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An automated method was proposed for anatomic standardiza
tion of PET scans in three dimensions, which enabled objective
intersubject and cross-group comparisons of functional brain
images. Methods: The method involved linear scaling to correct
an individual brain size and nonlinear warping to minimize re
gional anatomic variations among subjects. In the linear-scaling
step, the anteroposterior length and width of the brain were
measured on the PET images, and the brain height was esti
mated by a contour-matching procedure using the midsagittal
plane. In the nonlinear warping step, individual gray matter lo
cations were matched with those of a standard brain by maxi
mizing correlation coefficients of regional profile curves deter
mined between predefined stretching centers (predominantly in
white matter) and the gray matter landmarks. Results: The
accuracy of the bran height estimation was compared with skull
x-ray estimations, showing comparable accuracy and better reproducibility. Linear-scaling and nonlinear warping methods
were validated using [18F]fluorodeoxyglucose and [15O]water
images. Regional anatomic variability on the glucose images
was reduced markedly. The statistical significance of activation
foci in paired water images was improved in both vibratory and
visual activation paradigms. A group versus group comparison
following the proposed anatomic standardization revealed highly
significant glucose metabolic alterations in the brains of patients
with Alzheimer's disease compared with those of a normal con
trol group. Conclusion: These results suggested that the
method is well suited to both research and clinical settings and
can facilitate pixel-by-pixel comparisons of PET images.
Key Words: brain; PET; image processing;cerebral bloodflow;
Alzheimer's disease
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kJince Talairach et al. (1) proposed the use of a line
passing through the anterior and posterior commissures
(AC-PC) as a reference system for stereotaxy of the brain,
the bicommissural stereotactic approach has been vali
dated and applied to various radiologie procedures (2). Fox
et al. (3) first applied this approach to localize functional
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signals measured by PET and further developed a method
of intersubject summation analysis for PET neuronal acti
vation studies based on the bicommissural stereotactic sys
tem (4). In this technique, image volumes are reoriented to
the stereotactic system with linear size correction and av
eraged on a pixel-by-pixel basis. The summation analysis
can reduce regional variances inherent in radioactive decay
and physiologic variation while enhancing the consistent
features of functional alteration. These methods, combined
with various statistical assessments (4-7), have been used
widely for PET neuronal activation studies and demon
strate the validity of the bicommissural stereotactic ap
proach for PET imaging. The technique also can be applied
to other types of PET images for group versus group or
subject versus group comparisons (8,9).
A key step in summation analysis is to correct or mini
mize anatomic differences between individual brains. Al
though bicommissural stereotaxy ensures a certain degree
of accuracy in localizing various brain structures, individ
ual anatomic variations still remain following stereotactic
transformation (10). Such individual variations cause re
gional anatomic mismatches when averaging images from
multiple subjects, reducing the significance of activation
signals, especially when the areas of activation are very
focal. A spatial smoothing filter can compensate for the
variations to some extent (6,7), although this sacrifices
spatial resolution and reduces signal and noise.
Alternatively, several methods have been reported to
standardize individual anatomic differences for the inter
pretation of PET images. Bohm et al. (Il ) reported the use
of an adjustable computerized brain atlas, in which a stan
dard brain atlas was deformed to an individual anatomic
image (x-ray CT) and then transferred to a PET image
obtained from the same subject. This approach was devel
oped further, and an individual anatomic image (MRI) was
inversely transformed to a standard brain atlas, which sub
sequently allowed a pixel-by-pixel summation of trans
formed images (12). The matching procedure for this ap
proach was based on a visual inspection of the size and
shape of the brain and visual identification of certain brain
structures (13). Another approach used an elastic matching
system (14) and was applied to CT images, deforming an
atlas brain to the individual anatomy (15). In this approach,
only the outer edges of the brain and ventricles were used
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as guidance for matching. Evans et al. (76) proposed a
unique method using landmarks detected visually on MRI
with a nonlinear warping technique in three dimensions.
Friston et al. (17) used only PET images, deforming indi
vidual PET images to a stereotactic brain atlas in two
dimensions by using an empiric transformation function.
These approaches were tested in a variety of settings,
and their accuracies were validated. However, each
method has certain limitations, such as implementation for
only two and not three dimensions, the necessity for ex
tensive visual inspection and/or a requirement for addi
tional MRI or CT images and precise coregistration tech
niques of the PET and MRI/CT images. The algorithm
presented in this article represents a new approach to cor
rect individual brain size (linear) and to minimize individual
regional anatomic variations (nonlinear) in the bicommissural stereotactic coordinate system. The correction is per
formed in three dimensions and requires only PET images.
The method is also fully automated and does not require
extensive visual inspection by expert observers, as do
other methods. The algorithms and validation of the
method are described here, using actual PET data, and its
applications and limitations are discussed.
MATERIALS AND METHODS
Preprocessing for Anatomic Standardization
Prior to anatomic standardization, the location of the midsagittal plane of the brain is determined from a PET image set, and
the bicommissural AC-PC line is detected on the midsagittal plane
by the automated methods described previously (18,19). Briefly,
the midsagittal plane is determined iteratively by maximizing
hemispheric symmetry. The AC-PC line is estimated from four
computer-derived landmarks: the frontal pole, the inferior aspect
of the anterior corpus callosum, the subthalamic point and the
occipital pole. The image set can be reoriented to the stereotactic
coordinate system (20), according to the detected AC-PC line.
The center of the detected AC-PC line (midpoint between the
anterior and posterior edges of the brain) is matched to the center
of the atlas brain (midpoint between the anterior and posterior
edges of the atlas brain) (20) because the AC and PC points cannot
be determined directly in the PET image set. All this information
is stored in transformation matrices, which are later combined
with the anatomic deformation matrices and then applied once to
the original PET image set, avoiding unnecessary pixel interpola
tion.

Linear Correction for Individual Brain Size
The first step in anatomic standardization is a linear correction
of individual brain size to the standard dimensions of the atlas
brain. The validity of the linear correction is supported by the
concept of the proportional grid system proposed by Talairach et
al. (20,27 ). In the actual PET image set, the anteroposterior length
and the width of the brain can be directly measured by using a
simple edge detection technique, such as a Laplace filter with
smoothing. Based on the original definitions of the grid system,
the anteroposterior length is measured as the distance between
the most anterior edge of the frontal cortex and the most posterior
edge of the occipital cortex. If there are substantial hemispheric
differences, the lengths measured in the two hemispheres are
averaged. The brain width is measured as the distance between
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Intercomissural AC-PC line

STANDARD BRAIN
INDIVIDUAL BRAIN
FIGURE 1. Schematic drawing of the midsagittal contours of
standard and individual brains for brain height estimation. U and L
denote upper and lower limits of a typical PET field of view used in
this laboratory. The contours above the intercommissural AC-PC
line are matched iteratively to estimate the individual brain's height.

the midsagittal plane and the most lateral edge of the parietotemporal cortex. The right and left hemispheric widths are measured
separately.
Brain height, however, cannot always be measured directly in
a PET image set because the field of view of many PET scanners
does not cover the entire brain. The algorithm used here estimates
the brain height by matching an individual midsagittal contour
with the brain contour in the atlas (Fig. 1). After linearly stretch
ing the anteroposterior length to the atlas's brain dimension, the
contour of the midsagittal PET plane (22.5-mm thick) is derived
by edge detection (79) and fitted to the brain contour in the atlas
by a weighted least-squares method, varying the vertical scale
linearly. The scale factor is calculated using only the portion of the
contour above the AC-PC plane. The same scale factor also is
applied as a correction below the AC-PC line because there is
insufficient structural information below the AC-PC line in the
typical field of view to estimate the inferior scale factor sepa
rately.
Four linear scale factors (right and left width, anteroposterior
length and vertical height) are obtained through these steps. The
stereotactically aligned PET image set is stretched to that of the
brain in the atlas, according to these linear scale factors. The
algorithm corrects the anteroposterior dimension anteriorly and
posteriorly from a plane passing perpendicularly through the cen
ter of the AC-PC line, right and left widths laterally from the
midsagittal plane and the brain height superiorly and inferiorly
from the AC-PC plane. Because the center of the AC-PC line
corresponds to the center of the anteroposterior length of the
brain in this method, the same scale factor is used for the anterior
and posterior correction. When stretching images, linear interpo
lation is used to resample pixel values in three dimensions. As a
result, the brain PET image set is rescaled to the brain dimensions
in the atlas, in which global differences in individual brain size are
standardized.

Nonlinear Correction for Regional Anatomic
Differences
The second step in anatomic standardization is minimization of
the shape differences in regional structures across subjects by an
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spheres (Table 1). Each center point is used for several corre
sponding landmarks in the same cortical area. Centers in the
ventricles are also defined with corresponding subcortical land
marks in the internal capsule to correct the positions of subcortical structures, such as the thalamus and caudate nucleus. Fiftytwo center points and 231 corresponding
landmarks are
predefined for each hemisphere.
For each combination of a center point and corresponding
landmark, the algorithm measures a profile curve along a line
connecting the center and the landmark on an individual's PET
L
- STANDARD BRAIN

C

brain image set. This profile curve is then matched to the corre
sponding profile curve obtained at the same location on the stan
dard PET atlas brain by linearly scaling the individual's PET brain

INDIVIDUAL BRAIN

FIGURE 2. Schematic drawing of predefined centers, landmarks
and profile curves for nonlinear warping. (A) Example of a pre
defined center C and corresponding surface landmarks L1 to L3 in
stereotactic coordinates. (B) Profile curves of standard and individ
ual PET activity measured along the line between C and L. The
algorithm matches these two curves by changing the horizontal
scale of the individual curve to maximize the correlation. This scaling
is done linearly by fixing the center point and stretching the curve
from the center point in the direction toward the landmark.

automated warping technique.
vidual brain size, there are
between individuals and the
differences are minimized by
al's PET brain to a standard

After a linear correction for indi
still regional anatomic differences
brain in the atlas. Such nonlinear
regionally matching each individu
stereotactic PET atlas brain. The

standard stereotactic PET atlas brain, which has approximately
the same size, shape and orientation as the brain in the atlas (20),
was created previously from a normal [18F]fluorodeoxyglucose
PET image set. This correction effectively reduces regional mis
matches in gray matter locations, which are one of the major
sources of large and inhomogeneous regional variances in sum
mation analyses.
On the stereotactic atlas brain, the following are predefined: (1)
multiple stretching center points, predominantly in white matter,
and (2) gray matter surface landmarks related to the center points,
approximately at gray matter edges, along directions of major
white matter tracts in each lobe in all three dimensions (Fig. 2A).
The center points and surface landmarks are defined in stereotac
tic atlas coordinates, symmetrically in the right and left hemi

profile curve with the center being fixed (Fig. 2B). The best match
is determined by the highest correlation coefficient between the
two curves, which consequently determines the location of the
surface landmark on the individual's PET brain corresponding to
its predefined location in the standard brain (Fig. 3). Because the
individual's surface landmark is not detected as a "point" corre
sponding to a specific structure but is adjusted along the "direc
tion" between the predefined center and surface landmark, the
individualized surface landmark is not a "landmark" in a strict
sense, although this convention is used in the following descrip
tion for simplicity.
After determining locations of the landmarks on the individu
al's PET brain, the algorithm deforms the individual's PET brain
to that of the atlas's brain by spatially matching the individualized
surface landmarks to the corresponding predefined standard sur
face landmarks. When matching landmarks, a penalty criterion is
used to eliminate erroneous landmarks. If the probability corre
sponding to the final correlation coefficient between the two pro
file curves is greater than p = 0.001, the algorithm ignores the
landmark. The center points, which are fixed and used for an
adjustment of the individual surface landmarks, are not used for
the deformation. The landmark matching and nonlinear warping
of the individual's PET brain is done in three dimensions, using a
thin-plate spline deformation, as proposed by Bookstein (22).
Once linear scale factors and landmarks for nonlinear warping
are estimated, an individual's PET brain can be deformed to the
brain in the atlas, or the brain in the atlas can be deformed to any
individual's PET brain (inverse transformation). In the following
sections, evaluations of the method are described and anatomic

TABLE 1
Stretching Centers and Surface Landmarks for Nonlinear Warping
Corresponding surface
landmarks

Centers
Corpus callosum
Optic radiation
Inferior longitudinal fasciculus
Uncinate fasciculus
Middle cerebellar peduncle
Lateral ventricle
Third ventricle
Others

21
3
6
2

Frontal, parietal, temporal lobes
Occipital lobe, visual cortex
Occipital, temporal lobes
Anterior temporal lobe

Cerebellum

2
5
6

Thalamus*

7

Others

Caudate*

100
35
29
18
28
5
6
10

*N represents the number of predefined centers in each hemisphere. Each center point has several corresponding landmarks in the same cortical
regions.
TN represents the number of predefined landmarks in each hemisphere.
'Landmarks were placed in the anterior and posterior limbs of internal capsule.
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RGURE
3. Detected landmarks on a PET imaging set for non
linear warping. Red points represent locations of predefined land
marks in stereotactic coordinates. Yellow points represent estimated
landmarks in the individual PET image set. A yellow point is over
written on a red point when overlapping. Because only selected
slices are displayed, not all of the landmarks are presented.

standardization results are examined on glucose metabolic images
and neuronal activation studies.

PET Images and Skull Radiographs
PET glucose metabolic image sets, PET [150]water image sets
and lateral skull radiographs were used for the evaluation of the
method. The [18F]-2-fluoro-2-deoxy-D-glucose (FDG) PET image
sets were collected from 15 normal subjects (47 Â±16 yr), 15
probable patients with Alzheimer's disease (61 Â±5 yr), five pa
tients with bipolar disorder (39 Â±13 yr) and another five young
normal subjects (26 Â±8 yr). Each image set was acquired follow
ing intravenous administration of 370 MBq (10 mCi) of [18F]FDG
using a Siemens 931/08-12 scanner (CTI Inc., Knoxville, TN),
which collected 15 simultaneous slices with a slice separation of
6.75 mm. Tomographie images were reconstructed using a Shepp
filter with a cutoff frequency of 0.35 cycles/projection element. An
attenuation correction was performed by a standard ellipse-fitting
method. Quantitative glucose metabolic image sets were created
by a standard single scan method using an input function obtained
from the radial artery (23) for 15 normal subjects and 15 patients
with Alzheimer's disease. Five normal subjects and five patients
with bipolar disorder underwent two PET scans at greater than a
1-wk interval. They also had lateral skull radiographs for brain
height estimation after the first PET studies. Glucose metabolic
images of 10 normal subjects (67 Â±6 yr) and 10 probable patients
with Alzheimer's disease (71 Â±8 yr, Clinical Dementia Rating of
0.5 or 1) also were selected from a previously collected database
to demonstrate an application of anatomic standardization and
summation analysis. These datasets were obtained by the same
methods. The diagnosis of Alzheimer's disease was based on
National Institute of Neurological and Communicative Disorders
and Stroke and Alzheimer's Disease and Related Disorders As
sociation criteria.
Two series of neuronal activation studies were performed with
the same PET scanner using 15O-labeled water. In a group of five
normal subjects (24 Â±3 yr), vibratory stimulation was delivered to
each subject's left hand by a commercially available hand-held
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vibrator. Intravenous injection of 2450 MBq (66 mCi) of [15O]water was performed 10 sec after starting the stimulation. A 60-sec
image acquisition was initiated 5 sec alter the injected radioactiv
ity arrived at the brain. The images were obtained under both rest
and stimulation conditions. Two rest/stimulation pairs were col
lected for each subject. Images were reconstructed using a Parzen
filter with a cutoff frequency of 0.45 cycles/projection element,
and attenuation correction was performed using transmission
data. These subjects also underwent lateral skull radiography for
brain height estimation. In a second group of five normal subjects
(25 Â±3 yr), visual stimulation was delivered by a reversing check
erboard pattern (including simultaneous macula, perimacula and
periphery stimuli) on a computer screen fixed in front of the
subject's head (24). Intravenous administration of 1850 MBq (50
mCi) of [15Ohvater was performed for each scan. Four pairs of
rest (a cross-hair on the monitor) and stimulation image sets were
obtained for each subject and processed in the same manner as in
the first group.

Estimation of Brain Height: Comparison with Skull
Radiographie Method
Because brain height is estimated by contour matching in this
procedure, its accuracy was investigated. In 15 subjects who had
lateral skull radiographs (10 [18F]fluorodeoxyglucose and 5
[15O]water studies), brain heights above the AC-PC plane were
estimated by the method of Fox et al. (3). Inspection of the skull
radiograph was performed independently by two observers, av
eraging the values for each subject. Brain heights also were esti
mated by the proposed contour matching procedure. The method
was applied independently to two scans from the same subject,
estimating the reproducibility of the method (two FDG images
were obtained on different days, and two [15O]water images were
obtained on the same day at an interval of approximately 100
min). In both methods, the brain height was expressed as the ratio
of (estimated brain height above the AC-PC plane)/(Iength of the
AC-PC line between the anterior and posterior edges of the brain).
The results of the two methods were compared using regression
analysis and analysis of variance.

Effects of Anatomic Standardization on PET Glucose
Metabolic Image Sets
To evaluate the effects of anatomic standardization, PET glu
cose metabolic images and summation analysis were used. The
algorithm was applied to [18F]FDG image sets from 15 normal
subjects, estimating linear scale factors and landmarks for nonlin
ear warping. Three types of image sets were created for each
subject: a stereotactically reoriented image set with neither scal
ing nor warping, a stereotactic image set with linear scaling alone
and a stereotactic image set with linear scaling followed by non
linear warping. Image sets of each type were averaged across the
15 subjects, creating mean and s.d. image sets on a pixel-by-pixel
basis. Anatomic mismatches of gray matter are expected to result
in greater values on a s.d. image set and should be lessened by
scaling and warping techniques. The effects of linear scaling and
nonlinear warping were assessed by visually comparing the three
averaged image sets. A pixel histogram also was generated from
the s.d. image of each image type by including pixels in the brain
in which the cerebral glucose metabolic rate was greater than 1.0
mg/100 g/min on the mean image set. Histograms were displayed
as a frequency polygon to facilitate visual comparisons. Fifteen
image sets from patients with Alzheimer's disease were processed
in the same manner, and the effects of linear scaling and nonlinear
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warping on these pathologic image sets were additionally com
pared.

image sets, summations of 10 normal subjects and 10 patients with
Alzheimer's disease were created on a pixel-by-pixel basis. A
parametric map of the Student's t-test statistics between the two

Effects of Anatomic Standardization in Neuronal
Activation Studies

groups was created based on pixel-by-pixel means and variances.
Areas of decreased glucose metabolism in Alzheimer's disease

To assess the effects of anatomic standardization on PET neu
ronal activation studies, two series of studies were used: vibratory
and visual activations. Prior to data analysis, each image set was
normalized to global brain activity (25). Rest and stimulation
image sets were averaged separately within each subject, creating
a pair of image sets for each subject. An average image set from
all scans within a subject (rest and stimulation) also was created
for each subject.
The algorithm was applied to the average image set of each
subject, estimating linear scale factors and landmarks for stereotactic anatomic standardization. Using this information, three
types of image sets were created for each pair of rest and stimu
lation image sets by the same manner applied to the glucose
metabolic image sets, i.e., a stereotactically reoriented image set
with neither linear scaling nor nonlinear warping, a stereotactic
image set with scaling alone and a stereotactic image set with both
scaling and warping. For all three image types, a subtraction
image set between stimulation and rest conditions was created for
each subject and then averaged across subjects for each image
type. The pooled variance was calculated from the averaged sub
traction image set, and a t-statistic image set was created on a
pixel-by-pixel basis for each image type (7). Activation foci were
confirmed in the somatosensory cortex for vibratory stimulation
and in the primary visual cortex for visual stimulation, and peak t
values of the foci were compared among three different image
types to evaluate the effects of anatomic standardization. A large
t value is expected to reject a null hypothesis that the means in the
rest and stimulation conditions are the same. Locations of peak
responses also were compared. To confirm that background noise
levels were not increased by anatomic standardization, pooled
variances in same-state subtraction studies (summation of stimu
lation minus stimulation and rest minus rest) were calculated for
each image type of both activation paradigms.

were demonstrated
normal group.

Application to Group Versus Group Comparison
Anatomic standardization techniques were also applied for a
group versus group comparison of PET images. After applying
linear scaling and nonlinear warping techniques to individual PET
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in terms of t values by comparison with the

RESULTS
Estimation of Brain Height
A comparison between the skull radiographie and PET
contour matching methods revealed significant correlations
(Fig. 4A). Regression analyses revealed r2,95% confidence
intervals for a slope and intercept and p values of 0.72,
(0.64,1.4), (-0.18, 0.16) and <0.0001 for the first scan and
0.70, (0.65, 1.5), (-0.23, 0.15) and 0.0001 for the second
scan, respectively. Estimates between the first and second
scans also showed a significant relationship (r2 = 0.71, p <
0.0001, Fig. 4B), indicating good reproducibility. Agree
ment between two observers on the skull radiographie
estimation, however, was relatively low (r2 = 0.46, p =
0.006).
Anatomic Standardization of Glucose Metabolic
Image Sets
Regional mismatches of gray matter locations across
subjects were reduced by linear scaling and further re
duced by nonlinear warping techniques. On the standard
deviation image set of a normal group created with neither
scaling nor warping, thick rim-like areas of large standard
deviations were observed at most of the outer surfaces of
the brain and at the ventricular surfaces of the thalamus
and caudate (Fig. 5B). After linear scaling, these areas
were reduced substantially, with the greatest reductions at
the lateral surfaces of the temporal and frontal lobes (Fig.
5C). However, there were still large standard deviations in
the areas of the superior parietal, superior frontal, occipital
and inferior temporal surfaces and also at the ventricular
surfaces of the subcortical structures. By applying both
linear scaling and nonlinear warping, these areas of large
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FIGURE 5. Effects of anatomic standardization
on normal
[18F]FDG image sets. (A) Stereotactic reference image set created
from summation of 15 normal subjects with linear scaling and non
linear warping. Standard deviation image sets created on a pixelby-pixel basis without anatomic standardization (Stereotactic align
ment only) (B), with linear scaling alone (C) and with nonlinear
warping in addition to linear scaling (D). The same intensity scale is
used for standard dÃ©viationimages (B, C and D). The intensity of the
reference image (A) is adjusted to the standard deviation images
only for the purpose of display.

standard deviations at the outer and ventricular surfaces of
the brain diminished markedly (Fig. 5D). Areas of moder
ate standard deviation remained within the cortex, presum
ably, in part, reflecting true functional variations. Although
similar results were observed in the Alzheimer's disease
patient group, slightly larger standard deviation remained
at the ventricular surfaces, suggesting large displacements
of subcortical structures as a result of atrophy, and the
enlarged ventricles were not entirely corrected by the
method (Fig. 6).
Histogram analyses clearly showed a reduction in the
number of pixels with a large standard deviation when
using linear scaling and nonlinear warping techniques. In
the normal group, improvement between linear scaling
only and linear scaling plus nonlinear warping was nearly
as large an improvement as that between no correction
(Stereotactic orientation only) and correction with linear
scaling alone (Fig. 7A). In the Alzheimer's disease patient
group, improvement between linear scaling only and linear
scaling plus nonlinear warping was even greater than that
between no correction and correction with linear scaling
alone, reflecting, in part, the greater anatomic variation in
patients with Alzheimer's disease (Fig. 7B).

warping techniques (Fig. 8). In the vibratory activation
study, the increase in t value attributable to nonlinear
warping indicated nearly as great an improvement as that
obtained by applying linear scaling only. In the visual ac
tivation study, the largest peak mapped to the interhemispheric midline between the primary visual cortices as a
result of image smoothness. The improvement of t value at
the peak following anatomic standardization was obvious
but was relatively small in comparison with that observed
in the vibratory study.
The activation peak was localized fairly consistently
within the expected brain regions across the three image
types. In the vibratory activation study, locations (x, y and
z) of the peak (primary sensory cortex) in the Stereotactic
system (x: right (-) to the left (+), y: posterior (-) to
anterior (+) and z: inferior (-) to superior (+), millimetric)
were (-35, -24 and 56 without correction, -35, -26 and
52 by using linear scaling alone and -37, -26 and 52 by
using linear scaling followed by nonlinear warping. In the
visual activation study, locations of the peak (primary vi
sual cortex) were -2, -86 and 0 without correction, -2,
-87 and 0 by using linear scaling alone and -1, -87 and 2
by using linear scaling followed by nonlinear warping.
Pooled variances calculated in the same-state subtrac
tion studies did not differ among three different image
types. In the vibratory activation study, pooled variances
expressed as a standard deviation were 2.2% of the mean
global activity without correction, 2.2% with linear scaling
alone and 2.3% with linear scaling and nonlinear warping.
In the visual activation study, 2.6% without correction,
2.5% with linear scaling alone and 2.6% with linear scaling
and nonlinear warping.
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Anatomic Standardization of [15O]Water
Activation Studies
In both vibratory and visual activation studies, t values
at the activation foci in the primary sensory and visual
cortices were increased by linear scaling and nonlinear
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RGURE
6. Effects of anatomic standardization on [18F]FDG im
age sets of Alzheimer's disease. Image sets are presented in the
same manner as in Figure 5. The foci of large standard deviation
outside the brain correspond to radioactive fiducial beads used for
other purposes.
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FIGURE 7. Histograms comparing the
effects of anatomic standardization. (A) Nor
mal subjects. (B) Patients with Alzheimer's
disease. The horizontal axis represents the
standard deviation values of individual pixel
estimates of glucose metabolic rate (mg/100
g/min). The vertical axis represent % brain
volume, which was calculated as the num
ber of pixels in each range divided by the
total number of pixels within the brain. The
standard deviation image sets were created
on a pixel-by-pixel basis, without anatomic
standardization (stereotactic alignment only)
(NS), with linear scaling (LS) and linear scal
ing
followed
by
nonlinear
warping
(LS+NW).
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Group Versus Group Comparison: Normal and
Alzheimer's Disease
Areas of decreased glucose metabolism in Alzheimer's
disease were demonstrated clearly on summation image
sets and the t-statistic map (Fig. 9). Such areas included the
parietotemporal association, posterior cingulate and fron
tal association cortices. The metabolic reduction was
asymmetric in these areas. Glucose metabolism in the pri
mary visual cortex, sensorimotor cortex, anterior cingulate
cortex, cerebellar hemispheres and subcortical structures
was relatively preserved. These metabolic abnormalities
were expressed objectively by comparison with the normal
group by t values on a pixel-by-pixel basis, permitting an
examination of the entire brain without the use of regions
of interest.
DISCUSSION
The method of anatomic standardization presented in
this article was designed to facilitate summation analyses
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of functional images. It showed that regional variances of
glucose metabolism across subjects in the stereotactic sys
tem were markedly reduced by linear scaling and reduced
substantially further by nonlinear warping techniques. This
reduction is essential for increasing the sensitivity of group
versus group comparisons on a pixel-by-pixel basis because
individual anatomic differences are not removed by the
paired within-subject subtraction technique commonly used
in activation data analyses. The statistical assessment of ar
eas of cerebral blood flow increase in two PET neuronal
activation studies also showed greater significance following
both linear and nonlinear warping. Interestingly, the addi
tional improvement attributable to nonlinear warping was
almost as great as that caused by linear scaling. This result
suggests that nonlinear warping should be considered a rou
tine procedure in PET neuronal activation analyses.
The linear scaling technique used in this method fol
lowed the original definition of the proportional grid system

t

8.8

B

normal subjects after anatomic standardization. (B) Summation of
10 patients with Alzheimer's disease. (C) The t statistic map created
between normal and Alzheimer's disease groups. Because global
and regional decreases of glucose metabolism are expected in
Alzheimer's disease, negative t values (decreased metabolic areas)
are displayed.
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proposed by Talairach et al. (20,21). In the grid system,
brain height was defined by the highest point of the parietal
lobe and the lowest point of the temporal lobe. However,
the highest point of the parietal cortex had to be estimated
by the automated contour matching technique because of
the limited PET field of view along the z-axis. The compa
rable accuracy of this estimation was confirmed by the
skull radiographie method (3). In addition, the lowest point
of the temporal cortex could not be estimated reliably as a
result of the insufficient PET field of view, necessitating the
use of a single vertical scaling factor. One possible way to
avoid this approximation is to use an image-matching tech
nique (instead of simple contour matching) between an
individual brain and a standard brain in the atlas, in which
measurements of exact points defining the grid system are
not necessary. In the current method, nonlinear warping
following linear scaling can compensate for this limitation.
Although stereotactic linear transformation without esti
mating the location of the bicommissural line can be done
solely using such image- or contour-matching techniques,
such methods do not necessarily result in as accurate an
anatomic alignment as that with bicommissural stereotaxy.
Alternatively, the new generation of PET scanners, which
can image the entire brain at once, can solve this vertical
scaling problem simply.
The automated nonlinear warping technique used in the
method presented here corrected regional anatomic differ
ences by matching locations of gray matter between an
individual's brain and those in a standard brain atlas. Be
cause the technique is based on sets of stretching centers
(predominantly in the white matter) and gray matter land
marks (near brain surfaces) predefined in stereotactic
space, the nonlinear correction effectively reduces struc
tural mismatch perpendicular to the brain surfaces, which
constitutes a major source of inhomogeneous variance
(Fig. 5C). Small individual variances in locations of the
predefined center points and surface landmarks on an in
dividual's brain image set do not affect the result severely
because individual surface landmarks are adjusted along a
predefined direction (center to surface landmark) not at the
exact locations of points. The concept of this approach is
somewhat similar to the elastic matching technique, which
uses outer and ventricular surfaces of the brain (75) but
obviates the need for x-ray CT and subjective visual in
spection. Furthermore, not only reduction of large regional
variances but also the creation of more homogeneous vari
ance in the brain is important to enable equally sensitive
statistical assessment throughout the brain when using a
summation analysis on a pixel-by-pixel basis. In this sense,
the proposed nonlinear technique works reasonably well
(Fig. 5D), although the technique cannot correct fine ana
tomic variations within the cortical structures. The use of
individual MRI scans has an advantage in anatomic infor
mation and can be combined with more specific landmark
detection and warping techniques, as described by Evans
et al. (16). To correct fine anatomic structures measurable
by MRI, however, a large number of specific landmarks
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are necessary, requiring more intensive and elaborate vi
sual inspection for each subject and accurate coregistration
between PET and MRI scans.
The validation of anatomic standardization
is not
straightforward because the accuracy required for the tech
nique is often at the level of a few millimeters, and this
accuracy is not necessarily easy to obtain for all of the fine
anatomic structures in three dimensions, even using MRI.
Therefore, the method was validated with two practical
approaches. Using [18F]FDG PET images, both reduced
and more uniform pixel variance across subjects was
shown when anatomic standardization was used, which is
crucial for group versus group comparison of PET images
on a pixel-by-pixel basis. The other validation was de
signed for [15O]water PET neuronal activation studies, in
which an improved statistical assessment of activation foci
by anatomic standardization was found using the method
described by Worsley et al. (7). Stable pooled variances in
the same-state subtraction studies among the three differ
ent steps of anatomic standardization further confirmed
that the increased signals in the activation foci were not
associated with corresponding increases in the levels of
image noise. The improvement was relatively greater in the
primary somatosensory cortex than in the primary visual
cortex. One possible explanation would be that individual
locations of the calcarine sulcus could not be corrected as
effectively by a method that primarily matches distinct
gray matter locations. Standard deviation images of
[18F]FDG also showed residual variances in the occipital
lobe after linear scaling and nonlinear warping. This result
implies a limitation of the method in anatomically complex
structures when using only PET images as anatomic infor
mation sources. Alternatively, the large areas of cortical
activation in the visual study caused by large areas of
retinal stimulation may be highly congruent across subjects
prior to any anatomic corrections.
Interestingly, differences in the locations of the peak
activation on the three different image types were less than
expected. Even without linear scaling and nonlinear warp
ing, activation peaks were close to their expected ster
eotactic atlas locations. This indicated a reliable accuracy
of the stereotactic alignment method used in this study and
the robustness of the summation analysis in terms of local
izing activation foci. Although typical PET resolution is
relatively large compared with MRI scans, a combination
of summation and subtraction techniques was reported to
be able to achieve high accuracy in localization of activated
areas (26). Without anatomic standardization, however,
regional inhomogeneity in variance caused by anatomic
mismatches affects the amplitudes of activation foci on
summation images. The regional variance would result in
inhomogeneous sensitivity in statistical comparisons based
on a pixel-by-pixel variance (6), and the amplitude could
directly affect the statistical assessment based on pooled
variance (7). Without uniform anatomic variance, compar
isons among multiple activation foci in the brain are diffi
cult. Therefore, anatomic standardization is important, not
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merely for correcting anatomic locations but also for sta
bilizing regional variances.
By contrast with other methods, the current method
performs automated corrections in three dimensions using
only PET images. The three-dimensional approach is es
sential to manipulate biologic structures and is facilitated
by three-dimensional imaging techniques. The automated
procedure obviates the need for intensive and subjective
visual inspections. Although a criterion was defined to
reject erroneous landmarks, this was rarely applied. Indi
vidual transformed images also were checked visually in
this study, and no detectable erroneous deformation was
noted. Processing one scan takes approximately 90 min on
a common work station (SPARCstation 2, Sun Microsys
tems, Mountain View, CA). These advantages and results
suggest practical applications of the proposed method in
practical settings. However, limitations of the method arise
from a lack of fine anatomic information in PET images and
a use of gray matter activity for the corrections. The
method cannot correct fine gyrus structures, especially in
the direction parallel to the cortical surface, limiting the
accuracy of this approach. Pathologic cases, in which the
brain's anatomy is distorted more than normal variations,
should be processed with caution because such anatomic
distortions are not necessarily depicted as PET activity and
could cause erroneous deformation. Although the method
was applied to Alzheimer's
disease and successfully
showed alterations in a pixel-by-pixel comparison with a
normal group, the method does not correct for brain atro
phy. The effects of atrophy on PET signals are not only a
problem for this particular analysis but also a general issue
when analyzing PET images. A method for atrophy cor
rection can be performed prior to or in combination with
anatomic standardization.
The method of anatomic standardization is essential for
group versus group comparisons on a pixel-by-pixel basis.
Using this approach, two different groups or states can be
compared without regional hypotheses that often are re
quired for region of interest analyses. Also, the sizes of
regions of interest do not need to be determined prior to
data analyses. Therefore, the method is especially suitable
for surveying functional alterations in the brain and gener
ating hypotheses based on PET observations. The method
is also advantageous in [I50]water activation studies, as
shown by the increased levels of significance.
In conclusion, an automated method for anatomic stan
dardization of PET images was described, which involved
both linear scaling and nonlinear warping in a three-dimen
sional stereotactic system. The method improved the sen
sitivity and reliability of group versus group comparisons
and [15O]water activation studies and should facilitate fur
ther application of pixel-by-pixel comparisons of functional
image sets.
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