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We have created images of z value, error, and varia-
tion components for a PET activation study using
various ANOVA designs and anatomical standardiza-
tion methods. Data were acquired in four PET centers.
In each center, CBF was measured on six normal male
subjects under resting and covert verb generation,
three times for each. The images were anatomically
standardized with LINEAR transformation, SPM
(Ver. 95), HBA (Karolinska/Tohoku), or MICHIGAN
(Minoshima). ANOVA was performed pixel by pixel to
compute ¢ (and z) for the task main effect (Verb vs Rest)
in four different designs: (i) two way (subject and task)
(2W), (ii) two-way with interaction (2WI), (iii) subject
considered a random factor (2WI-MX), and (iv) three-
way (subject, task, and replication) (3W). A large area
extending from the Broca to the left premotor cortex
was activated. The localization of the highest peak
depended both on the anatomical standardization and
on the ANOVA design, the variation ranging 34 cm.
Smoothing reduced the variation while erasing pos-
sible subfoci. The z images of 2W, 2WI, and 3W looked
alike, whereas 2WI-MX presented lower peak z values.
SPM tended to present higher z values than the other
methods. The error was high in the gray and low in the
white matter. The root mean square for the subject
effect was high on the border of gray matter especially
in LINEAR and HBA, revealing intersubject mismatch
in the gray matter distribution. The root mean square
for the subject-by-task interaction effect revealed indi-

vidual variation in activation. o 1998 Academic Press

INTRODUCTION

In a PET activation analysis on a group of normal
subjects, analysis of variance (ANOVA) or related tech-
niques such as analysis of covariance (ANCOVA) are
usually employed to create a statistical map of activa-
tion (¢ or z map) after an anatomical standardization for
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intersubject averaging. The process of anatomical stan-
dardization, also called spatial normalization, trans-
forms the brain images of each subject into a standard
brain, for which an atlas is provided, so that the
regional cerebral blood flow (CBF) in the corresponding
pixels of all subjects could be analyzed statistically.

In the case of task replications within subjects, in
which CBF is measured twice or more under the same
condition (task) within subject, a number of ANOVA
designs are applicable with different definitions of ¢ and
error.

Let X;;, be the CBF for subject i, task j, and replica-
tion k£ and X', represent CBF adjusted for the global
value (gCBF) G, e.g., X iz = X;#/(G;#/50). Most previ-
ous reports of PET activation with task replications,
although not explicitly stated, used a simple two-way
design (Rumsey et al., 1997; Grabowski et al., 1996;
Herbster et al., 1997; Wessel et al., 1997). Their models
appear to be either

=Rt ot B tE, 1)

or

Xow = p + o + By + 8Gy + £,

(2)
in which p is the grand mean (intercept), «; is the
subject effect, B; is the task effect, and ¢;;;, represents an
independently and identically distributing normal er-
ror with mean zero and an unknown variance. The
effect of gCBF is removed either by dividing the CBF
values by gCBF to make X', or by ANCOVA treating
gCBF as a covariate as shown in Eq. (2). Although
Friston et al. (1990) reported that ANCOVA better
described the relationship between regional and global
CBF, subsequent studies showed that both methods
worked equally well in stabilizing the variation (Arndt
et al., 1996; McIntosh et al., 1996). In any case, recent
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investigators usually do not measure the arterial input
function, and the measured global value no longer
represents the actual global CBF.

Woods and colleagues proposed a three-way ANOVA
for PET activation analysis with task replications and
pointed out that it can theoretically reveal interactions
between subject and replication as well as between task
and replication (Woods, 1996; Woods et al., 1996),

w=n o+ B+ v+ (@B); + (v
+ BV + €ijps

3

in which v, is the replication effect and (ap);;, (ay)ix, and
(By); are the interaction effects of subject-by-task,
subject-by-replication, and task-by-replication, respec-
tively. (They should not be interpreted as the product of
a and B, ete.)

A recent study (Poline et al., 1996a) used a statistical
design available in SPM (Ver. 96),

Xip = o; + M, + 3Gy, + €5, (4)
in which X;, is the CBF for scan A of subject i, \;, is the
scan effect, and half of 2’s belong to taskl and the other
half belong to task2. To test the significant difference

between taskl and task2, they computed the ¢ statistic
of the contrast:

C= 2 M- 2 M

h&taskl h&task2

(5)

The statistical design is supposed to be built based on
a hypothesis by the investigator before the data are
analyzed. However, the difference in the philosophy
underlying each ANOVA/ANCOVA design is so subtle
that few investigators seem to define their design
intentionally. Some investigators do not even describe
specifically which ANOVA/ANCOVA design they use. It
will be a serious matter if the result depends heavily on
the ANOVA design. In fact, very few reports so far have
looked into how the result of an activation study
depends on the ANOVA/ANCOVA design.

The error term ¢, reflects the variations that are not
explained by the ANOVA/ANCOVA model. There has
been a controversy as to whether the error is heteroge-
neous across the brain (Friston et al., 1991) or can be
treated as homogeneous (Worsley et al., 1992). Rutti-
mann et al. (1997) proposed a variance stabilizing
transform assuming that the error is a function of
regional radioactivity. Although numerous reports that
apply the PET activation technique to neuroscience
have been published, few have addressed this issue or
presented the error images (Arndt et al., 1995). The
homogeneity of error image may depend on the task
paradigm or on the ANOVA/ANCOVA design. The z
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map and error images also depend on the method of
anatomical standardization because it influences the
intersubject variation of the data.

Another aspect of ANOVA is that it divides the total
variation into components, each of which is defined as
an effect in the ANOVA design and is explicitly stated in
the equation. The subject effect (a;) represents the
between-subject variation of CBF for each pixel. It is
considered to reflect the mismatch of gray matter
distribution between subjects in standardized images
and may indicate the pertinence of the anatomical
standardization method. The subject-by-task interac-
tion effect (ap);; represents the intersubject variation in
the amount of activation that is not accounted for by
the anatomical standardization. It may provide valu-
able information for interpretation of z images and,
therefore, about the effectiveness of the anatomical
standardization as well. Although few investigators
have examined the variation components in detail or
presented the images, it can be obtained in the course of
ANOVA computation as a mean square, which is the
sum of the square divided by the degree of freedom for
the effect. The root of the mean square (RMS) assumes
the same unit as X; and reflects the size of the
component.

In the present study, we have analyzed PET activa-
tion data on the verb generation paradigm using four
types of ANOVA designs and using four different meth-
ods of anatomical standardization (LINEAR, SPM,
HBA, and MICHIGAN). We have created the z maps
and error images and examined how they depend on
the ANOVA design and on the anatomical standardiza-
tion method. We have also created RMS images for the
subject effect (RMS-S) and for the subject-by-task inter-
action effect (RMS-ST) and examined the effect of
anatomical standardization on those variation compo-
nent images. As for the adjustment for the global value,
we have used the approach of X}; = X;;/(G;j/50) to
simplify the equation in the present study. As stated
above, whether to use this or the ANCOVA approach is
not a gignificant issue.

This study has been conducted as part of the Japa-
nese Multicenter PET Project.

MATERIALS AND METHODS

Data Acquisition

Data were acquired independently in four institutes
in Japan under the same protocol: Tokyo Metropolitan
Institute of Gerontology (Tokyo), Fukui Medical School
(Fukui), Tohoku University and Japan Radioisotope
Association Nishina Memorial Cyclotron Center (Sen-
dai), and Research Institute for Brain and Blood Ves-
sels—Akita (Akita).

In each institute, six young right-handed normal
male subjects (ages 19-29) were recruited locally. All
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the subjects were free from previous or current neuro-
logical disorders and were strongly right-handed as
assessed by Edinburgh’s handedness inventory (Old-
field, 1971).

The CBF was measured with bolus or slow bolus
intravenous injection of Hy!'0 under the resting condi-
tion (Rest) and while the subject tried to think of as
many verbs as possible that are associated with audito-
rily presented nouns without overtly pronouncing them
(Verb), three times for each in the alternating order
(RVRVRV or VRVRVR). The nouns were selected from
the standard pictures of Snodgrass (Snodgrass and
Vanderwart, 1980) and were given at a rate of one noun
per6s.

The radioactivity images were acquired for 60 (Fukui
and Sendai), 90 (Akita), or 120 s (Tokyo); starting at the
injection (Tokyo), at 10 s after injection (Akita), or at
the arrival of radioactivity in the brain (Fukui and
Sendai). The injected dose was approximately 1300
(Sendai), 1000 (Tokyo), 370 (Fukui), or 250 MBq (Akita).
The photon attenuation was corrected for with mea-
sured transmission data. The images were converted
into CBF images with PET-ARG method (Herscovitch
et al., 1983; Kanno et al., 1987) using measured arterial
time course (Tokyo) or standard input function of the
institute (Akita, Fukui, Sendai).

Tokyo and Sendai used a 2D PET scanner HEAD-
TOME-IV (Shimadzu, Japan) (Iida et al., 1989), which
provided 14 slices of images with a center-to-center
interval of 6.5 mm and with spatial resolution of 7.5
mm and axial resolution of 10 mm FWHM. Akita used a
3D scanner HEADTOME-V (Shimadzu, Japan) (Iida et
al., 1996), providing 63 slices with an interval of 3.125
mm, having an isotropic spatial resolution of 6 mm in
effective FWHM in reconstructed images. Fukui used a
3D scanner, GE-ADVANCE (GE, Milwaukee, WI) (De
Grado et al., 1994; Lewellen et al., 1996), with the
interslice septa being retracted, acquiring 35 slices of
images with an interslice spacing of 4.25 mm and with
spatial resolution of 6 mm and axial resolution of
10-mm FWHM.

T1-weighted transaxial MRI of each subject was also
acquired for anatomical reference. The center-to-center
slice interval was 0.9 mm for Fukui, 1.5 mm for Sendai,
and 3.0 mm for Akita and Tokyo.

The protocol has been approved by the ethics commit-
tee or its equivalent at each institute.

Anatomical Standardization

The CBF images of each subject were checked for
motion between scans by the realign program in SPM
(Ver. 95) and by inspection of subtracted images and
were realigned if a motion of >1 mm or >1° was
detected or if a streak was observed along the brain
surface in the subtraction images. Significant motion
was not detected for any subject imaged in Tokyo or
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Sendai, where customized headholders were routinely
used to secure the fixation so that the already small
axial field of view would not be curtailed by realign-
ment.

The six CBF images were averaged within each
subject and the average CBF image was registered to
the subject’s MRI using the registration method pro-
posed by Ardekani et al. (1995). The resulting fusion
images were inspected and the accuracy of registration
was confirmed by one of the authors (K.I.), an expert in
brain PET and MRI interpretation. The registration
method combined with visual inspection provided an
average error of <2 mm. The images were then anatomi-
cally standardized with each of the four methods:
LINEAR, SPM (Ver. 95), HBA, and MICHIGAN.

In LINEAR, the anterior commissure (AC) and poste-
rior commissure (PC) were identified and the brain size
was measured on the MRI to compute the transforma-
tion parameters that would reorient the MRI to the
AC-PC line and scale them to Talairach’s atlas (Talair-
ach and Szikla, 1967) with a different scaling factor for
each axis (Fox et al., 1985). This parameter set and that
for the PET-MRI registration were used to transform
the PET images into Talairach’s space (Senda et al.,
1994). The standardized images had 25 slices with
4-mm interslice spacings and a pixel size of 2 mm.

In SPM, the AC-PC line was automatically esti-
mated from the PET without using MRI (Friston et al.,
1989), and the PET images were transformed into
Talairach’s space (Talairach and Tournoux, 1988) using
a 12-parameter affine transformation and a 6-param-
eter 3D quadratic deformation (Friston et al., 1995).
The procedure minimizes the sum of squares between
the subject PET and the template PET. The standard-
ized images had 26 slices with 4-mm interslice spacings
and a pixel size of 2 mm.

In HBA, the computerized brain atlas (Roland et al.,
1994; Roland and Zilles, 1994) was processed interac-
tively by a trained operator in Tohoku University with
multiple linear and nonlinear transformations so that
the brain contour, ventricles, and major sulci defined in
the atlas would match the structures identified in each
subject’'s MRI. The PET images that had been regis-
tered to the MRI were transformed into the atlas space
with the reverse transformations. The standardized
images had 38 slices with 4-mm interslice spacings and
a pixel size of 2 mm.

In MICHIGAN, the subject PET image was reori-
ented and scaled using the AC-PC and the brain size
that were automatically estimated on the PET. The
cerebral cortex and the central gray matter were
stretched on hundreds of predefined lines along major
neuronal fiber bundles so that the profile could match
that in the standard normal FDG image, which had
been created based on Talairach’s atlas (Talairach and
Tournoux, 1988). Thin-plane spline interpolation with
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trilinear resampling was employed to fill out the pixels
between the matched points (Minoshima et al., 1994a,b).
The standardized images had 60 slices with 2.25-mm
uniform voxel size.

It should be noted that MRI was used in LINEAR and
in HBA, but was not used in SPM or in MICHIGAN.

Statistical Analysis

In the present study, statistical analysis was per-
formed on the data set from each center (six scans by
six subjects making » = 36) and not on the entire data
of 24 subjects, because data from different centers are
supposed to have different noise and spatial resolution
due to difference in dose, scanning period, camera
sensitivity, and various corrections. We also planned to
look at the reproducibility of findings between centers,
i.e., between subject samples or PET cameras. There-
fore, each of the four data sets was analyzed with an
identical procedure described below. The statistical
computation was performed with locally developed
programs which utilized IMSL/STAT library (IMSL
Inc., Houston, TX), and the image processing in general
was performed using DrView (Asahi-Kasei Joho Sys-
tem, Japan).

First, the gCBF value for each scan was obtained as
the average CBF value within the brain area defined by
>0.2 of the maximum value in each subject’s mean CBF
image. Each CBF image was divided by (gCBF)/50 to
adjust for the gCBF fluctuations. The images were then
smoothed with a 3D Gaussian filter of 10-mm FWHM.
For the Fukui data and for the Akita data, smoothing
was also performed using a 3D Gaussian filter of
15-mm FWHM and of 20-mm FWHM. These stronger
smoothing filters were not applied to the other two data
sets because they did not tolerate such a strong z-axis
smoothing operation due to a short z-axis field of view.

For the set of six-subject data, ANOVA was per-
formed pixel by pixel in the following four different
designs to compute the F statistic for the task main
effect (Verb vs Rest), and its square root (=¢) was
mapped. To make the comparison between ¢ statistics
with different degrees of freedom (df) easier, the ¢ value
was transformed into the equivalent z score of normal
distribution. The mean difference of the task effect
(ACBF) was also computed and mapped. In addition,
the RMS-S (o) and the RMS-ST (af8) as well as for the
error (RMSE) were computed and were mapped to
evaluate the components of variation.

As X' denotes the gCBF-adjusted CBF for subject i
(=1-6), task j (=Rest, Verb), and replication & (=1-3),
the ANOVA designs employed in the present study are
described:

(1) Two-way ANOVA (2W)
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(2) Two-way ANOVA with interaction (2WI)

Xigp=p+a; + B; + (aB);
+ £, F= MSB/MSE, df = 24;

(N

(3) Two-way ANOVA with interaction, using a mixed-
effects design (2WI-MX)

=Rt o+ B+ (@B + €,
F= MSB/MS(aB), df = 5;

(4) Three-way ANOVA with two-factor interactions
3W)

=Rt o+ B+ oy + (@f); + (v

The 2W, 2WI, and 3W are fixed-effects designs be-
cause all the factors (“subject,” “task,” and “replication”)
are treated as fixed factors. On the other hand, the
2WI-MX is a mixed-effects design because the “subject”
is treated as a random factor while the task is treated
as a fixed factor.

Strictly, the subject is considered a random factor
because the subjects in the present study are not
specific subjects but are sampled from a population.
The subject effect reflects the intersubject variation in
the population and is treated as a random variable from
normal distribution with an unknown variance, whereas
a fixed effect is expressed by an unknown constant. In
2WI-MX, MSB becomes equal to MS(aB), not to MSE,
under the null hypothesis of no task effect (Brest = Bverb)
(Kleinbaum et al., 1988, pp. 416—477). Although this
approach may not be appropriate for a small set of
subjects, we investigated how this would influence the z
map in the two-way ANOVA with interaction in the
present study.

A similar viewpoint applies to the three-way ANOVA
design. The “replication” may be considered either a
random factor (three randomly selected measurements
from a large number of trials) or a fixed factor (three
specific trials). The latter is more acceptable from the
standpoint of neuroscience because habituation would
occur when a subject undergoes the same task three
times. If subject is a random factor and task and
replication are fixed factors in 3W, MSB becomes equal
to MS(aB), not to MSE, under the null hypothesis of no
task effect (Brest = Bvers) (Winer, 1971). Because our
ANOVA design is balanced (one observation for each set
of i, j, k), MSP for 3W is equal to that for 2W (and also
2WI), and MS(aB) for 3W is equal to that for 2WI. (Note
that MSE is different between 2W, 2WI, and 3W.)
Therefore, 3W-MX with the subject being treated as a
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random factor would give the same z map as the
2WI-MX.

In the present study, 2W, 2WI, and 3W are fixed-
effects models with their effects being nested with each
other. In such a case, significance of the additional
effects in 2WI compared to 2W (i.e., subject-by-task
interaction effect) can be evaluated with a partial F
(Kleinbaum et al., 1988, pp. 126-137). Accordingly, F
(2W vs 2WI) = (difference in SSE between 2W and
2WT)/(difference in df between 2W and 2WI)/(MSE of
2WI) was computed pixel by pixel and was mapped.
Similarly, F (2WI vs 3W) was computed and mapped,
which is a measure of gignificance for the additional
effects regarding the replication. Note degree of free-
dom is (5, 24) for F (2W vs 2WI) and (14, 10) for F (2WI
vs 3W).

Evaluation of Smoothness

Smoothness should be taken into account when the
above-mentioned statistics are interpreted. The smooth-
ness represents a correlation between neighboring pix-
els and is essential for estimating the P value from the z
value based on the stochastic model (Friston et al.,
1991; Worsley et al., 1996a). Smoothness exists in the
original PET images according to the finite spatial
resolution, which depends on the camera and the
reconstruction filter, and is added to by subsequent
smoothing operations. Because an interpolation, hav-
ing a smoothing effect, is inevitably involved in an
image transformation process, smoothness may depend
on the anatomical standardization method.

Smoothness is estimated from the variance of the
partial derivative of the statistic image that can be
treated as a Gaussian random field (Friston et al.,
1991). Because the activation z map satisfies the condi-
tion only under the null hypothesis of no activation,
Worsley et al. (1992) showed that it is better to estimate
the smoothness on the residual images standardized by
the pooled standard deviation under the assumption of
uniform error across the brain. The present study,
however, does not assume uniformity of the error, but
investigates its distribution. Therefore, in the present
study, the residual was standardized by RMSE X
(1 — leverage)2 for each pixel to create the standard-
ized (studentized) residual image, which follows a
Student ¢ distribution if the ANOVA design is correct
(Kleinbaum et al., 1988, pp. 186-187). The standard-
ized residual images were Gaussianized, from which
the smoothness was computed. Because the smooth-
ness is theoretically independent of the ANOVA design,
it was estimated on the residual for the 3W design.
Considering the wide interslice spacing, the smooth-
ness was estimated two-dimensionally in each slice
from ACPC+0 to +36 mm or within the corresponding
slice range.
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RESULTS

Figure 1 illustrates the mean CBF images of six
subjects acquired in Fukui that have been anatomically
standardized with each of the four methods (LINEAR,
SPM, HBA, and MICHIGAN). The MICHIGAN images,
having a different pixel size, were scaled to the other
methods for display. Because of differences in the
standard brain and in the interslice spacing between
the standardization methods, roughly corresponding
slices were selected for each method and depicted for
comparison. As a result, the slice 2z pesition from AC-PC
is not necessarily the same for all methods. As shown in
Fig. 1, major gray matter structures were equally
delineated in the mean CBF images by each method.
However, the shape of the brain was different between
methods according to the standard brain. The images
standardized by MICHIGAN, whose standard brain
had been molded most loyally after Talairach’s atlas,
presented compressed lateral contours along the Syl-
vian fissure as they are portrayed in the atlas.

When the area activated by Verb compared with Rest
was examined, the z maps computed in various ways
showed an activation more or less in the left frontal
cortex extending from the inferior frontal gyrus (Broca’s
area) upward to the middle frontal and premotor
cortex. An activation was also observed in the supple-
mentary motor ayea (SMA), in the anterior cingulate
gyrus, and in the left superior temporal cortex (Wer-
nicke’s area). The activated area was consistent among
the centers, although the Fukui data presented stron-
ger activation than the other centers.

Figure 2 illustrates the z map computed with the 2W
ANOVA design from the data of six subjects acquired in
Fukui and anatomically standardized with four differ-
ent methods. The z images looked similar to each other
in appearance although some differences are observed
by a close inspection.

Figure 3 illustrates the z map computed by four
different ANOVA designs (2W, 2W1, 2WI-MX, 3W) from
the data of Tokyo and Fukui anatomically standardized
with SPM. 2W, 2WI, and 3W presented similar z
images, 3W being a little different from 2W and 2WI. On
the other hand, 2WI-MX presented substantially lower z
values and different z distribution from the others.

Table 1 summarizes the highest and the second
highest peaks in z and CBF difference images within
the activated area extending from the Broca to the left
middle frontal gyrus. The exact localization of foci peak
in the z images depended both on the ANOVA design
and on the anatomical standardization method, and the
variation ranged as much as 3—4 cm. This variation
exceeds the difference in the definition of structures in
the atlas each method is based on. As for the peak
values, SPM tended to present higher z values than
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Mean CBF images of six subjects acquired in Fukui that have been anatomically standardized with four different methods

(LINEAR, SPM, HBA, MICHIGAN; see text for details). The slice positions are expressed in mm from AC-PC in the standard brain each
method is based on. Note different appearance between standardization methods despite identical original data set.

LINEAR and HBA. The variation of the peak localiza-
tion was not caused by the shift of the same peak but by
the presence of several peaks within the activated area.
Which subpeak became the highest depended on the
standardization method and on the ANOVA design.

Figure 4 illustrates the dependence of RMSE on the
ANOVA design (2W, 2WI, or 3W) that were computed
from identical data (Tokyo or Fukui) with standardiza-
tion by SPM. The RMSE were not homogeneous across
the brain, being high in the gray matter and low in the
white matter, so that the gray matter structures were
delineated. Within the gray, the central and deep
structures including thalamus, basal ganglia, and in-
sula tended to present higher RMSE than the surface
cortical rim.

Figure 5 shows the RMS-S and how it was influenced

by the standardization method (LINEAR, SPM, HBA,
and MICHIGAN). The RMS-S represents the variation
explained by the subject and therefore reflects the
intersubject mismatch in CBF distribution. Although
they were computed from identical data of Fukui,
LINEAR and HBA presented higher values than SPM
and MICHIGAN in general. When the images were
closely inspected, high RMS-S values were observed on
the border of gray matter structures such as on the
brain contour, between the cortex and the subcortical
white, between the cingulate gyrus and the corpus
callosum, along the Sylvian fissure, and around the
thalamus and basal ganglia. In LINEAR, the occipital
cortex also presented high RMS-S values.

Figure 6 illustrates the RMS-ST computed from the
data of six subjects acquired in each city and anatomi-
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FIG.2. Thez map of verb generation vs resting based on two-way ANOVA design computed from the identical data of six subjects acquired
in Fukui and anatomically standardized with four different methods (LINEAR, SPM, HBA, MICHIGAN; see text for details). Slice position
labels are for LIN and SPM. For HBA and MICH, slices corresponding to those shown in Fig. 1 are depicted. The contour lines were obtained
from the corresponding mean CBF images. Note difference in the peak localization between standardization methods, which is summarized in
Table 1.

cally standardized with SPM. The RMS-ST, represent-
ing intersubject variation in activation, presented hot
spots in the left posterior inferior frontal gyrus (Broca),
anterior cingulate, and SMA. The Akita and Fukui data
also showed high RMS-ST in the medial occipital cortex
known as the primary visual area.

Figure 7 illustrates the F images to assess the
significance of additional effects for 2W vs 2WI and for
2WI vs 3W, which were computed on the Tokyo data
and on the Fukui data standardized with SPM. The F
image for 2W vs 2WI looked similar to the respective
RMS-ST image, the latter being the numerator of the F,
and presented localized high values within or on the
margin of the left frontal activated area. Hot spots were

also observed in the supplementary motor area in
Tokyo data and in the anterior cingulate cortex in
Fukui data. On the other hand, the F image for 2WI vs
3W did not present apparent high values in or around
the left frontal activation foci. Instead, high F' values
were noted in the occipital cortex in Fukui data and in
Akita data.

To evaluate the effect of smoothing, the statistical
analysis was repeated on the Fukui data and on the
Akita data after smoothing the images with a Gaussian
filter of 15- or 20-mm FWHM instead of 10 mm. All
resultant images, including z maps, mean difference,
RMSE, RMS-S, and RMS-ST, became “smoothed” in
appearance when the transformed images were treated
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FIG. 3. The z map of verb generation vs resting based on four different ANOVA designs (2W, 2WI, 2WI-MX, 3W; see text for definitions)
computed from the identical data of six subjects acquired in Tokyo (left) and Fukui (right) and anatomically standardized with SPM. The
contour lines were obtained from the mean CBF images. Note difference in the peak value and localization between ANOVA designs, which is

summarized in Table 1.

with stronger smoothing. In general, the values of the z
maps tended to increase while those of the mean
difference, RMSE, RMS-S, and RMS-ST tended to
decrease with stronger smoothing. However, those im-
ages more or less retained the relative regional charac-
teristics described so far, regardless of the degree of
smoothing. The activated region covered similar corti-
cal areas shown in Figs. 2 and 3. Table 2 summarizes
the value and localization of the highest and the second
highest peaks in z and CBF difference images in and
around the activated area of the Fukui data with a
Gaussian filter of 15- or 20-mm FWHM. The exact
localization of the peak in the z images depended both
on the ANOVA design and on the anatomical standard-
ization, although the variation ranged 1-3 ¢m, which

was smaller than the results with a 10-mm FWHM
filter, shown in Table 1. The RMSE images showed the
same relative heterogeneity as in Fig. 4, being high in
the gray and low in the white. The RMS-S images
presented relatively large values on the border of gray
matter structures in the same way as in Fig. 5 although
the absolute values were smaller. The different appear-
ance in RMS-S between anatomical standardization
methods were also preserved when the images were
smoothed with a stronger filter. The RMS-ST images also
showed findings relatively similar to those of Fig. 6.

The smoothness of the standardized residual images
is expressed as effective FWHM(x) and is summarized
in Table 3. The smoothness was almost the same
regardless of the standardization method and regard-
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LINEAR SPM HBA MICHIGAN
ANOVA
design x y z Peak x y z Peak x y z Peak x y z Peak
Tokyo data
2W -57 19 0 4.67 -30 18 12 4.79 —53 43 10 4.65 —26 6 20 4.19
-31 23 12 4.34 -30 8 24 455 -33 35 10 4.61 -30 15 9 3.97
2WI -53 15 4 4.86 -30 8 24 5.77 -33 35 10 4.86 -30 8 23 5.08
-31 13 28 4.79 -30 18 12 4.80 —55 43 14 4.81 -51 17 16 4.15
2WIMX -59 19 4 3.73 -22 8 0 3.82 -35 33 -6 4.32 -57 19 0 3.48
-25 21 8 3.32 -26 30 8 3.51 -27 23 6 343 -39 17 38 3.35
3w -57 11 0 4.68 -36 6 20 5.50 -39 25 18 5.08 —44 13 27 4.89
—43 25 20 4.56 —38 18 16 4,93 -59 23 -6 5.01 -39 6 23 4.72
Difference -33 21 12 6.30 -30 16 8 6.03 -31 31 6 5.96 -33 15 4 6.90
—45 19 24 5.55 -36 6 24 497 -45 31 18 5.15 —48 15 18 5.83
Sendai data
2w -41 17 20 5.46 -26 20 4 5.82 —49 27 10 5.19 —48 26 18 5.46
—45 23 24 5.20 —-38 12 20 5.69 -41 31 18 5.10 ~51 6 7 4.87
2WI —41 17 20 5.22 -26 20 4 5.80 —43 37 18 4.94 —48 26 18 5.19
—45 25 24 5.06 —38 14 16 5.31 -41 31 18 4.91 -51 6 7 4.67
2WIMX —33 27 8 5.12 -32 16 0 5.22 —49 27 14 4.94 ~53 24 23 4.44
—35 21 4 4.79 —46 10 12 4.35 -33 35 2 4.72 -53 1 9 3.97
3w -51 13 16 5.54 —-24 20 4 5.19 -61 33 10 5.50 —-26 17 2 4.89
—-49 27 28 4.65 —30 12 16 5.15 -49 43 26 4.61 —28 15 -2 4.87
Difference —-35 19 8 7.37 —44 12 12 7.53 —-47 29 6 8.01 —46 19 18 7.62
-47 15 12 7.32 -32 12 8 7.40 -25 57 18 4.50 —48 33 9 7.35
Fukui data
2w -31 35 12 6.16 -30 20 16 6.42 —29 39 6 5.38 ~44 15 16 5.76
—43 19 16 5.46 -32 6 16 5.87 -33 37 14 5.38 ~37 6 18 5.74
2WI -27 27 8 6.29 -30 18 20 6.29 —-27 39 2 5.53 -37 6 20 5.60
-31 35 8 5.87 —-26 16 8 6.03 -43 37 22 5.34 —44 15 16 5.52
2WIMX -35 37 12 4.45 —26 6 8 448 —47 27 34 4.87 -60 22 7 5.02
-37 13 16 4.30 -30 22 12 4.44 —41 39 10 4.39 ~57 24 11 4.96
3w -33 35 4 5.15 -32 28 4 5.49 -37 37 30 4.73 —-37 31 2 491
-25 25 8 5.02 -16 6 12 5.11 -23 37 -2 4.71 -33 26 2 4.84
Difference —43 19 12 7.92 -40 8 8 8.67 -43 29 10 8.75 -39 15 4 8.84
—-41 31 24 5.82 -32 34 12 5.17 -39 51 14 4.71 -46 10 25 7.02
Akita data
2W -39 17 32 5.56 -40 10 28 5.79 -41 27 26 541 —42 10 25 5.83
-31 33 24 4.78 -28 14 12 4.87 -29 33 10 4.88 -30 4 27 491
2WI —41 15 32 5.30 —40 12 28 5.57 -37 41 14 547 —44 10 27 5.70
~43 25 28 5.22 —42 4 24 5.52 -27 35 10 5.43 -30 4 27 5.20
2WIMX -33 15 32 4.30 -32 -2 16 3.89 -37 25 26 445 -51 10 23 4.45
-37 17 28 4.15 —-38 10 36 3.77 -61 29 14 3.53 -37 8 25 4.42
3w —-41 17 36 5.54 —42 0 24 547 —41 29 34 5.57 —44 13 29 5.88
—47 33 24 5.16 —40 10 32 541 —-27 29 14 5.08 -15 4 20 441
Difference -39 15 36 5.53 —40 8 28 577 —41 25 30 5.22 ~44 10 29 6.24
-33 23 12 4.69 -32 16 8 4.66 -33 37 10 4.76 —-44 24 23 5.79

Note. Analyzed from the data of six subjects acquired in Tokyo, Sendai, Fukui, and Akita. The highest and the second highest peaks are
shown. Coordinates (x, y, z) are mm from AC, with positive directions toward right, anterior, and superior. Peak values are in z score for each
ANOVA design and in ml/min/100 ml for CBF difference (gCBF = 50). The images were smoothed with a Gaussian of 10-mm FWHM. See text
for details of ANOVA designs (2W, 2WI, 2WIMX, 3W) and anatomical standardization methods (LINEAR, SPM, HBA, MICHIGAN).

less of the data set. The effective FWHM was 10.2-11.8,
15.9-16.8, and 21.5-23.6 mm for the data that had been
smoothed with a filter of 10, 15, and 20 mm, respec-
tively, and was comparable to the respective Gaussian
filter added to the original spatial resolution in quadrature
(11.7-, 16.2-, and 20.9-mm FWHM for Akita and Fukui;

12.5-,16.8-, and 21.4-mm FWHM for Sendai and Tokyo).

DISCUSSION

Foci Localization

In the present study, we used various anatomical
standardization methods and various ANOVA designs
on identical data sets to create z maps and compared
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FIG. 4. Mean CBF images and root mean square for error (RMSE) based on three different ANOVA designs (2W, 2WI, 3W; see text for
definitions) computed from the identical data of six subjects acquired in Tokyo (left) and Fukui (right) and anatomically standardized with
SPM. The gray scale is in ml/min/100 ml when the global CBF is adjusted at 50. Note heterogeneity in RMSE, higher in the gray matter than in

the white matter, and higher in the central gray than in the cortex.

the results. We used the covert verb veneration para-
digm, because it has been investigated with the PET
activation technique by a number of groups (Wise et al.,
1991; Herholz et al., 1996; Warburton et al., 1996;
Grabowski et al., 1996; Poline et al., 1996a) and is
known to activate language related areas evidently
and, therefore, is suitable for comparison of the meth-
ods of data analysis. The activated areas visualized in
the present study were, in general, consistent with
those previous reports and included the left frontal
cortex covering the inferior frontal gyrus (Broca’s area)
and extending upward to the middle frontal and premo-
tor cortex, posteriorly to the superior temporal cortex,
and medially to the operculum. To evaluate the effect of
standardization method and ANOVA design on foci

localization, we examined the highest and the second
highest peaks within the activated area covering and
surrounding Broca’s area as described above. The re-
sults indicated a maximum variation of 3-4 cm in the
highest peak localization depending on the standardiza-
tion method and on the ANOVA design even if identical
data sets were analyzed (Figs. 2 and 3 and Table 1).
When the standardized images were treated with a
stronger smoothing filter, the maximum variation was
reduced to 1-3 cm (Table 2).

The variation in the peak z localization due to
ANOVA design is caused by the regional relative F value
being affected by the ANOVA design. Because the
ANOVAS in the present study are of balanced design,
the MSBs in the numerator for F in Eqgs. (6)~(9) are



ANOVA AND STANDARDIZATION FOR PET ACTIVATION

293

FIG.5. Images of root mean square for the subject effect (RMS-S) computed from the identical data of six subjects acquired in Fukui and
anatomically standardized with four different methods (LINEAR, SPM, HBA, and MICHIGAN; see text for details). Slice position labels are
for LIN and SPM. For HBA and MICH, slices corresponding to those shown in Fig. 1 are depicted. The gray scale is in ml/min/100 ml when the
global CBF is adjusted at 50. The RMS-S represents intersubject mismatch that has not been accounted for by the anatomical standardization

and assumes higher values on the border of gray matter.

equal. Therefore it is the denominator, MSE or MS(a),
that makes F different between ANOVA designs. The
MSE is not uniform across the brain and also depends
on the ANOVA design as shown by the images of RMSE
in Fig. 4 which are the square root of MSE. The MS(«3)
is not uniform either, as shown by the images of
RMS-ST in Fig. 6 which are the square root of MS(a).
Because the activated region in and around Broca’s
area spanned several centimeters and contained a
number of potential local maxima, a small relative
change in the denominator may switch the highest z
point from one peak to another located centimeters
away. Those local maxima may be an unstable manifes-
tation of a single neuronal activation focus or may

represent two or more significant neuronal foci within
the above-mentioned area. Image smoothing reduced
the number of small peaks in the numerator and
increased the homogeneity of the denominator for F in
Egs. (6)—-(9). However, while stronger smoothing re-
duced the variation and made the highest peak localiza-
tion more stable, it resulted in a single peak over the
entire activation area in some cases, erasing all local
maxima, including possible significant subfoci.

The difference in MSE between ANOVA designs, at
least partly, is due to the instability of the MSE caused
by the small number of observations. In other words,
the measured MSE does not precisely represent the
true variance of the error term (e) in the corresponding
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Images of root mean square for the subject-by-task interaction effect (RMS-ST) computed from the data of six subjects acquired in

each city and anatomically standardized with SPM. The gray scale is in ml/min/100 ml when the global CBF is adjusted at 50. The RMS-ST

represents intersubject variation in activation.

Eq. (6)~9). This interpretation is supported by the
“noisy” appearance of RMSE images (Fig. 4) and by the
fact that stronger smoothing reduced the difference in
peak localization especially between 2W and 2WI (Table
2). However, a variation of 1-2 cm in the peak localiza-
tion still remained between 3W and 2W/2WI even in
case of the 20-mm FWHM smoothing. This suggests
that the foci localization may actually depend on the
mathematical assumptions underlying each ANOVA
design that formulate the CBF change with potential
factors and define the null hypothesis. Therefore, inves-
tigators are encouraged to explicitly specify the ANOVA/
ANCOVA design they use for the analysis because the
result may substantially depend on it.

These results have two important implications. (i)
Image smoothing makes the foci localization more

robust, while it sacrifices the spatial resolution and
may erase possible subfoci. Determination of the
smoothing level has been somewhat a matter of trial
and error, and no criterion is established that convinces
everyone. Some investigators do not even describe
anything about smoothing operations. As proposed by
recent investigations (Poline et al., 1994b,c; Worsley et
al., 1996b), it may be appropriate to execute multiple
levels of smoothing and to interpret the integrated
results if the area of activation is not a single point.
Another possible approach may be to smooth the de-
nominator (MSE) more intensely than the numerator
(MSB) when computing F in Eqgs. (6)-(9) (Worsley et al.,
1992; Holmes et al., 1996). (ii) It may be insufficient to
describe the activation foci only with the highest z
peak. The highest peak coordinates, which are used by
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Images of F' value representing the significance of additional effects for 2W vs 2WT and for 2WI vs 3W, which have been computed

from the data of six subjects acquired in Tokyo and in Fukui and anatomically standardized with SPM.

the majority of current investigators, heavily depend
on the ANOVA design. Center of gravity is another
approach, but it may depend on the region, of which it is
to be computed, or on the threshold value to determine
the region. A more appropriate way of describing the
foci should be developed in the future. We have no
reason to believe that a single point or a single spheri-
cal volume is activated by a task as complicated as the
verb generation. Although concise description of the
activated area is preferable, the images themselves
may be used to describe the result.

The apparent variation in the peak localization due
to the anatomical standardization method is caused
both by the smoothing effect due to the interpolation
procedure involved in the transformation and by the
actual shift of the peak by the transformation. The
former affects the MSE, and accordingly, the z map as

discussed above. The latter comes from the fact that the
coordinate system is defined in the atlas on which each
method is based, and therefore, the same coordinates
may correspond to a different structure on a different
atlas. For example, the distance between the frontal
pole to AC, AC to PC, and PC to the occipital pole along
the AC-PC line is 73/25/73 mm in LINEAR, 72/24/80
mm in HBA, and 70/24/79 mm in MICHIGAN. This
simply demonstrates that an identical peak in the
original PET images is expressed with different y
coordinates by different atlases. Furthermore, even if
the same atlas is used, a different transformation
algorithm may map the same pixel in the image to
different coordinates in the atlas. Therefore, the ana-
tomical standardization method must be specified when
coordinates in the standardized images are described.
Choice of an option and other details should also be
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TABLE 2

Dependence of Peak z Score and CBF difference and Their Localization in and around Broca’s Area upon ANOVA Design
and Anatomical Standardization (Effect of Smoothing)

LINEAR SPM HBA MICHIGAN
ANOVA design x y z Peak x y z Peak x y z Peak x y z Peak
Fukui data

(FWHM = 15 mm)

2W -33 33 8 6.70 -30 18 12 6.94 -33 37 14 5.70 —-57 28 0 6.94

-17 11 20 5.84 -24 38 16 4.93 -21 21 14 4.96 -44 17 14 6.23

2W1 -27 29 8 677 -28 16 12 6.71 -31 35 14 561 -57 28 0 640

-19 11 20 581 -18 4 16 559 -33 23 18 5.36 -42 17 16 591

2WIMX -15 23 12 435 -16 14 8 438 -1 21 18 439 -60 24 11 478

-356 15 16 418 -34 24 8 430 -29 59 26 4.01 -62 24 18 4.70

3w -29 385 24 531 -16 8§ 16 520 -17 27 14 477 -15 8 16 5.08

-17 15 16 530 -28 18 20 497 -27 37 26 476 -35 28 0 499

Difference -41 21 16 593 -38 12 12 671 —-43 31 14 661 -42 13 9 17.02

Fukui data

(FWHM = 20 mm)

2w -29 21 16 673 -26 12 16 712 -31 33 14 5.73 -60 31 0 693

-33 31 12 6.71 -48 10 27 629

2WI -29 29 12 678 -26 14 12 679 -29 31 14 567 -57 28 -2 646

-51 8 22 6.04

2WIMX -13 5 36 436 -16 0 16 499 -15 15 14 433 -55 17 7 448

-17 7 16 424 -34 20 12 395 -9 19 18 418 -60 28 2 439

3w -25 25 16 505 -22 14 16 517 —-27 33 22 491 -33 26 20 4.70

-27 33 24 492 -48 20 4 459 -31 21 26 460 -28 15 9 4.60

Difference -39 23 16 480 -36 14 12 535 —-41 33 14 521 -44 15 11 568

Note. Analyzed from the data of six subjects acquired in Fukui. The highest and the second highest peaks are shown for z peaks. Coordinates
(x,y,2) are mm from AC, with positive directions toward right, anterior, and superior. Peak values are in z score for each ANOVA design and in
ml/min/100 ml for CBF difference (gCBF = 50). See text for details of ANOVA designs (2W, 2WI, 2WIMX, 3W) and anatomical standardization

methods (LINEAR, SPM, HBA, MICHIGAN).

described when a number of options are available, as
occurs in SPM. This discrepancy of coordinates be-
tween atlases and between transformation methods
should be taken into account in an attempt to make a
database of activation foci from a collection of data
acquired and analyzed by different investigators (Fox
and Lancaster, 1994). It should be noted that the
limitation of the atlas coordinates described above
occurs only in an intersubject analysis and not in an

TABLE 3

Smoothness Expressed as Effective FWHM(x) (mm)
for the Residual Images of SW-ANOVA Computed from Each
Data Set Using Various Anatomical Standardization
Methods and Smoothing Filters

Data set Filter LINEAR SPM HBA  MICHIGAN
Tokyo 10 mm 104 10.6 10.6 10.8
Sendai 10 mm 10.1 10.3 10.4 10.5
Fukui 10 mm 10.7 10.6 11.0 10.8
15mm 16.3 16.5 16.8 16.4
20 mm 23.1 23.5 23.6 22.5
Akita 10 mm 11.6 11.8 11.8 11.8
15mm 15.9 16.8 16.1 16.1
20 mm 21.6 23.6 22.0 21.5

individual subject analysis, in which PET can be regis-
tered to the individual MRI.

The variation of 34 cm by the standardization
observed in the present study is contrasted with that
for the primary sensorimotor cortex for fingers investi-
gated by our group (Senda et al., 1993, 1994). In that
study, we transformed an identical data set on vibrotac-
tile and motor stimulation of the fingers using three
different methods of anatomical standardization and
found a variation of no more than 1 e¢m in the foci
localization. This is because the area of activation by
the vibrotactile and motor stimulation is smaller than
the verb generation and contains only a single peak.

Peak z Values

The z value at the highest peak was similar among
the 2W, 2WI, and 3W (Table 1). Stronger smoothing in
general increased the peak z values due to improved
signal-to-noise ratio for 2W and 2WI (Table 2). As the
ANOVA model becomes complex, incorporating more
effects and factors, the RMSE decreases, but the degree
of freedom decreases simultaneously, resulting in simi-
lar peak z values. In this sense 3W provided no more
sensitive detection of the activation foci than 2W or
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2WI. The apparent absence of hot spots in the F images
of the additional effects for 2W1 vs 3W (Fig. 7) suggests
that 3W is not necessary to explain the CBF variation
of the present data in or around the activation foci.

When the peak z value was compared among the
standardization methods, SPM tended to present higher
z values than the other methods except for the Akita
data, in which MICHIGAN presented the highest.
Anatomical standardization is aimed at accounting for
the individual variation in activation. OQur results
indicate that SPM reduced the individual variation in
foci localization more efficiently than LINEAR and
HBA. Because LINEAR used only linear parameters, it
did not normalize the shape of the brain appropriately
nor, therefore, the foci either. On the other hand, HBA
used nonlinear transformation parameters and was
most loyal to morphology in matching anatomical land-
marks to the atlas. However, HBA provided lower z
values than SPM. This suggests that utilizing the
information about the sulci location may not reduce the
interindividual foci variation. Herholz et al. (1996)
examined functional anatomy of the verb generation in
each subject and reported a significant individual varia-
tion in the anatomical configuration of the Broca’s area
as well as in the relationship between activation foci
and morphology. Therefore, HBA may not have ac-
counted for the individual anatomical variation in the
Broca and surrounding areas. Even if it did, functional
variation may have remained. It should be noted that
HBA depends on the operator. A different result may
have come out if it had been more skillfully operated on
and around Broca’s area.

Since the z value is closely related to the degree of
smoothing, the smoothness was estimated and ex-
pressed as effective FWHM in Table 3. The smoothness
was similar among the standardization methods and
among the centers and was comparable to the predicted
spatial resolution of the images. The slight differences
may have come from computation error. The difference
between the methods may also arise from how and how
many times the images were interpolated in each
method of anatomical standardization. The camera
resolution differs among the centers and the images
were realigned to correct for the interscan motion in
Fukui and Akita data, which may also contribute to the
slight difference between the data sets.

The present study did not handle the P values
computed from the z map or the z threshold for testing
the statistical significance. There are a number of
theories as to how the null hypothesis of “no activation”
is statistically tested (Friston et al., 1991; Worsley et
al., 1992). Recent theories assume activation of a
cluster or a region instead of a peak (Friston et al.,
1996; Worsley et al., 1996a; Poline et al., 1997). Also,
statistical methods other than ANOVA are available,
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and some of them were evaluated by Grabowski et al.
(1996).

Mixed-Effects Design

The subject in the ANOVA model is theoretically
considered a random factor because the group of six
subjects is a random sample from the population. Our
interest lies not in the difference between specific
subjects but in the intersubject variation of the popula-
tion. Therefore 2WI-MX is a theoretically correct de-
sign. As Egs. (8) and (7) are compared, one can realize
that the task-induced mean CBF increase is evaluated
against the individual variation in CBF increase
[MS(ap)] in 2WI-MX, while it is evaluated against the
experimental error (MSE) in 2WI. In the present study,
2WI-MX showed lower z values than the other designs.
This indicates that the individual variation in activa-
tion is larger than the experimental error. The small
degree of freedom (df = 5) in 2WI-MX is also respon-
sible for the poorer outcome. Those findings suggest
that this approach is less sensitive and less stable in
detecting activation foci and may be inappropriate for a
small number of subjects, unless individual variation
in activation is very small (Woods et al., 1996).

Error Images

The error images (RMSE for 2W, 2WI, 3W) were
heterogeneous across the brain, being high in the gray
matter and low in the white matter (Fig. 4). The error
represents the variation in gCBF-adjusted CBF that is
not explained by the ANOVA design and is attributed to
the statistical noise, other experimental errors, and the
CBF fluctuations. The propagation of Poisson statisti-
cal noise to the PET images has been analytically
estimated by many investigators including Alpert et al.
(1982) and Carson et al. (1993). The statistical noise is
known to be higher in the center than in the periphery
due mainly to poorer count statistics for the center both
in the emission and in the transmission scan. The
regional statistical noise is not necessarily correlated to
the regional radioactivity concentration as illustrated
by Palmer et al. (1986). Alpert et al. (1991) reported
that the fluctuation other than the statistical noise
constitutes as much as about half of the observed total
variation in C*Q,-CBF PET images. Therefore, the
gray-to-white contrast in the RMSE images observed in
the present study suggests larger physiological fluctua-
tion in CBF for the gray than for the white. It may be
partly caused by the larger experimental error in CBF
measurement in a high flow range than in a low flow
range, which is characteristic for the PET-ARG method.
Within the gray, the central and deep structures tended
to show higher RMSE than the surface cortical rim
(Fig. 4). This may be explained by the statistical noise
of PET being higher in the center than in the periphery
as has been demonstrated by previous investigators.
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Although the MSE is a rough estimate of the true
variance of the error term [e in Eqgs. (6)=(9)], visualiza-
tion of gray matter structures strongly suggests hetero-
geneity of the true error variance and that we should be
cautious about the assumption of homogeneous error
across the entire brain. Arndt et al. (1995) compared
the histogram of standard error (SE, equivalent to our
RMSE) with its theoretical distribution and found a
discrepancy. In a practical situation of detecting statis-
tically significant foci, however, it may be a case-by-
case matter whether to compute the z value based on
homogeneous or heterogeneous error distribution. As
Worsley et al. (1992) proposed, assuming a homogene-
ity may be justified based on the unreliability of
estimated error in each pixel for a small number of
subjects. It may be practicable to segment the brain
into regions having similar RMSE and to compute the
pooled variance for each segmented region.

Figure 4 also revealed no apparent correlation be-
tween RMSE and activation by the task except for
sporadic high RMSE regions in Broca’s area and in the
cingulate cortex. This suggests that the cortical RMSE
is independent of the activation and that our ANOVA
designs sufficiently explain regional difference in the
behavior of CBF for the task paradigm. This may
depend on the task paradigm because Arndt et al.
(1995) reported larger error in activated areas than in
nonactivated areas for memory and reading tasks. The
sporadic high RMSE in the anterior and posterior
cingulate cortex may be attributed to their higher CBF
fluctuation that is not controlled by the subject condi-
tion.

Subject Effect

The RMS for the subject effect, reflecting intersubject
mismatch in the gray matter distribution, was high on
the brain contour and gray-white borders, which was
most pronounced in LINEAR and in HBA, but was still
notable in SPM and MICHIGAN, especially in the
cingulate cortex (Fig. 5). This indicates that the gray
matter structure is not properly normalized anatomi-
cally with LINEAR or HBA and that the normalization
is still imperfect even with SPM or MICHIGAN. Since
the LINEAR method transforms the brain linearly,
nonlinear variation in gray matter distribution was not
accounted for, resulting in a mismatch on the border of
gray matter. In HBA, the brain image was transformed
interactively so that the brain contour and major sulci
would match their counterparts in the atlas. However,
even if the contour and sulci are matched, the gray
matter distribution may not be, because the relation-
ship between the morphological landmarks observed
in MRI and the gray matter distribution is not con-
stant. The RMS-S is further enlarged where there is
a large individual variation in CBF distribution even
if the gray matter is matched. The accuracy of HBA
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is also influenced by possible PET-MRI misregistration
and MRI distortion. On the other hand SPM and
MICHIGAN use only PET images and directly match
the CBF distribution to their templates. These factors
may explain why HBA had surprisingly larger RMS-S
than SPM and MICHIGAN on the gray matter border
although they are all nonlinear transformations. HBA
presented a still larger RMS-S along the prefrontal
cortex, probably because HBA has a smaller number of
landmarks on the prefrontal cortex than on the parieto-
occipital cortex. SPM and MICHIGAN had a relatively
large RMS-S over the medial occipital cortex extending
to the posterior cingulate cortex, suggesting that these
regions may be weak points for SPM and MICHIGAN.

Smoothing reduced the RMS-S across the brain, but
relatively large RMS-S along the gray matter border
was still observed under intense smoothing because the
images were smoothed uniformly across the brain
disregarding the structure and CBF distribution. This
suggests that uniform smoothing is a way of reducing
RMS-S but is not the best way, nor does it correct for the
inappropriate standardization.

It is the gray matter that is activated if any region is
activated, and standardization is considered to be
incomplete if there is a mismatch in gray matter
distribution. Therefore, when anatomical standardiza-
tion methods are compared, one with smaller RMS-S on
the gray matter border is always more appropriate for
the analysis of PET activation data. In this sense,
nonlinear methods are better than linear methods, and
SPM and MICHIGAN, which use PET image values,
are more appropriate than HBA, which uses only
morphological information. However, smaller RMS-S
and absence of high RMS-S on the gray matter border is
not a sufficient condition for a complete standardiza-
tion. This is because a match in gray matter distribu-
tion does not guarantee a match in anatomically corre-
sponding cortical areas among individuals, much less of
functionally corresponding cortical areas. Therefore, it
is desirable for the users of SPM or MICHIGAN to
confirm the absence of irrational distortion by trans-
forming each subject’s MRI with the same transforma-
tion parameters as have been used on the subject’s PET
images. It should be noted here that the above-
discussed points are valid for normal subjects and may
not be applicable to patients with substantially abnor-
mal radioactivity distribution.

It should also be noted that the detectability of
activation foci is low in the area with large RMS-S due
to low S/N in intersubject averaging analysis. Investiga-
tors should be careful about it when they note a failure
to detect activation in those areas. Therefore, it is
desirable to create and examine RMS-S images in every
study that uses an intersubject averaging technique.
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Subject-by-Task Interaction

The RMS for the subject-by-task interaction, repre-
senting individual variation in activation, had inconsis-
tent high regions in Broca’s area, left prefrontal, cingu-
late, and visual cortex, depending on the data set (Fig.
6). Except in the occipital cortex, the high RMS-ST
regions are located within the activated areas identi-
fied in intersubject averaging analysis. This is either
because of incomplete standardization of the activated
area in each subject or because of individual variation
in the amount of activation within the area or both. In
the mean time, those high RMS-ST regions are the
cause of the different appearance between the 2WI-MX
z map and the other z maps. The high RMS-ST regions
in the visual cortex may reflect an activation in some
subjects and no activation in the others. In fact, some
subjects in Akita answered that they used a strategy of
“imagery” to perform the verb-generation task. If this is
the case, this RMS-ST approach may be useful to
explore a difference in the pattern of activation between
subgroups of subjects.

The presence of high RMS-ST regions suggests that
2WI better describes the CBF variations than 2W. In
fact the F images for 2W vs 2WI in Fig. 7, which
represent the significance of (aB); as an additional
term in Eq. (7), appeared similar to RMS-ST and had
high values in the above mentioned areas. Although the
Fvalue is difficult to interpret quantitatively because of
multiple comparisons, this suggests that 2WI is valid
compared to 2W and that the subject-by-task interac-
tion not only exists theoretically but also is observable
in the present data.

Replication Effects

The F images for 2WI vs 3W in Fig. 7, which
represents the significance of additional terms regard-
ing replication effects, i.e., y; + (ay)y, + (By); in Eq. (9),
did not show high values in or around the activation
foci. This suggests that the CBF variation due to those
effects is less significant than the experimental error
and that the present data failed to support the validity
of 3W compared to 2WI. The small degree of freedom in
3W is also responsible. This finding is probably related
to the failure of 3W providing higher peak z values than
2WI in the z image for the task main effect (Tables 1
and 2).

The presence of habituation is generally believed in
psychology and is demonstrated by CBF measurement
(Warach et al., 1992; Friston et al., 1993). Therefore,
absence of significant replication effects does not pre-
clude the use of 3W even if the task main effect is to be
investigated. Some investigators may also argue that,
from the standpoint of experimental design, the statis-
tical model is to be built before the data acquisition and
is not to be selected after the data are analyzed.
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However, the F' approach shown in Fig. 7 and the
variation components analysis proposed in the present
study allows investigators to check the significance of
each effect and the validity of the ANOVA design a
posteriori compared to the experimental error and the
precision provided by the data themselves.

Reproducibility between Centers

In the present study, four sets of data were analyzed
independently. Although figures were presented on
Fukui data and partly on Tokyo data, Table 1 indicates
that the peak in the z map is similar among the four
sets of data. This indicates that the observed activation
regions are highly reproducible despite a rather small
number of subjects (=6) and the difference in the PET
camera. The apparent difference in the peak z value
may be attributed to the S/N of the original data in each
center, which depends on the dose, count rate, acquisi-
tion time, and various correction methods. Poline et al.
(1996a) carried out a similar multicenter study in
Europe and found highly reproducible results between
centers. Detailed comparison between centers as well
as between this work and previous European and
American investigations on the verb generation in
terms of race and language difference will be reported
in another paper.

CONCLUSION

We have compared four methods of anatomical stan-
dardization on identical data sets. A nonlinear method
is better than a linear method, and the method that
seeks to match the value of the PET image to that of the
standard PET image (SPM and MICHIGAN) works
better than the method that seeks to match the land-
marks determined by PET-registered MRI (HBA). How-
ever, investigators are recommended to inspect the
morphological result of the transformation for each
subject if MRI is not used for anatomical standardiza-
tion. Under the specific experimental condition of the
present study, SPM worked best of all the methods
studied. However, this conclusion cannot be general-
ized to every PET activation study. The best choice may
depend on the activation paradigm, scanning protocol,
and number of subjects as well as the population.

We have also compared various ANOVA designs on
identical data sets. The two-way design (2W) suffi-
ciently demonstrated the activation foci in the present
data. However, the subject-by-task interaction (2WI)
was also significant, which supported the two-way
design with interaction (2WI). The three-way design
(3W) incorporating the replication effects was not
strongly supported by the present data. The mixed-
effects design (2WI-MX) did not work well due to large
intersubject variation. However, this conclusion may
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also depend on the activation paradigm, scanning
protocol, and number of subjects.

We have proposed variance component images includ-
ing the root mean square for the subject effect and that
for the subject-by-task interaction. The RMS-S is useful
for evaluation of the anatomical standardization, and
the RMS-ST is useful for evaluation of individual
variation in activation and for assessment of 2WI
design compared to 2W.
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