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Using the two-dimensional Fourier transform and the brain’s
centroidal principal axis, a method is developed for the analy-
sis of PET metabolic brain images without the use of prede-
fined anatomic regions of interest. We applied the method to
images from a group of 11 normal and 12 medicated schizo-
phrenics tested under resting conditions and under a visual
task. A cortical/subcortical spatial pattem was found to be
significant in two directions; anterior/posterior and chiasmatic
(left-anterior/right-posterior). The best individual clinical clas-
sification (Jackknife classification) occurred under visual task
at two axial brain levels: at the basal ganglia with correct
classification rates of 91% and 84%, while the cerebellum
had rates of 82% and 92%. These high classification rates
were obtained using only the four coefficients of the lowest
spatial frequency. These results point to the generalized brain
dysfunction of regional glucose metabolism in chronic medi-
cated schizophrenics both at rest and at a visual image-
tracking task.
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During the last 10 years, several methodologies have
been proposed to analyze brain metabolic images obtained
with positron emission tomography (PET). All of the
methods developed to evaluate metabolic differences be-
tween brain task conditions or between patient groups can
be classified into two global strategies; the traditional re-
gion of interest (ROI) and the new function of interest
(FOI) strategy.

The ROI Strategy

One version of this strategy has been to compare brain
regional metabolic differences between groups (/-9); an-
other version has been to compare the pattern of metabolic
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interactions among brain areas between groups (10-16).
Although these versions have been very useful in demon-
strating metabolic changes in disease, they are limited by
the fact that they require anatomical predefinition of the
ROIs to be analyzed. For some research hypotheses, such
as questions regarding a particular known pathway, this is
the most appropriate protocol. However, if a pathway is
not known a priori and only a few ROISs are selected, then
these strategies might introduce a large source of error,
since it has been shown that anatomical regions are func-
tionally heterogeneous (/7) and the PET metabolic images
represent functional information.

The FOI Strategy

Recently, a second strategy has been developed by two
research groups (18-22,23-25) that overcomes these lim-
itations and analyzes the PET image of the whole brain
without the need to define anatomical ROIs a priori.

In this strategy, once the functional image has been
analyzed and significant neural patterns have been de-
tected automatically by the method, then, a posteriori,
these significant neural patterns are projected into an
anatomical image and their anatomical ROI identification
is obtained.

We have called this functional image-driven strategy the
FOI strategy (25), to contrast its basic properties from
those of the anatomical image driven ROI strategy. In the
FOI strategy the use of a stereotactic anatomical atlas or a
magnetic resonance brain image (MRI) comes at the end
of the method, while in the ROI strategy the anatomical
information is used in the first step of the method.

The FOI methods developed in (/8-22) have used as a
function of interest the PET difference image obtained by
subtracting the resting brain image from a task-activated
brain image of the same subject; this produces a different
image with a small well defined focal region that was
activated by the task. The projection of the activated region
into a stereotactic anatomical brain atlas is obtained with
the help of an additional lateral skull x-ray.
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The work done in (23-25) has used as a function of
interest the PET image differences between clinical groups
of normal and schizophrenic subjects; this produces a
difference image with large complex patterns that extend
throughout the brain pointing to those anatomical areas
associated with the mental illness. These complex patterns
are projected into a stereotactic anatomic atlas without the
need of additional x-ray images; instead the brain’s cen-
troidal principal axis is extracted directly from the PET
image.

Strategy of the Present Work

In this paper a method is presented for data synthesis
and feature extraction of PET metabolic images from
several clinical groups following the FOI strategy. How-
ever, the present method is not intended for the identifi-
cation of functional-anatomical relationships. Its objective
is to attain reliable clinical classification of a single subject
in a practical way. This is done by achieving a large data
compression ratio while retaining the meaningful features
of the PET metabolic image. In a sense it is an extreme
example of the FOI strategy since it only analyzes func-
tional images; no anatomical data are ever used in the
conclusions of the method.

In the present method, the original PET images are not
used to compute a difference image as the FOI; instead a
much simpler PET brain image is first obtained for each
subject. These simpler images are easier to analyze and in
spite of their reduced amount of data still retain the salient
features that distinguish clinical groups and might even be
used for clinical classification of a single subject. To obtain
simpler meaningful images, we shall use a well-known
technique for data compression whose geometric proper-
ties are now briefly presented.

A Geometric Interpretation of Two-Dimensional Four-
ier Transform (TDFT)

The TDFT is often used in image analyses (26-28) to
represent any two-dimensional image as the sum of a set
of simpler spatial patterns each one weighted by a Fourier
coefficient. By applying TDFT, the thousands of numbers
that are contained in a digital metabolic image can be
represented by spatial patterns that retain the same basic
geometric shape while their spatial frequency increases.
Those Fourier coefficients associated with low spatial fre-
quencies represent gross properties of the image; those
associated with increasing spatial frequencies represent
increasingly smaller image details (29).

A graphical representation of some of these simpler
metabolic brain images is given in Figure 1, while some of
the geometric patterns use by the TDFT are illustrated in
Figure 2.

In this work, we are interested in comparing clinical
groups of small size, with about 10 subjects per group.
Therefore it is necessary to use a small number of variables
as descriptors of each group. We have selected as descriptor
variables the four coefficients related to the magnitude of
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FIGURE 1. Simpiified metabolic brain images obtained by
TDFT by adding low spatial frequency (harmonic) pattems; (A) 0
and 1st harmonic, (B) 0, + 1st + 2nd harmonic, (C) 0 up to 3rd,
(D) 0 up to 4th, (E) 0 up to 5th, (F) original PET VI brain metabolic
image. The close approximation to (F) obtained by TDFT in (E),
even if the 6th and higher spatial frequencies are not used, is
possible because of the low spatial resolution in PET images;
typically for a PET VI camera the FWHM is 11 mm. The original
image has 5,184 numerical values, while (A) uses only 10 coeffi-
cient values, attaining a data compression ratio of 518.

the first spatial frequency normalized by the zero order
coefficient, (the zero order Fourier coefficient is a single
number that denotes the total metabolic activity of the
slice). As shown in the Appendix, the resulting mathemat-
ical expressions for these four descriptor variables can be
interpreted as feature descriptors for the brain’s metabolic
spatial patterns which contrast cortical/subcortical areas
of the brain in four different directions: front/back, left/
right and two chiasmatic ones; left-front/right-back, and
right-front/left-back.

Since each brain slice image analyzed by TDFT consists
of (72 x 72) pixels and each pixel represents 2.78 mm on
its edge, then the first harmonic has a cycle of 2.78 mm X
72 or 20 cm per cycle. This study is therefore looking at
just a few variables that represent the complex metabolic
patterns contained in a PET image as a single large smooth
metabolic pattern whose size is comparable to the size of
the whole brain; this large smooth pattern is illustrated in
Figure 3.

In the present method, we utilized TDFT for the char-
acterization of the brain metabolic images because:

1. The geometrical shape and relative positions of the
different brain structures, as described by the deox-
yglucose method, reflects brain activity (7,31,32).

2. The analysis of PET images from various psychiatric
populations has shown abnormal patterns of metab-
olism (2,6,8,10,14).

3. Higher cognitive functions and their disruptions in
psychiatric disorders are not localized to a particular
anatomical region but are widely distributed in the
brain (33-35).

The Journal of Nuclear Medicine ¢ Vol. 33 ¢ No. 2 ¢ February 1992



4. All of the TDFT coefficients are computed using the
metabolic information of the whole brain, therefore
any one of these coefficients might be capable to
characterize whole brain differences in clinical

groups.

To test the validity of this method, we used the first
harmonic (lowest frequency) coefficients from the TDFT
of the metabolic images as a feature vector to discriminate
between the metabolic patterns of images from control
subjects and from schizophrenic patients.
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FIGURE 2. A few of the geo-
metric pattems used by the
TDFT to obtain the simpiified
brain images shown in Figure
1. Rows 2 to § ilustrate the
particular pattemns in the front/
back, left/right and chiasmatic
directions as the spatial fre-
quency increases from left to
right. Figure 2A is obtained by
adding the 0 and 1st harmonic
patterns shown in the left hand
column. As suggested in the
middle column, Figure 2B is
obtained as the second har-
monic pattern is added to (A).
As suggested in the right hand
column, if all the pattemns of
the third and higher harmonics
are added to (B), the TDFT
would yield a better approxi-
mation to the original image,
whose complex pattemn is
shown in Figure 2C.

Invariance of the Fourier Coefficients

In order to avoid the errors introduced in the TDFT
coefficients because of positioning errors within the PET
camera, we abandon the use of the image coordinates
based in the reference axis of the camera.

Instead, we compute for each subject its unique, indi-
vidual centroidal principal axis based on the geometric
shape of its brain (23,24,25) and represent the brain image
with coordinates in this invariant reference system. The
sensitivity of the TDFT coefficients to intersubject head
size is removed by scaling each brain slice to the common

289



FIGURE 3. The
small number of low
frequency  Fourier
coefficients used in
this study, represent ”
the brain's metabolic
activity as the
smooth, large, spa-
tial pattern shown in
(A) and (B). The cor-

responding original
metabolic PET brain
image is shown in
(C). The present
study is able to iden-
tify a single subject
as normal or schizo-
phrenic with over
90% correct classifi-
cation only
four normalized low
frequency  Fourier
coefficients as fea-
ture descriptors of a
complex metabolic

by

PET brainimage.  ® ., |

dimensions provided by Schaltenbrand’s anatomic atlas
(30).

MATERIALS AND METHODS
Scan Methodology

The positron emission scan was obtained using the PET-VI
scanner at Brookhaven National Laboratory (FWHM resolution
of 12 mm). Metabolic images were obtained using ''C-deoxyglu-
cose following a standard procedure as described elsewhere (36,
37). The subjects were scanned twice on the same day, both
under baseline conditions (eyes open, ears plugged) and upon
activation with a visual eye-tracking task (36). While performing
the studies, the room light was dim and noise kept to a minimum.
A central sagittal and a canthomeatal line were used as references
to align the laser beams. These same lines were used for reposi-
tioning of the subjects.

Subjects
The control group consisted of 11 right-handed males who

were tested for absence of neurological or psychiatric abnormal-
ities. The experimental group consisted of 12 right-handed male
subjects who fulfilled DSM-III diagnostic criteria for schizophre-
nia. Clinical and demographic characteristics of the subjects have
been described elsewhere (36).

Image Analysis

The images were reconstructed following a standard procedure
(37). However, in order to make the Fourier coefficients insen-
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sitive to head size and head positioning within the PET camera,
the following additional operations were performed on the PET
images:

1. Automatic centering of the TDFT reference system on the
centroidal and principal axis of the brain (23-25).

2. Rescaling the head size at each slice level by linear inter-
polation to that of Schaltenbrand’s anatomic atlas (30).

3. Recoding of the image from the spatial domain to the
spatial frequency domain by the TDFT.

The following statistical procedures were applied to the Fourier
coefficients:

1. To determine if the differences in the Fourier coefficients
characterizing the brain images of the control baseline and
patient baseline groups are statistically significant, a one-
way MANOVA was performed on the four TDFT coeffi-
cients of the two groups using procedure 4V from BMDP
Statistical Software (38). The significance level, p, was
tabulated for each of the 14 brain levels. Since 14 statistical
tests were done, (one for each of the 14 brain slices), then
according to Bonferroni’s inequality the level that p must
reach to attain statistical significance is reduced to 0.05/14
= 0.0035.

2. To determine if the differences in the Fourier coefficients
characterizing the brain images of the two groups, control
task and patient task, are statistically significant, the same
procedure as described above in item 1 was performed on
these groups.

3. Fourteen two-group linear discriminant analyses were per-
formed using the procedure DISCRIM from the SAS Insti-
tute (39), 1 for each of the 14 slices using four variables.
The two groups were: control baseline versus schizophrenia
baseline. The percentile of the images correctly classified as
either control baseline or patient baseline were tabulated.
This statistical procedure was done again using the control
task versus schizophrenia task groups. Also, in order to give
an idea of the separation between the two groups, the
generalized Mahalanobis distance was computed by the
DISCRIM procedure (39) for each brain level.

4. To determine if a single individual, could be correctly
classified by the four TDFT coefficients as either control
baseline or patient baseline, 1 subject was removed from its
group and 14 2-group linear discriminant analyses were
performed (39), 1 for each of the 14 brain slices. Since there
are 23 subjects at baseline, a total of 23 X 14 = 322 two-
group discriminant analyses were performed. Once the
discriminant function coefficients have been computed, the
subject that was left out of the computations is classified in
either group. The percentile of true classifications achieved
by each brain level was tabulated as a “Jackknife true
classification rate” (40,41).

5. To determine if a single individual could be correctly clas-
sified by the four TDFT coefficients as either control task
or patient task, one subject was removed from its group
and a similar procedure as described in item 4 above was
performed. The percentile of true classifications achieved
by each brain level was tabulated as a “Jackknife true
classification rate.”
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RESULTS

Multiple Analysis of Variance

Table 1 shows the statistical significance level, p, com-
puted from a one-way MANOVA for each of the brain
levels. These results show that the differences between the
Fourier coefficients of controls and schizophrenics, both
at base line, reach low p values in five contiguous brain
slices and are statistically significant (p < 0.0035) at the
levels of the thalamus and basal ganglia.

The MANOVA results in the case of the control and
schizophrenic groups, both under task, indicate that the
Fourier coefficients of three contiguous slices in the thal-
amus and basal ganglia and one slice at the cerebellum
have low p values. The basal ganglia level reaches statistical
significance at the p < 0.0035 value.

Spatial Asymmetries in Brain Metabolic Activity

The MANOVA procedure (38) also indicates results for
the statistical significance in a pairwise univariate compar-
ison for each of the four Fourier coefficients.

As shown in Figure 2 and mathematically described in
the Appendix, each of the Ist harmonic Fourier coeffi-
cients can be associated with a cortical/subcortical pattern
that performs a directional sampling in four spatial direc-
tions. The Fourier coefficient associated with the anterior/
posterior spatial direction has a very high statistical signif-
icance in the thalamus and basal ganglia, reaching a value
p < 0.00009 at level 8. The Fourier coefficient associated
with the cortical/subcortical contrast of metabolic activity
in a chiasmatic left anterior/right posterior spatial direc-
tion has statistical significance at the level of the basal

ganglia with a value of p < 0.003.
TABLE 1
MANOVA Statistical Significance Analysis
Resting Visual tracking
Brain level p p
1 Superior C.S. 0.37 0.59
2 Superior C.S. 0.89 0.28
3CS. 0.62 0.1
4CsS. 0.12 0.19
5 Inferior C.S. 0.21 0.56
6 Inferior C.S. 0.04 0.17
7 Thalamus 0.02 0.38
8 Thalamus 0.001* 0.006
9 Basal ganglia 0.02 0.003*
10 Basal ganglia 0.001* 0.008
11 OF.G. 0.17 0.13
12 O.F.G. 0.23 0.20
13 Cerebellum 0.53 0.01
14 Cerebellum 0.19 0.27

Level of statistical significance p, obtained from a MANOVA test
contrasting the 4 Fourier coefficients that characterize each of the 14
brain levels in the normal (n = 11) and schizophrenic (n = 12) groups.

C.S. = centrum semiovale and O.F.G. = orbito-frontal gyrus.

* Differences between the two groups are statistically significant
(p < 0.0035).
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TABLE 2

Two-Group Discriminant Analysis
Resting Visual Tracking
Brain Normals  Schizophrenics Normals Schizophrenics
level % correct % correct % correct % correct
1 73 67 70 75
2 67 57 75 73
3 58 73 92 80
4 83 87 67 73
5 75 64 75 79
6 73 64 82 67
7 75 93 67 80
8 92 100* 92* 93*
9 92 60 83 87
10 83 93 83 87
1 67 67 58 67
12 70 80 60 80
13 64 93 82* 100*
14 80 70 70 73

% correct are the number of subjects in each group of normals (n
= 11) and schizophrenics (n = 12) correctly classified.

* Brain level (thalamus and cerebellum) with an outstanding group
classification rate.

Two-Group Discriminant Analysis

Table 2 presents the results of the two-group discrimi-
nant function analyses that were performed on each of the
14 anatomical levels.

Table 2 (left side) shows the correct classification rates
between control and schizophrenic baselines; the correct
classification rate varies from 57% to 100% in the schizo-
phrenics and from 58% to 92% in the normals for the
different slices. The best separation between normals and
schizophrenics is obtained in the images at level 8, where
the basal ganglia and thalamus are located with correct
classification rates of 92% and 100%.

Table 2 (right side) also shows the correct classification
rates between control and schizophrenic tasks; the correct
classification rate varies from 60% to 92% in the normals
and from 67% to 100% in the schizophrenics for the
different slices. The best classification between normals
and schizophrenics is obtained in the images at level 8,
where the basal ganglia and thalamus are located with
correct classification rates of 92% and 93%. The visual
tracking task has activated the cerebellum, which at level
13 attains a correct classification rate of 82% and 100%.

“Jackknife” Single-Subject Discriminant Analysis

Table 3 presents the results of the “Jackknife” single-
subject linear discriminant function analyses that were
performed on each of the fourteen anatomical levels.

It shows that the Jackknife true classification rate for a
single control subject at rest varies from 27% to 75% and
for a schizophrenic at rest it varies from 23% to 85%. For
subjects under task, the true classification rate for a control
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TABLE 3
Single Subject Discriminant Analysis (“Jackknife”)
Resting Visual Tracking
Brain Normals Schizophrenics Normals Schizophrenics
Level %correct  %comrect % comrect % correct
1 45 50 44 33
2 27 23 64 57
3 45 A 64 64
4 66 85 54 64
5 58 57 54 54
6 54 61 50 57
7 50 Al 64 57
8 75* 85* 91* 84*
9 66 7 82 64
10 66 7 9N 4l
11 50 57 54 64
12 60 64 4 64
13 58 Al 82* 92*
14 54 41 70 60

% correct is the number of times an individual subject removed
from the group of normals (n = 11) or schizophrenics (n = 12) was
classified correctly.

* Brain level (thalamus and cerebellum) with an outstanding subject
classification rate.

subject ranges from 44% to 91%, and for a schizophrenic
subject, it varies from 33% to 92%.

The best classification under resting conditions between
normals and schizophrenics is obtained in the images at
level 8, where the basal ganglia are located with correct
classification rates of 75% and 85%. Under the visual
tracking task, the best classification is obtained at two
levels. Level 8 containing the basal ganglia has correct
classification rates of 91% and 84% and level 13 which
now has an activated cerebellum that attains correct clas-
sification rates of 82% and 92%.

It is important to point out that according to Gray and
Schucany and James (40,41) these classification rate re-
sults are non-parametric measures of the separability of
two groups in feature space, since the Jackknife method
does not require normality or any other statistical condi-
tions on the feature variables.

Mahalanobis Distance

To geometrically illustrate the relative distance in fea-
ture space between the normal and schizophrenic groups,
the generalized Mahalanobis distance was also computed
by the procedure DISCRIM (39).

This procedure computes the “generalized distance”
(Mahalanobis distance), between two groups using as
“units of distance” a unit related to the spread of each
group, i.e., the group’s covariance matrix. Let the feature
variables (in this study, the four normalized TDFT coef-
ficients) in group 1 have a mean X, let group 2 have a
mean X, and denote the covariance matrix by [].

The formula (D, ,)* = (X, — X2)'[2]7'(X, — X,) is used
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by the procedure DISCRIM, yielding a “generalized dis-
tance” proportional to the distance between the means
and inversely proportional to the group’s spread about
their means. Here (X, — X,) denotes a four-dimensional
vector, ()' denotes its transpose, and []~' denotes the
inverse of the matrix.

As shown in Figure 4A, for resting conditions the Ma-
halanobis distance increases from low values at the top
and bottom of the brain, levels 1 and 14, at its maximum
value for level 8, which contains the lower thalamus and
upper basal ganglia. As shown in Figure 4B, for the groups
under the visual tracking task, the cerebellum at level 13
is activated in such a way that its Mahalanobis distance
becomes as large as that of the lower thalamus and the
basal ganglia at levels 8, 9, and 10.

It is important to point out that according to James (41)
these Mahalanobis distance results are a non-parametric
measure of the separability of two groups in feature space,
since this generalized distance (D, ,) does not require nor-
mality or any other statistical conditions on the feature
variables.

DISCUSSION

Quantitative image analysis aims to obtain a set of
numbers that reflect in a parsimonious manner some
important properties of the structure being studied. Usu-
ally, these numbers reflect lengths, areas, volumes or av-
erages across sets of pixels within an anatomical ROI. The

FIGURE 4. Mahal-
anobis distance be-
tween the nomal
and  schizophrenic
groups in feature
space, computed
with the four normal-
ized first harmonic
Fourier coefficients:
(A) both groups at
rest and (B) both
groups under a vis-
val tracking task. a)
Level 1 is at the top
of the brain. The
brain levels showing
the largest group dif-
ferences are (A) brain
levels 8 and 10 con-
taining the lower thal-
amus and basal gan-
glia and (B) brain lev-
els 8 9, and 10
containing the thala-
mus and basal gan-
glia, plus the cerebel- °
lum at level 13 which
has become acti-
vated by the visual b)
tracking task.

24

Mahalanobis Distance

1.2 3 4 5 6 7 8 9 1011 1213 14

Brain Level

Mahalanobis Distance

1.2 3 4 5 6 /7 8 9 1011 12 13 14

Brain Level
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TDFT can be seen as an alternative and complementary
method for the automatic analysis of PET images, where
the ROI is the entire image, and periodic structures and
symmetry patterns are quantified. By applying TDFT, the
information from the metabolic image can be represented
as a set of Fourier coefficients (29).

It is well known that the Fourier coefficients of an image
are sensitive to translations and rotations of the image. To
avoid this sensitivity to the positioning of the subject’s
head within the PET camera, we abandon the PET camera
coordinate axis and define the PET brain image in terms
of the brain’s centroidal principal axis (23-25), which is
unique to each brain and insensitive to head positioning
variations. To avoid the sensitivity of the Fourier coeffi-
cients to the size of the PET brain images, they are scaled
to a unique brain size (23,25) given by a stereotactical
anatomical atlas (30). .

The good clinical group discrimination obtained with
the first harmonic of this analytical technique documents
its capacity to represent salient gross features of metabolic
brain images adequately. It also shows that the analyses of
global geometrical characteristics of an image, as opposed
to its anatomical partitions, is of value in the detection of
functional patterns that can distinguish control from psy-
chiatric groups. Furthermore, this procedure can obtain
the normal/schizophrenic classification of individual sub-
jects from PET images in a highly significant fashion,
without subjective decisions about which anatomical ROI
are selected for the classification.

The results derived from the analysis of the global
properties of the metabolic activity showed several char-
acteristics that merit further interpretation. One is the
widespread nature of the discriminating power of the
Fourier variables in differentiating normal subjects from
psychiatric patients. This was shown by the good discrim-
ination obtained across several anatomical levels while
using only the global spatial coverage of the first harmonic.
The anatomical level where the differences were most
marked was at the level of the basal ganglia. This is an
area rich in dopamine receptors and has been implicated
in the pathophysiology of mental illness (42).

The physiological/anatomical representation of the nor-
malized Fourier coefficients for the first harmonic as used
in this method is a contrast function between the cortical/
subcortical metabolic activity along four directions: front/
back, left/right and two chiasmatic (left anterior/right
posterior and right anterior/left posterior). Previous studies
using the ROI approach have also documented abnormal
frontal activity in schizophrenic subjects using PET to
measure glucose metabolism and using '**Xe to measure
cerebral blood flow (4,14,43). The replication of this find-
ing across different techniques and groups of patients
suggests that the association between anterior/posterior
and cortical/subcortical brain areas represents a basic in-
teraction pattern of brain activity.

The Fourier analysis also shows a chiasmatic (left-ante-
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rior/right-posterior) interaction that distinguishes normal
subjects from schizophrenic patients. This axis has been
related to psychopathology in anatomical studies done
both in schizophrenia and in autism (45,46).

The activation of the cerebellum under the visual track-
ing task was an unexpected result that merits further
analysis. The preliminary results of this additional study
using the traditional ROI approach is underway; prelimi-
nary results can be found in the Volkow et al. study (47).

In interpreting these results, one has to exclude the
effects of neuroleptics in brain glucose metabolism, since
the schizophrenic patients studied here have all been under
several years of treatment. Longitudinal prospective stud-
ies are needed in order to address this issue, and we cannot
conclude that these observations are not due in part to the
effects that neuroleptics might have on brain organization.

Like other FOI methods, the analysis of the spatial
frequency pattern avoids the use of predefined anatomical
regions, eliminates the subjective drawing of anatomical
boundaries and avoids averaging metabolic rates within
an anatomical region. It has the advantage of reflecting
global geometrical properties of each image with just a few
numbers. This strategy also allows itself to three-dimen-
sional Fourier analyses of PET metabolic images, thus
providing a method for investigating functional activity of
the brain as a whole.

On the other hand, direct anatomical interpretation of
the spatial patterns obtained by the present method is not
possible. Two FOI methods that have the capability to
identify automatically anatomical ROIs a posteriori can
be found in references (18-22) and (24,25).

In general, it is important to note the complementary
value of FOI methods to ROI methods: once a FOI method
has determined the spatial location of the significant brain
patterns, a simpler practical computer implementation
might be possible by taking advantage of this spatial infor-
mation using the detected significant ROIs in a traditional
ROI strategy that might be already available to the user.

In particular, one can implement the present method in
a simpler way, thus achieving a reduction in computation
time while avoiding the effort involved in drawing the
ROIs: since only the 0 and 1st harmonic coefficients are
needed by the method, the complete TDFT is not really
required and as indicated by Dahlquist and Acton (48,49)
these few coefficients can be obtained by simple summa-
tion formulas. This brings the computing effort to a level
similar to that of computing the weighted sum of metabolic
activity in one subcortical and four cortical areas, or to
the level of computing the brain’s metabolic centroid (23)
which takes 0.3 sec on a main frame computer and a few
seconds on a smaller PC.

CONCLUSION

In conclusion, the data reported here indicate the utility
of the first spatial frequency of PET metabolic images as
shown by its ability to discriminate adequately individual
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subjects across normals and schizophrenics. This, plus the
significant discrimination observed between the clinical
groups at the thalamus, basal ganglia, and cerebellum using
only the large spatial brain pattern associated with the first
spatial frequency harmonic, point to the widespread nature
of the differences between normals and schizophrenics and
give evidence for the nonlocalized nature of abnormalities
in brain glucose metabolism of chronic medicated schizo-
phrenic patients.

In a broader perspective, the unexpected emergence of
a functionally different cerebellum in the schizophrenic
group when performing a visual tracking task points to a
successful general strategy for exploring the differences
between normal and mentally ill brains; by imposing a
task that stresses the system, the weakest link is extracted
from a highly complex mechanism.

APPENDIX

TDFT can be used to represent an image F(x, y) contained
inside a rectangle of dimensions —p/2 < x < p/2 and —q/2 <y
< q/2 as a sum of cosine functions. If only the zero and first
spatial frequency are used to approximately represent the image
F(x, y) as F'(x, y), then the image is given in terms of the
magnitude C;, and phase angle 8; of the cosine functions by the
following expression

F'(x,y) = Coo
+ 2C,0 cos(2xUx + 8,0) + 2Co, cos(2xVy + 6,) +
2C,, cos(2xUx + 2xVy + 6,,) +
2C, -icos(2xUx — 2xVy + 6,_))

whereU=1/pand V = 1/q.

The directional characteristic of each term of this equation is
graphically illustrated in the left hand column of Figure 2, by the
spatial patterns of cos(x), cos(y), cos(x + y), and cos(x — y). These
functions attain positive values (0, 1) in the central areas of the
brain and mostly negative values (0, —1) at the brain’s edge.

In the present method, we shall use the four TDFT normalized
Fourier coefficients C,0/Coo, Co.1/Coo, Ci1.1/Coo and C;.-1/Cop,
which contrast the brain’s central areas to its edge areas in the
four directions left/right, front/back, right frontal/left back and
left frontal/right back, respectively. By taking as a reference Co o,
which is the value of the total metabolic activity in the brain
slice, the relative importance of each directional pattern is en-
hanced.
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