process.

The global spatial resolution can be represented as:

F=\[F2+F2+ F2+F? )

where F' is the global FWHM in the short axis slice, F
represents the sinogram resolution, Fi. is the effective point
spread function of the reconstruction algorithm, F), is the
FWHM of the post-smoothing filter and F; describes the
smoothing effect of the interpolation (reorientation to produce
the short axis slices).

The sinogram resolution F is position dependent. It allows
reconstruction with a resolution of 4-5 mm near the center,
and at 20 cm the resolution is about 5-7.5 mm tangentially,
7-9.5 mm radially and 6.5-8 mm axially for the PET systems
included in this clinical trial [12-15]. The effective point
spread function F,. of the reconstruction algorithm can be
estimated by comparing the resolution at 5 x 8 iterations with
that at the high number of iterations, assuming that the latter
is effectively converged: F,. = v/9.22 —8.12 = 4.4 mm. The

FWHM of the post-smoothing filter is fixed at F,, = 6 mm. The
FWHM describing the smoothing effect of the interpolation
is in the order of the pixel size, which was around 2.2 mm
transaxially and 2.9 mm axially for most systems. Setting F's
to 4.5 mm and F; to 2 mm the expected spatial resolution is 8.9
mm. With F;, =7 mm and F; = 3 mm the spatial resolution
increases to 10.6 mm. This is in good agreement with the
numbers obtained with the fitting procedure. It also suggests
that the position in the camera may be more important than the
effects of interpolation, explaining the poor correlation with
the pixel size.

V. CONCLUSION

The same phantom experiment was repeated on 14 scanners
in 13 PET centers. Excellent inter-center reproducibility
of defect size and global spatial resolution was observed,
indicating that myocardial images from different PET-centers
can be pooled for statistical analysis.
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