
CBFinpatientswithAD evenat an earlystageofdementia.The
reduced rCBF inthe corticalregionscannot be explainedentirely
by advancedatrophyand fast agingprocess.
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PECT is widely available and offers a sensitive diagnos
tic and research tool for the assessment of regional cerebral
blood flow (rCBF) in Alzheimer's disease (AD). Although
the predominant rCBF pattern observed with high posterior
probability is one of bilateral parietotemporal abnormality
(1), other patterns of rCBF deficits have also been reported

in patients suffering from AD (2,3). Most of the previously
reported studies have been retrospective, with patient selec
tion based on the diagnosis established at the time of
scintigraphic evaluation. Added to this, the subjective evalu
ation used in these cases for comparison with controls
limited the sensitivity of the rating procedures. The effect of
atrophy on CBF pattern has not been evaluated objectively
or correlated for age in AD subjects. Moreover, evaluation of
individual CBF images and intersubject comparison intro
duce error due to individual variance.

To address these issues, image standardization is used.
Standardized images can be used for image averaging to
improve signal-to-noise ratio. This will also take into
account individual variance, making evaluation more accu
rate. Voxel-based covariance analyses and comparison of
population samples by arithmetic and statistical calculations
become possible. Any deviation from the normal pattern can
be recognized and mapped out on the standard template with
greater precision and accuracy.

Standardization of SPECT images has been tried by
various techniques, including manual superimposition and
derivation of transformation matrices (4,5). These vary in
accuracy depending on the amount of information used in

This study assessed the accuracy and reliability of Automated
Image Registration(AIR) for standardizationof brain SPECT
imagesof patientswithAlzheimer'sdisease(AD).Standardized
cerebral bloodflow (CBF) images of patientswithAD and control
subjects were then used for group comparison and covariance
analyses. Methods: Thirteen patients withAD at an early stage
(age 69.8 Â±7.1 y, Clinical Dementia Rating Score 0.@â€”1.0,
Mini-Mental State Examination score 19â€”23)and 20 age
matchednormalsubjects(age 69.5 Â±8.3 y) participatedin this
study. @â€œTc-hexamethyIpropylenamineoxime(HMPAO)brain
SPECT and CT scanswere acquiredforeach subject.SPECT
imagesweretransformedto a standardsizeandshapewiththe
help of AIR. Accuracy of AIR for spatial normalization was
evaluatedbyan indexcalculatedonSPECTimages.Anatomical
variabilityof standardizedtarget images was evaluated by
measurements on correspondingCT scans, spatiallynormalized
using transformations established by the SPECT images. Re
alignedbrainSPECTimagesofpatientsandcontrolswereused
for group comparison with the help of statistical parameter
mapping.Significantdifferencesweredisplayedon the respec
tive voxelto generatethree-dimensionalZ maps.CTscansof
individualsubjectswere evaluatedby a computerprogramfor
brainatrophy.Voxel-basedcovananceanalysiswasperformed
on standardizedimages with ages and atrophy indicesas
independentvanables.Results: Inaccuracyassessedby func
tionaldatawas2.3%.Themaximumanatomicalvariabilitywas
4.9 mm after standardization.Z maps showed significantly
decreased regional CBF (rCBF) in the frontal, parietal and
temporalregionsin the patientgroup(P< 0.001).Covanance
analysis revealed that the effects of aging on rCBF were more
pronouncedcomparedwithatrophy,especiallyin intactcortical
areasatanearlystageofAD.DecreaseinrCBFwaspartlydueto
senilityandatrophy,howeverthesetwofactorscannotexplainall
the deficits.Conclusion:AIR can transformSPECT imagesof
AD patientswith acceptableaccuracywithoutany need for
correspondingstructuralimages.Thefrontalregionsofthebrain,
in additionto parietaland temporallobes,may showreduced
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computing the transformation matrices. Automated Imagehigh-resolution collimators, was used for scanning. Image recon

Registration (AIR, version 3) is a program recently devel
oped by Woods et al. (6â€”8)that standardizes any brain image
with respect to another specified reference image using
linear and nonlinear models. Computation of registration
parameters is based on functional data only. Because the
program is noninteractive and is fully automated, the results
of AIR are consistent and reproducible. The program hasstruction

was performed by filtered backprojection using a Butter
worthfilter(dimension 12, cutoffO.25cycle perpixel). Attenuation
correction was made numerically by assuming the object shape to
be an ellipse for each slice and the attenuation coefficient to be
uniform (0.1/cm). Correction for scatter photons was not per
formed. Image slices were set up parallel to the canthomeatal (CM)
line and were obtained at 8-mm intervals through the entire brain.

@.iterSPECT measurements, CT scans were obtained withthebeen
validated for various types of registrations, includingsame CM line as applied for SPECT in all subjects. All recon

intersubject transformation of SPECT images of normalstructed images were transferred to a UNIX (SunMicrosystems,subjects
(9â€”11).This software, however, has not beenPalo Alto, CA) workstation for furtheranalysis.validated
for CBF images of AD patients who have signifi

cantly advanced atrophy compared with normal subjects.
In this prospective study, we used AIR to standardize the

size and shape of individual brain SPECT images of AD
patients at an early stage and of age-matched healthy
subjects after its validation for AD patients. Arithmetic and
statistical calculations were performed on voxel values of
individual images, and these were used to generate three
dimensional group mean images for further analyses. EffectsImage

Standardization
SPECT images were normalized globally by averaging the

whole-brain radioactivity to 100 counts per pixel. After this
normalization, all SPECT images were registered with respect to
staixiard image to make target images similar in size and shape
using linear and nonlinear parameters, taking the affine model as a
starting point for normalization (11). Smoothing of the images was
done using a Gaussian filter with an isotropic dimension of 10 mm.
The mean SPECT HMPAO image of 18 normal subjectsobtainedof

atrophy and age of individual subjects were evaluated byin another study (13) in our department using a human brainatlascovariance
analysis.(14) was taken as a standard referenceimage.MATERIALS

ANDMETHODSValidity ofAIRforAlzhelmer'sDiseaseSubjectsSPECT
images of the target subjects and the reference image

were converted into binary images. The brain and nonbrainareasAll
procedures were approved by the Ethics Committee forwere assigned values of 1 and 0, respectively, with 40% oftheClinical

Research of Tohoku University. A total of 13AD patientsmaximum pixel value as the threshold. Reference and targetimages(6
men,7 women;age69.8 Â±7.1 y; Mini-MentalStateExamina were added to calculate overlap area, with a value of 2,andtion

score 19â€”23;Clinical Dementia Rating Scale score 0.5â€”1.0)nonoverlap areas, with values of 1. Inaccuracy index (IA!)wasand
20 age-matched healthy subjects (8 men and 12 women; agecalculatedas:69.5
Â±8.3 y) participatedin the study.Written informedconsentwas
obtained in all cases according to the Declaration of Human

Rights ofHelsinki 1975.All subjects were right-handed as assessednonoverlap
areaIAI=

XlOO(%).
overlap area + nonoverlapareaby

the H.N. HandednessInventory.None
of the control subjects had a history of any psychiatricUsing the same transformation matrix as forSPECT-.SPECTdisorder
including drug abuse. Their past medical histories andregistration, we spatially normalized respective CT scansandphysical
examinations did not reveal any sign or symptom thatdisplayed them on a Talairach grid. Variance in size,maximumcould

affect CBF studies. CT scans taken immediately after SPECTdiscrepancy in contours among target subjects (at threehorizontalscanning
were rated normal by radiologists.sections â€”10, 0 and + 10Talairach grid) and the medial andlateralPatients

were diagnosed as probable AD according to criteria ofopenings of lateral sulci were noted in the X (side to side ofbrain)the
Diagnostic and Statistical Manual ofMental Disorders, Fourthand Y (anteroposterior) planes on transverse slices.DiagonalEdition,

and the National Institute of Neurological Disorders anddistances for each point were calculated using the formulareportedStroke
and Alzheimer's Disease and Related Disorders Associationpreviously(15):(NINDS-ADRDA)

by experienced psychiatrists. SPECT scansofAD
subjectswere obtainedimmediatelyafterthe diagnosis. Inthisstudy,

we included only those subjects whose diagnoses remained
the same after 1y of follow-up. This was done to avoid inclusion of
falsely diagnosed AD patients.where

t@xand t@y= differences of standard and target images in X
andY planes,respectively.image

Acquisition and ProcessingComparison of Alzheimer's Disease andControlsHexamethyl
propylenamine oxime (HMPAO) was labeled withThe standardized CBF images were used to calculate themean@Tc

on site shortly before administration. The dose was approxi images for patients and control subjects. Group comparisonofmately
1036 MBq (28 mCi). The radiopharmaceutical was injectedpatients versus controls was performed on a voxel-by-voxelbasisin

an antecubital vein while the subjects lay in supine positionsusing statistical parameter mapping (SPM96). The resulting setofwith
eyes closed in a secluded examination room. SPECT wasvoxel values for each contrast constitute a statisticalparametricperformed

10 mm after the injection. A SPECT scanner (SPECT map of the t statisticSPM{t}.2000H;
Hitachi Medico Corp., Tokyo, Japan) (12), incorporating aA brain atrophy index (BAI) was calculated for eachsubjectfour-head

rotating camera with an in-plane and axial resolution of 8using a computer program (16). After specifying theappropriatemm
full width at half maximum (FWHM) fitted with low-energy,design matrix, we estimated the covariant effects (negative correla

diagonal distance =
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tion) of aging and atrophy on CBF according to the general linear
model at each and every voxel.

The SPMItI obtained in group comparison and in covariance
analysis was transformed to SPM{zI with a threshold of 3.09
(P = 0.001 uncorrected). The resulting foci were then character
ized in terms of spatial extent (k) and peak height (u). The
significance of each region was estimated using distributional
approximation from the theory of Gaussian fields (17). This
characterization is in terms of the probability that a region of the
observed number of voxels could have occurred by chance
[P(nmax > k)] or that the peak height observed could have
occurred by chance [P(zmax > u)} over the entire volume ana
lyzed (i.e., a corrected P value).

RESULTS

The inaccuracy index for AIR calculated on CBF images
(based on voxel data) was 1.8% Â±0.11% and 2.3% Â±0.28%
for healthy subjects and AD patients, respectively. Anatomi
cal variance noted on realigned structural images ranged
from 4.6 to 4.9 mm for controls and AD patients, respec
lively. These values show that the inaccuracy in standardiza
tion procedure in terms of anatomical variance was far
below the resolution of gamma camera, hence it was
acceptable at least for SPECT data from currently available
instruments. BAIs calculated by the computer program
differed significantly between the two groups (P < 0.001),
the values being 0.91 1 Â± 0.038 and 0.974 Â±0.01 for
patients and controls, respectively.

Figure 1 shows mean rCBF images of patients and
age-matched control subjects. Mean images of healthy
subjects show relatively higher counts in parietal and frontal

regions. Figure 2 is a Z map (controls and patients) showing
significant differences in CBF values in the frontal, parietal
and temporal regions (P < 0.001) [height threshold
P(zmax > u), extent threshold P(nmax > k)]. Periventricu
lar regions also show significant Z values, which is the effect
of global normalization. Figures 3 and 4 show parametric
maps correlating atrophy index and age of patients against
voxel-based CBF values. Atrophy has a minimal effect on
the blood flow of the intact cortical areas, whereas age has a
significant effect on CBF.

DISCUSSION
The AIR program can align and register brain images

obtained with different modalities based on voxel data, thus
allowing generation of a mean image from aligned brain
images of sample subjects of a population. Validity of AIR
for SPECTâ€”SPECTtransformations in AD has not been
tested. We demonstrated the accuracy of AIR for mean
image generation from the SPECT brain images after
alignment and registration.

The observed inaccuracy from IAI was on average 2.3%
or less; this indicates that transformation by AIR is fairly
accurate and acceptable even in those cases with advanced
age and atrophy. The previously reported accuracy of AIR
for transformation of SPECT images of normal subjects
using only linear parameters was 98%â€”99%(11). Contrary
to that study in which the target population was relatively
younger, this study included individuals with successful
advanced aging (controls) and AD patients. Both groups had
atrophy, but atrophy was more marked in the AD group

a
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FIGURE1. Groupmean @Tc-HMPAOSPECTimagesofbraininpatientswithADandhealthysubjects.Meanglobalvalue
is 100 counts per pixel. Horizontalslices are with referenceto Talairachgrid. Anterior is at top of image and subject's right is on
left.
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FIGURE2. Z map(meanimageof normalsubjectsandmean FIGURE4. Statisticalmapsshowcorrelationbetweenage (in
image of AD patients) displayed on glass brain. It shows yearsattime of SPECT)and rCBF(@Tc-HMPAO)imagesofAD
statisticallysignificantdifferencesin frontal,panetalandtemporal patients.
regions.Imagein penventricularregionsis due to effectof global
normalization.

approximately 4.5 mm (14). When applying a transforma
tion matrix of SPECT alignment to respective CT scans,
there is always a propagation error in addition to errors in
positioning and acquisition. However, the maximum error
still proved to be below the resolution of the gamma camera
(FWHM 8 mm) and can therefore be considered as within
acceptable limits.

This prospective study was aimed at evaluating rCBF
abnormalities in group mean images of AD patients; it
revealed decreased blood flow in the frontal, parietal and
temporal lobes whereas the primary cortical areas showed
preserved CBF. Most ofthe previous studies showed parieto
temporal deficits as characteristic findings of AD (18â€”22).
The finding of frontal lobe deficit revealed in this study
might be the result of signal averaging and uniformity of
population under study.

Changes in functional coupling between various regions
of the brain leading to a decrease in CBF values could not be
explained by simple geriatric change because, in this study,
CBF images of patients were compared with those of
controls. Moreover, covariance analysis has shown that
mere age and atrophy cannot explain all the lower values of
CBF in AD. Although advanced atrophy causes expansion in
cerebrospinal fluid (CSF) space, it has minimal effect on
blood flow of shrunken but intact cortical areas (at least at an
early stage of AD). Atrophy-matched group comparison
between normal and AD subjects (results not shown)
confirmed this finding of covariance analysis. Aging has
more impact on rCBF; however, even advanced age cannot
explain all the findings. Voxel-based comparison between
patients and controls must have canceled the effect of
successful aging on CBF.

(mean values of atrophy indices 0.974 and 0.911, respec
tively). However, our careful use of nonlinear parameters of
registration led to fairly accurate spatial normalization.
Maximum error in terms of anatomical landmarks measured
on CT scans was 4.9 mm, which is comparable with
previous studies in which structural images were used for
transformation and the SD of anatomical variance was

.,

FIGURE3. Statisticalmapsshowcorrelationbetweenatrophy
(calculatedon CT scans)and rCBF (@â€œTc-HMPAO)imagesof
ADpatients.
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The relatively advanced atrophy observed in patients
appears to be due to disease rather than to simple aging
processes. We believe that comparison with age-matched
normal subjects cancels out any atrophy related to successful
aging, and the remaining part of atrophy is merely due to
disease that needs to be evaluated with results. Local and
global effects of atrophy on CBF images may be expected to
disrupt the registration process. AIR assigns a zero value to
CSF space (with the threshold setting used for registration).
In this setup, the algorithm cannot differentiate between
truly zero and atrophic areas. However, if one starts the
registration with the affine model and forces the algorithm to
go for unidirectional fit, this problem will be countered.
Special options are available in AIR (â€”plO, â€”p2,0, etc.) to
avoid untoward effects of missing data or misinterpretation
of data. By this option, software derives registration param
eters excluding the area affected by atrophy. Once the
calculation of transformation matrix is over, it can be applied
to whole-brain CBF data. Moreover, we have successfully
registered ICBF images after the introduction of artificial
cold defects (equal to 20 mL volume) with the help of AIR
(23). Extrapolation of these results to the clinical environ
ment suggests that advanced atrophy in patients does not
yield or propagate any error during registration of SPECT
rCBF images by AIR. Standard deviation of ratio images
was used as cost function in the process of linear registra
tion. This cost function has the advantage of being indepen
dent of image intensity, so registration will not be adversely
affected in cases of advanced atrophy and age variance.

Although CBF image standardization and averaging facili
tate pixel-by-pixel comparisons, theoretically error could
arise from the original rCBF values if there is any missing
data. Missing data in the reference image may lead to bizarre
results during registration; however, the mean image, if used
as the standard image, cannot have missing data. The
standard brain image used in our study was the mean of
HMPAO images for healthy volunteers with an average age
of 51 y (range 34â€”63y). The average age of the target
subjects, in contrast, was around 70 y. However, both groups
were treated equally, and standard deviation of ratio images
was used as a cost function, so this effect may have been
minimized, if not canceled out altogether.

We minimized interpolation artifacts during postrecon
struction resampling by using sinc interpolation. The pro
cess of matrix calculation was stored in ASCII files. It was
checked at the end of each step for any problem with
registration process and positivity of Hessian matrix. When
the Hessian matrix became nonpositive, we opted for special
sampling and initialization of the ASCII file, which ulti
mately corrected the error. We also checked the results
(images) at each stage of registration before inclusion in the
final results.

On a Z map, significant values of the pixels were
determined in two types of thresholdâ€”a critical height that a
region had to reach and a critical size that a region must
exceed to be considered significant. This step was taken to

avoid any risk of a wrong conclusion. The periventricular
regions have shown up on a Z map, and this reflects the
effect of global normalization (taking whole-brain activity
as reference). As assessed in most clinical studies, we
mainly considered changes in relative CBF.

Most studies assessing the accuracy of SPECT in AD have
been retrospective with patient selection based on the
diagnosis established at the time of scintigraphic evaluation.
Prospective and consecutive studies, although difficult to
perform because of the long follow-up, are more accurate
guides for clinical practice (24). We therefore coupled our
image analysis of consecutive cases with a clinical fol
low-up of sufficient duration to reduce diagnostic uncer
tainty. To confirm the diagnosis of AD, a follow-up of at
least 1 y and reexamination by a psychiatrist were manda
tory for the inclusion of SPECT CBF images in the analysis.
As a result, the number of patients that could be definitely
classified as AD was only 50% (13 out of 26) of the total
patient population at the commencement. Because medica
tion may effect CBF images through metabolic alterations
(25â€”29),we performed our studies before starting any
medication.

To our knowledge, this is the first prospective study aimed
at the preparation of a mean image for AD patients after
spatial normalization of individual images with the use of
AIR. Effective comparison of group mean images of patients
with that of age-matched normal subjects thereby proved
possible, and the data generated in this prospective study
should be useful as a reference for future projects.

This study showed that mere advanced atrophy and the
effects of senility on CBF cannot explain all the deficits.
Other factors should also be explored. Another innovative
development might be the application of meso-HMPAO
along with routine rCBF studies to image the antioxidant
ability of the brain in normal controls and patients with AD.
Longitudinal follow-up with the parallel glutathione imag
ing using meso-HMPAO may give new directions to re
search and clinical aspects of AD.

CONCLUSION
AIR can transform SPECT images of AD patients with

acceptable accuracy without the need for any corresponding
structural image. Use of the standardization procedure
enhances the confidence of characteristic findings. It also
facilitates voxel-based comparisons allowing increased sen
sitivity and precision. AIR is operator independent, so
multicenter and group studies can be easily performed.

The frontal regions of the brain, in addition to parietal and
temporal lobes, may show reduced CBF in patients with AD
even at an early stage.

The aging process has a more pronounced effect on CBF
of intact cortical areas than that of atrophy, at least at an
early stage of AD.

Covariance analysis showed that the reduced rCBF in
parietal and frontal regions cannot be explained only by
advanced atrophy and advanced aging process.
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