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I N V I T E D P E R S P E C T I V E

A Pioneering Paper That Provided a Tool for Accurate,
Observer-Independent Analysis of 18F-FDG Brain Scans 
in Neurodegenerative Dementias
Peter Herscovitch

PET Department, Clinical Center, National Institutes of Health, Bethesda, Maryland

Minoshima’s innovative paper included in this anniversary
issue of JNM built on advances in basic research and clinical 
brain imaging to present an objective, automated method to 
assess 18F-FDG PET scans in individual patients with cognitive 
decline (1). 
 With the widespread use of 18F-FDG in oncology, it is 
easy to forget that 18F-FDG evolved from the seminal work of 
Louis Sokoloff et al. (2) to measure regional cerebral glucose 
metabolism in small animals with 14C-deoxyglucose and tissue 

autoradiography. The method provided a map of local brain 
function, made possible because regional cerebral glucose 
metabolism is coupled to neuronal, mainly synaptic, activity.
 Pioneering papers published in 1979 extended the Sokoloff 
method to human brain imaging with PET and 18F-FDG. These 
papers were followed in the early 1980s by studies of regional 
cerebral glucose metabolism and local neuronal activity in 
neuropsychiatric disease. Scans in Alzheimer disease (AD) 
showed hypometabolism in the temporoparietal association 
cortex; this became recognized as the characteristic signature 
of the disease. At the time, quantitative analysis of brain PET 
images used regions of interest, comparing radiotracer values in 
brain regions between patient and control groups. Subsequently, 
more automated methods such as statistical parametric mapping 
(3) were developed to detect local changes by mapping PET 
images onto a stereotactic brain atlas. These methods facilitated 
comparing groups of PET images on a pixel-by-pixel basis, an 
approach widely used to analyze 15O-water images of regional 
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cerebral blood fl ow in subjects scanned during different 
neurobehavioral states.
 In parallel with the use of PET in brain research was the 
recognition of the clinical potential of 18F-FDG images interpreted
visually to evaluate patients with possible AD. The work of 
Minoshima et al. (1), an advance ahead of its time, introduced 
to the clinic a quantitative automated method of image analysis 
termed 3-dimensional stereotactic surface projection (3D-SSP). 
3D-SSP was objective, accurate, and reproducible, and facilitated 
the interpretation of PET scans in individual patients suspected 
of AD.
 3D-SSP calculates the statistical signifi cance of differences in
cortical metabolic activity between a patient and controls, and 
projects the data onto a surface rendition of the brain. First, 
transaxial brain images are spatially transformed to match 
an anatomically defi ned, 3D reference brain volume from a 
stereotactic brain atlas. Second, peak pixel values of cortical 
metabolic activity values are extracted and projected onto the 
surface of the brain. Finally, the cortical projection of metabolic 
data from the patient is statistically compared pixel by pixel to 
a database of 18F-FDG scans in age-matched controls to identify 
pixels beyond the reference range. The results are displayed on 
the cortical surface as z scores, which indicate the SD of the 
difference in metabolic value between patient and control data 
for each pixel.
 The paper has several noteworthy features. It demonstrated 
that for diagnostic purposes, tissue radioactivity measurements 
worked as well as regional cerebral glucose metabolism values, 
obviating measurements of arterial radioactivity to implement the 
Sokoloff model. 18F-FDG activity values are normalized to the 
value in a reference region that is minimally or not affected by 
the disease process, such as the thalamus, pons, or cerebellum. 
This normalization reduces the variability of regional data due 
to differences in global metabolism, scanner calibration, and 
other factors, and increases the sensitivity to detect regional 
abnormalities. The method focuses on the cerebral cortex, where 
the characteristic abnormalities of AD are found, reducing the 
amount of image data considerably and facilitating pattern 
recognition of abnormalities and interpretation of scans. In fact, 
data were presented to show that the use of 3D-SSP improved the 
accuracy of scan interpretation in patients with probable AD.
 The 3D-SSP method was applied to other neurodegenerative 
dementias with a typical pattern of cortical metabolic abnormality, 
such as dementia with Lewy bodies and frontotemporal dementia, 
and its ability to differentiate these patterns was demonstrated 
(4). It has been used in both clinical and research applications 
and was adapted to SPECT imaging of cerebral blood fl ow and 

to PET/MR. Several studies comparing the accuracy of 3D-SSP 
to standard visual reads showed it to be at least as good as, if not 
better than, visual reads by expert readers and better than reads 
by novices. Thus, 3D-SSP helps inexperienced readers, provides 
confi rmation for experienced readers, and can reduce variability 
among readers. It is a useful educational tool and offers a visual 
summary of scan results for referring physicians.
 In a recent consensus paper supporting the use of 18F-FDG in 
neurodegenerative dementia, European associations of nuclear 
medicine and neurology deemed software tools helpful to assist 
visual scan reading (5). 3D-SSP software has been used for this task 
worldwide and is freely available for download (6). The authors’ 
sharing of their intellectual contribution is both commendable and 
appropriate, since their work was supported by grants from the 
U.S. government.
 Long before the current interest in artifi cial intelligence, 
this pioneering paper provided a tool for accurate, observer-
independent analysis of 18F-FDG brain scans in neurodegenerative 
dementias, in both the clinical and the research environment. 
Although published 25 years ago, the concepts it introduced, as 
well as its practical utility, remain highly relevant.
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A Diagnostic Approach in Alzheimer’s Disease Using
Three-Dimensional Stereotactic Surface Projections of
Fluorine-18-FDG PET
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To improve the diagnostic performance of PET as an aid in evaluating

patients suspected of having Alzheimer’s disease, we developed a fully

automated method which generates comprehensive image pre-
sentations and objective diagnostic indices. Methods: Fluorine-
18-fluorodeoxyglucose PET image sets were collected from 37 patients

with probable Alzheimer’s disease (including questionable and

mild dementia), 22 normal subjects and 5 patients with cerebro-
vascular disease. Following stereotactic anatomic standardization,

metabolic activity on an individual’s PET image set was extracted

to a set of predefined surface pixels (three-dimensional stereotac-

tic surface projection, 3D-SSP), which was used in the subsequent
analysis. A normal database was created by averaging extracted

datasets of the normal subjects. Patients’ datasets were compared

individually with the normal database by calculating a Z-score on a
pixel-by-pixel basis and were displayed in 3D-SSP views for visual

inspections. Diagnostic indices were then generated based on averaged

Z-scores for the association cortices.Results: Patterns and severities of

metabolic reduction in patients with probable Alzheimer’s disease were
seen in the standard 3D-SSP views of extracted raw data and statistical

Z-scores. When discriminating patients with probable Alzheimer’s

disease from normal subjects, diagnostic indices of the parietal

association cortex and unilaterally averaged parietal-temporal-frontal
cortex showed sensitivities of 95% and 97%, respectively, with a

specificity of 100%. Neither index yielded false-positive results for

cerebrovascular disease. Conclusion: 3D-SSP enables quantitative
data extraction and reliable localization of metabolic abnormalities by

means of stereotactic coordinate. The proposed method is a promising

approach for interpreting functional brain PET scans.
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For more than a decade, PET has been used to investigate
functional alteration of the brain in patients with Alzheimer’s
disease (1–5). Various researchers have demonstrated metabolic
and blood flow reductions in the parietotemporal association cortex,
widely recognized as a diagnostic pattern for Alzheimer’s disease

on functional brain images (3–17). The presence of such a diagnostic
pattern facilitated the use of both PET and SPECT in clinical settings
to evaluate patients with dementia. In the previous studies, however,
subjective approaches were often used to diagnose Alzheimer’s disease
with functional images, such as visual pattern recognition and visually
placed ROI analysis. A goal of this study is to develop an objective and
accurate method of analysis to enhance the diagnostic performance of
cerebral glucose metabolic PET studies in Alzheimer’s disease.
An assumption required for discriminating Alzheimer’s disease

with PET is that regional cerebral glucose metabolism measured using
[18F]fluorodeoxyglucose (FDG) should show certain stereotypical fea-
tures which are distinguishable from those of normal subjects and
other pathological conditions. According to previous observations,
we hypothesize that the following features observed on PET glucose
metabolic images are patterns suggestive of Alzheimer’s disease:

1. In Alzheimer’s disease, glucose metabolism is most often af-
fected in the parietotemporal association cortex (3–17).

2. The involvement is bilateral, although asymmetry in the degree
of metabolic reduction is recognized (4,9,10,15,18–20).

3. Glucose metabolism in the frontal association cortex is reduced
in certain cases, often in advanced disease (8,10,13,16,21).

4. The primary neocortical regions, such as sensorimotor and visual
cortices, as well as subcortical structures, such as the thalamus,
are relatively spared (2,13,15,16).

The proposed method is not aimed at simply exploring new
discriminators but incorporating these known metabolic features
of Alzheimer’s disease into the algorithm and generating an ob-
jective index and image presentation. The method proposed is also
designed to satisfy these conditions:

1. To achieve objective and reproducible analyses, the method is
automated fully.

2. Image processing and anatomic interpretation are performed in
the standard bicommissural stereotactic system to facilitate ac-
curate signal localization and cross-institutional comparisons.

3. The method is stable and insensitive to anatomic variations
across subjects or groups.

4. The method does not require quantitative measurement of ce-
rebral glucose metabolism, avoiding arterial blood sampling.

5. The processed data are displayed objectively for visual inspec-
tion by different observers.

6. The method is applicable in a routine clinical setting with
acceptable computational time.

In this article, we present methods for image processing and
presentation, examine characteristics of functional abnormalities
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in Alzheimer’s disease compared with normal control subjects,
describe diagnostic indices based on Z-scores and evaluate diag-
nostic accuracy using PET image sets from normal subjects and
from patients with Alzheimer’s or cerebrovascular disease.

MATERIALS AND METHODS

Patients and Subjects

The proposed methodology was evaluated in 37 patients with probable

Alzheimer’s disease using a database of 22 similar-aged normal controls.
Additionally, image sets from five patients with cerebrovascular diseases

were tested to assess the specificity of the diagnostic index. Distributions
of age and sex were 64 6 7.5 (mean and s.d.) and 7:15 (men:women) in

normal controls, 686 6.8 and 15:22 in Alzheimer’s disease and 676 11
and 3:2 in cerebrovascular disease, respectively. None of the volunteers

had any prior history of neurological or psychiatric disorder or any major
medical illness. Each normal volunteer had a routine neurological exam-

ination on the day of PET imaging. Diagnosis of probable Alzheimer’s
disease was based on National Institute of Neurological and Communi-

cative Disorders and Stroke (NINCDS) and Alzheimer’s Disease and
Related Disorders Association (ADRDA) criteria (29,30). In patients

with probable Alzheimer’s disease, absence of focal cerebral abnormal-
ities was confirmed by x-ray CT and/or MRI. Hachinski’s Ischemic

Scores (31,32) were less than four in all of the patients. Of the 37 patients
with Alzheimer’s disease, three patients were questionably demented

(clinical Demetia Rating (33), CDR 5 0.5), 23 patients were mildly

demented (CDR 5 1), seven patients were moderately demented
(CDR 5 2), and four patients were severely demented (CDR 5 3) at

the time of the PET study. All subjects satisfied NINCDS-ADRDA de-
mentia criteria on subsequent clinical follow-up over a year. Five patients

with cerebrovascular disease underwent MRI, and the presence and lo-
cations of infarctions were confirmed by radiologists. This group in-

cludes two patients with large right middle cerebral arteiy territory
infarcts (1 and 5 mo after onset), two patients with multiple cortical

infarcts with dementia, and one patient with small cortical infarcts asso-
ciated with subcortical lacunar infarcts.

Fluorine-18-2-fluoro-2-deoxy-D-glucose (FDG) PET image sets were
acquired following intravenous administration of 10 mCi (370 MBq) [18F]

FDG using a Siemens ECAT 931/08-12 scanner (CTI Inc., Knoxville,
TN), which collects 15 simultaneous slices with a slice separation of

6.75 mm. Tomographic images were reconstructed using a Shepp filter
with cutoff frequency of 0.35 cycles/projection element. Attenuation cor-

rection was performed by a standard ellipse-fitting method. Reconstructed
raw counts were converted linearly to quantitative glucose metabolic rates

by a standard single scan method using an input function obtained from
the radial artery (34). These image sets were analyzed in quantitative and

nonquantitative (with normalization) fashions in the following validations.

Metabolic Abnormalities in Alzheimer’s Disease

To confirm characteristics of metabolic abnormalities in Alz-
heimer’s disease, regional metabolic activity was summarized in terms

of quantitative cerebral glucose metabolic rate (CMRglc), normalized
CMRglc to the thalamus, Z-score reduction and DZ-score. Regional

CMRglc was determined on the cortical extraction data for parietal,
temporal, frontal and occipital cortices specified by the same stereotac-

tic grid coordinates used in the Z-score analysis. CMRglc of the primary
sensorimotor cortex was measured from the location determined auto-

matically by the above algorithm. Two sample t-tests (for CMRglc and
normalized CMRglc) and Mann-Whitney U-tests (for Z-score reduction

and DZ-score) with Bonferroni corrections were used to describe sig-
nificance of differences between two groups on those measurements.

Patterns of Cortical Abnormalities in Alzheimer’s Disease

To confirm patterns of regional metabolic abnormalities on each

hemisphere in Alzheimer’s disease, we categorized regional trends in

cortical metabolic reduction based on DZ-scores. For example, if DZ-

scores were larger in the parietal . temporal . frontal cortices, the hemi-
spheric abnormality was categorized as P. T. F. The same analysis was

performed in the normal group, and differences in patterns between normals
and patients with Alzheimer’s disease were assessed. When calculating DZ-

score for normal controls, a jackknife-type procedure was used as described
in the next section. Second, using the same analysis, symmetry in regional

trends of metabolic abnormalities between two hemispheres was assessed
for each subject. When the patterns of metabolic abnormalities were iden-

tical between two hemispheres, the subject was categorized as symmetrical.
The same analysis was performed in the normal group, and the results were

compared with those from the patient group. Chi-square tests were used for
assessing differences between two groups.

Determination for Optimal Thresholds for DZ-score

A DZ-score threshold which was optimal for discriminating Alz-
heimer’s disease from normal was determined based on sensitivity and

specificity in the given datasets of normal and Alzheimer’s disease. To
calculate specificity, we used the following technique based on a

jackknife-type procedure (35). First, normal reference data were cal-
culated from 21 subjects excluding one subject. Z-score data of the

excluded subject were then calculated in comparison to the normal

reference data created from the rest of the normal controls. This pro-
cedure was repeated 22 times to generate individual Z-score data for

each normal control. The rest of the analysis was the same as for
Alzheimer’s disease patients.

By changing the Z-score threshold, sensitivity and specificity in
discriminating Alzheimer’s disease were calculated and demonstrated

using a form of receiver-operator-characteristics (ROC) (36). The
threshold was assessed independently for parietal, temporal, and fron-

tal DZ-score indices, as well as for the unilaterally averaged parieto-
temporo-frontal index. When evaluating parietal, temporal, and frontal

indices, the same threshold was applied to both hemispheres. The
diagnosis was based on the bilateral abnormalities (when each hemi-

sphere was diagnosed independently as ‘abnormal’ based on the given
threshold), as previously discussed.

Comparison with A/N Ratio

The DZ-score discrimination was compared with the A/N ratio (af-
fected/nonaffected areas) which was adapted from a method proposed

by Herholz et al. (13,16,17) that has proven to be a robust discriminant
for Alzheimer’s disease. The A/N ratio was calculated as the averaged

CMRglc over the parieto-temporo-frontal association cortex divided by the
averaged CMRglc over the sensorimotor and occipital cortex, cerebellum

and putamen. The index included both hemispheres simultaneously, not

separating each other. For calculation of the ratio in our study, we used
regional CMRglc values used in the above analysis for parietal,

temporal, frontal, occipital, and sensorimotor cortices. For the cer-
ebellum, we predefined stereotactic grid coordinates (see Appendix)

and measured regional CMRglc by the same method applied to the
other cortical structures. For the putamen, we averaged pixel values

in 1.6 ml of the putamen on a stereotactically standardized PET
image set. We compared the A/N ratio with the averaged DZ-score

over the bilateral parieto-temporo- frontal cortex since the ratio
includes both hemispheres (a single representative score for each sub-

ject). Sensitivity and specificity to discriminate Alzheimer’s disease by
the A/N ratio and bilateral DZ-score were compared.

Evaluation for DZ-score in Cerebrovascular Disease

The DZ-score criterion was evaluated in cerebrovascular disease to

test specificity and compared to the A/N ratio. Each patient was cat-
egorized into false-positive or true-negative for Alzheimer’s disease

based on the DZ-score and the A/N ratio using optimal thresholds
determined in the previous section. False-positive and negative cases

were examined visually on individuals’ surface projection maps.
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Data Analysis

The proposed method consists of the following steps: (a) anatomic
standardization of an individual’s PET image set by stereotactic trans-

formation, (b) data extraction for cortical metabolic activity, (c) data
normalization to the thalamic activity, (d) calculation of the Z-score

for an individual’s data set compared with a normal group (individual-
group comparison), (e) calculation of DZ-score to contrast metabolic

reduction in the association cortex to the sensorimotor cortex, (f)
diagnosis based on DZ-score and (g) data presentation in three

dimensions.
Stereotactic Anatomic Standardization. Stereotactic anatomic stan-

dardization is performed by methods described previously (22–24).
Briefly, an automated algorithm estimates the location of the bicom-

missural line on a PET mid-sagittal plane and realigns the image set to
the standard stereotactic orientation (22,23). Regional anatomic dif-

ferences between the individual’s brain on the PET image set and a
standard atlas brain are minimized automatically by the linear scaling

and nonlinear warping techniques (24). Through these steps, an orig-
inal PET image set is resampled in a standard stereotactic image

format, thereby minimizing anatomic variations across subjects while

preserving regional metabolic activity.
Data Extraction for Cortical Metabolic Activity. Because data

analysis and interpretation concern metabolic abnormalities in the
cerebral cortex, the algorithm extracts regional cortical metabolic

activity for the subsequent data analyses by a newly developed three-
dimensional stereotactic surface projection (3D-SSP) technique. This

is an alternative approach to a conventional ROI analysis. The method
also treats small anatomic variations of gray-white matter or gray-to-

nonbrain borders among subjects which cannot be removed entirely by
the anatomic standardization and enables reliable individual versus

group, or group versus group comparisons on a pixel-by-pixel basis. In
the standard stereotactic system, pixels located on the outer and

medial surface of both hemispheres are predetermined along with
three-dimensional vectors perpendicular to the surface at each pixel

(see Appendix). For each predetermined surface pixel, the algorithm
searches for the highest pixel value in a direction inward along the

vector to a six-pixel depth (13.5 mm) into the cortex on an individual’s
anatomically standardized PET image set and assigns the maximum

value to the surface pixel. Surface pixel sets extracted from each
individual’s PET data are used in the following data analyses.

Data Normalization to Thalamic Metabolic Activity. It is common
practice in PET analysis to normalize a data set to a reference region

which is known to be less affected in the disease process. In the
present work, the algorithm normalizes each pixel value with

stereotactic surface coordinates (x, y, z) to the thalamic metabolic activity
as follows:

Normalized CMRglcðx;y;zÞ 5 CMRglcðx;y;zÞ
.
thalamic CMRglc:

Eq. 1

The thalamic activity is measured by averaging the highest 20 pixels
(1.0 cm2 on medial surface pixels on the surface format) within ste-

reotactic grid coordinates of (a, E, 7–8) plus the anterior half of (a, F,
7–8), independently for each hemisphere (the grid coordinates repre-

sent x, y, and z, respectively) (25). Because diaschisis from a more
severely affected hemisphere could reduce metabolic activity in the

ipsilateral thalamus (26), the hemisphere containing higher value is
used for the normalization. Because of this normalization, the pro-

posed method is applicable to nonquantitative reconstructed image
sets.

Normal Reference Database. The mean and s.d. are calculated for
each surface pixel using the normalized datasets of 22 normal

controls. Because of the limited field of view of the scanner used in

this study, superior and inferior structures of the brain were not always
included in an image matrix. Therefore, the algorithm counts the

effective number of subjects contributing to each pixel and excludes
any pixel contributed to by less than four subjects.

Calculation for Individual Z-score Data. A set of surface pixels
from a patient with Alzheimer’s disease is compared with the normal

reference database by means of a Z-score. A Z-score is formed on a
pixel-by-pixel basis on the 3D-SSP format as follows:

Z-scoreðx;y;zÞ5
�
NMEANðx;y;zÞ 2 ADðx;y;zÞ

��
NSDðx;y;zÞ; Eq. 2

where NMEAN(x,y,z) and NSD(x,y,z) represent a mean and s.d. of the

normal reference data at stereotactic coordinates (x, y, z). AD(x,y,z)

represents normalized CMRglc from a patient with Alzheimer’s dis-
ease at the same pixel coordinates. If either the patient data or normal

reference data do not contain sufficient data at a given pixel due to the
limited field-of-view, the pixel information is not used in the further

analyses. Because of the order of the subtraction, a positive Z-score
represents reduced metabolic activity relative to the normal reference

data in the following analyses.
Determination of the Primary Sensorimotor Cortex. In the standard

stereotactic orientation, there are known variations in location of the
primary sensorimotor cortex across subjects (27,28). When analyzing

an individual’s data in the stereotactic system, the method should take
these anatomic variations into account. The location of the primary

sensorimotor cortex is determined for each hemisphere by an inde-
pendent search on the Z-score data within 10 pixels (22.5 mm) ante-

riorly and posteriorly from the standard stereotactic location of the
primary sensorimotor cortex using a predefined ROI. A shape of the

ROI for the sensorimotor cortex is specified using the standard ste-
reotactic grid coordinates (see Appendix). Since we assume that glu-

cose metabolism in the primary sensorimotor cortex is relatively
preserved, the location is determined when mean Z-score averaged

across the pixels of the ROI is a minimum.
Diagnostic Index. Since we have hypothesized reduced regional

metabolic activity in Alzheimer’s disease, an index of Z-score reduc-
tion is calculated for cortical areas by averaging pixels only with

positive Z-score (pixels with reduced metabolic activity relative to
the normal reference database). The indices are calculated inde-

pendently for each hemisphere in the parietal, temporal, and fron-
tal association cortices, and for the primary sensorimotor and

occipital cortices. Pixels located in the parietal, temporal, frontal,
and occipital cortices are predetermined using the stereotactic grid

coordinates (see Appendix). The location of the primary sensori-
motor cortex is searched iteratively by the above technique. Also,

indices of Z-score reduction were calculated for the areas averaged

over the parieto-temporo-frontal association cortex unilaterally
and bilaterally.

To contrast metabolic reduction in the association cortex to the primary
sensorimotor cortex, the algorithm calculates DZ-score as follows:

DZ-score 5 ½Z-score reduction in the association cortex�
2 ½Z-score reduction in the primary sensorimotor cortex�:

Eq. 3

A larger Z-score indicates more severe metabolic reduction in the
association cortex relative to the primary sensorimotor cortex. When

calculating an averaged DZ-score over the bilateral parieto- temporo-
frontal association cortex, Z-score reductions of the sensorimotor cor-

tex were averaged bilaterally and then subtracted from the bilaterally
averaged parieto-temporo-frontal Z-score reduction.
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Diagnostic Criteria Based on DZ-score. Although there is known

asymmetry in the degree of metabolic reduction in the association
cortex, bilateral involvement is an important feature of Alzheimer’s

disease. Isolated unilateral metabolic reduction can be caused by
other etiologies, including cerebrovascular disease. In this method,

we evaluate each hemisphere independently based on DZ-scores,
which indicate metabolic abnormalities in the association cortex

relative to the primary sensorimotor cortex on the same hemisphere,

and then discriminate an Alzheimer’s disease pattern when both
hemispheres show abnormal DZ-scores. Determination of the

optimal threshold for DZ-score is estimated and evaluated in the

following sections.
3D-SSP for Visual Inspection. Since cortical metabolic activity is

extracted in a surface format, data can be displayed in the 3D-SSP
format (Fig. 1). Individuals’ Z-score data, as well as extracted raw

data, can be viewed from superior, inferior, right, left, anterior, pos-
terior, and two medial aspects of the brain. A standard contour of the

brain is added to the Z-score image to facilitate visual inspection.

Stereotactic coordinates can be readily used for more precise locali-
zation of signals on those projection views since the entire image

FIGURE 1. Three-dimensional stereotactic surface projections (3D-SSP). (A) Right lateral (R.LAT), left lateral (L.LAT), right medial (R.MED),and left

medial (LMED) views. (B) Superior (SUP), Inferior (INF), anterior (ANT), and posterior (P0s1) views. Rows A: Reference for surface anatomy of the

brain revealed by MR imaging Row B: 3D-SSP of a normal database representing mean pixel values averaged across 22 normal subjects on a pixel-

by-pixel basis. Row C: 3D-SSP of CMRgic from a representative patient with Alzheimer’s disease (70 year-old female, CDR 5 1). Row D: 3D-SSP of

statistical Z-scores representing areas of functional reduction in the patient in comparison with the normal database.

TABLE 1A
Regional Glucose Metabolism in Normal Subjects and Patients with Alzheimer’s Disease (AD): Quantitative

CMRgIc (mg/100 g/min)

Group

Parietal Temporal Frontal Occipital Sensorimotor Thalamus

R L R L R L R L R L R L

Normal
(n522)

Mean 7.90 7.77 6.83 6.76 7.88 7.90 8.26 7.97 7.63 7.69 8.78 8.67

s.d. 1.18 1.10 0.93 0.90 1.14 1.20 1.35 1.29 1.15 1.18 1.48 1.50

COV(%)§ 14.9 14.2 13.4 14.5 15.2 16.4 16.2 15.1 15.3 16.8 17.3 14.9

AD
(n537)

Mean 5.40 5.27 5.19 5.02 6.27 6.10 7.12 7.00 6.80 6.79 7.81 7.75

s.d. 1.27 1.10 1.00 0.86 1.24 1.23 1.20 1.09 1.04 0.96 1.27 1.14

COV(%)§ 23.5 20.8 19.3 17.0 19.8 20.2 16.8 15.6 15.3 14.1 16.3 14.7

t-test* −7.51‡ −8.44‡ −6.22‡ −7.39‡ −4.97‡ −5.46‡ −3.35† −3.10† −2.82 −3.20† −2.65 −2.66

*t-testing using pooled variances. Negative values indicate reduction in the AD group.
†p , 0.05 adjusted for multiple comparisons.
‡p , 0.01 adjusted for multiple comparisons.
§COV(%):coefficient of variation, mean/s.d. · 100.
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processing and presentation are done in the standard stereotactic

system.

RESULTS

Metabolic Abnormalities in Alzheimer’s Disease

Significant glucose metabolic reduction was confirmed quanti-
tatively in most of the cortical structures in Alzheimer’s disease
(Table 1A). Following data normalization to the thalamic activity,
significant relative metabolic reductions in the parietal, temporal,
and frontal association cortex were preserved, while no significant
relative decreases were detected in the occipital and primary sen-
sorimotor cortex (Table 1B). With normalization, coefficients of
variation of regional CMRglc were reduced in all regions in both
normal control and Alzheimer’s disease.

These regional abnormalities were consistent on the Z-score
reduction (Table 2A) and DZ-score (Table 2B). Using either scale,
significant metabolic reduction (p , 0.01) was observed in the
parietal, temporal, and frontal association cortex. On DZ-score in
comparison to Z-score reduction, distinction between normal and
Alzheimer’s disease became more significant in the parietal and
right temporal cortices. The distribution of DZ-score values is
further demonstrated in Figure 2: the least overlap in the parietal
cortex and the largest overlap in the frontal cortex between normal
and Alzheimer’s disease.

Patterns of Cortical Abnormalities in Alzheimer’s Disease

Metabolic abnormalities in the parietal, temporal and frontal
association cortices were examined using DZ-scores in terms of re-
gional trends and symmetry in metabolic reduction. In Alzheimer’s

TABLE 1B
Regional Glucose Metabolism in Normal Subjects and Patients with Alzheimer’s Disease (AD): Normalized

CMRgIc to the Thalamus (%)

Group

Parietal Temporal Frontal Occipital Sensorimotor

R L R L R L R L R L

Normal

(n522)

Mean 89.9 88.4 77.7 77.1 89.6 89.8 93.7 90.6 86.7 87.5

s.d. 5.45 5.52 4.43 5.18 5.50 6.03 6.96 7.91 6.01 7.20

COV(%)§ 6.06 6.24 5.70 6.73 6.14 6.72 7.42 8.73 6.93 8.23

AD

(n537)

Mean 68.2 66.6 65.6 63.5 78.8 76.9 90.2 88.6 85.9 85.6

s.d. 13.1 11.1 9.70 8.37 10.6 11.9 12.5 11.2 8.14 5.77

COV(%)§ 19.2 16.7 14.8 13.2 13.5 15.5 13.8 12.7 9.48 6.74

t-test* −7.38‡ −8.58‡ −5.52‡ −6.84‡ −4.44‡ −4.74‡ −1.22 −0.738 −0.361 −1.06

*t-testing using pooled variances. Negative values indicate reduction in the AD group.
†p , 0.05 adjusted for multiple comparisons.
‡p , 0.01 adjusted for multiple comparisons.
§COV(%):coefficient of variation, mean/s.d. · 100.

TABLE 2A
Z-score Reduction in Normal Subjects and Patients with Alzheimer’s Disease (AD)

Group

Parietal Temporal Frontal Occipital Sensorimotor

R L R L R L R L R L

Normal

(n522)

Mean 0.68 0.66 0.69 0.70 0.66 0.65 0.65 0.64 0.53 0.53

Max 1.61 1.42 1.52 1.51 1.91 2.18 1.23 1.55 1.61 1.27

Min 0.20 0.18 0.31 0.23 0.20 0.24 0.13 0.17 0.00 0.00

AD

(n537)

Mean 3.04 2.91 2.06 2.03 1.73 1.86 1.04 0.93 0.69 0.69

Max 6.04 5.62 4.88 4.77 4.21 5.39 3.11 2.65 3.08 1.15

Min 0.60 0.84 0.52 0.71 0.33 0.38 0.00 0.34 0.00 0.20

U-test* 25‡ 10‡ 72‡ 25‡ 140‡ 116‡ 309 286 307 238

*Mann-Whitney U-test. Smaller values indicate larger reduction in the AD group.
†p , 0.05 adjusted for multiple comparisons.
‡p , 0.01 adjusted for multiple comparisons.
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disease, 60 (81%) of 74 hemispheres showed parietal dominance in
metabolic reduction (Table 3). Forty-five out of these sixty hemi-
spheres showed second largest reduction in the temporal association
cortex. Ten (14%) of 74 hemispheres showed frontal dominance.
These patterns of regional metabolic abnormalities differed signif-
icantly from those in normal controls.
Twenty-eight (76%) of 37 patients of Alzheimer’s disease

showed symmetric hemispheric patterns of regional metabolic ab-
normalities (Table 4). Twenty-four of these 28 patients showed
symmetric parietal dominance, and the other four cases showed
frontal dominance. A frequency of these symmetrical patterns
differed significantly from those in normal controls.

Discrimination of Alzheimer’s Disease Using DZ-score

True-positive and false-positive fractions for discriminat-
ing Alzheimer’s disease from normal controls were assessed by

changing the DZ-score threshold for parietal, temporal and frontal
indices, as well as a unilaterally averaged parietal-temporal-frontal
index (Fig. 3A). The parietal and unilaterally averaged DZ-score
showed comparable results, both discriminating better than the tem-
poral and frontal DZ-scores. At the false-positive fraction of 0.0
(specificity 100%), the parietal, temporal, frontal, and unilaterally
averaged DZ-scores showed the best sensitivities of 95%, 81%,
59%, and 97%, respectively. Corresponding DZ-score thresholds were
0.55, 0.45, 0.56 and 0.36, respectively.
The same analysis was performed for a bilaterally averaged

parietal-temporal-frontal DZ-score and A/N ratio (Fig. 3B). For a
false-positive fraction of 0.0, the bilaterally averaged DZ-score
and A/N ratio showed the best sensitivities of 100% and 92%,
respectively. Corresponding thresholds were 0.52 and 0.89, re-
spectively. By comparing all the above indices, the parietal DZ-
score, unilaterally averaged DZ-score, bilaterally averagedDZ-score and
A/N ratio showed comparable results in terms of sensitivity and spec-
ificity when discriminating Alzheimer’s disease from normal controls.

False-Negative Cases in Alzheimer’s Disease

The parietal DZ-score resulted in two false-negative cases at the
optimal threshold yielding specificity of 100% (Fig. 4, Patients A
and B). In both cases, only the left hemisphere was identified as
abnormal; thus, the diagnostic criterion of bilateral abnormality
was not satisfied. Patients A and B were mildly (CDR 5 1) and
moderately (CDR 5 2) demented, respectively. The unilaterally
averaged DZ-score resulted in one false-negative (Case A). The
bilaterally averaged DZ-score showed no false-negatives. The A/N
ratio resulted in three false-negatives (Fig. 4, Patients A, C and D).
Both Patients C and D were mildly demented (CDR 5 1).

False-Positive Cases In Cerebrovascular Disease

The parietal DZ-score and unilaterally averaged DZ-score
showed no false-positives in the group of cerebrovascular disease
patients. However, the parietal DZ-score indicated hemispheric
abnormality (not bilateral, therefore not diagnostic) in one multi-
infarct patient (Fig. 5, patient E), while the unilaterally averaged
DZ-score indicated hemispheric abnormality in two multi-infarct
patients (Fig. 5, Patients E and F) and one patient with MCA infarction

TABLE 2B
ΔZ-score in Normal Subjects and Patients with Alzheimer’s Disease (AD)

Group

Parletal Temporal Frontal Occipital

R L R L R L R L

Normal
(n522)

Mean 0.15 0.13 0.16 0.17 0.13 0.12 0.12 0.11

Max 0.73 0.55 0.55 0.70 0.57 0.92 0.68 1.03

Min −0.15 −0.49 −0.16 −0.44 −0.34 −0.42 −0.65 −0.50

AD
(n537)

Mean 2.34 2.22 1.39 1.34 1.04 1.17 0.35 0.24

Max 5.00 4.73 3.47 3.65 3.72 4.25 2.15 1.93

Min 0.32 0.56 −0.16 0.19 −2.30 −0.44 −1.00 −0.70

U-test* 6‡ 0‡ 47‡ 37‡ 152‡ 158‡ 340 360

*Mann-Whitney U-test. Smaller values indicate larger reduction in the AD group.
†p , 0.05 adjusted for multiple comparisons.
‡p , 0.01 adjusted for multiple comparisons.

FIGURE 2. DZ-score in the parietal, temporal and frontal association

cortex in normal subjects and patients with Alzheimer’s disease. The

vertical axes represent DZ-scores. Larger DZ-scores indicate more se-

vere metabolic reduction in the above regions in comparison with that in

the primary sensorimotor cortex
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(Patient G). The bilaterally averaged DZ-score yielded one false-pos-
itive in a multi-infarct patient (Patient E). The A/N ratio resulted in
three false-positives; two multi-infarct patients (Patients E and F) and
one patient with MCA infarction (Patient G). Although some of the
quantitative indices used for analysis yielded false-positives in certain
cases, distributions of metabolic abnormalities were clearly distin-
guishable from those of Alzheimer’s disease by visual inspection.

DISCUSSION

Patterns of cortical metabolic abnormalities in Alzheimer’s dis-
ease were examined using a newly developed method of cortical
data extraction and a DZ-score based on individual versus normal
database comparison. Using DZ-scores, the proposed method
enables objective and accurate discrimination of probable Alz-
heimer’s disease. Three-dimensional stereotactic surface projec-
tions, transformed from the set of extracted cortical data, facilitated
visual localization of functional signals. These results indicate sig-
nificant advantages of the proposed method for interpretation of
functional brain PET images.

In the proposed method, recognition of an Alzheimer’s disease
pattern is based on independent assessment of hemispheric abnor-
malities in the association cortex in comparison to those in the
primary sensorimotor cortex, and is distinct from previous ap-
proaches. Although asymmetry in the degree of metabolic reduc-
tion can exist (10,15,18–20), both hemispheres are generally
involved in Alzheimer’s disease, making comparison of homolo-
gus regions in both hemispheres less sensitive to detect symmetric
abnormalities. Diagnosis based on independent hemispheric as-
sessment of metabolic reduction not only showed good sensitivity
but also high specificity. When including both hemispheres to-
gether, without separation, using a DZ-score or A/N ratio, sen-
sitivity became slightly higher, but specificity dropped due to
false-positive cases in patients with single or multiple infarctions,
which could be problematic when differentiating ischemic dementia
from Alzheimer’s disease in a clinical setting. Since the proposed
method is constructed according to a priori knowledge of met-
abolic abnormalities in Alzheimer’s disease, the approach is also
distinct from methods relying on neuronal networks or functions
generated by a computer (37). Incorporation of new additional
knowledge about metabolic features in Alzheimer’s disease (an
optimal reference region for data normalization, diagnostic cri-
teria based on other regional abnormalities, etc.) might even
improve accuracy in discrimination, which is open for further
investigations.
Analysis of patterns of regional metabolic reduction showed

either asymmetry or frontal-temporal dominance in certain cases.
For example, ten hemispheres showed frontal- dominant reduction
(symmetrical in four cases). Some of these cases demonstrated
prominent metabolic reduction in the frontal lobe, which is not the
typical parieto-temporal reduction indicative for Alzheimer’s disease
by visual inspection. Based on quantitative analysis of DZ-score with
a predetermined threshold, however, the parietal association cortex is
also involved bilateralty in most of those cases, permitting reliable
distinction of probable Alzheimer’s disease using the parietal cortex
as a discriminator. This indicates a complementary role of the
diagnostic index with visual inspection. The DZ-score is de-
rived from Z-score reduction calculated between an individual’s
dataset and a normal database. Individual-to-group comparisons
enable image analysis to focus on only areas with metabolic
reduction, partly resulting in such high sensitivity of the proposed
method. In fact, three cases of questionably demented patients
(CDR 5 0.5 at the time of PET imaging) were distinguished from

FIGURE 3. Sensitivity and specificity of DZ-score discrimination for

Alzheimer’s disease. (A) Comparison of DZ-scores for parietal, temporal,

frontal and unilaterally averaged parietal-temporal-frontal association

cortex. (B) Comparison between bilaterally averaged parietal-tempo-

ral-frontal DZ-score and A/N ratio

TABLE 3
Regional Trends in Cortical Metabolic Reduction* in

Alzheimer’s Disease (AD)and Normal Groups

AD(n574) Normal(n544)

P .T .F† 45 12

P .F .T 15 0

F .P .T 8 5

T .P .F 3 13

F .T .P 2 6

T .F .P 1 8

*The ranking is based on ΔZ-scores. †P, T, and F represent the

parietal, temporal and frontal association cortices, respectively.

Each hemisphere was analyzed independently. Group difference:
p , 0.0001 (chi-square test).

TABLE 4
Hemispheric Asymmetry in Cortical Metabolic Reduction* in,

Alzheimer’s Disease

Symmetrical (n 5 28) Asymmetrical (n 5 9)

RT LT n RT LT n

P .T .F – P .T .F† 19 P .T .F – T .P .F 3

P .F .T – P .F .T 5 P .F .T – F .P .T 2

F .P .T – F .P .T 3 P .F .T – P .T .F 2

F .T .P – F .T .P 1 P .T .F – P .F .T 1

P .T .F – T .F .P 1

*The ranking is based on ΔZ-scores. †P, T and F represent the

parietal, temporal and frontal association cortices, respectively. In

the normal group, hemispheric symmetry and asymmetry were
observed in 10 and 12 cases, respectively.

Group difference: p , 0.05 (chi-square test).

148S THE JOURNAL OF NUCLEAR MEDICINE • Vol. 61 • No. 12 (Suppl. 2) • December 2020



normal subjects correctly. This preliminary result emphasizes the
use of glucose metabolic PET studies as a part of the clinical di-
agnostic examinations in patients suspected of Alzheimer’s disease.
The DZ-score criteria in the proposed method, however, was opti-
mized based on the NINCDS-ADRDA clinical diagnosis for probable
Alzheimer’s disease. Even though the method can distinguish a ce-
rebral glucose metabolic pattern of probable Alzheimer’s disease
accuratety, it might not differentiate definite Alzheimer’s disease
from other dementing neurodegenerative disorders which might
cause a similar pattern of cerebral metabolic abnormalities. Further
investigations incorporating postmortem pathological examinations
are necessary to address the ability of glucose metabolic PET studies
to differentiate such related dementing disorders.
A method for extracting cortical metabolic activity in a PET

image set onto representative stereotactic surface pixels is an
alternative approach to conventional ROI analysis, preserving both
metabolic and spatial information of PET. This method is an
effective means of data reduction for a PET brain image set. When
compared to ROI analysis, which reduces metabolic information
of the brain (typically more than one-hundred thousand pixels) to
a few hundred regions with only gross anatomic information, the
proposed cortical surface extraction method reduces the same
amount of data to approximately sixteen thousand pixels (80%–
90% reduction) while preserving stereotactic pixel coordinates.
There is an obvious tradeoff between data reduction and preser-
vation of spatial information. A pixel-by-pixel statistical analysis

with less intensive adjustment for multiple comparison can be
performed on this reduced data format. Since the algorithm
searches cortical location in the direction of the surface vector
at each pixel, small displacements of the gray matter between
the standard stereotactic coordinates and individual’s brain can
be compensated by this method. This feature is important when
comparing PET datasets of different groups on a pixel-by-pixel
basis because anatomic standardization can minimize, but not
remove entirely, individuals’ anatomic variations (24). Without
such considerations, pixel-based inter-group comparisons not only
reveal regional metabolic differences, but also are confounded
with anatomic mismatches. Although the extracted cortical data
in the current algorithm are the highest pixels along each surface
vector, demonstrating reliable discrimination for Alzheimer’s dis-
ease, it needs to be investigated further whether the single highest
pixel or an average of the few highest pixels would be a more
reliable representation for cortical activity, especially in terms of
quantitative accuracy. A limitation of this approach is that the
structures located deep within the brain, such as the lenticular
nucleus and insula, cannot be expressed in this format, although
combination with ROI analysis for such anatomically distinct
structures can obviate this problem.
In the proposed method, surface pixel data are normalized to the

thalamic activity prior to the analysis. Data normalization can
remove systemic errors inherent in quantitative measurements
(accuracy in input function, cross-calibration, etc.), minimize

FIGURE 5. False-negatives in Alzheimer’s disease based on ΔZ-score and A/N ration discrimination. 3D-SSP Z-score views (only demonstrating

areas of metabolic reduction). Patient A (mildly demented) shows significant metabolic abnormalities in the left hemisphere only. Patient B (mod-

erately demented) shows frontal dominance in metabolic reduction with additional decrease only in the left parietal-temporal association cortex.

Patient C (mildly demented) shows metabolic reduction in the frontal-parietal-temporal association cortex bilaterally with mild reduction in the

cerebellum. Patient D (mildly demented) shows minimal left temporal-frontal reduction Patient A has a false-negative based on the parietal ΔZ-score,
unilaterally averaged parietal-temporal ΔZ-score, and A/N ratio. Patient B has a false-negative based on the parietal ΔZ-score. Patients C and D have

false-negatives based on the A/N ratio.
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global baseline differences of cerebral metabolic activity across
subjects, and enhance regional metabolic reduction in contrast to
normal reference areas, all of which increase sensitivity of detection
of regional abnormalities. In fact, regional metabolic profiles in the
current study showed smaller coefficients of variance and higher
levels of significance for metabolic reduction in the parietal-
temporal association cortex following normalization (Table
1B). Furthermore, data normalization enables applications of
the proposed technique to nonquantitative PET and SPECT data
sets. The literature and our prior observations both show that
the use of the thalamus or primary cortex is more suitable for
normalization than global or cerebellar activity (38,39). Since
cortical metabolic abnormalities on PET are the diagnostic features
for Alzheimer’s disease, we have used a subcortical structure, the
thalamus, for normalization in the current study. The thalamus
also has a distinct shape and is located just above the intercom-
missural line, the standard line defining the stereotactic coordinate
system, therelty ensuring reliable and accurate localization. In certain
cases of Alzheimer’s disease (26), as well as in stroke (40), there is
metabolic reduction in the thalamus due to remote effects from
ipsilateral hemispheric abnormalities. Thus, we have chosen to
use the higher value from either hemisphere for normalization,
thereby minimizing bias caused by such remote effects.
In addition to quantitative analysis, a cortical extraction dataset

is suitable for visual inspection of a PET image set. Since regional
cortical metabolic activity is assigned to representative surface
pixels, the data set can be viewed readily in 3D-SSP views. As
shown in the figures, any data set in a surface format, such as
cortical extraction data and parametric Z-score data, can be
presented as the 3D-SSP views. Because of the cortical extraction
procedure in three dimensions, the proposed stereotactic surface
projection technique differs from simple two-dimensional projection

views and does not introduce biases or artifacts at brain edges. Any
additional views, such as oblique or rotating views, can be prepared
easily from a cortical extraction data set. This greatly facilitates
visual inspection of functional brain image sets. Since certain stroke
cases, e.g., infarction in the unilateral parietal and contralateral
temporal association cortices, incidentally could result in abnormal
DZ-scores, visual inspections for distribution of metabolic reduction
in the brain are necessary when evaluating metabolic patterns of
Alzheimer’s disease. As demonstrated in Figures 1,4 and 5,3D-SSP
provides omnibus and comprehensive views of metabolic abnormal-
ities in the entire cortex, enabling reliable and consistent visual in-
spection. Diagnostic values of visual interpretation using 3D-SSP are
currently under investigation based on inspections by multiple ob-
servers (41). With a simple user-interactive image analysis program,
one can localize functional signals more precisely on 3D-SSP by
referring to stereotactic coordinates. Conventional ROI analyses also
can be performed on these views for further quantitative assessment.
On currently available workstations, computation time required for
the proposed method is acceptable for a routine use. Anatomic stan-
dardization takes approximately 40 min on a SparcStation 10 work-
station (Sun Microsystems, Mountain View, CA), and subsequent
surface data extraction, comparison, and presentation take less than
5 min. Therefore, 3D-SSP can be used as a ‘brain map’ in clinical
settings, similar to cardiac polar maps (42,43) and SPECT perfusion
maps (44) but with accurate signal localization and quantification
capabilities.

CONCLUSION

We have presented a new diagnostic approach in Alzheimer’s
disease using the three-dimensional stereotactic surface projec-
tion technique. The 3D-SSP and the normal reference database of

FIGURE 5. False-positives in cerebrovascular disease based on ΔZ-score and A/N ration discrimination for Alzheimer’s disease. Three-discrim-

ination-SSP Z-score views demonstrate areas of metabolic reduction. Patient E has at least two areas of metabolic reduction in the right superior

parietal cortex and left frontal operculum. Patient F shows metabolic reduction in the frontal and parietal cortex bilaterally associated with severe

focal decrease in the left frontal cortex and mild-to-moderate decrease in the occipital cortex and cerebellum. Patient G shows a large area of

metabolic reduction, corresponding right middle cerebral artery territory, associated with mild decrease in the left frontal cortex and cerebellum.

Patient E has a false-positive based on the bilaterally averaged parietal-temporal-frontal ΔZ-score and A/N ratio. Patients F and G have false-

positives based on the A/N ratio
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FDG-PET enable quantitative data extraction, subsequent statistical
data analysis, comprehensive data display in three dimensions and
accurate localization for metabolic abnormalities in the stereotactic
coordinate system. Diagnostic indices based on the database com-
parison provided accurate discrimination for patients with probable
Alzheimer’s disease. The proposed method promises to be a useful
approach for quantitative as well as objective visual interpretations
of functional brain images. A further study is currently being un-
dertaken to confirm accuracy of the method in prospectively col-
lected patient population.
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APPENDIX

Determination of Stereotactic Surface

Pixels of the Brain

Pixels located on the outer and medial surface of the brain are
predetermined using a MRI set. [18F]FDG and Tl-weighted MRI
sets were obtained from a 53-yr-old man with no structural abnor-
malities in the brain confirmed by radiologists and aligned in the
same orientation using an user-interactive program based on the
work of Pietrzyk et al. (45). Anatomic standardization techniques
(22–24) were applied to the [18F]FDG image set, creating trans-
formation parameters. Then the co-registered MRI set was trans-
formed to the standard stereotactic atlas coordinates using those
parameters. Structures such as the scalp and bone marrow on the
MRI set were removed by applying a threshold suitable for de-
lineating cortical margins on the co-registered [18F]FDG image
set. Residual extra-cerebral pixels on the MRI set were removed
manually. The right hemisphere of the brain was removed, and the
left hemisphere was transposed to the right side, creating a sym-
metrical brain. Then the MRI set was transformed to a binary
image set by assigning one to pixels with intensity higher than
that of cerebrospinal fluid and zero to the rest of the pixels. By
viewing this binary image set of the brain in three dimensions
from superior, inferior, right, left, anterior, posterior and medial
aspects, pixels located on the outer and inner surface of the brain
were determined. At each surface pixel, a center-of-mass (with
each pixel weighted by 1 or 0) within a sphere with four-pixel
(9 mm) radius (the center of the sphere corresponds to the surface
pixel) was calculated on the binary image set. A vector from the
surface pixel to the center-of-mass was used to approximate the
perpendicular to the brain surface. More than 16,000 surface pix-
els (and corresponding vectors) covering the outer and inner sur-
face of both hemispheres were predetermined in stereotactic
coordinates.

Stereotactic Grid Coordinates for Cortical Areas

Stereotactic grid coordinates are used for averaging regional
metabolic activity for the following structures on the surface
format (25). These specifications do not necessarily encompass the
entire areas of the given structure. For example, the frontal and
sensorimotor coordinates used in the current study do not include
medial aspects. The occipital coordinates include mainly the pri-
mary visual cortex. The cerebellar coordinates do not include the
superior portion of the cerebellum due to unreliable separation
from the fusiform gyrus and inferior occipital cortex.

Sensorimotor cortex:
(c–d, El, 3–7), (b, E2,1–2), (c–d, E2,1–4), (b–d, E3,1–2)
Parietal association cortex:
(a–d, G, 1–5), (a–d, H, 1–4)
Temporal association cortex:
(c–d, D, 10–12), (c–d, E, 9–12), (od, F, 7–10), (c–d, G, 6–10)
Frontal association cortex:
(b–d, A, 3–11), (b–d, B, 2–11), (b–d, C, 1–11), (b–d, D, 1–4)
Occipital cortex:
(a, H–I, 6–9)
Cerebellum:
(a–d, G–H, 11–13*), (a–d, I, 12)
*The grid z-coordinate ‘13’ does not exist in the original defi-

nition. We define the grid 13 as the grid inferior to the grid 12 with
the same spacing and thickness as the grid 12.
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