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The need of appropriate brain SPECT templates

for SPM comparisons
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Aim. Statistical parametric mapping (SPM) is used world-
wide to compare brain perfusion single photon emission
computed tomography (SPECT) data. The default tem-
plate within the SPM package used for SPECT image nor-
malization includes images of a group of healthy subjects
studied with [99mTcJ[HMPAO. Since [2°mTc][HMPAO and
[99mTc]ECD have shown to distribute differently in SPECT
studies, we formulated the hypothesis that comparing set
of [99mTc]JECD data normalized by means of a
[99mTc]JHMPAO template may lead to incorrect results.
Methods. A customized [P9MTc]ECD template was built
with SPECT and magnetic resonance imaging (MRI)
images of 22 neurologically healthy women. Then, two
sets of subjects, i.e. a group of patients with very early
Alzheimer’s disease (eAD) and a matched control group,
studied by means of [?9™Tc]ECD SPECT, were chosen for
comparisons. The same statistical approach (t-test
between eAD patients and controls and correlation
analysis between brain SPECT and a cognitive score)
was applied twice, i.e. after normalization with either the
default [99mTc][HMPAO template or the customized
[99mTc]ECD template.

Results. In the comparison between eAD and controls,
a cluster of difference in the posterior cingulate gyrus of
both hemispheres was only highlighted when using the
customized [99™Tc]ECD template, but was missed when
using the default [992Tc]HMPAO template. In the corre-
lation between brain perfusion and a cognitive score, the
significant cluster was more significant and far more
extended, also including the right superior temporal
gyrus, using the customized [99™Tc]ECD template than
using the default [99mTc]HMPAO template.
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Conclusion. These data suggest the need of customized,
radiopharmaceutical-matched SPECT templates to be
used within the SPM package. The present customized
[99mTc]ECD template is now freely available on the web.
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tatistical parametric mapping (SPM)! is a world-
wide used tool for voxel-based analysis and sta-
tistical comparison of functional magnetic resonance
imaging (fMRD), positron emission tomography (PET)
and single photon emission computed tomography
(SPECT) brain studies. As for other image analysis
tools, spatial normalization is a crucial preprocessing
step in SPM image analysis, because it warps brain vol-
umes acquired from different individuals to fit in a
neuroanatomical reference space.2 It would be advis-
able that modalities of image acquisition between
subjects under investigation and subjects used to build
a template for further statistical analysis were as sim-
ilar as possible, to obtain more reliable results.
This issue has recently been highlighted by Gispert
et al.» who showed the significant influence of using
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the standard SPM PET template in inappropriate con-
ditions on SPM results. In their example, they showed
the inadequacy of the ['SOJH,O SPM PET template in
a group of schizophrenic patients undergoing
[18FDGIPET.

In most nuclear medicine centers, as far as SPECT
data are concerned, both [9mTc][HMPAO and
[omTc]ECD are used to evaluate cerebral blood flow
distribution. The two tracers are known to distribute
very differently both in the healthy condition4 5 and
in several diseases, including subacute non cortical
stroke,® post-stroke reperfusion,” herpes simplex
encephalitis,8 temporal lobe epilepsy,? brain inflam-
matory disease,!® and Alzheimer’s disease (AD)
patients.!t 12 When the two compounds were com-
pared to each other, authors found a relatively high-
er uptake of either of the two tracers in different brain
regions. In fact, [""Tc][HMPAO uptake is generally
reported to be higher than [nTc]ECD uptake in the
basal ganglia, cerebellum, thalami and mesial tem-
poral structures whereas [9mTc]ECD uptake has been
found to be higher than [mTc]JHMPAO uptake in
mesial occipital cortex, including the lingual gyrus,
the cuneus and precuneus, the superior parietal and
frontal cortex.4 5 12-15

However, SPM99, SPM2 and SPM5 software pack-
ages'¢ contain just a [9mTc]HMPAO SPECT normal-
ization template. The absence of a corresponding
[99mTc]ECD template in SPM packages forces
researchers to build, whenever possible, a customized
[omTc]ECD template in the case they analyze
[99mTc]ECD SPECT scans. This procedure has increas-
ingly been followed,17-20 whereas the inappropriate
SPM [9mTc]HMPAO ‘default’ template has still been
used in other studies.21-26 This may have lead to incor-
rect results, but these inconsistencies have never been
specifically investigated.

In this study, we wanted to estimate the influence
of using either a [9mTcJHMPAO or a [*mTc]ECD SPECT
template on the results of statistical comparison
(SPM99) between [9mTc]ECD SPECT of patients with
very early AD (eAD) and age-matched healthy con-
trols, one of the commonest comparisons in clinical
research work. To this purpose, the same statistical
comparisons between eAD patients and controls were
performed twice, i.e. after normalizing images alter-
natively either on the default SPM99 [9mTc]HMPAO
SPECT template or on an original, customized
[9omTc]ECD SPECT template, that is now freely avail-
able on the web.?
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Materials and methods

Subjects studied to build the original [P Tc/[ECD tem-
plate

A similar procedure as that used to build the
[9omTc]HMPAO SPM99 template (Figure 1A) was fol-
lowed. Twenty-two young women outpatients (aged
from 18 to 45, mean age 26.11+8.11 years), who had
undergone both MRI and [#mTc]JECD SPECT exami-
nations in the frame of suspected brain involvement
during a systemic illness, were selected. A group of
young women was chosen to match as much as pos-
sible the features of subjects included in the default
[99mTcJHMPAO SPM99 template (22 young women). In
that case, both examinations were normal, the patient
was carefully evaluated by means of a neurological
interview and examination. If even these two checks
were normal, then the patient was judged to be free
of brain involvement, in agreement with the refer-
ring clinician at the end of the diagnostic procedure.

Single photon emission computed tomography injec-
tion, acquisition and reconstruction protocols.

The subjects were injected via a preinserted vein
cannula (thus being unaware of injection), while lying
on a bed, in a dimly lit room, with eyes closed and ears
unplugged, after a 10-min rest. The patients remained
there for at least 10 min after injection of about 1 000
MBq of [#=Tc]ECD (Neurolite, BMS, USA), according
to the guidelines of the European Society of Nuclear
Medicine.28

Image acquisition started between 45 and 90 min
after the injection. Scans were acquired by a 2-head
Y-camera (Millennium VG, GE, USA), equipped with
parallel-hole, low-energy, high-resolution collimators.
A step-and-shoot acquisition protocol acquired images
through 120 projections, with a radius of rotation of
215 cm. Total counts were between 8 and 10 mil-
lions. SPECT images were three-dimensionally recon-
structed by the ordered-subset expectation-maxi-
mization (OSEM) algorithm with 10 subsets and 8 iter-
ations, followed by Gaussian postfiltering (full width-
half maximumaFWHM: 8 mm). The pixel size of
reconstructed images is 2.33 mm. Compensation for
attenuation has already been performed at the recon-
struction stage by the iterative algorithm itself. In this
case, the attenuation contour was automatically giv-
en by the skull contour and the related anatomical
shapes were carefully taken into account.
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Figure 1.—A-C) The default SPM99 [#mTc]JHMPAO SPECT template.

MORBELLI

D-F) The customized [*™Tc]ECD SPECT template. The images refer
to a coronal slice through the lenticular nuclei (A, D), a sagittal
slice through the right thalamus (B, E) and a transaxial slice through
the thalami and the basal ganglia (C, F). A higher uptake can be seen
in the basal ganglia, thalami, and retrosplenial cortex in the
[99mTc]JHMPAO template, and in occipital polar and mesial cortex in
the [mTc]ECD template. Other details in the text.

Magnetic resonance imaging acquisition

MRI volumes were obtained using a 1.5-T super-
conductive equipment (Gyroscan Intera, Philips Medical
Systems, Best, The Netherlands) to acquire a T1-FFE
sequence with the following parameters: TRs, 20 ms; Tes,
5 ms; FOVs, 250 mm; matrix, 256*256; 128 sagittal slices
(1.6 mm thick); voxel size, 0.98x0.98x1.6.

Template editing: spatial image normalization and
template construction

SPECT normalization was applied using the method
previously described by Meyer et al.2> MRI was coreg-
istered (6 parameter, rigid body transformation) to
the [9mTc]ECD SPECT image using a mutual infor-
mation algorithm included in the SPM99 package.
The coregistered MRI was then spatially normalized to
the T1-MRI template of SPM99 and the resulting defor-
mation field was applied to SPECT scans (thus, fully
MRI-based normalization was performed without the
use of any SPECT template). A mean image was cre-
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ated from the 22 normalized [*mTc]ECD SPECT scans
and the template was obtained after applying a
smoothing isotropic Gaussian filter (FWHM: 8x8x8
mm) (Figure 1B), similarly as for other SPM SPECT and
PET templates.3, 17, 30

Patient groups: patients with early Alzbeimer’s disea-
se and age-matched controls

EARLY ALZHEIMER’S DISEASE PATIENTS

Fifteen consecutive AD patients (4 males, 11
females; mean age: 72.2+7.2 years) (i.e. with a Mini-
Mental State Examination (MMSE) score >20 on first
neuropsychological evaluation)3! were selected from
the database of the Dementia Unit of our University
Hospital, during a 6-month period. The MMSE score
ranged from 22 to 29 (mean: 25.9+2.1), thus qualify-
ing a group of very eAD patients. A diagnosis of prob-
able AD was made according to the definition of the
NINCDS-ADRDA Work Group.32 All the patients under-
went a complete diagnostic work-up according to
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Figure 2.—Results of statistical parametric mapping (SPM) comparison (glass brain) between 15 patients with early AD and 15 aged-matched
healthy controls using the two different SPECT templates for normalization (height threshold P=0.001). A) Default SPM99 [**®Tc][HMPAO tem-
plate; B) customized [*™Tc]ECD template. Regions of significant differences between the two groups extend to the posterior cingulate gyrus
of both hemispheres with the customized [*™Tc]ECD template (B). C, D) Unthresholded maps of the same SPM comparison as above,
shown at the level where statistical significance was reached. Elliptical regions of interest are drawn in the transaxial section over the areas
reaching the statistical significance. Some difference can be appreciated by visual analysis of these maps as well.
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Figure 3.—Results of statistical parametric mapping (SPM) correlation (glass brain) between the MMSE score and brain perfusion in the whole
group of 30 subjects (15 healthy controls and 15 AD patients) using the two different SPECT templates for normalization (height threshold
P=0.001). A) Default SPM99 [#mTc]JHMPAO template; B) customized [*mTc]ECD template. Correlation is much more extended to the right tem-
poro-parietal cortex with the customized [*™Tc]ECD template (B) than with the default [ TcJHMPAO template (A). C, D) Unthresholded maps
of the same SPM correlation as above, shown at the level where statistical significance was reached. Elliptical regions of interest are drawn
in the transaxial section over the right parietal area reaching the statistical significance and then mirrored to the left one. Note that the z-score
scale reaches the value of 6 with the [9mTc]ECD template and just of 4 with the [?®Tc[HMPAO one. Some difference can be appreciated by
visual analysis of these maps as well.
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current standards, which include general and neuro-
logical examinations, a standardized neuropsycho-
logical assessment, a basal MRI (or computed tomog-
raphy if MRI was inapplicable) and other routine
blood and urine screening investigations to rule out
secondary dementias. The presence of previous or
present major psychiatric disorders, serious neuro-
logical diseases, severe and uncontrolled arterial
hypertension, diabetes mellitus, renal, hepatic or res-
piratory failure, anemia (Hb level: <10 mg/dL) or
malignancies were exclusion criteria. In conformity
with the diagnosis of AD, all patients scored <4 on the
Hachinski ischemic scale. Lewy-body dementia, fron-
totemporal dementia and vascular dementia were
excluded in all patients on the basis of current clini-
cal criteria.33-35 The presence of behavioral and psy-
chological disturbances was assessed by a structured
interview to the principal caregiver by means of the
neuropsychiatric inventory. All the patients performed
[9omTc]ECD SPECT as routine part of diagnostic pro-
cedure for early dementia. They were at their first
diagnostic evaluation for cognitive complaints, thus
none of them were under treatment with acetyl-
cholinesterase inhibitors, nor with other neuropsy-
choactive drugs. The patients (or their relatives) were
informed about the finalities of the study and gave
their informed consent.

CONTROLS

About 50 subjects older than 50 years were con-
tacted during University courses reserved to elderly
people. A prerequisite to be enrolled in the study was
to not complain any cognitive disturbance. All subjects
were informed about the finality of the study and
gave their consent to participate. Forty subjects accept-
ed to participate and underwent brain [9mTc]JECD
SPECT examination. All subjects were carefully
screened by general medical history and clinical exam-
ination. Complete blood count, serum glucose, crea-
tinine and total cholesterol, blood urea nitrogen, and
urinalysis were performed and had to be normal for
them to be enrolled in the control group. Previous
or present neurological, psychiatric, metabolic or car-
diovascular disorders, current medication of any kind
were the other exclusion criteria. A complete neu-
ropsychological battery, including standard tests for
verbal and spatial memory, attention, verbal fluency,
executive functions, abstract reasoning and con-
structional praxis, was administered. Only subjects
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with a normal score in all the above tests were con-
sidered. Among the control subjects matching these
requisites, 15 were selected in the same age range of
patients (7 males, 8 females; mean age: 70.7+5.7 years)
and formed the control group (MMSE score range:
27-30; mean: 29.3+1.1).

Technetium-99m-ECD SPECT scan was performed
with the same modalities and in the same period both
in patients and controls as well as in the 22 young
women acquired for template editing.

Statistical analysis

The SPECT of each eAD patient and control subject
was normalized twice. First, using the default SPM99
[99mTc]HMPAO SPECT template. Second, using the
original, customized [*mTc]ECD SPECT template. In
both cases, deformation was applied by smoothing
images with an isotropic Gaussian kernel of FWHM of
12 mm.

SPM99 co-registers the individual SPECT with the
152 brains average of the Montreal Neurological
Institute. Since this template does not completely
match the Talairach brain, a correction of the SPM{t}
coordinates is needed. This was achieved using the
subroutine implemented by Brett,3 which gives the
correspondence between SPM and the Talairach atlas
coordinates.

The grey matter threshold was set at 0.5, as rec-
ommended when examining patients with likely focal
hypoperfusion.?”. 38 Normalization of global CBF to
50 was performed with proportional scaling. The
resulting set of values for comparison constituted a sta-
tistical parametric map of the statistic SPM{t}. Then, the
SPM{t} maps were transformed to the unit of normal
distribution (SPM{z}) and reached a threshold at
P=0.001. Because of the lack of any topographic a
priori hypothesis, the significance of identified regions
was assessed using P values, corrected for multiple
comparisons (P=0.05 was the first statistical signifi-
cance to be accepted at the cluster level). Only those
significant clusters with more than 100 voxels were
considered.

Two comparisons were assessed: 1) comparison
(two sample t-test) between eAD patients and controls;
2) correlation (single subject: covariates only) between
the MMSE score and brain perfusion in the whole of
30 subjects, including patients and controls.

These two analysis were performed twice, by alter-
natively using either images normalized with the
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TABLE L.—Numerical results of SPM-SPECT comparison (controls-AD) for images normalized using either the default SPM99
PO T HMPAO template or the customized [P Tc]ECD template (height threshold P=0.001).

Cluster level Voxel level

Analysis .
Cluster Corrected Cortical Z score of Talairach Cortical region BA
extent P value region maximum coordinates
[99mTc]HMPAO 460 0.011 R-parietal 4.32 48, -45, 30 Supramarginal gyrus 40
[99mTC]ECD 456 0.011 R-parietal 4.49 48, -47, 36 Inferior parietal lobule 31
304 0.044 R-parietal 3.75 2, -39, 39 Posterior cingulate gyrus 31
L-parietal 3.43 -4, -33, 40 Posterior cingulate gyrus 40

A value of P=0.05, corrected for multiple comparison at cluster level, was accepted as statistically significant. In the ‘Cluster level section on left, the num-
ber of voxels, the corrected P value of significance and the cortical region, where the cluster is found, are all reported for each significant cluster of correla-
tion. In the ‘Voxel level section, all the coordinates of the correlation sites (with the Z score of the maximum correlation), the corresponding cortical region
and BA are reported for each significant cluster. L, left; R, right; BA, Brodmann’s area.

TABLE IL.—Numerical resulis of the SPECT-MMSE score correlation for images normalized using either the default SPM99 [ Tc]HMPAO
template or the customized [P2"TcJECD template (height threshold P=0.001).

Cluster level Voxel level

Analysis
Cluster Corrected Cortical Z score of Talairach Cortical region BA
extent P value region maximum coordinates
[99mTc]HMPAO 484 0.008 R-parietal 4.4 50, -45, 24 Inferior parietal lobule 40
[99mTCc]ECD 1307 0.000 R-temporal 4.98 44, -49, 28 Superior temporal gyrus 39
R-parietal 4.04 46, -41, 39 Inferior parietal lobule 40
R-temporal 3.53 46, -37,7 Superior temporal gyrus 41

A value of P=0.05, corrected for multiple comparison at cluster level, was accepted as statistically significant. In the ‘Cluster level’ section on left, the num-
ber of voxels, the corrected P value of significance and the cortical region, where the cluster is found, are all reported for each significant cluster of correla-
tion. In the ‘Voxel level section, all the coordinates of the correlation sites (with the Z score of the maximum correlation), the corresponding cortical region

and BA are reported for each significant cluster. L, left; R, right; BA, Brodmann’s area.

default SPM99 [9mTc[HMPAO template or images nor-
malized with the customized 9mTc[ECD] template.
Results of comparisons were shown both as thresh-
olded (P=0.001) statistical maps (Figures 2A, B and 3A,
B) and as unthresholded maps (Figures 2C, D and
3C, D). Moreover, regions of interest (ROIs) were
drawn on trasaxial section over some regions typi-
cally affected in eAD and mean z-scores (£ standard
deviations, SD) were computed in these ROIs.

Results

Figure 1 shows the two SPECT templates, the default
SPM99 [99mTc[HMPAO template (Figure 1A) and the
customized [9"Tc]ECD template (Figure 1B). Some
of the well-known tracer uptake distribution differ-
ences between the two radiopharmaceuticals are high-
lighted by visual analysis. Uptake appears to be high-
er in the basal ganglia, thalami and pons in the
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[9mTc]JHMPAO template, whereas it is higher in polar
and mesial occipital cortex, posterior parietal cortex,
and lateral frontal cortex in the [®mTc]ECD template.

In the comparison between eAD patients and con-
trols, [99mTc]HMPAO template-normalized images
showed in eAD patients a significant cluster of reduced
uptake in the right parietal supramarginal gyrus (BA
40) (Figure 2A). By using the [®mTc]ECD template-
normalized images, a similarly positioned cluster in BA
40 also extended to the right inferior parietal lobule.
Moreover, another cluster of significantly reduced
uptake was found in the posterior cingulate gyrus of
both hemispheres (Figure 2B).

Table I reports in detail the sites of significant SPM
clusters for comparison performed with images nor-
malized with either the default [%mTcJHMPAO and
Table II the customized 2mTc-ECD template.

As for correlation between the MMSE score and
brain perfusion, a significant cluster of positive cor-
relation was found with the default [**mTcJHMPAO
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template involving the right inferior parietal lobule
(BA 40)(Figure 3A). Again, the correlation with the cus-
tomized-[®mTc]ECD template yields a different result,
because more significant clusters were found not only
in the inferior parietal lobule, but also in the right
superior temporal gyrus (BA 39 and 41) (Figure 3B)
(Tables I and ID).

Results of comparison and correlation were also
shown as unthresholded maps to highlight the dif-
ferences even in non significant voxels (Figures 2C, D
and 3C, D), as suggested by the approach by Jernigan
et al3® On a transaxial section formed by summing up
4 adjacent slices, elliptical ROIs were drawn on the
posterior cingulate and right parietal cortex (eAD wvs
controls; Figures 2C, D) and on the bilateral parietal
cortex (correlation between perfusion and MMSE
score in the 30 subjects; Figures 3C, D). In the com-
parison between eAD patients and controls, mean z-
scores per voxel were higher with [9=TCIECD template
normalization both in the posterior cingulate
(2.45£0.63 vs 1.92+0.47) and in the right parietal cor-
tex (2.66+0.25 vs 2.41+0.74). In the same direction,
mean z-scores per voxel were higher also in the cor-
relation between brain perfusion and MMSE score
both in the right (2.94+0.65 vs 2.23+0.52) parietal cor-
tex that reached the statistical significance and in the
left parietal cortex (1.53+0.7 vs 1.21+0.45) not reach-
ing the statistical significance.

Discussion

This study shows that the results of [99mTc]ECD
SPECT SPM comparisons vary depending on the tem-
plate used to normalize images. The results obtained
with the customized [#"Tc|ECD template appear to be
more meaningful than those obtained with the default
[9omTc]HMPAO one.

For instance, the hypoperfusion in bilateral poste-
rior cingulate gyrus, typically reported in early AD,40,
41 was only highlighted by the use of [%mTc]ECD tem-
plate, but was missed by the use of [%mTcJHMPAO
template. The early involvement of the posterior cin-
gulate was first shown by means of [8SFGD]PET%2 and
then confirmed by SPECT studies as well.

Moreover, the clusters of correlation between brain
perfusion and the MMSE score (a widely used index
of global cognitive impairment) achieved with the
[99mTc]ECD template normalization extended to involve
larger areas of the posterior associative cortex, includ-
ing the lateral temporal cortex (BA 39 and 41) and the
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inferior parietal lobule in the right hemisphere. Both
these areas are known to be affected by hypoperfu-
sion in eAD and their involvement contributes to the
cognitive failure.23 43 Also the analysis of unthresh-
olded maps produced by the SPM99 software showed
both visual and ROI z-score differences between the
comparisons performed using the two templates. This
was highlighted both in ROIs drawn at the level of sig-
nificant areas and in a ROI drawn where the statisti-
cal significance was not reached (the left parietal cor-
tex in the perfusion-MMSE score correlation). This
finding further confirms that the results obtained using
the two templates in the normalization step are dif-
ferent.

The current model for the interpretation of brain
hypometabolism/hypoperfusion findings in eAD is
based on the theory of functional disconnection of
these posterior temporal-parietal associative regions
from the mesial temporal cortex, where pathological
changes are found early.

The differences between the default [9m"Tc]HMPAO
SPM template and the present customized [mTc]ECD
one do not concern the radiopharmaceutical only. In
fact, in the SPM template, SPECT were acquired with
a 3-head camera equipped with LEUHR, fan-beam
collimators and images were reconstructed with a fil-
tered back-projection algorithm. On the other hand,
in the present customized [%mTc]JECD template, SPECT
were acquired with a 2-head camera equipped with
LEHR, parallel-hole collimators and images were
reconstructed with an OSEM algorithm. The relative
weight of these factors cannot be ascertained with
the present data, but the crucial point is that the cus-
tomized template was built exactly with the same
image acquisition modalities as for patients under
study. A consequent conclusion would be that a spe-
cific template should be available at least for each
radiopharmaceutical, while the influence of different
equipments (number of heads and collimators) and
reconstruction algorithms deserve further investigation.
Since this is hardly feasible in most nuclear medicine
centers, the free availability of the present customized
[9mTc]ECD template on the web?7 could help those
researchers working with [9mTc]ECD and a two-head
camera equipped with parallel-hole collimators, which
is probably the most distributed worldwide.

Conclusions

The present results further confirm that the two
radiopharmaceuticals are very different indeed. Even
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in a normalization procedure with gross smoothing,
such differences survive and can modify the results of
the statistical comparisons. This finding, together with
the similar demonstration of the mismatch between the
[18FDGIPET and the [1OJH,O-PET SPM templates,3
suggests an effort to build proper templates for each
radiopharmaceutical, with scans acquired and recon-
structed with the same modalities as the groups under
study, to achieve methodologically sound data. To
note that several centers are now applying SPM com-
parison between single case study and a control
group,#4 45 to confirm or highlight areas of perfusion
abnormalities seen during conventional visual report-
ing. This further stresses the need to have access to
proper templates.
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