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The validity domain of voxel-based statistical anal-
ysis of SPECT neuroactivation studies with statistical
parametric mapping (SPM) has been investigated by a
limited number of theoretical and simulation studies.
In this work, an experimental setup is described with
an assessment of its activation detection performance
together with the influence of acquisition and process-
ing parameters. A subresolution sandwich phantom
was constructed using a printed high-resolution digi-
tal Hoffman phantom with a 99mTcO4–ink mixture. Ac-
tivations of 8, 16, and 24 mm diameter, with an inten-
sity ranging from 5 to 60%, were constructed in the
right frontal cortex, anterior and posterior cingulate,
and left striatum. Triple-headed SPECT acquisitions
were carried out using both fan-beam and parallel
beam geometry. The impact of activation characteris-
tics (size, intensity and location), study size, physical
degradation factors, and reconstruction technique
were studied using SPM99 in a group comparison de-
sign with correction for multiple comparisons. For a
15 � 15 design, all 24-mm activations of 5% intensity
were detected for the fan-beam data. Decreased focus
or study size, lower SPECT resolution, absence of scat-
ter, and attenuation correction resulted in an increase
in minimally detectable activation. For a single study
referred to 15 control studies, only 24-mm activation
foci with a minimal intensity of 10% were detected in
the optimal configuration. This approach allows ex-
perimental parameter optimization of SPM-based
group or single-subject SPECT activation studies com-
pared to normal data, as used in clinical applications.
In principle, these findings can be extended to SPECT
receptor studies or PET data. © 2002 Elsevier Science (USA)

INTRODUCTION

Statistical parametric mapping (SPM) is increas-
ingly used as an objective, whole-brain analysis tech-
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nique for functional single-photon emission tomogra-
phy (SPECT) both in research (Ebmeier et al., 1998;
Imon et al., 1999; Ito et al., 1999; Kogure et al., 2000;
Migneco et al., 2001; Patterson et al., 1997; Wong et al.,
1996) and direct clinical applications (Asada et al.,
2000; Laatsch et al., 1999; Lee et al., 2000; Signorini et
al., 1999). With the increasing resolution as well as the
possibility to attain quantitative parameters after at-
tenuation and scatter correction (Iida et al., 1998) or
simplified kinetic modeling (Odano et al., 1999; Van
Laere et al., 2001a), SPECT remains a promising tech-
nique for quantitative functional neuroimaging. Spe-
cifically for activation studies, SPECT also has a num-
ber of properties, which sometimes may favor its use
over PET or fMRI. Due to the “frozen image” properties
of 99mTc-labeled perfusion ligands, injections separate
from the gamma camera can be performed, which is
needed for the study of brain function in posture and
gait (Hanakawa et al., 1999b, a; Hayashida et al.,
1993), or in studies where the activation paradigm can
optimize the acquisition circumstances as in electro-
stimulation paradigms (Van Laere et al., 2000a) or
with psychiatric patients (Audenaert et al., 2000). Due
to its availability and low cost, its use in individual
patients with comparison to normal databases offers
prospects for a direct application of SPM in clinical
practice. To our knowledge, so far the sensitivity of
SPM in a clinical setting has not been studied in detail.

On the other hand, the major known limitation for
SPECT activation studies is the limited number of de-
grees of freedom inherently linked to the acquisition pos-
sibilities governed by the pharmacokinetic properties of
the radioligands used and the long half-life of the radio-
nuclides involved (6 h for 99mTc, 13 h for 123I). The ensuing
lack of information on within-subject variation in most
SPECT paradigms therefore has to be compensated by a
larger number of study subjects in order to perform a
sensitive statistical analysis (Lahorte et al., 2000).
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Identification of the validity domain of voxel-based
statistical analysis of emission tomography activation
studies remains a current issue. So far only a limited
number of theoretical and simulation studies have
been conducted with SPECT (Lahorte et al., 2000; Sta-
matakis et al., 1999) and PET (Davatzikos et al., 2001;
Fahey et al., 1998; Ishii et al., 2001). These studies
pertained to some aspects of the analysis procedure as
study design and specific patient population issues, but
were mostly limited by inherent assumptions regard-
ing the physical reconstruction and processing proce-
dures or involved simulated lesions. This gap in the
validation of brain imaging studies is related to the
availability of “signal known exactly (SKE) conditions”
or in other words the absent knowledge of the cerebral
activity distribution under experimental circum-
stances. The most obvious approach would be the uti-
lization of existing hardware phantoms which simulate
cerebral blood flow or metabolism. Whereas several
hardware phantom designs for radionuclide brain
studies exist (Hoffman et al., 1990; Rajeevan et al.,
1998) these suffer from adaptability for accurate acti-
vation or lesion studies. Therefore, in this study we
have constructed a hardware phantom based on a
stacked “sandwich” slice design, modified from the
original creation by Larsson et al., used for the study of
attenuation and scatter contributions in brain SPECT
(Larsson et al., 2000). The principle is based on discrete
sampling of radioactivity in 3-D objects by means of
subresolution-spaced equidistant 2-D planes, on which
a priori-defined radioactivity distributions are printed
using radioactive dye. This design theoretically allows
an experimental multiparameter study of all factors
involved in the voxel-based analysis of SPECT activa-
tion studies. These intrinsically range from acquisition
and processing factors, among which physical degrada-
tion factors such as attenuation and scatter, camera
resolution (partial volume effects), but also design pa-
rameters such as study size, activation/lesion intensity
and extent, all of which determine the sensitivity and
specificity of the SPM analyses.

Therefore, the aim of this study was threefold. First,
the feasibility and reproducibility of this experimental
approach was investigated. Second, activation detection
limits were investigated as a function of study and lesion
size as well as height threshold. Third, several physical
degradation parameters influencing activation detection
were investigated and compared to previously published
theoretical findings based on simulated SPECT data un-
der similar circumstances (Lahorte et al., 2000).

MATERIAL AND METHODS

Sandwich rCBF Phantom

The hardware part of the sandwich phantom and
digital slice representations are shown in Fig. 1. The
phantom consists of 4 mm PMMA (polymethylmeta-

crylate, density 1.10 gcm�3) discs of 200 mm outer
diameter, kept together by four PMMA screw rods for
compression of the inserted radioactive sheets as well
as the reproducible placement of the preformatted
printer sheets. The position reproducibility in the
phantom was below 0.5 mm.

A three-dimensional digitized mathematical Hoff-
man software phantom was used for the creation of the
stacked slices. This software phantom consists of a
128 � 128 � 128 matrix representation of the hard-
ware analogue (Hoffman et al., 1990). It represents the
brain blood flow distribution by means of a radioactiv-
ity distribution corresponding to relative activity con-
centrations of 5:1:0 for respectively gray matter, white
matter, and ventricular space (Larsson et al., 2000).
The size of the printed section corresponds to a maxi-
mal anteroposterior brain diameter of 188 mm, a width
of 133 mm, and a height of 128 mm.

Using IDL 5.1 (Research Systems Inc, Boulder CO),
this software phantom was interpolated into anisotro-
pic voxels of 2 mm in the transversal direction and 4
mm in the axial direction and converted to JPEG im-
ages of 72 dpi resolution in an 8-bit grayscale (256
values).

rCBF Activity Distribution

In order to obtain thin radioactive sheets, plain
printer A4-sized paper and a digital ink jet printer
(Hewlett-Packard DeskJet 930) was used. The ink con-
tainer of the printer was modified to allow fluid refill-
ing. A solution of 4.5 ml original black ink and 1.5 ml
containing about 3.7 GBq (100 mCi) of 99mTcO4 in aque-
ous solution was mixed and inserted into the ink con-
tainer. Before every scan, a test page was printed out
to assure homogeneity of the printer head output. For
each session, 27 radioactive sheets were produced tak-
ing about 30 min to complete a phantom setup.

Grayscale to Activity Calibration

To produce accurate relative activity distributions,
the relation between the digital screen grayscale ver-
sus activity intensity was experimentally measured by
a linear grayscale image (Fig. 2a). In order to make a
linearity correction, this curve was used as an input for
a black duotone correction (Fig. 2b) in Photopaint v.8.0
(Corel Corporation, Ottawa, Canada). As can be seen
from this figure, duotone correction is indispensable for
linear conversion of grayscale values to ink intensity.
The correction resulted in a linearity between 0 and
95% of the grayscale range.

Reproducibility and Uniformity Measurements

Variations in the amount of activity from sheet to
sheet were tested by printing out 25 identical and
consecutive copies of a phantom transaxial slice. Each
sheet was measured directly on the fan-beam collima-
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tor of one of the gamma camera heads and measured
for 1 min. Regions of interest in four neocortical regions
were defined and the slices were coregistered by a rigid
transformation algorithm using the Hermes system
(Nuclear Diagnostics, Hägersted, Sweden). Both the
absolute counts as well as normalized activity to the

total counts in the whole slice were compared. Planar
reproducibility was evaluated as the relative standard
deviation of the total counts, corrected for physical
decay in all images.

Uniformity was measured in a uniform black circle of
15 cm diameter and calculated as the relative standard

FIG. 1. (a) Schematic hardware design of the stacked phantom. (b) Representative digitized transaxial slices of the brain phantom,
formed by adding 2-mm-thick slices of the software representation.

202 VAN LAERE ET AL.



deviation of individual voxel counts in the central 10
cm disk of this image for a 10 Mcounts acquisition.

Three-dimensional activity reproducibility measure-
ments were carried out by analysis of four baseline
phantom experiments and both a within-run (repeat
acquisitions) and between-phantom (new printout)
measurement. These SPECT measurements were
quantified by means of a predefined whole-brain vol-
ume-of-interest (VOI) analysis after anatomical stan-
dardization, with automated semiquantification (Van
Laere et al., 2001b). The VOI size varied between 4.2
and 32.4 cm3.

Construction of Activation Foci

Four equally sized spheres were created in the three-
dimensional Hoffman software brain phantom. These
spheres were constructed by means of masks centered
on slice 15–16, which runs through the lower half of the
thalamus (Fig. 1). In order to simulate varying condi-
tions with different spatial relationships to surround-
ing cerebral structures and to remain consistent with
previous simulation studies (Lahorte et al., 2000), one
focus was placed in the anterior cingulate, one in the
posterior cingulate and one in the left anterior part of
the lentiform nucleus. One focus additional to the lat-
ter study was positioned in the right lateral frontal
cortex. In total, three different diameters were chosen:
8, 16, and 24 mm. Figure 3 shows the location of these
activation foci for an intensity of �20% above back-
ground level and diameter 24 mm. The voxel grayscale
value within the spheres was increased by a percent-
age �A of each initial voxel value, ranging from �A �
5, 10, 20, 40, and 60%. The maximum value of 60% was
chosen in the light of previous studies (Lahorte et al.,
2000) as well as logistic considerations in the digital
creation of foci on a 256-point gray scale. To study a
2.5% activation at the highest detection sensitivity (24
mm), each of the original reconstructed data of the 5%
activation were averaged with the corresponding base-
line studies to produce a simulated 2.5% activation
focus because of the low values on the 256 gray scale
(although this averaging approach may introduce pos-
sible bias due to noise reduction).

To construct the discretized set of spherical repre-
sentations, summed cylinders of 2-mm height and in-
tensity �A/2 were calculated and placed on each orig-
inal slice with the aid of masks. The radius at each slice
was calculated so that it corresponded to the sphere
segment volume of an imaginary continuous sphere.
Theoretical single activation volumes were thus 0.27,
2.14, and 7.24 cm3.

Construction of the activation phantoms was carried
out in a two-step procedure. First, a “blanc” (activation
free) phantom was printed, and immediately after-
wards the activation foci (calculated by the difference
between actvation image and this blanc brain) were
printed out for the slices where activation is present.
For each such brain slice, the two printed papers were
put on top of one another (�0.5 mm positioning accu-
racy) and then stacked into the phantom. This proce-
dure provides optimal accuracy in subsequent activity
measurement between baseline (blanc) and activation
scans.

SPECT Acquisition

All data were acquired on a Toshiba GCA-9300A
triple-headed camera (Dutoit Medical, Wommelgem,
Belgium), equipped with super-high-resolution lead
fan-beam collimators (SHRFB). For the study of the

FIG. 2. (a) Bar pattern used for grayscale versus activity cali-
bration. (b) Duotone calibration of the grayscale. The upper curve
(diamonds � interpolation dot-dash line) shows the measured re-
sponse curve for the bar pattern as in (a), the lower curve (trian-
gles � interpolation full line) is the inverted curve (� duotone cor-
rection curve), and the squares (� dotted interpolated curve) are the
resulting data points together with the line of equality.
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influence of resolution in foci detection, measurements
were also carried out with parallel low-energy high-
resolution collimators (LEHR). The corresponding res-
olution in air for these systems is given in Table 1, as
determined by a point spread phantom over the sensi-
tive volume of the gamma cameras. On average this
corresponds to 8.2 and 9.5 mm full-width-at-half-max-
imum (FWHM), respectively, for the fan-beam and par-
allel beam setup (Van Laere et al., 2001c).

The camera was operated in a brain dedicated mode
with a head dome at a fixed 132-mm radius of rotation.
A fixed 3-mm carbon fiber head rest was attached to
the bed. Acquisitions were performed in continuous
mode with in total 90 (3 � 30) projections in a 128 �
128 matrix. Scan duration was 5 s per projection angle.
A cumulative activity of approximately 10 Mcounts
was obtained for fan-beam data, corresponding to clin-

ical routine scans. For parallel beam data, this corre-
sponded to 8 Mcounts. For each phantom setup, 15
subsequent acquisitions were performed with a pro-
gressively increasing scan duration adjusting for the
physical decay of 99mTc. With the phantom remaining
in place, another 15 acquisitions were consecutively
performed with parallel beam collimation. Every ac-
quisition day, a new baseline scan was measured.

Scatter correction for emission scans was done by
means of the triple-energy window (TEW) correction
method prior to rebinning and reconstruction (Ichihara
et al., 1993). Symmetrical scatter windows were set at
7% apart from the 20% main window over the 140 keV
99mTc peak. In all cases, the main window was filtered
with a low-pass Butterworth filter of order 8, roll-off
0.16 cycles/pixel, and 0.09 cycles/pixel for the scatter
windows.

FIG. 3. Example of digitized activation foci (upper row) and SPM analysis in a 15 � 15 (Nactivation � Nbaseline) design. The second row shows
the SPM maps overlayed on the original single baseline SPECT reconstruction (fan-beam acquisition, scatter and uniform attenuation
correction, fan-beamfiltered backprojection reconstruction). The bottom row shows the glass brain representation of the same analysis.

204 VAN LAERE ET AL.



Fan-beam projections were converted to 128 � 128
parallel geometry data in 4-degree bins by the floating-
point rebinning software as supplied by the manufac-
turer. Rebinned voxel size was 1.72 mm for the fan-
beam acquisitions. For the parallel data the pixel size
was 2.56 mm.

Data Processing

The raw projection data were transferred after In-
terfile 3.3 conversion to a Hermes imaging platform
where images were reconstructed by filtered back-
projection (FBP) in a 1283 matrix. For iterative recon-
struction, the ordered subsets expectation maximiza-
tion (OSEM) algorithm was used (Hudson et al., 1994)
on a Sun UltraSparc10 platform after transfer of the
Interfile scatter corrected projection data.

Sorenson uniform attenuation correction (AC) with
an optimized effective attenuation coefficient of �eff �
0.105 cm�1 was applied (Stodilka et al., 1998b; Stodilka
et al., 1998a; Van Laere et al., 2000b). Circular atten-
uation contours corresponding to the phantom diame-
ter were used in both reconstruction procedures. For
OSEM, this was done by constructing a uniform trans-
mission image centered around the emission image.

For all FBP reconstructed images, prefiltering was
performed by a Butterworth filter of order 8 and roll-off
0.90 cycles/cm. Emission maps from iterative OSEM
images were calculated with 6 subsets (15 projections)
and 15 iterations with Butterworth postfiltering (order
8, roll-off 0.4 cycles/pixel). The collimator was modeled
with its focal length of 397 mm and a constant point-
spread function (PSF) of 3.1 mm.

Statistical Parametric Mapping

All images were converted from the Interfile 3.3 to
the Analyze format using the in-house MedCon soft-
ware. Analysis was done using SPM99 (Wellcome De-
partment of Cognitive Neurology, University College,
London) running on Matlab 6.0 (Mathworks Inc., Sher-
born, MA) under Windows98. All calculations were
carried out on a Pentium III 800 MHz PC.

It is clear that, by construction, all rest and activa-
tion studies are realigned within the same group, so no
intraset realignment was necessary. Before anatomical
standardization, the mean study of 15 acquisitions was
coregistered to the mean study of the corresponding
baseline study set with a 6-parameter rigid transfor-
mation algorithm. Then the mean study of each base-
line set was coregistered to the mean of a chosen base-
line study, which was then used for subsequent
anatomical standardization. Anatomical standardiza-
tion was done using previous manually matching to a
human template, since exclusion of lower cerebellar
slices as in the digital Hoffman representation leads to
inappropriate z-axis elongation (Van Laere et al.,
2001d). Anatomical standardization to the stereotacti-
cal Montreal Neurological Institute (MNI) SPECT tem-
plate in SPM99 was done with nonlinear parameters
(2 � 3 � 2 basis functions, 5 iterations) and bilinear
interpolation. The resultant voxel size after anatomical
standardization was set at 3 � 3 � 3 mm.

For the statistical analysis, fan-beam data were
smoothed with an isotropic 16-mm 3-D Gaussian ker-
nel, while for parallel beam data a kernel of 18 mm was
used. These choices were made from an optimization
procedure for this specific detection task (see further).
The confounding effect of global activity was removed
by proportional scaling to a global value of 50 ml/min/
100 g, since the proportional scaling method can be
preferred over ANOVA in relative activity measure-
ments (Acton et al., 1998; Stamatakis et al., 1999). A
gray matter threshold of 0.80 was used since tests
showed that lower values induced false-positive clus-
ters at the image edges.

Differences between groups were studied by a cate-
gorical population-comparison design with 1 scan/sub-
ject (voxelwise t test). Contrasts were defined to exam-
ine areas of higher tracer uptake in the activation
scans. The obtained SPM{T} map was interrogated at a
height threshold of pheight � 0.05 and fixed extent
threshold of 10 voxels, corrected for multiple compari-
sons.

TABLE 1

Spatial Resolution for the Toshiba CGA-9300A Gamma Camera as a Function of Radial Distance R
from the Central Axis of Rotation

Collimator SHRFB LEHR

R (cm) 0 4 8 0 4 8

FWHM x 7.5 (0.7) 7.5 (0.6) 7.5 (0.7) 9.7 (1.0) 9.6 (0.4) 9.7 (0.3)
FWHM z 8.4 (0.4) 8.8 (0.2) 9.4 (0.3) 9.4 (0.4) 9.1 (0.4) 9.6 (0.7)

Average
FWHM 8.2 (0.7) 9.5 (0.4)

Note. x, radial; z, axial direction; detector radius Rdet � 13.2 cm.
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RESULTS AND DISCUSSION

Two- and Three-Dimensional Reproducibility of
Activity Measurements

The average uniformity of the measured 2-D activity
was 1.8 � 0.6%. Activity reproducibility over the pla-
nar phantom slice measurements was 0.9 � 0.7% for
the relative measurements (normalized to the total
slice activity) and 2.3% for the absolute slice activity
(all data corrected for decay).

The three-dimensional “intraphantom” activity re-
producibility, expressed as the coefficient of variation
for all VOIs between acquisitions of the same phantom,
was 2.3 � 0.7% for the absolute activity measurements
and 1.2 � 0.2% for the relative measurements (normal-
ized to the total VOI counts). On the other hand, the
relative interphantom activity reproducibility was
4.9 � 2.2%. These results therefore favor the approach
of adding the activity sites onto the baseline phantom
instead of printing out an entirely new phantom for
each acquisition.

The values for uniformity and two-dimensional re-
producibility are in agreement with those reported by
Larsson et al. (2000). Generally, it can be concluded
from these calibration measurements that activity re-
producibility and uniformity are presumably sufficient
in order to accurately monitor small activity changes
up to a few percent.

Optimization of Preprocessing Parameters: Gray
Matter Threshold and Gaussian Smoothing Kernel

The gray matter threshold was varied between 0.1
and 0.95 for several activation combinations at 24 mm
foci. Less than 1% variability in the resulting extent k
values (kE) was found for the three innermost activa-
tions, while for the cortical right lateral frontal activa-
tion at low threshold values (�0.6) an additional cor-
tical rim of low significance at the inferior rim of the
studied volume appeared. Probably discrete registra-
tion differences between baseline and activation stud-
ies can produce exaggerated rim effects, especially
since all baseline and activation studies were acquired
with an immobile phantom, so no intrasubject move-
ment was present. The cluster extent value was stable
within a few percent from a threshold value of 0.80 on
(default value), so this was kept for the subsequent
analyses.

Spatial filters are commonly used in the postprocess-
ing of functional image studies to enhance signal de-
tection and smooth the image prior to group analysis.
The size of the smoothing filter is one of the many
parameters that can be adjusted in an SPM analysis.
The process of smoothing decreases the magnitude of
the original activation perfusion increase, along with
the desired decrease in variance. Whereas under-
smoothing will increase image noise, oversmoothing
reduces the anatomical specificity and may reduce sta-

tistical significance (Stamatakis et al., 1999). To opti-
mize the postnormalization smoothing kernel neces-
sary for the general linear model approach, both for the
fan-beam data as well as the parallel beam data, a
sequence of Gaussian isotropic smooths was applied
ranging from 0 (unsmoothed), up to 3 times the FWHM
of the fan-beam data (24 mm). This experiment was
conducted for the activation of 20% at a focus size of 24
mm and a (15, 15) design (i.e., 15 baseline and 15
activation studies).

As can be seen from Figs. 4a and 4b the T statistic is
maximal at approximately 2 FWHM for most clusters
(between 14 and 16 for the fan-beam data and between
16 and 18 for the parallel beam data). Generally, be-
tween 1.5 and 2.5 FWHM the values are a relatively
smooth function of the kernel size except for the high-
est significance cluster. Second, the effect on the sen-
sitivity of detection is demonstrated in Figs. 4c and 4d,
where the minimal number of study pairs necessary for
focus detection is shown. Between 1.5 to 2.5 FWHM, a
practically constant plateau is reached with a slight
amelioration at 16 mm for the fan-beam data for cin-
gulate activations and for the parallel data at 18 mm.

These data show that the optimum T statistic de-
pends on the actual size of the activation (since the
true gray matter volume is different for the four foci) as
well as its surroundings. It is the lowest for the striatal
focus and highest for the anterior cingulate focus,
which is embedded completely in gray matter. When
both acquisition modalities are compared, from this
figure it can already be noticed that higher T statistic
values are found, as well as on average a lower detec-
tion limit indicating a higher sensitivity, in favor of the
fan-beam acquisitions at this particular focus size and
intensity. We have shown experimentally that the re-
binning procedure reduces the tangential FWHM with
increasing radial distance, ranging from 7 mm at the
center to 9.5 mm at the radius of 12 cm. Therefore, a
partial explanation for the observed differences may be
due to different radial resolution profiles for both meth-
ods.

Although the subject would deserve a study on its
own, the influence of filtering on detectability was in-
vestigated in order to choose an appropriate value for
the further data processing in this work. The impor-
tance of the optimal spatial filter for SPM analyses has
been recently studied in the case of fMRI (White et al.,
2001). The authors found an optimal combination in
order to blend functionally homologous anatomic re-
gions yet small enough not to blur functionally distinct
regions (Friston et al., 1991), which in their case of
sensorimotor activation by finger tapping was maxi-
mally 6 mm. The relationship between the smoothing
filters and the spatial size of the activation to be de-
tected is known to be a critical determinant of the
power to detect the activation (Kapur et al., 1995).
Intrinsic smoothing by the limited resolution of the
imaging system implies for a sphere with a diameter
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equal to the FWHM that the original increase is atten-
uated to half its original magnitude.

Generally, the discussion on activation-specific
and thus variable filtering is a difficult issue since
under general pathophysiological circumstances no
specific activation size is known (Poline et al., 1994).
Hence a general “workable” optimum should be
found. The current sandwich-phantom approach may
be incorporated into a more detailed study where
these parameters are investigated for several activa-
tion sites and sizes under the SKE condition. Effec-
tiveness of atlas-based spatially adaptive filtering,
which reduces the inevitable constraints of spatially
invariant filtering as used here, has been investi-
gated by Davatzikos et al. (2001). This approach,
where washout of activation foci that are close to the
boundaries of structures is avoided (e.g., as for the
anterior striatum which is closely surrounded by
white matter), may improve sensitivity, but requires
definition of specific structures for each subject from
anatomical sources such as MRI.

In conclusion, increased smoothing thus produces
higher T statistics by reducing noise, whereas an over-

smoothing again diminishes detectability. The cluster
size increases with smoothing at the same statistical
thresholds. The study of true volume detection is
formed by an interplay of the smoothing parameter
and the height/extent detection threshold and was not
considered as the subject of this study.

Detection Sensitivity: Statistical Thresholds and
Minimal Number of Study Pairs

The detection sensitivity of the SPM procedure was
investigated for every (baseline, activation) combina-
tion ranging from (3, 3) to (15, 15). Detectability was
defined as the ability to localize the activation focus as
a single cluster with the maximum intensity inside the
volume of the constructed activation. After the above
described anatomical normalization procedure, the ac-
tivation foci were situated with maxima located at (x,
y, z) � (3, 45, 0) for the anterior cingulate, (51, 21, 3) for
the right lateral frontal, (0, �54, 6) for the posterior
cingulate, and (�24, 6, 3) for the left striatal location,
i.e., in a plane discretely tilted with respect to the
AC–PC plane.

FIG. 4. Optimization of the smoothing kernel for fan-beam (left) and parallel beam data (right). The upper figures show the T statistic
at the maximal voxel intensity for the four activation foci as defined in the text: anterior cingulate (closed diamonds), right lateral frontal
(closed triangles), posterior cingulate (open squares), and left anterior striatum (open circles). The bottom row shows the minimal number
of paired studies (baseline and activation) necessary for detection. The optimal smoothing kernel is indicated with an arrow for both
collimator types.
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Figure 5a shows the results of detectability for fan-
beam data, corrected for scatter and attenuation and
reconstructed by means of FBP. The curves were ob-
tained by a fitting to the measured data at 5, 10, 20, 40,
and 60% activation, by means of an inverse function:

y � a0 �
a1

x
, (1)

where the parameters a0 and a1 were calculated from
the curve estimation module in SPSS v10.0 for Win-
dows (SPSS Inc, Heverlee, Belgium). This empirical
model showed the best regression parameters over
other mathematical models for most of the data in this
study. For this set, the R values ranged from 0.93 to
0.999. Table 2 gives the minimal number of detection
pairs as used for the creation of the inverse relation

FIG. 5. Detection sensitivity as a function of activation intensity and the number of study pairs (Nactivation � Nbaseline). (a) Fan-beam data
with scatter and attenuation correction and FBP reconstruction. (b) Fan-beam with iterative (OSEM) reconstruction. (c) Fan-beam as in (a)
but without scatter correction, (d) as in (a) but without attenuation correction. (e) Parallel beam data with FBP, attenuation, and scatter
correction. The full lines represent 24-mm activations, dashed lines 16-mm activations, and dot-dashed lines in (a), (b), and (e) the 8-mm
activation.
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curves as well as the fit parameters. The first pair size
at which no cluster was detected was put at a value of
16 when the previous pair was below 12.

As can be seen from Fig. 5a, the curves for 24-mm
activations (solid lines) show some variance depending
on the location of the activation. The highest sensitiv-
ity is reached for the anterior cingulate and lateral
frontal cortical focus, which are detected in a (4, 4)
combination. The lowest sensitivity was present for the
striatal activation, which is due to the incomplete in-
clusion of gray matter in the largest activation volume
(Fig. 3). With the optimal acquisition and reconstruc-
tion parameters, the 5% lesions were visible at (10, 10).
At the calculated 2.5% activation level, no foci were
detected at levels corrected for multiple comparisons,
in spite of the artificial noise reduction through aver-
aging of the baseline and 5% activation. The inverse
curve fitting model predicts that for a (15, 15) combi-
nation, activations as low as 3–4% can be detected for
24-mm activations. For the 16-mm size, (5, 5) to (6, 6)
combinations are detectable, while the lowest activa-
tion detection for a (15, 15) combination is slightly
below 10%. In Fig. 5a, the fitted lines for the cingulate
and lateral frontal cortex foci coincide. As expected
from theoretical considerations as well as previous
simulation studies, the detection of activations of 8
mm, which is at the resolution limit, is difficult: a (10,
10) combination for 60%, while at (15, 15) only 40%
activations are found. Figure 6 shows the detection
curves averaged from the four activation foci.

For the activations of 24 and 16 mm, the T statistic
derived at the peak voxel was highly significantly cor-

related to the original activation (Pearson correlation
0.976–0.997, P range 0.003–0.024), with a slight sat-
uration effect for the 16 mm foci in the striatum and
posterior cingulate. Figure 7 shows the linear regres-
sion between the T statistic and 24-mm original acti-
vation foci in the range of 5–60% for the fan-beam data
with FBP and attenuation and scatter correction.

With correction for multiple comparisons, no false-
positive intracerebral clusters were detected at the
level of pheight � 0.05.

The main cause for decreased activation detection
with lower focus diameter is the partial volume effect,
where blurring of activity over larger volumes reduces
the central activation intensity. This limits intrinsi-
cally the minimal focus detection of SPECT activation
studies. Possibly, new instrumentation advances such
as the recently marketed NeuroFocus (Neurophysics
Corporation, Shirley, Massachusetts) multiconebeam
system with an intrinsic resolution of 3 mm may allow
future enhancements in SPECT activation detectabil-
ity.

Detection Sensitivity: Single Study versus Normal
Data

An important clinical question in the context of brain
mapping is how many normal studies are necessary for
detection of certain activations in single subjects. To
simulate this clinical situation, where a single subject
is compared to a group of healthy volunteers, the sen-
sitivity for the (15, 1) image combination was assessed.
Figure 8 shows the T statistic as a function of threshold
for the four 24-mm activation foci. In the case of 16-mm
activations, only 40 and 60% were detected for the
anterior cingulate cluster, and only 60% was detected
for the lateral frontal cluster. The other clusters were
detected merely at uncorrected thresholds up to 10%.
At this level there was no appearance of false positive
clusters.

FIG. 6. Detection sensitivity as a function of activation intensity
and the number of study pairs (Nactivation � Nbaseline), averaged over the
four activation foci. Legend: FBP FB, fan-beam and filtered back-
projection fan-beamwith all corrections (Fig. 5a); OSEM, iterative
reconstruction (Fig. 5b); FBP no scatt, FBP without scatter correc-
tion (Fig. 5c); FBP no att, FBP without attenuation correction (Fig.
5d); FBP PAR, FBP for parallel beam with all corrections (Fig. 5e).
The lower 5 lines represent 24-mm activations, the upper 5 lines
show the results for 16-mm activations.

FIG. 7. T statistic at the maximum voxel value as a function of
activation (5–60%) for the 24-mm-diameter foci in the FBP fan-beam
reconstruction situation, corrected for attenuation and scatter. Open
squares, anterior cingulate focus; open diamonds, lateral frontal;
stars, posterior cingulate; triangle, anterior striatum.
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TABLE 2

Minimal Focus Activation Levels Required for Detection Depending on Collimation, Reconstruction,
and Physical Correction Procedure

Reconstruction
Att
corr

Scat
corr

Activity
level Parameters

Focusb

24 mm 16 mm 8 mm

AC RLF PC LSTR AC RLF PC LSTR AC

Fan beam
FBP � � 60 4 4 5 5 5 5 5 6 9

40 5 5 5 5 6 6 7 7 14
20 5 5 6 7 9 9 10 10 —
10 6 6 6 8 13 13 15 — —
5 7 8 8 10 — — — — —
2.5 — — — — — — — — —

a0 3.33 3.41 3.99 4.52 3.46 3.46 2.96 4.00 1.7
a1 29.1 29.7 27.9 32.6 94.8 94.8 143.1 120.0 500
R2 0.932 0.967 0.949 0.978 0.998 0.998 0.984 1.000 —

OSEM � � 60 4 5 5 5 7 5 7 6 12
40 5 5 5 6 7 6 7 7 —
20 6 6 6 9 12 11 12 12 —
10 6 6 8 9 — 14 — — —
5 10 — 8 — — — — —
2.5 — — — — — — — — —

a0 3.91 3.01 4.58 4.66 5.06 3.79 5.06 4.45 —
a1 29.2 58.6 28.4 55.4 113.6 108.6 113.6 121.0 —
R2 0.931 0.874 0.973 0.941 0.955 0.922 0.954 0.953 —

FBP � � 60 5 5 5 5 7 6 7 8 —
40 5 5 5 6 7 7 7 8 —
20 7 7 8 11 12 11 11 11 —
10 11 9 — 13 — — — — —
5 15 15 — — — — — — —
2.5 — — — — — — — — —

a0 3.40 4.09 3.32 4.14 5.06 4.23 5.44 5.44 —
a1 75.1 50.4 110.7 96.3 113.6 120.5 105.7 105.7 —
R2 0.990 0.973 0.971 0.874 0.955 0.987 0.961 0.961 —

FBP � � 60 5 5 5 5 6 6 7 7 15
40 5 5 5 5 6 6 7 7 —
20 5 5 6 6 10 9 10 10 —
10 6 7 7 8 13 12 15 — —
5 — — — — — — — — —
2.5 — — — — — — — — —

a0 1.38 1.40 1.45 1.47 4.51 4.29 4.95 4.60 —
a1 6.40 6.55 6.32 6.45 88.4 87.9 100.2 112.0 —
R2(S) 0.909 0.959 0.973 0.997 —
R2(inv) 0.873 0.921 0.928 0.967 0.949 0.988 0.992 0.992 —

Parallel
FBP � � 60 5 5 5 5 5 5 6 6 14

40 5 5 5 5 7 7 8 7 —
20 6 5 8 8 10 11 11 11 —
10 6 6 8 8 13 15 — — —
5 — — — — — — — — —
2.5 — — — — — — — — —

a0 3.13 2.84 3.98 3.98 4.42 3.96 4.74 4.23 —
a1 59.6 60.8 59.0 59.0 90.4 115.6 115.1 120.5 —
R2 0.929 0.920 0.972 0.972 0.937 0.955 0.984 0.986 —

a Inverse function y � a0 � a1/x. For the non-attenuation-corrected data at 24 mm, the sharp increase from activation level of 10% to no
detection at 5% was modeled better by an S-curve (ln y � a0 � a1/x) given by the first row R2 values.

b AC, anterior cingulate focus; RLF, right lateral frontal; PC, posterior cingulate; LSTR, left striatum. For 8 mm, only activations for the
anterior cingulate focus were detected.
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This result shows that the activation size greatly
influences the detection capabilities of individual stud-
ies and also indicates that SPM, using the current
Bonferroni correction for multiple comparisons, may be
relatively insensitive to focal activations, since 10%
differences are fairly easily observed visually by expe-
rienced clinicians.

Detection Sensitivity: FBP versus Iterative
Reconstruction

In a previous simulation study, iterative reconstruc-
tion was shown superior over the filtered backprojec-
tion approach (Lahorte et al., 2000). Therefore, the
impact of reconstruction method was investigated. Fig-
ure 5b shows the results for focus detection with OSEM
reconstruction. Although comparable levels of minimal
pair and projected threshold levels of about 3–4% for
the anterior cingulate and frontal focus size were
found, slightly higher pair values were present in gen-
eral. This can best be observed from the averaged
curves for 16 and 24 mm in Fig. 6. Especially for the
16-mm foci the minimum number of image pairs for a
specific activation detection task is higher. For 8 mm,
the anterior cingulate cluster was detected at a (12, 12)
combination and 60% activation, while at 40% it could
not be found any longer.

Therefore, the iterative reconstruction procedure as
followed here, with the same parameters as in the
theoretical simulation study, did not enhance the FBP
reconstruction under the present circumstances.

Although previous studies have shown that the iter-
ative reconstruction algorithm as compared to FBP
could be advantageous regarding noise properties (Kim
et al., 1993; Llacer et al., 1993), our results cannot
confirm an increased detection sensitivity. Although

the iterative reconstruction technique has been shown
to ameliorate the gray/white matter ratio (Kauppinen
et al., 2000), there is no unambiguous advantage in
relative gray matter quantification (Boellaard et al.,
2001; Van Laere et al., 2000b). Especially the clear-cut
difference as found in simulation studies (Lahorte et
al., 2000) cannot be confirmed from these experimental
data. Possible reasons for this discrepancy can be
found in several issues. The level of postreconstruction
filtering in both methods was so that approximately
the same level of noise in the reconstructed images was
present, as was measured by the standard deviation in
homologous regions after rigid coregistration of the
same studies. A possible factor which may have exag-
gerated the OSEM advantages in the simulation study,
was the fact that the projector component of the pro-
jector-backprojector pair used in OSEM was the same
as the projector in the simulation (Lahorte et al., 2000).
Therefore, this OSEM reconstruction was “matched” to
the simulation, whereas FBP did not have a priori
information on the model used. Secondly, unlike the
simulation study, direct reconstruction in OSEM was
compared to rebinning and FBP for fan-beam geome-
try. Possibly the model used for OSEM reconstruction
may have been suboptimal for this reconstruction,
since a constant point-spread function may be an over-
simplification of the resolution characteristics of a fan-
beam collimator.

Influence of Physical Degradation Factors

Scatter correction. The results for the activation
detection sensitivity are shown in Fig. 5c for the data
without scatter correction. It is obvious that both the
detection limits at 15 � 15 image pairs, as well as the
minimal pair combination at high activation levels are
increased without the application of scatter correction.
As can be seen from Fig. 6, scatter correction is the
largest factor that decreases the sensitivity of the anal-
ysis, more than resolution or reconstruction technique.

Scatter is responsible for about 30% of photons in a
20% energy window around a 140 keV 99mTc photon for
human brain SPECT images (Hashimoto et al., 1997).
Therefore, it strongly reduces contrast between white
and gray matter (Stodilka et al., 1998c; Van Laere et
al., 2000b), and thus also between activation and nor-
mal gray matter. Its correction using the TEW method
in this study resulted in an increase of contrast (gray:
white ratio) of 15–21% in the reconstructed images
(measured on transaxial slices above the roof of the
ventricles in the phantom).

Attenuation correction. For the photons from 99mTc
labeled SPECT radioligands, AC in the phantom re-
sulted in an activity ratio increase of 20% between
thalamus and cortical regions measured by equal
6-mm square ROIs. Figure 5d shows the differences
obtained for the three activation sizes concerning de-
tection thresholds and minimal image pair necessary

FIG. 8. T statistic at the maximum voxel value as a function of
activation for a single study versus 15 reference studies, in a group
comparison design. Open squares, anterior cingulate focus; open
diamonds, lateral frontal; stars, posterior cingulate; triangle, ante-
rior striatum.
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for detection. Although the T statistics were slightly
lower than in the case of fully corrected data, the
minimal image pair did hardly differ for the higher
activations. However, at the lowest activation of 5%
and 24-mm foci, the clusters remained undetected at
the corrected height threshold. Because of this, the
best curve fit for these 24-mm data was obtained from
an S-curve type of the model (Fig. 5d):

ln y � a0 �
a1

x
. (2)

The obtained R2 values achieved significantly better
results than the inverse function, due to the steep
increase in minimal detection pair for the 5% activa-
tion. For comparison, the R2 values for the inverse
curve are also given in Table 2.

Calculated prereconstruction AC, as was done in this
study, does not increase the noise content of the im-
ages, and since a mere radial scaling factor is applied
to the digital image data, one would expect that this
type of AC does not influence the relative comparison
to equally reconstructed normal data. As can be seen
from Fig. 6, the absence of AC did on average result in
only a small decrease of sensitivity both for the 24- and
16-mm curves, compared to the other considered phys-
ical factors such as scatter and resolution (see further).
However, at low activity thresholds and low degrees of
freedom, differences were significant. A possible expla-
nation for this may be given by the difference in nor-
malized activity, where cortical regions relatively add
more weight to the activity normalization procedure as
is done in the SPM proportional scaling design. This
would favor the neocortical brain regions more than
the central regions. In the current study design, all
activations were located toward the interior of the
phantom (both the cingulate and striatal activations,
but also the lateral frontal focus since a cylindrical
phantom was used), thereby lowering the relative ac-
tivity for the same intrinsic variance at these locations,
hence lower t values. This hypothesis is confirmed by
the relative T statistic. For example, for the 40% acti-
vation and 24-mm focus, the T statistic with AC is
lower for the most radially distant foci (anterior and
posterior cingulate): 58.3 and 41.9 with AC versus 61.5
and 44.3, respectively, without AC, while the radially
more central foci (lateral frontal and striatum) are
higher with AC: 46.8 and 30.0 with AC versus 42.7 and
27.2 without AC.

Since a uniformly assumed cylindrical phantom was
used in this study, this situation may oversimplify the
actual circumstances in human studies. Not only will
contour thresholding induce differences between sub-
jects, but also nonuniform measured attenuation will in-
crease the noise level of the reconstructed data (Van
Laere et al., 2001b) and is therefore expected to reduce
the power of the statistical analysis. On the other hand,

due to the anatomical normalization procedure and the
physiological variability in human cerebral and skull size
(thus differences in attenuation map), the use of data
without AC would increase this variability substantially.
Due to these contrasting effects, we conclude that it re-
mains to be experimentally proven whether activation
studies by measured AC provide better analysis results
with SPM than no AC at all.

Resolution. Figures 5e and 6 show the results for
the detection level for the parallel beam data. Also in
this case, a slight increase in minimal detection pairs
was found, slightly higher than for AC and OSEM, but
not as important as the scatter correction. The mini-
mum 24-mm activation detection at (15, 15) is 5%
irrespective of focus location, which is only slightly
higher than for the fan-beam data. Also the 10% level
for (15, 15) 16-mm activations is only modestly higher
than for fan-beam activations. On the other hand, es-
pecially for the 16-mm activations, a higher number of
image pairs is necessary in order to obtain detection.

Comparison of the Results to Theoretical Predictions

In Figs. 9a and 9b, the comparison to the theoreti-
cally derived values for the same gamma camera is
shown for FBP fully corrected (parallel data) and
OSEM (fan-beam data). For this figure, only the opti-
mal cluster detectability is shown (anterior cingulate)
to allow a fairer comparison since in the simulation
study the activation intensity of the central voxel was
given to the whole activation sphere, while in this
study, another (more realistic) approach was followed
by constructing a relative activation over this sphere.
The comparison with the anterior cingulate mostly re-
flects the optimal case where all included brain volume
is gray matter. These results show the same trend for
both reconstruction methods. At less than 10 image
pair sizes, the simulation clearly underestimated the
minimal activity detection. For the iterative recon-
struction, even though experimentally only fan-beam
data were reconstructed instead of parallel beam in the
simulation, at the focus of 16 mm a systematic under-
estimation of the detectable activation is seen while
good agreement is present for the higher image pairs
for the 24-mm activations. For the parallel beam with
its actual collimator image properties, the calculated
levels of activation detection agree nicely from 10 pairs
onwards. Discrepancies with OSEM and at lower im-
age pair numbers are probably at least in part due to
the different definition of the activity in the focus
sphere which results in a lower true activation volume
for this experimental study. Also, in the simulation
study the Gaussian smoothing kernel was 12-mm
FWHM, which in retrospect may not have been the
most adequate for an optimal sensitivity in view of the
findings presented above, but which would have in-
creased the difference with the experimental results.
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The activation detection was also lower than in a
similar simulation study using 18F-FDG (Fahey et al.,
1998), where with 7-mm simulated PET resolution and
FBP for a (5, 5) combination 10-mm activation sites
with a 15% increase over baseline could be detected.

Methodological Issues and Limitations of the Study

It is important to assess to what extent this simula-
tion study and its results pertain to actual human
activation studies. Modeling of real human brain acti-
vation studies requires incorporation of a multitude of
parameters regarding acquisition, reconstruction and
analysis. In contrast to the (few) existing studies using
theoretical simulation designs for SPECT or PET that
have been published (Lahorte et al., 2000; Davatzikos
et al., 2001) or software-adjusted tomographic patient
data where artificial defects were created (Stamatakis
et al., 1999), our study has specifically worked with
experimentally obtained data regarding both acquisi-
tion en reconstruction as used in typical human stud-
ies. These parameters include camera specifications

such as resolution, realistic Poisson statistics, utilized
reconstruction schemes, and correction factors for
physical degradation. Realistic aspects of the data
analysis procedure have been investigated, such as
preprocessing thresholds, smoothing, and statistical
thresholds. The main advantage of this experimental
approach lies in the availability of a gold standard
which is almost impossible to achieve with real human
data and is thus the only way of assessing the absolute
performance of these brain mapping analyses.

Nevertheless, some aspects in the complete modeling
proces need to be refined to further approximate the
true human activation paradigm. This concerns factors
such as patient motion and spatial normalization, vari-
able brain size and possible irregular activation size
and magnitude. Motion artifacts, intersubject coregis-
tration and spatial normalization can further deterio-
rate the sensitivity for activation detection and should
be subjected to further study. For example, the accu-
racy of coregistration for SPECT perfusion studies is
lower than 2 mm translation, 1% scaling, and 1° rota-
tion (Van Laere et al., 2001d), but as it is unknown to
what extent these errors may influence the perfor-
mance of an SPM analysis, where smoothing is per-
formed and cluster extent is also considered, these
aspects need to be elaborated further.

However, the same experimental design could be
adapted to study most of these factors. Patient motion
could be simulated by moving the phantom at random for
each single data acquisition within a realistic range; the
size and shape of the standard phantom brain can easily
be adjusted from discretized actual patient MR scans to
model intersubject variability in size and shape and
study the effect of anatomical (linear or nonlinear) stan-
dardization; thirdly, more sizes and shapes of activation
foci may improve closer matching, but as with any sim-
ulation study this may lead to a very complex and in
practice not necessarily more useful approach. Overall, it
should be kept in mind that the results obtained in this
study thus need to be seen as an lower limit to the
sensitivity of real human SPECT activation studies un-
der clinical conditions.

This study shows that a relatively large size of acti-
vation focus is needed at levels common to cognitive
paradigms. This limit to the statistical power is di-
rectly related to the low degrees of freedom of SPECT
activation studies with at most a few repeats per sub-
ject (Barnes et al., 1997), therefore limiting an estimate
of within-subject baseline variance (Kapur et al., 1995).
In this study, the number of false-positive intracere-
bral clusters was almost absent when the correction for
multiple comparisons was made. At an uncorrected
height threshold of pheight � 0.001, all 2.5%, 24-mm
activations were detected even at a (11, 11) study size,
albeit with inclusion of two false-positive clusters. The
number of false positive clusters increased with a
smaller focus size. In previous studies, it has been
suggested to use the more liberal uncorrected thresh-

FIG. 9. Comparison of measured and theoretically predicted sen-
sitivity as function of image pairs necessary for the detection of 16-
and 24-mm activation foci, both for FBP fully corrected (a, parallel
data) and OSEM (b, fan-beam data). The error bars indicate the
activation step size that was used in the theoretical simulation study
(Lahorte et al., 2000).
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old P � 0.001, which protects to some extent from
false-positives (Bailey et al., 1991; Signorini et al.,
1999). Nevertheless, in the absence of underlying a
priori hypotheses, such an approach cannot be statis-
tically justified as a general rule. Therefore, to sharpen
the existing multiple comparison procedures, other
less conservative approaches to correct for the repeated
testing of a null univariate hypothesis in each of many
sites (Turkheimer et al., 2001) would be of great value
for these types of studies.

The apparent volume of activation in an SPM map does
not represent the real volume of activated cerebral tissue
(Friston et al., 1994). Recovery of the true volume of
activation may be of clinical and research interest. How-
ever, this does not only depend on partial volume effects
and reconstruction methodology, but also on the statisti-
cal thresholds used in the analysis, and therefore consti-
tutes a complex aspect. It was not considered in this work
and is deferred to later studies in combination with par-
tial volume correction schemes.

One of the technical aspects of this study is the
crucial dependence on printer quality, since small
printing errors or inhomogeneities of as low as a few
percent can lead to large systematic errors between
images. As such, the difference is artificially amplified
over the complete set of acquisitions due to the nature
of the acquisition procedure. This effect is also noticed
from the higher variability between prints at varying
days. For smaller activations or larger data sets, we
think that the technique using radiolabeled ink could
be optimized further by specific printer designs.

Concerning radiation protection, the use of fairly
large 99mTcO4 activities in the phantom construction
should not lead to limitations on the application of this
technique. Fast filling of the ink cartridge under glass
and lead shielding of the printer setup, in combination
with the straightforward making of a hot stacked
phantom, did not result in a significant increase in
radiation burden of the author responsible for most
manipulations (KVL), measured by routine film dosim-
etry during the consecutive weeks the acquisitions
were made.

In this study only activations were measured. Deac-
tivations or specifically individual patient defects are
of clinical interest, and although the data from the
current study may provide a guideline concerning the
magnitude of the expected levels, they do not necessar-
ily provide the exact prediction for “negative” activa-
tions, since the partial volume effect may also produce
a different detection of a cold lesion in a hot back-
ground. Generally, however, it is likely that the con-
clusion of this study for optimal reconstruction should
remain present.

A more elaborate analysis of lesion/activation PET
studies was recently described (Farquhar et al., 2000),
where localized receiver operating characteristics
(LROC) were studied. In this way, a full evaluation of
sensitivity but also specificity can be conducted in con-

junction with lesion localization. The sandwich phan-
tom design with a software construction of the brain
map is well suited for these types of experiments, since
it can provide both the magnitude required for statis-
tically meaningful ROC studies in combination with
accurate SKE conditions necessary for an observer-
based or in this case automated voxel-based analysis.

Last, maximization of the sensitivity of the SPM
detection procedure as done in this study can be re-
garded as an operational multidimensional parameter
optimization procedure. Whereas some of these param-
eters were investigated independently, they need not
necessarily all be independently distributed. Due to
the large amount of data and increased complexity of a
multidimensional analysis, such an overall fine-tuning
was withheld for further study.

Potential Applications of the Sandwich Phantom
Design

Disadvantages of conventional hardware brain
phantoms for activation or lesion studies are related to
logistic handling difficulties and accuracy in mimick-
ing focal activity changes. We propose that a large
number of potential other applications in the valida-
tion of brain mapping studies can be envisaged with
the applied experimental sandwich phantom design.

Apart from the above mentioned deactivation/defect
maps, more elaborate brain maps can be constructed
from realistic human MRI data with adjusted gray/
white/CSF ratios through accurate segmentation. This
would result in much more realistic anatomical varia-
tion images on which predefined activations can be
implemented incorporating structural variability (Ishii
et al., 2001; Sugiura et al., 1999).

Furthermore, any type of cerebral tracer distribution
can be mimicked: apart from perfusion distributions,
specific distributions for receptor/transporter ligands
can be modeled and detection procedures by voxel-
based analysis methods can be validated and opti-
mized, adjusted to the study under consideration, or an
assessment of sample sizes appropriate for specific
pathophysiological questions in particular populations
can be made. Currently, investigations are planned for
neocortical tracers such as 5-HT2A receptors (Aude-
naert et al., 2001; Busatto et al., 1997) and subcortical
distributions as for dopamine transporters/receptors
(Booij et al., 1999) to determine the impact of statistical
parametric mapping on the automated and operator-
independent clinical evaluation of such static SPECT
studies. With the above construction, it is also in prin-
ciple possible to conduct experimental PET or coinci-
dence validation studies with 18F (e.g., 18F-FDG/18F-
DOPA) or other (long-lived) positron emitting
radionuclides.

From another angle, with the availability of well-
known anatomical underlying structures, partial vol-
ume correction schemes for SPECT may be investi-
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gated in a more rigorous fashion than is possible with
simulation studies.

CONCLUSIONS

The goal of this work was to present data on the
minimal activation levels required for the SPM analy-
sis of SPECT studies under realistic circumstances by
a true experimental approach. Practical guidelines and
estimates of the extent of effects were created with
regard to the number of subjects per group for SPECT
activation studies, reconstruction, and analysis set-
tings. Higher resolution and incorporation of image
degrading factors high resolution markedly improve
activation detection. As for data processing parame-
ters, most importantly smoothing to at least twice the
FWHM of the imaging system experimentally provides
optimal detection sensitivity.

This approach allows for the experimentally based
parameter optimization of SPM-based activation
SPECT studies in group designs as well as in single-
subject studies compared to normal data as used in
clinical applications. The same principles can be ex-
tended to studies with other tracer distributions, as
well as to similar approaches with PET using 18F or
longer lived radionuclides, and can thus generally con-
tribute to the validation of the voxel-based analysis of
emission tomography studies concerning neural sub-
strates of (patho)physiological entities.
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