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This study evaluated an automated analysis of SPECT brain imaging
in patients with Alzheimer's disease (AD). Methods: Patients [n =

81; mean age, 69.9 Â±10.6 yr (mean Â±s.d.)] with a clinical diagnosis
of probable AD (NINCDS-Alzheimer's Disease and Related Disor
ders Association criteria) underwent ""Te-ethyl cysteine dimer

SPECT imaging. After imaging registration and data extraction using
three-dimensional stereotactic surface projections, a pixel-wise
comparison of ethyl cysteine dimer uptake was performed using a
reference database of 10 cognitive intact controls of comparable
age. Results: When individual cases were compared to the normal
database, tÃ©mpora-parietal regional cerebral blood flow (rCBF)
abnormalities across different levels of dementia severity were
clearly depicted on pixel-wise Z-score Â¡mages.The rCBF reduction
Â¡ncortical association areas showed a significant correlation with an
overall level of cognitive decline, as assessed by the Mini Mental
State Examination and by the cognitive section of the Cambridge
Mental Disorders of the Elderly Examination. In addition, there were
significant region-specific correlations between left tÃ©mporaperfu
sion deficit and language performance and between right parietal
rCBF reduction and praxis. Conclusion: These results indicate that
this observer-independent analysis of SPECT data enables objec
tive and semiquantitative assessment of the magnitude and extent
of cortical perfusion abnormalities in patients with AD.
Key Words: SPECT; computer-assisted image processing;Alzhei
mer's disease; cognitive dysfunction
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An Alzheimer's disease (AD), the measurement of regional

cerebral blood flow (rCBF) using SPECT reveals a decreased
cortical perfusion that is typically predominant in the temporal
and parietal cortices (1,2). This pattern matches that of the
metabolic abnormalities that can be revealed in AD patients
using a more sensitive method of positron emission CT (2,3).
Such region-specific rCBF reduction is often associated with
lateralized cognitive functions such as language and praxis (4).
In vivo rCBF measurement by SPECT, which reflects cortical
topography of pathophysiologic changes in AD seen at neuro-
pathological examination (5), is a valuable aid in the early
recognition of AD and in its differentiation from other dement
ing disorders. Both are important diagnostic tasks, as most
effective interventions currently available are specific to AD (6)
and because AD must be distinguished from potentially treat
able causes of dementia such as depression or normal pressure
hydrocephalus.

Particularly in patients with mild dementia, the ability to
recognize rCBF patterns of AD by visual interpretation is
highly dependent on the quality of SPECT images and levels of
experience of observers (7,8). To reduce interobserver variabil-
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ity in the evaluation of brain SPECT studies and to allow more
accurate assessment of the extent and severity of rCBF abnor
malities, observer-independent methods for the analysis of
SPECT data that provide an objective measurement of perfu
sion abnormalities are desired.

This study focuses on the first application of a fully auto
mated, user-independent analytical method (9) for SPECT
imaging. Because SPECT is less costly than PET and more
widely available, the transfer of advanced analytical methods
developed for PET to SPECT will improve the analysis of
SPECT data, not only for scientific purposes but also for
clinical routine use. In addition to evaluating this analytic
approach in a large population of AD patients, we examined
whether this new technique is capable of demonstrating rela
tionships between cognitive abnormalities, as assessed in neu-
ropsychological testing, and rCBF abnormalities in regions
attributed to these cognitive domains.

MATERIALS AND METHODS

Subjects
Cognitive functions and rCBF impairment were studied in 81

patients (52 women, 29 men) who were diagnosed as having
probable AD according to NINCDS Alzheimer's Disease and

Related Disorders Association criteria, based on thorough clinical
evaluation (10). The mean age at the time of examination was 70 Â±
11 yr (mean Â±s.d.), and the estimated mean age of onset was 67 Â±
10 yr. The mean score on the Mini Mental State Examination
(MMSE) (//) was 20.1 Â±4.6 points (mean Â±s.d.) at the time of
the SPECT scan. This indicates that the patient population included
subjects with an early onset and with a mild degree of symptoms.

In addition to the clinical diagnosis of AD, the inclusion criteria
consisted of being right-handed and having an interval between
cognitive testing and the SPECT study of less than 3 mo. Very mild
cases were only included in the analysis when they fulfilled the
clinical criteria for probable AD in a subsequent clinical follow up.
According to the terziles of the MMSE distribution, the patients
were allocated to three levels of dementia severity: very mild (>23
points, n = 29; group 1), mild (22-18 points, n = 25; group 2) and
moderate to severe (<18 points, n = 27; group 3).

In addition, rCBF SPECT was performed in 10 cognitively intact
right-handed normal control subjects (5 women, 5 men) of similar
age [64 Â±7.5 yr (mean Â±s.d.)]. Permission to obtain these data
was given by the Ethics Committee of the Technische UniversitÃ¤t
MÃ¼nchenand by the radiation protection authorities.

Cognitive Assessment
Cognitive functions were evaluated using an appropriate section

(CAMCOG) of the Cambridge Mental Disorders of the Elderly
Examination (12). The section covers eight cognitive domains
(orientation, language, memory, attention, praxis, calculation, ab
stract thinking and perception) and has a maximum score of 107.
To examine the relationship between rCBF measures and lateral-
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ized cognitive functions, we selected the language and praxis
CAMCOG subscores. The praxis score includes visuospatial skills,
such as figure copying.

Imaging Technique
rCBF was measured with a high-resolution SPECT using 99mTc

ethyl cysteine dimer (ECD) (NeuroliteÂ®).All SPECT studies were
performed with a triple-head rotating gamma camera (Siemens
Multispect 3) under a standard resting condition (eyes open in
dimmed ambient light). The image acquisition started 30 min after
intravenous administration of 750 MBq 99mTcECD and lasted over

30 min (40 projection images per detector head, 45 sec per image,
360Â°).The distance of the collimators from the center of rotation
was kept constant at 12.8 cm. A low-energy, high-resolution
collimator and a 128 X 128 acquisition matrix were used for data
acquisition. Images were reconstructed with a Butterworth filter
(cutoff frequency 0.4/order 7) resulting in a reconstructed resolu
tion (FWHM) of approximately 13 mm at the center of rotation. A
reconstructed pixel size was 3.56 mm. Attenuation was corrected
according to Chang's technique using an absorption coefficient of
0.16 cm'1 (73).

Image Analysis
To measure the relative decrease of ECD uptake, a semiquanti

tative analytic approach that was originally developed for PET
images (9,14-17) was adapted for SPECT images and described in

the following sections. Image analysis was performed on a SPARC
2 workstation (Sun Microsystems Inc., Mountain View, CA).

Determination of the Reference Region
In the first step, we compared the internal reference regions

suitable for data normalization. The brain images of the 10 controls
were standardized anatomically to the stereotactic coordinate
system proposed by Talairach et al. (18), and three-dimensional
stereotactic surface projections (3D-SSPs) were generated (see
below) (9). These standardized dataseis were normalized to the
global mean, thalamus, pons and cerebellum. For thalamic normal
ization, the average value of 20 pixels with the highest ECD uptake
within the thalamus was determined separately for each hemi
sphere. For cerebellar normalization, the average value of 618
pixels encompassing the lateral cerebellum was determined for
each hemisphere. Because functional deactivation induced by the
more severely affected hemisphere in AD could reduce rCBF in the
ipsilateral thalamus and contralateral cerebellum (19), the side
containing a higher average value was selected for normalization.
For pontine normalization, the average value of 150 pixels cover
ing the entire pons was chosen. Each surface pixel was then divided
by a reference value. From these normalized dataseis, mean and
s.d. images were generated for each reference value. Coefficients
of variation (s.d./mean) were assessed for each hemisphere sepa-

ralely by a single region of inleresl encompassing all cortical
pixels. Coefficient of varialion for each reference region were
compared to that derived from normalization to a global mean
activity.

Image Processing of Individual SPECT Data
The lhalamus was chosen as a reference region for the subse

quent analysis of the patient data. Three steps of complelely
aulomaled analysis will be described in the following sections.

Stereotactic anatomic standardization. In the initial step, a
rotational correction and a centering in three dimensions of the
SPECT datasel were performed (14), followed by a realignmenl to
the AC-PC line. The AC-PC line was defined in the midsagittal
plane by four anatomic landmarks (frontal pole, inferior end of ihe
anterior corpus callosum, inferior point of thalamus and occipital
pole) (15).

To adjust the individual brain lo ihe proportional grid system
proposed by Talairach et al. (18), the brain image was resized to the
standard dimensions according to calculated linear scale factors.
After linear correction for an individual brain size, regional
anatomic differences between the individual and the atlas brain
were minimized by an automated nonlinear warping technique with
special regard to regional mismatches of the cortical ribbon and
subcortical structures (16). The warping was based on sels of
slrelching centers, predominancy in the white matter, and on more
than 250 predefined gray matter landmarks for each hemisphere.
These centers and landmarks were derived based on direclions of
major neuronal fiber palhways. Individual's surface landmarks

were searched ileratively between predefined centers and surface
landmarks using a profile curve analysis. Delected individual's

landmarks were Ihen warped lo predefined landmarks, resulling in
a slandardized image sel wilh a uniform voxel size of 2.25 mm.

Data extraction using 3D-SSPs. Gray mailer aclivily in Ihe brain
was extracted using 3D-SSPs (9). In ihis approach, the outer brain
contour covering Ihe entire lateral and medial hemispheres was
predefined on a standard atlas. For each predefined contour pixel,
a peak cortical pixel was searched in a slandardized individual's

image sel on a predefined line perpendicular to Ihe slandard alias
contour wilh a search depth of 6 pixels. The search deplh was equal
lo 13.5 mm, which approximately covers gray mailer peak aclivily
on SPECT image sels. The peak cortical pixel value was assigned
lo a corresponding surface pixel (surface projeclion), and Ihe
search was repealed for all predefined contour pixels (9). The
extracted 3D-SSP data could be viewed from superior, inferior,
right, left, anterior, posterior and two medial aspeÃ©isof Ihe brain
(bolh lateral views and a superior view are displayed in Fig. 2).

Comparison of the individual stereotactically normalized data
with the dataset of normal control subjects. Before a normal
dalabase comparison, lhalamic normalizalion was performed as
described previously. To quanlify perfusion deficils, normalized
brain aclivity of each palienl was compared wilh Ihe reference
normal database consisted of 10 normal control subjecls by means
of a Z-score. A Z-score is computed on a pixel-by-pixel basis on
Ihe 3D-SSP format according to Ihe following formula (9):

Z-SCOre(x>yiZ) = (Nmcan(x,y,z)

where Nmean(xyz) and N^^ yz) represenl Ihe mean and s.d. in ihe
normal control subjecls al stereotactic coordinates (x,y,z). AD(Xyz)
represents normalized rCBF of an individual patienl al Ihe same
pixel coordinates. A posilive Z-score represents a reduced rCBF in
ihe palient relative lo ihe conlrol mean. Surface projeclion views of
ihe Z-score were created in Ihe same manner as lhal for individual
rCBF surface projections (Fig. 2).

Because the entire procedure is fully automated, there was no
interobserver variability in this analysis. Ten patients who were
processed independently by two different investigators yielded
idenlical resulls. Compulalional lime was less lhan 60 min per case
on Ihe SPARC 2. During Ihis lime, no interference by the user was
necessary. At Ihe end of Ihe enlire procedure, visual quality
assurance of ihe landmark deteclion was performed. In five cases,
intense scalp or other soft tissue uptake (i.e., temporal muscle)
interfered wilh ihe procedure of anatomic slandardizalion. In such
cases, manual removal of Ihe scalp aclivily was required.

Statistical Analysis
A predefined sel of regions of inleresl (ROIs) covering ihe

fronlal, temporal and parielal lobes of each hemisphere and an
addilional region combining ihe temporal and parielal areas were
posilioned on Z-score images sparing a region near Ihe cenlral
sulcus. Mean and maximum Z-scores of each ROI were used for
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TABLE 1
Patient I.D.: Cognitive profile No reorientation

CAMCOG subcomponents Score % of maximum

LanguageMemoryPraxisPerception1343243152518

subsequent analyses. The frontal, temporal and parietal lobe ROIs
covered 2090, 1539 and 1595 surface pixels, respectively.

To assess a sensitivity of the proposed analytical method in the
detection of rCBF abnormalities in regions affected in AD, the
unilateral and bilateral occurrence of three adjacent pixels with a
Z-score above 2 in the temporo-parietal region of the three groups
with very mild (group 1), mild (group 2) and moderate to severe
dementia (group 3) was examined. To address a specificity of the
proposed method, the occurrence of three adjacent pixels with a
Z-score above 2 in the temporo-parietal regions was examined also
in each normal subject in comparison to a reference normal
database consisting of other nine normal subjects.

To measure global rCBF deviation in the association cortex, a
mean Z-score of the left and right frontal, temporal and parietal
ROIs was computed. The correlation between this average rCBF
deviation and overall cognitive impairment was examined by
Spearman's correlation. Differences in the average rCBF deviation

among the three patient groups were examined also using the
Kruskal-Wallis test. Two-group differences were analyzed with
the Mann-Whitney test. To explore correlations between regional

brain perfusion deficits and selected cognitive functions, multiple
regression models were applied which included age, gender, years
of formal education and professional training, duration of illness
and regional perfusion parameters as independent variables and
respective cognitive functions as dependent variables.

Case Example
A typical patient may clearly illustrate the method applied. A

73-yr-old woman (Patient I.D.), a former psychologist, presented
with AD of moderate severity (MMSE, 17 points; CAMCOG, 33
points). The pattern of cognitive functions and rCBF abnormalities
are summarized in Tables 1 and 2. Figure 1 shows transverse slices
of patient's original brain SPECT images and corresponding

images after stereotactic anatomic normalization. 3D-SSP images
of rCBF and Z-score in comparison with the normal database are
demonstrated with different views of the brain in Figure 2. The
right and left lateral views in the upper row show temporo-parietal
rCBF decrease bilaterally. In this patient, the temporo-parietal
hypoperfusion is more pronounced on the right side compared to
that on the left side. This corresponds very well to severe
impairment in performance of praxis in the CAMCOG test, which
can be attributed to the right hemisphere. Relatively mild language
impairment corresponds to the mild reduction of rCBF in the left

TABLE 2
Patient I.D.: Individual rCBF Reduction Compared to the

Normal Database

rCBF reduction mean in Z-scores (maximum)

Right temporal
Right parietal
Right frontal
Left temporal
Left parietal
Left frontal
Global mean

3.5(12.6)
4.5(11.0)
0.8 (4.0)
1.0(4.2)
1.9(6.4)
0.5 (3.8)
2.0

O
Reorientation and stereotactic normalization

FIGURE 1. SPECT brain images of patient I. D. showing original transverse
slices before alignment to the AC-PC line (upper) and approximately corre

sponding slices after automatic realignment and stereotactic normalization
(bottom).

hemisphere. Perfusion in the frontal lobe seems to be relatively
preserved, consistent with no affective abnormality in this patient.

RESULTS

Comparison of Reference Regions for Normalization in
Normal Subjects

Results of comparison among mean cortical coefficients of
variation derived from different references for pixel normaliza
tion were as follows. Normalization to the global mean resulted
in mean cortical coefficients of variation of 6.6% in the right
hemisphere and 7.5% in the left hemisphere (7.1% for both
hemispheres). Thalamic normalization resulted in a slightly
higher mean cortical coefficients of variation. They were 8.9%
for the right side, 9.0% for the left side and 9.0% for both
hemispheres. Cerebellar normalization induced an increase in
the variability of the cortical surface pixels in the normal
database (9.5%, right side; 10.6%, left side; 10.0%, both
hemispheres). Normalization to the pons revealed even larger
coefficients of variation: 10.0% for the right side, 11.0% for the
left side and 10.7% for both hemispheres. Figure 3 provides
visual assessment of coefficients of variation calculated using
different reference regions for pixel normalization.

Detection of Temporo-Parietal Perfusion Abnormalities in
AD Patients

In the 81 patients with probable AD, the proposed analytic
approach showed a decrease in temporo-parietal rCBF (deter-

RGURE 2. 30-SSPs of CBF SPECT data of patient I. D. (upper) showing
right lateral, left lateral and superior views. Corresponding views (bottom) of
statistical Z-score images demonstrating areas of rCBF reduction in this
patient in comparison to the normal database. The color of the outer contour
corresponds to a Z-score of 5.
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Coefficient of Variation

rTj *5\ >N.
Global Thalamus Cerebellum Rons

FIGURE 3. Right lateral view (upper) and right medial view (bottom) of
30-SSPs of the normal database (n = 10). From left to right: mean image and
coefficient of variation images for normalization to the global mean, thalamus,
cerebellum and pons. For illustrative purposes, different color scales were
used for the mean image (maximum, 1.25) and for the coefficient of variation
images (maximum, 0.3).

mined by three adjacent pixels with a Z-score above 2) in at
least one hemisphere in 74 patients (91%) and a bilateral
decrease in 62 patients (77%). Across three levels of dementia
severities, there was an increased incidence of temporo-parietal
perfusion abnormalities with the severity of dementia. In very
mildly demented patients (group 1), 24 of 29 patients (83%) had
abnormalities in temporo-parietal perfusion in at least one
hemisphere. In groups 2 and 3, the incidence increased to 23 of
25 patients (92%) and 27 of 27 patients (100%), respectively.
For a bilateral decrease, respective numbers were 17 of 29
(59%) in group 1, 19 of 25 (76%) in group 2 and 26 of 27 (96%)
in group 3 (Fig. 4). The analysis of 10 normal subjects revealed
bilateral occurrence of three adjacent pixels with a Z-score
above 2 in the temporo-parietal region in one case and unilateral
occurrence in two cases.

Cognitive Testing and Correlation with rCBF Abnormalities
in AD Patients

There was a significant effect of sex on the MMSE and the
CAMCOG total score in this particular patient population.
Women showed a poorer performance (MMSE, 19.2 Â±4.7
points; CAMCOG, 60.9 Â± 15.6 points) than men (MMSE,

Temporo-parietal decrease

at least onÂ«
hemisphere

100%

both hemispheres

Group 1 Group 1 3 total

FIGURE 4. Decrease in rCBF inthe temporo-parietal region assessed by the
appearance of three adjacent pixels above a Z-score of 2 appearing at least
in one hemisphere and in both hemispheres. The percentage of patients
showing these abnormalities are displayed for the terziles that were very
mildly demented (group 1, n = 29), mildly demented (group 2, n = 25) and
moderately to severely demented (group 3, n = 27) and for the whole
population (n = 81).

TABLE 3
Association Between Relative ECD Uptake and Cognitive

Impairment (Average Z-Scores, Multiple Linear Regression)

Language Praxis

Variable Beta Significance Beta Significance

Deviation of left temporalrCBFDeviation
of right temporalrCBFDeviation
of left parietalrCBFDeviation
of right parietalrCBFDeviation
of left frontalrCBFDeviation
of right frontalrCBFAgeDuration

ofillnessYears
ofschoolingYears
of professionaltrainingSexMultiple

R-0.500.050.08-0.17-0.300.27-0.06-0.200.060.18-0.110.69<0.010.740.680.300.030.060.630.050.550.130.33<0.010.190.03-0.23-0.41-0.100.130.12-0.240.20-0.01-0.130.660.290.830.21<0.010.470.350.240.020.060.920.29<0.01

21.8 Â±4.0; CAMCOG, 69.5 Â±13.3) (p = 0.02 for both sexes).
Age was associated with perceptual ability. Mean CAMCOG
perception scores were lower in patients at an age above the
median of 73 yr (6.0 Â±2.0) than in younger individuals (7.3 Â±
2.2; p = 0.04).

The average rCBF reduction in all association cortices of 81
AD patients was 1.38 Â± 0.68 (Z-score). Although rCBF
asymmetry was evident in individual cases, there was no
statistically significant difference (p > 0.9, paired Student's

t-test) in mean rCBF decrease or maximum Z-score between
left and right hemispheres. The average rCBF reduction was
correlated significantly with the level of cognitive functioning
as assessed with MMSE (r = -0.44, p < 0.0001) and with
CAMCOG (r = -0.47, p < 0.0001). The correlation was

negative because rCBF reduction was expressed as a positive
Z-score.

The reduction of averaged rCBF in the cortex was signifi
cantly different across the three levels of dementia severity (p <
0.01). The mean Z-score was 1.06 Â±0.70 in patients with very
mild dementia (group 1), 1.27 Â±0.51 in patients with mild
dementia (group 2) and 1.81 Â±0.57 in patients with moderate
to severe dementia (group 3).

Multiple linear regression analysis revealed that language
performance was correlated with the amount of reduction in
relative temporal rCBF on the dominant side. There was an
additional loose correlation of left frontal rCBF impairment
with language performance (Table 3). In contrast, praxis was
significantly associated only with parietal rCBF decrease on the
nondominant side. Age had no influence on either cognitive
domain, whereas the duration of illness was loosely correlated
with both domains. When correcting for gender, duration of
formal education and professional training were not signifi
cantly correlated with language performance or praxis. With the
exception of correlation between praxis and right parietal
decrease, higher correlation coefficients were obtained with
averaged Z-scores as compared to maximum Z-scores (Table
4). When using maximum Z-scores, the pattern of the correla
tion remained the same, but the correlation of language perfor
mance with rCBF decrease in the left frontal and temporal lobes
was no longer significant. For praxis as a dependent variable,
there was still an exclusive correlation to right parietal rCBF
decrease. Figure 5 illustrates the relationship between language
performance and temporal rCBF reduction comparing both
sides (Spearman's correlation, no correction for age, gender,

duration of illness and education).
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TABLE 4
Association between Relative ECD Uptake and Cognitive

Impairment (maximum Z-Scores, Multiple Linear Regression)

Language Praxis

Variable Beta Significance Beta Significance

Deviation of left temporalrCBFDeviation
of right temporalrCBFDeviation
of left parietalrCBFDeviation
of right parietalrCBFDeviation
of left frontalrCBFDeviation
of right frontalrCBFAgeDuration

ofillnessYears
ofschoolingYears
of professionaltrainingSexMultiple

R-0.320.04-0.19-0.07-0.23-0.15-0.04-0.220.090.26-0.040.660.110.810.290.680.070.280.730.040.440.040.73<0.010.010.17-0.04-0.58-0.040.060.13-0.240.140.01-0.140.650.990.370.83<0.010.760.640.260.030.200.910.25<0.01

DISCUSSION
In this study, a fully automated, observer-independent ana

lytic approach (9) was applied for the first time for semiquan
titative analysis of SPECT images. Patterns of rCBF reduction
was evaluated in a large, predominantly mildly affected popu
lation of patients with probable AD. The incidence of tÃ©mpora-
parietal perfusiÃ³n abnormalities increased with the severity of
dementia and reached 100% for a unilateral abnormality in the
moderately to severely affected patients. In addition, the extent
of rCBF reduction correlated with the severity of disease.
Significant correlations between language impairment and left
temporal rCBF reduction and between impairment of visuospa-
tial skills and right hemispheric rCBF reduction were demon
strated. These results are consistent with previous knowledge of
rCBF abnormalities in AD and support the quantitative accu
racy of the proposed method in the evaluation of AD patients.

There are several methods previously proposed to identify
cortical rCBF abnormalities on SPECT images in AD patients.
Image analysis based on transaxial slices by Johnson et al. (20),
which uses clusters of macrovoxels for a discriminant analysis,
the discriminant function analysis suggested by O'Mahony et

al. (21) and the principal component analysis suggested by
Houston et al. (22) all showed a good discriminative power
between AD patients and normal control subjects. Similar
results were reported using artificial neural networks (23).
These approaches, however, have certain limitations for their
use in a routine clinical setting. Interactive portions of the
analyses may require a person dedicated to image processing.
Parametric images that visualize the pattern of rCBF abnormal
ity in a way that can be easily communicated to the referring
clinician may not be readily available from those approaches.
Furthermore, it seems difficult to assess abnormal rCBF pat
terns in different scans or patients in a consistent way, e.g., to

assess progression of the disease or regional improvement of
rCBF after treatment. This can be done easily by the proposed
method. Because images sets are stereotactically normalized
and processed, predefined ROIs encompassing certain cortical
areas of interest can be used for all patients and placed on their
rCBF images or parametric Z-score images. This allows the
assessment of rCBF impairment using multiple parameters,
such as the mean or maximum Z-score or the number of pixels
with a Z-score above a given threshold.

The approach proposed by Lamoureux et al. (24), a quanti
tative uptake map in a circumferential display, allows a preview
of the whole cortical perfusion, but it is hampered by the lack
of readily recognizable anatomic structures and the inability to
perceive the spatial relationship between lesions. Hooper et al.
(25) described a method using predefined three-dimensional
ROIs. This method allows an easy semiquantitative assessment
of perfusion abnormalities but gives no direct visual impression
of the pattern of rCBF abnormalities. This analysis is inflexible
because it is restricted to 14 predefined regions, and there is a
subjective component in the manual definition of the angle of
the orbito-meatal plane and fitting of a ROI model.

The proposed analytic approach generates images that have
some common appearance to a three-dimensional display
method proposed by Hashikawa et al. (26), but there are some
fundamental differences. Their method uses a similar approach
searching pixels with peak cortical activity, but their search
directions are fixed from the center of the brain. This approach,
therefore, cannot guarantee the anatomic accuracy in resultant
projected surface values. In addition, structures that are not
perpendicular to a search line from the center of the brain
cannot be assessed, e.g., the medial aspect of the brain.
Furthermore, it does not enable stereotactic normalization of
image data, which is essential for a pixel-wise interindividual
comparison. Consequently, observer-independent pixel-by-
pixel comparison to a normal reference database using Z-scores,
which holds a great diagnostic and analytical power to assess
rCBF abnormalities, is not possible by their method.

The substitution of pixels with the maximal value to the
corresponding cortical surface used in the present method
potentially minimizes partial volume effects due to cortical
atrophy. This approach reduces the influence of white matter
activity and provides more robust measurement of gray matter
activity. In addition, atrophy correction can be incorporated in
the proposed method if necessary. However, because the
implementation of atrophy correction would rather decrease
than increase the sensitivity to detect regional abnormalities and
because atrophy itself holds some diagnostic information, it
may not be necessary for routine clinical applications (7).

As illustrated in the case example, 3D-SSP images allow a
simple recognition of rCBF patterns typical for AD, an ap
proach that is likely to increase the diagnostic accuracy of

B

right temporil rCiF
iciÂ«Â«Â«Â«IZ Â«cofÂ«i

FIGURE 5. (a) Relationship between lan
guage performance (% of maximum
achievable score) and mean left temporal
rCBF reduction compared to the normal
database (Z-scores). (b) Relationship be

tween language performance (% of max
imum achievable score) and mean right
temporal rCBF reduction compared to
the normal database (Z-scores).
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functional brain imaging (27,28). This was tested systematically
using PET images (27), but not in this SPECT study. However,
it was evident from our experience using 3D-SSP images in a
large series of over 200 demented patients that patterns of
abnormal rCBF were more easily recognizable as compared to
conventional slice display. This was especially true when the
reader was not experienced and when the abnormalities were
not pronounced. Stereotactic normalization in the proposed
approach also allows, in contrast to the method proposed by
Hashikawa et al. (26), consistent localization of rCBF abnor
malities in the standard Talairach coordinate system.

The normal database consisted of 10 cognitively intact
subjects who were of comparable age but not matched for
gender or education. This raises a concern that patients perfu
sion deficits might have been biased by such uncontrolled
factors when they were compared to the normal reference
database (29). The interindividual variability of relative cortical
BCD uptake within the normal dataset, however, seemed to be
much greater than the presumed effect of age or gender on
cortical perfusiÃ³n. The effect of the small difference in mean
age or education between patients and normal control subjects
therefore is not likely affecting the accuracy of the analysis
substantially (29). In addition, the minor differences in age,
gender, and education between patients and controls are not
expected to have a systematic effect on the association between
rCBF and cognitive function in this study, especially because
there was a wide range in age and education within the patients.
Certainly, increasing the number of normal subjects and a
careful control of subjects' factors will enhance the discrimi

native power of the analysis.
As expected, the normalization of the cortical activity to the

global mean yielded the lowest coefficient of variation but is
not suitable for a disease like AD, in which large cortical areas
may be affected. The thalamus appeared to be the most robust
reference region for SPECT imaging and was, therefore, pre
ferred to other reference regions in this study. The thalamus has
a distinct shape and stable perfusion and is located just above
the intercommissural line, ensuring reliable and accurate local
ization. Furthermore, its size is well above the resolution of a
modern SPECT system. Although thalamic involvement in AD
has been reported, the subcortex is relatively preserved in AD
patients (30). The suitability of a thalamic reference in AD is
supported by O'Brien et al. (31), who did not find a signifi

cantly reduced rCBF in the thalamus in 35 AD patients,
including 21 moderate and severe cases. In some cases of AD,
like in stroke, a reduction of rCBF in the thalamus due to
functional deactivation from ipsilateral hemispheric abnormal
ities is imaginable (19,32). To circumvent this problem, only
the higher value from either hemisphere is used for normaliza
tion (9).

The cerebellum, which is spared in most cases of AD, would
be the ideal reference region and is indeed used by many groups
in PET and SPECT imaging (31,33,34). However, using the
cerebellum as a reference region resulted in a greater variability
of relative cortical tracer uptake in the normal database as
compared to the thalamus. The cause of the comparatively high
variability of relative cerebellar uptake in our normal database
is not entirely clear. Partial volume problems are less likely to
be responsible in this large structure. The variability of relative
cerebellar uptake is perhaps due to the attenuation correction
used, which has been shown to introduce more uncertainty in
the cerebellum as compared to other reference structures (35).
The pons, which was used in PET studies as a reliable reference
region (36), seemed to be affected by the same reason on
SPECT images. Basal ganglia have also been used by some

authors as a reference region in AD (34). When the proposed
automated method for SPECT was applied, however, the
definition of basal ganglia, particularly concerning separation
of the striatum from the adjacent insular cortex or globus
pallidus, was so far not reliably possible, and the suitability of
this structure as a reference region was not further tested.

The incidence of bilateral temporo-parietal perfusion abnor
malities, as the most stereotypical pattern of AD, increased with
the severity of disease. In the mildly demented group, the
sensitivity in the detection of such abnormalities using the
proposed observer-independent approach was comparable to
previous results of visual reading of SPECT images by experi
enced readers (1,2,7) and discriminant analysis or principal
component analysis (20-22). Statements about the specificity

for the detection of AD with the proposed method cannot be
made in our study because all patients had the diagnosis of
probable AD according to the clinical criteria. Although pa
tients that probably suffered from other forms of dementia were
involved in our current ongoing research as well, they were not
included in this study to determine specificity because so far
only very few cases had histopathological diagnosis. We used
2 s.d. (98% probability) as a discriminant threshold, which is
commonly used to discriminate abnormalities. Based on the
decision strictly made by the above discriminant threshold
alone, one of the subjects of the normal database would be
classified as having bilateral temporoparietal perfusion abnor
malities and therefore defined as abnormal. This subject had
unusually wide intraparietal sulci, apparent by visual inspection
of the transverse slices and the surface projections, and would
have clearly not been suspicious for AD. Therefore, the com
bination of visual inspection of 3D-SSP images and the use of
a quantitative threshold is important when interpreting SPECT
data.

Regional CBF abnormalities detected in the AD patients were
consistent with clinical testing results. The averaged reduction
of 99mTc ECD uptake was significantly correlated with the

overall cognitive impairment. There was a region-specific
association between the left temporal reduction and language
impairment and between right parietal reduction and praxis.
These findings indicate that the proposed analytic approach
reliably identified well-known correlations of the nondominant
hemisphere with abnormal visuospatial skills and of the domi
nant hemisphere with language dysfunction, which were estab
lished previously by PET investigations (37). A more detailed
regional correlation was not conducted in the current study
because we intended to use common large regions covering
areas associated with various cognitive functions. Although
smaller regions, e.g., Wernicke's area, could be used for certain

specific comparisons, the decision was made to use the same
large six regions, each covering an entire lobe, for all analyses
of correlation to avoid biases due to size difference and
selection of smaller regions and to allow consistent compari
sons across correlational analyses. Identification of subgroups
of patients, e.g., early- versus late-onset diseases (38) would
reduce the variability of measurement and may allow for better
correlational analysis.

CONCLUSION
The present study suggests that the proposed analytic ap

proach, 3D-SSP SPECT, provides a reliable and objective

evaluation of the severity, extent and localization of cortical
perfusion abnormalities in patients with AD. This approach
allows observer-independent assessment of patterns and sever
ities of rCBF abnormalities using SPECT in AD patients and is
applicable to other neurological disorders.
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