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a b s t r a c t
Principal component analysis (PCA) provides a method to explore functional brain connectivity. The aim of
this study was to identify regional cerebral blood ﬂow (rCBF) distribution differences between Alzheimer's
disease (AD) patients and controls (CTR) by means of volume of interest (VOI) analysis and PCA. Thirtyseven CTR, 30 mild AD (mildAD) and 27 moderate AD (modAD) subjects were investigated using single
photon emission computed tomography with 99mTc-hexamethylpropylene amine oxime. Analysis of
covariance (ANCOVA), PCA, and discriminant analysis (DA) were performed on 54 VOIs. VOI analysis
identiﬁed in both mildAD and modAD subjects a decreased rCBF in six regions. PCA in mildAD subjects
identiﬁed four principal components (PCs) in which the correlated VOIs showed a decreased level of rCBF,
including regions that are typically affected early in the disease. In ﬁve PCs, including parietal-temporallimbic cortex, and hippocampus, a signiﬁcantly lower rCBF in correlated VOIs was found in modAD subjects.
DA signiﬁcantly discriminated the groups. The percentage of subjects correctly classiﬁed was 95, 70, and 81
for CTR, mildAD and modAD groups, respectively. PCA highlighted, in mildAD and modAD, relationships not
evident when brain regions are considered as independent of each other, and it was effective in
discriminating groups. These ﬁndings may allow neurophysiological inferences to be drawn regarding brain
functional connectivity in AD that might not be possible with univariate analysis.
© 2008 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Comparisons between regional cerebral blood ﬂow (rCBF) patterns
in Alzheimer's disease (AD) patients and normal controls (CTR) by
single photon emission computed tomography (SPECT) or positron
emission tomography (PET) have in the past mainly been carried out
by either visual evaluation or outlining the regions of interest (ROIs) in
a manual or semiautomatic mode (Syed et al., 1992; Salmon et al.,
1994; Bonte et al., 1997; Jagust et al., 1997, 2001). In recent years,
several digitized spatial standardization software programs have been
introduced, and some of them have been extensively used both in
research and clinical investigations (Friston et al., 1995; Worsley et al.,
1996; Hirsch et al., 1997; Houston et al., 1998; Bartenstein et al., 1997;
Imran et al., 1999). Among them, the Computerized Brain Atlas (CBA)
(Greitz et al., 1991; Thurfjell et al., 1995; Andersson and Thurfjell,
1997), when registered to imaging data, deﬁnes volumes of interest
(VOIs), corresponding to anatomical and functional areas of the brain
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(Brodmann areas and deep grey structures). It thus allows investigating rCBF relationships between anatomically distributed but physiologically correlated brain regions using principal component analysis
(PCA) (Pagani et al., 2002). Moreover, the univariate approach treats
all variables as if they represent independent measures across brain
regions, thus ignoring the extensive and structured connections between them. Possible networking is better investigated by multivariate analysis describing pattern of covariance at both the voxel and
VOI levels.
Multivariate spatial covariance methods have been proposed in
functional neuroimaging by several authors (Moeller et al., 1987, 1999;
Eidelberg et al., 1990, 1994; Friston et al., 1993, 1999; Strother et al.,
1995; McIntosh et al., 1996; Jones et al., 1998; Zuendorf et al., 2003;
Greicius et al., 2004; Lozza et al., 2004; Habeck et al., 2005; Hu et al.,
2005; Kerrouche et al., 2006). All such studies were meant to
overcome the concept of functional segregation as derived by univariate analysis of independent variables and to interpret the results
in the frame of knowledge of brain circuitry and thus from a more
holistic point of view.
The application of PCA aims to reduce the dimensionality of the
data matrix through the grouping of VOIs into principal components
that will undergo further statistical analysis. In AD, the rCBF
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distribution is likely to be the result of a combination of pathological
lesions and the effects they can have on distant parts of the brain
(Stoub et al., 2006). Such an approach has been applied to 18F-FDG PET
data to characterize patterns of covariance in AD (Salmon et al., 2007)
and to distinguishing between AD and vascular dementia (VaD)
(Kerrouche et al., 2006). In studies of resting state rCBF with H15
2 O PET
(Scarmeas et al., 2004; Devanand et al., 2006) or SPECT (Huang et al.,
2007), AD patients and subjects with mild cognitive impairment
showed a distinct covariance pattern versus controls. PCA has been
successfully performed implementing both a voxel-based analysis
(Kerrouche et al., 2006; Scarmeas et al., 2004; Devanand et al., 2006)
and using discrete regions of interest (Huang et al., 2007). These
studies have consistently shown that PC composition may allow
inferences on the peculiar functional re-organization of brain
networking in both AD dementia and pre-dementia states, as well
as in VaD (Kerrouche et al., 2006) and frontotemporal dementia
(Salmon et al., 2006). Therefore, we hypothesised that investigating
AD by means of multivariate analysis (i.e. PCA) might add knowledge
about the rCBF pattern and neural connectivity underlying this
complex neurodegenerative disorder.
The aim of the present study is to use multivariate statistical methodology to assess rCBF distribution differences between two groups
of AD patients with different levels of disease severity and a group of
normal controls.
2. Methods
2.1. Participants
2.1.1. Normal subjects
About 100 subjects older than 50 years were contacted by the Unit of Clinical
Neurophysiology of the University of Genoa during University courses reserved for
elderly people. Forty-four subjects agreed to participate and underwent brain SPECT
examination by the same procedure used for patients. All subjects were carefully
screened by general medical history and clinical examination. Complete blood counts,
serum glucose, creatinine and total cholesterol, blood urea nitrogen, and urinalysis
were performed, and the results had to be normal for the subjects to be enrolled in the
control group. Previous or present neurological, psychiatric, metabolic or cardiovascular
disorders and current medication of any kind were the other exclusion criteria. The
Mini-Mental State Examination (MMSE) (Folstein et al., 1975) was performed and only
subjects with a normal score were considered. Thirty-seven subjects (14 males and 23
females, ranging in age from 52 to 78 years; mean: 63.8 ± 7.6) matched these requisites
and formed the control group (CTR). All subjects were informed about the study
procedures and gave their consent to participate.
2.1.2. Patients
Over a 3-year period, all of the consecutive outpatients with probable AD
(according to the deﬁnition of the NINCDS-ADRDA work group) (McKhann et al.,
1984) in the mild or moderate stage of the disease (i.e., scoring 9 or higher on the
MMSE) who came to the Clinical Neurophysiology Unit of the University of Genoa for a
ﬁrst diagnostic evaluation were considered eligible for this study.
All of the patients underwent a complete diagnostic work-up according to current
standards, which include general and neurological examinations, a standardized
neuropsychological assessment, basal computed tomography or magnetic resonance
imaging and other routine blood and urine screening investigations to rule out secondary
dementias. The presence of previous or present major psychiatric disorders, serious
neurological diseases, severe and uncontrolled arterial hypertension, diabetes mellitus,
renal, hepatic or respiratory failure, anemia (Hb levelb 10 mg/dl) or malignancies
constituted exclusion criteria. In conformity with the diagnosis of AD, all patients scored
lower than 4 on the Hachinski ischaemic scale. Lewy-body dementia, frontotemporal
dementia and vascular dementia were excluded in all patients on the basis of current clinical
criteria (Roman et al., 1993; The Lund and Manchester Groups, 1994; McKeith et al., 1999).
All patients underwent brain perfusion SPECT examination as part of the routine
diagnostic procedure. The study population included 57 patients (37 women and 20
men), aged 55 to 89 years (mean 71.9 ± 7.0), with years of full education ranging from 3
to 17 (mean: 7.2 ± 4.2). The MMSE score ranged from 9 to 28 (mean 19.4 ± 5.5). All of
the patients were undergoing their ﬁrst diagnostic evaluation for cognitive complaints,
and thus none of them were being treated with acetylcholinesterase inhibitors or with
other neuropsychoactive drugs. The patients (or their relatives) were informed about
the ﬁnalities of the study and gave their informed consent. On the basis of the MMSE
score, this patient population was divided into two groups. The ﬁrst group included 27
patients (8 males and 19 females, mean age: 72.3 ± 7.4) with a MMSE score b20 (mean:
14.6 ± 3.5) (modAD). The second group included 30 patients (12 males and 18 females,
mean age: 71.7 ± 6.9) with a MMSE score N 20 (mean: 23.7 ± 2.3) (mildAD). The study
was approved by the local ethical committee.
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2.2. Radiopharmaceutical and SPECT
The SPECT equipment employed in this study (CERASPECT, Digital Scintigraphics,
Waltham, MA) acquires brain perfusion images of 99mTc-hexamethylpropylene amine
oxime (HMPAO) by a camera equipped with a stationary NaI(Tl) annular crystal and an
array of 63 photomultipliers built outside the crystal. The cylindrical-shaped, low-energy,
high-resolution lead collimator is the only moving piece during the acquisition at 15 s/stop
over 120 stops, with the head of the patient positioned inside. In this way the system
optimizes the trade-off between spatial resolution and counting statistics. Sensitivity of the
collimator with a point source in air is 190 cps/MBq (7.0 cps/∝Ci), with a spatial resolution
for the 140 KeV of 99mTc b 8.5 mm at the centre of rotation and 6.3 mm in peripheral
regions (full width-half maximum). Geometry of the holes built in the collimator is
equivalent to a three-head rotating gamma-camera, in that three different regions of the
detecting crystal contribute to acquisition of counts during each angular position.
Dedicated hardware and software procedures average these three different sinograms into
sinograms equivalent to those generated by a three-head camera (Genna and Smith,1988).
All SPECT acquisitions were performed 45–90 min after the i.v. injection of 800 to
1000 MBq of freshly prepared 99mTc-HMPAO (99mTc-HMPAO, Ceretec®, Amersham
International plc, Little Chalfont, UK). Sensory input was minimized whilst injecting the
tracer in a quiet, dimly lit room, with the patient lying on a reclining chair (eyes closed
and ears unplugged). Sixty-four axial slices parallel to the bicommissural (AC-PC) line,
1.67 mm thick, were reconstructed on a 128 × 128 matrix (1 pixel = 1.67 mm) using a 2-d
Butterworth ﬁltered backprojection (cut-off 1 cm, order 10). The reconstructed images
were corrected for attenuation with Chang's ﬁrst-order method, applying an attenuation
coefﬁcient equal to 0.11/cm (18) (Chang, 1978).
2.3. Standardisation software and statistical analyses
2.3.1. CBA
CBA (Applied Medical Imaging©, Uppsala, Sweden) is a software tool for analysis of
neuroimaging data (Greitz et al., 1991). All image sets were spatially normalized into the
stereotactic space of the atlas by using the global polynomial transformation (Thurfjell et al.,
1995). It consists of translations, rotations and linear scaling along and around each of the
three image axes. The system also contains 18 nonlinear shape-deforming parameters,
which makes it possible to individualize the shape of the brain. In this study, a fully automatic
method was used in which all scans were registered with a SPECT template (Andersson and
Thurfjell, 1997).
For evaluation and statistical analysis of the reformatted data sets, 27 VOIs were
selected in each hemisphere, in order to cover most of the cortical and subcortical brain
structures possibly involved in AD on the basis of the current literature (Poulin and
Zakzanis, 2002; Van Heertum and Tikofsky, 2003). These regions corresponded to
Brodmann areas (BAs) and numeration in prefrontal (BA9, BA10, BA46), frontal (BA4,
BA6, BA8, BA44, BA45), parietal (BASE = BA1 + 2 + 3, BA5, BA7, BA39, BA40) and
temporal (BA21, BA37, BA38, hippocampus) cortex. Four regions, representing primary
and associative auditory cortex (AUD = BA22 + 41 + 42 + 52), were merged into one
single VOI. The remaining regions corresponded to cingulate (BA24, BA31, BA32) and
occipital (BA17, BA18, BA19) cortex as well as deep grey structures (nc. caudatus,
putamen and thalamus). In order to obtain a set of normalized relative ﬂow data, a
scaling factor was computed averaging all brain voxels data and setting the global brain
average to a pre-deﬁned value. The normalized value was set to 50 “uptake units,” and
all rCBF values were related to this value.
2.3.2. Statistical analysis
After adaptation and deﬁnitions of VOIs using CBA, the 99mTc-HMPAO uptake data
of all subjects were exported to a statistical package (Systat 10, 2000) for subsequent
statistical analysis. CBF data were submitted to analysis of variance (ANOVA) in two
steps: the ﬁrst by considering only individual VOIs and the second by using the
principal components as identiﬁed by PCA. Since there were age group differences, we
used ANCOVA (analysis of covariance) instead of ANOVA.
PCA was performed on all 94 subjects and was based on all 54 VOIs (27 for each
hemisphere). PCA is a data-driven technique (i.e., there is no a-priori model or
hypothesis) that transforms a number of correlated variables by clustering them into
common factors, such that variables with higher loadings within each factor are highly
correlated, but factors are uncorrelated. Variables are summarized in a few dimensions
while retaining most of the information. Each factor, or principal component (PC),
explains a different part of the total variance of data set.
Principal components may be treated as new variables and their values computed
for each case. These values are known as factor scores or component scores (CS) and are
a linear combination of each variable included in the analysis. They should be used both
to re-evaluate group differences and as predictor variables in diagnostic research.
However, in the latter case, it is preferable not to use CS, but an imperfect estimate
(coarse component scores, CCS) generated by summing all the VOIs with higher loading
in a given factor. An advantage to using CCS is that they can more easily be computed
and interpreted than CS and can also be compared between studies (Pett et al., 2003).
The number of factors was determined by the number of eigenvalues greater than one.
Variables that had an absolute factor loading greater than 0.5 were regarded as
representative of the factor. This value is purely arbitrary, but it is commonly used since
it explains a moderate part of the variance of the factor. By increasing the value further,
some variables should be eliminated from the calculation of CCS reducing the variance
explained by these scores. Furthermore CCS are computed only from VOI with higher
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loadings on each PC and each VOI is entered only one time in PC calculation. Stability of
the PCA was evaluated with the T2 Hotelling test.
ANCOVA was applied to VOI values and then to CCS of PCs to test for statistical
signiﬁcance of CBF differences, considering groups as a between-subject variable. As for
VOI analysis, a third within-factor variable was considered, i.e. the hemisphere. The
signiﬁcance level for all analyses was set to P ≤ 0.05.
Discriminant analysis (DA) was also performed to estimate the relationship
between groupings performed according to the clinical diagnosis and SPECT data. DA
was limited to CCS since a relevant problem of multicollinearity (a condition in which a
set of predictor variables are highly correlated among themselves) was present with
VOIs. A way to handle the problem of multicollinearity is by ﬁrst conducting a PCA and
then doing a discriminant function analysis on the component scores. Since the interest
was in the correct classiﬁcation of both modAD and mildAD, DA was performed
considering all three groups. The outcome of DA resulted in two discriminant functions
(DF). DF are linear combination of variables included in the analysis and their
importance is given by the total variance explained by each function. Signiﬁcance of DA
was tested by means of the ‘approx. F value’.

3. Results
In the VOI analysis, there was a signiﬁcant interaction between
VOIs and Groups (F(52,2262) = 4.825; P b 0.001). No hemispheric
effect was found. The ANCOVA performed on the average value of
bilateral VOIs found in both comparisons (i.e., CTR vs. mildAD and CTR
vs. modAD) six bilateral Brodmann areas (BAs, 21, 37, 38, 39, 31 and nc.
caudatus) belonging to temporal, parietal and limbic cortex and to the
deep grey structures in which patients showed a signiﬁcant rCBF
decrease as compared with normal controls. Four other VOIs showed a
signiﬁcant rCBF distribution decrease in only one comparison. (BAs
AUD, 19, 40 and hippocampus, see Table S1 and Fig. S1 in supplementary electronic material). Some BAs belonging to the frontal
(BAs 4, 6, 24, 32, 46) and parietal (BASE) cortices and the putamen
showed signiﬁcant relative rCBF increases in patients compared with
the CTR group.
PCA identiﬁed 12 PCs that explained 82% of the total variance. The T2
test showed that there were only two outliers in our patient group
(P b 0.01). The VOIs with the highest factor loading for each PC are shown
in Table 1. CCS were computed summing all VOIs with higher factor
loading of each PC and then standardizing raw data on a 0–1 scale. In the
overall analysis there was a PC ⁎ group interaction (F(22,957)= 4.515,
P b 0.001). In the CTR vs. mildAD comparison in four PCs that included
mainly VOIs of bilateral temporo-parietal-cingulate regions, there was a
signiﬁcant rCBF distribution decrease (PC2, PC7, PC8 and PC11; Table 1,
Fig. 1). The same PCs showed signiﬁcant differences in the CTR vs.
modAD comparison with the addition of PC9, which included the
hippocampi bilaterally (Table 1, Fig. 2).
As reported in Table 1, PCA seems to group VOIs according to
physiology (i.e. PC1: bilateral pre-motor, motor and somato-sensory
cortex; PC5: bilateral visual and visual association cortex) or to ana-

tomy (i.e. PC6: bilateral central structures; PC9: bilateral hippocampi; PC10 and PC12: left and right, respectively, dorso-lateral
frontal cortex and some adjacent VOIs). Three PCs, PC2 (left parietal
cortex), PC7 (right temporo-occipital cortex) and PC8 (left temporal
cortex), included lateralised adjacent VOIs and showed clear density
distribution differences among groups (Fig. 3). These PCs were not
correlated with age.
The two DF obtained using all CCS values signiﬁcantly discriminated
the groups (approx. F(24,160) = 6,42, P b 0.001). The percentage of subjects correctly classiﬁed was 95, 70, and 81 for CTR, mildAD and modAD,
respectively. However, when patients were considered together, the
misclassiﬁcations decreased to 13.3% for mildAD and to 7.4% for modAD
(Table 2). To further investigate how each DF differentiated within the
three groups, discriminant scores for DF1 against DF2 were plotted
(Fig. 4). DF1 centroid values for CTR, mildAD and modAD were
respectively −1.508, 0.764 and 1.219, whereas DF2 centroid values
were 0.125, −0.925, and 0.856. Centroid analysis indicated that DF1,
which explained 75.6% of total dispersion, effectively discriminated
between each of the three groups, whereas DF2, which explained the
remaining 24.4%, was more effective in discriminating mildAD from
modAD. The PC with the largest coefﬁcients in DF1 was PC2, while for
DF2 it was PC8.
4. Discussion
4.1. Interpretation of the ﬁndings
The main ﬁnding of the study was the identiﬁcation by PCA of large
regions in which perfusion signiﬁcantly decreased in mildAD as
compared with controls, i.e., the real clinical question in early
diagnosis. In fact, in the CTR vs. mildAD comparison, the signiﬁcant
areas highlighted by CBA-PCA-ANCOVA disclosed in mildAD a
signiﬁcantly lower rCBF distribution in large regions in both hemispheres (i.e. temporal lobe, inferior parietal lobe, precuneus and
posterior cingulate cortex; see Fig. 1).
The grouping of some regions in principal components seemed to
be based either on their anatomo-functional proximity or on
cytoarchitectonic similarity. As an example, it is worth noting that
PC1, PC4, PC5 and PC6 grouped bilateral regions that belonged to welldeﬁned cerebral areas, namely brain vertex, prefrontal cortex, visual
cortex and deep grey structures, respectively. Moreover, the regions
known to be affected by AD neurodegeneration were grouped
together in ﬁve PCs. This is the case for PC7 and PC8, in which left
temporal cortex along with parietal cortex and right temporal cortex,
respectively, belonged to the same principal component. This was also
true for PC2 and PC9 in which left parieto-cingulate cortex and both

Table 1
CCS mean and S.D. for each PC and group. Signiﬁcant decreases on analysis of covariance are reported for CTR vs. mildAD and CTR vs. modAD comparisons.
PC

PC1
PC2
PC3
PC4
PC5
PC6
PC7
PC8
PC9
PC10
PC11
PC12

VOI with high loadings on the PC

BA04R,BA04L,BA05R,BA06R,BA06L,BA07R,BA08R,BASER,BASEL
BA05L,BA07L,BA31R,BA31L,BA39L,BA40L
BA24R,BA24L,BA32R,BA32L
BA09R,BA09L,BA10R,BA10L,BA46R,BA46L
BA17R,BA17L,BA18R,BA18L,BA19L
CDR,CDL,PTR,THR,THL
BA19R,BA21R,BA37R,BA39R
AUDR,BA21L,BA37L,BA38L
HPR,HPL
AUDL,BA44L,BA45L
BA38R,PTL
BA40R,BA44R,BA45R

Group
CTR
Means S.D.

MildAD
Means S.D.

ModAD
Means S.D.

0.57
0.77
0.62
0.63
0.57
0.72
0.68
0.77
0.66
0.49
0.42
0.35

0.64
0.61
0.65
0.61
0.51
0.60
0.55
0.63
0.54
0.45
0.32
0.35

0.66
0.59
0.55
0.72
0.58
0.68
0.54
0.74
0.49
0.44
0.33
0.40

0.11
0.09
0.12
0.11
0.15
0.13
0.12
0.08
0.16
0.17
0.14
0.16

0.20
0.26
0.13
0.17
0.19
0.21
0.18
0.18
0.21
0.25
0.14
0.22

0.11
0.22
0.18
0.15
0.28
0.18
0.22
0.16
0.13
0.17
0.18
0.17

Group effect

CTR vs MildAD

CTR vs ModAD

F(2,90)

P≤

F(1,64)

P≤

F(1,61)

P≤

10.877
4.968

0.000
0.009

14.106
10.164

0.000
0.002

16.380

0.000

8.921
12.084
3.400

0.000
0.000
0.038

14.085
25.335

0.000
0.000

14.975
4.575
11.227

0.000
0.036
0.001

3.937

0.023

7.601

0.008

6.033

0.017

BA = Brodmann's area; AUD = BA22 + 41 + 42, + 52; CD = nc. Caudatus; TH = thalamus; BASE = BA 1 + 2 + 3; PT = putamen; HP = hippocampus; R = right; L = left. The CCS values
are standardised to a 0–1 scale.
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Fig. 1. Representation of lateral and medial aspects of hemispheres depicting the four factors (PCs 2, 7, 8 and 11) in which CCS in mildAD was signiﬁcantly decreased compared with
CCS in the CTR. a = right lateral aspect; b = left lateral aspect; c = right medial aspect; d = left medial aspect. PC2 = blu, PC7 = cyan, PC8 = dark salmon, PC11 = green.

hippocampi, respectively, were grouped together. In fact, the
precuneus and the posterior cingulate cortex have been shown to be
probably the ﬁrst regions to be affected by hypoperfusion/hypometabolism, both in AD (Minoshima et al., 1997; Kerrouche et al., 2006)
and in mild cognitive impairment (Chételat et al., 2003; Borroni et al.,
2006). This was also strengthened by the ﬁnding that PC2 proved to be
the variable that best discriminated patients from controls, underscoring the role of this region in the disease.

The brain regions showing perfusion defects in mildAD and
modAD as compared with CTR matched those previously described
in a number of articles (Devous, 2002; Goethals et al., 2002; Dougall
et al., 2004 for review). In keeping with a previous study (Kogure
et al., 2000), hippocampal perfusion (PC9) was impaired only in
modAD and this has previously been related to a discordance between
functional and morphological ﬁndings with an early compensatory
neural plasticity (Matsuda et al., 2002). Left parietal associative cortex

Fig. 2. Representation of lateral and medial aspects of hemispheres depicting the ﬁve factors (PCs 2, 7, 8, 9 and 11) in which CCS in modAD was signiﬁcantly decreased compared with
CCS in the CTR. a = right lateral aspect; b = left lateral aspect; c = right medial aspect; d = left medial aspect. PC2 = blu, PC7 = cyan, PC8 = dark salmon, PC9 = yellow, PC11 = green.
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Fig. 3. Density distribution (normal curves) for three lateralized PCs. PC2 (top left), PC7 (top right); PC8 (bottom left). On the ordinate is depicted the number of subjects, on the
abscissa the CCS values.

(inferior parietal lobe: BAs 39 and 40) perfusion was signiﬁcantly
decreased in both VOI analyses and PCA (PC2, PC7). The grouping of
brain regions known to show pathological changes in AD but
including only the left or right side (PC2, PC7 and PC8) might be
related to the peculiarities of this patient sample, which showed
asymmetric defects, as often happens in mild and moderate stages of
AD. Fig. 3 illustrates clearly for such PCs differences among groups, as
conﬁrmed by ANCOVA, underscoring the discriminative value of VOI
clustering. It is worth noting that these PCs were not correlated with
the age of the subjects.
The bilateral posterior cingulate covaried in PC2 with large regions
of the left lateral parietal lobe. This is consistent with a resting-state
rCBF study by PET in AD patients showing a pattern of covariance of the
posterior cingulate with the inferior parietal lobe and the supramarginal gyrus (Scarmeas et al., 2004). The posterior cingulate seems
to have a central role in the covariance patterns of AD. By 18F-FDG PET,
Salmon et al. (2009) have recently shown that the posterior cingulate
was present in the three main PCs, thus covarying with the lateral
parietal and temporal cortex, with the anterior cingulate and hippocampal structures, or with precuneus and dorsolateral frontal cortex.
These authors commented on the disappearance of a ‘default mode’

network of brain functioning in the ‘resting state’ compared with brain
activation (Raichle et al., 2001). Activity in this default network would
comprise medial cortical structures, including the medial temporal
lobe, and lateral associative cortices, and was shown to be reduced in
AD patients (Greicius et al., 2004). In fact, multivariate analyses on the
default mode network (Greicius et al., 2004) or on resting brain
activity (Sackeim et al., 1993) showed a decrease of covariance
between frontal and posterior brain regions in AD as compared with
healthy controls. Our ﬁndings seem in keeping with these data because
composition of statistically signiﬁcant PCs only includes posterior
associative areas, without any frontal region covarying in the same PC.
Another point of discussion is the inclusion of bilateral hippocampi
in the same PC (PC9) and of bilateral posterior cingulate in the same
PC (PC2). These were the only cases of bilateral representation in the
same PC among the ﬁve signiﬁcant PCs. In fact, all other left and right
regions were represented in different PCs, mainly according to laterality (left side for PC2 and PC8; right side for PC7). As a hypothesis,
these ﬁndings may indicate the prevalence of neurodegenerative

Table 2
Classiﬁcation matrix obtained by DA considering the 3 groups and the CCS data.
Clinically
assessed
group
membership

Predicted group membership

n
Controls
Patients

Controls/ Patients/
CTR
mildAD

CTR
37 35
mildAD 30 4
modAD 27 2
Total
41

1
21
3
25

%
Patients
correct correctly
classiﬁed (%)

Patients/
modAD
1
5
22
28

95
70
81
83

86.7
92.6

Fig. 4. Individual discriminant scores, derived from CCS data, for Discriminant Function 1
(DF1) plotted against those of Discriminant Function 2 (DF2).
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changes in hippocampi and posterior cingulate that more directly
express anatomic disease severity and thus involve both sides. On the
contrary, they may indicate the prevalence of functional disconnection
between homologous regions in the two hemispheres, via both
intracortical and callosal projections. This interpretation would be
consistent with a recent study employing diffusion tensor imaging
MRI showing a reduced integrity of intracortical projecting ﬁber tracts
in AD, including corpus callosum, cingulum and fornix, and frontal,
temporal and occipital lobe white matter areas (Teipel et al., 2007).
However, VOI analysis did not show a Group ⁎ VOI ⁎ Hemispheres
interaction and thus did not stress any hemispheric laterality due to
the disease. In this respect, PCA revealed information not present on
VOI analysis by highlighting asymmetries of PCs. Some VOIs, mainly in
the frontal and parietal sensori-motor cortex and the putamen,
showed a relative rCBF increase as a likely consequence of the semiquantitative methodology. In such a procedure, the whole brain CBF is
normalised to 50; hence, when a patient has large regions with
decreased rCBF, some other regions can show a relative increase.
Principal component solutions should be evaluated not only according to empirical criteria but also according to the criterion of
“theoretical meaningfulness”. Primary and associative visual cortex
(PC5), anterior cingulate cortex bilaterally (PC3) and posterior left prefrontal cortex and Broca area (PC10) seemed to be independent of any
methodological inﬂuence related to either the camera geometry or
attenuation correction and strongly suggest a form of either functional
connectivity or cytoarchitectonic similarity between the regions present
in each principal component. As for the speciﬁcity of PC grouping in AD
patients, some considerations can be put forward. For instance, it is
worth noting that BAs 21, 37 and 38 are largely involved in language
comprehension and elaboration in the left hemisphere. This is commonly reﬂected by cognitive deﬁcit entailing language function, such as
verbal memory and categorical verbal ﬂuency, which are indeed found
early in AD. On the other hand, in the right hemisphere BAs 21 and 37
were grouped together with BAs 19 and 39, thus especially pointing to
the deﬁcit in visuo-spatial function and to constructional apraxia. This is
reﬂected by early deﬁcits in spatial organization, orientation and shape
recognition which are often expressed by an impaired performance in
visuoconstructional tasks in AD patients.
As for DA, DF2 showed PC8 to be the variable better discriminating
the two groups of patients. This ﬁnding is likely to be related to the
advancing severity disease, since the left temporal lobe is one of the
most involved regions in untreated AD patients followed up over time
(Nobili et al., 2002). DA was fairly effective in discriminating the three
groups under study and the accuracy of the method for normal
subjects (95%) was superior to that obtained for patients (70% and 81%
for mildAD and modAD, respectively). However, considering as errors
only the patients assigned to the control group, we found a sensitivity
of 86.7% and 92.6% for mildAD and modAD, respectively. This low
percentage of false negatives conﬁrms the usefulness of the PCA in
identifying AD patients. Furthermore, according to accurate metaanalyses (Jobst et al., 1998; Dougall et al., 2004), the sensitivity
of 99mTc-HMPAO SPECT in AD using voxel-based and visual interpretation was about 75%. A recent study (Kerrouche et al., 2006)
analysing PET data by PCA has reported a sensitivity of 72% in
separating AD from controls. In this respect, the sensitivity of 86.7%
and 92.6% found in our study, for mildAD and modAD, respectively,
using PCs can be regarded as a considerable improvement adding
further value to the analysis. The fact that the PCs with the largest
coefﬁcients were PC2 in DF1 and PC8 in DF2 indirectly conﬁrms the
reliability of ANCOVA analysis on PCs.
4.2. Methodological issues
The statistical approach utilized in this study introduces regional
analyses based on the assumption that correlated patterns may exist in
normal brain, as well as in AD, among different brain regions and that
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such relationships may affect rCBF distribution. In this respect, the
highly structured connections present in brain physiology and
pathology may be described in functional neuroimaging by a careful
analysis of the patterns of covariance of rCBF data among VOIs. By
using CBA/PCA/ANCOVA, we investigated group differences basing
our analysis on coordinated networks instead of independent VOIs or
clusters of voxels. Such methods have already been shown to highlight
systematic group differences in regional correlations (Moeller et al.,
1999; Strother et al., 1993).
One critical point of PCA is how the ﬁnal solution is inﬂuenced by
the proportion between the number of subjects and the number of
investigated variables. Our choice of an overall PCA was determined by
the high number of chosen regions, covering all brain areas potentially
involved in mild and modAD. We cannot rule out the hypothesis that
including more subjects in the analysis and/or including patients with
other diseases might have resulted in different groupings of the VOIs
in the PCs. This was the case of a group of normal individuals (Pagani
et al., 2002) and of depressed patients (Pagani et al., 2004), in which
VOI analysis resulted in a VOI grouping different from the one
reported in the present study. Although the impact on the results of
the different number of subjects cannot be excluded, such differences
could also be due to the peculiar changes in brain networking caused
by the speciﬁc patho-physiologies. However in all studies PCA
increased the depth of the analysis, yielding more information on
the processes underlying perfusion distribution measurements.
5. Conclusions
In conclusion, the present investigation conﬁrmed the rCBF decrease in several cortical areas in two groups of AD patients, as already
widely known in literature. The implementation of principal component analysis revealed a strong covariance between regions belonging
to the temporo-parietal cortex and to the limbic system. These ﬁnding
add depth to the statistical analysis and yield more complete
information on the networking underlying pathological changes in
AD. Moreover, highlighting functional connectivity points to an
alternative approach in group analysis of neuroimaging data.
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TABLE 1 supplementary electronic data
Means and S.D. for each VOI and group. Significant changes at ANCOVA are reported
for CTR vs mildAD and CTR vs modAD comparisons.
CTR vs
CTR vs
Group
Group effect
mildAD
modAD
CTR
mildAD
modAD
M S.D. M S.D. M S.D. F(2,90)
P ≤ F(1,64) P ≤ F(1,61) P ≤
AUD 45.8 1.6 45.2 2.8 43.7 1.9
3.946
.023
12.783 .001
BA04 41.5 2.3 42.9 4.5 43.9 2.3
3.557
.033
14.970 .000
BA05 46.6 2.6 46.7 4.4 46.1 3.2
BA06 42.7 2.1 44.5 3.5 44.9 2.2
4.781
.011 4.574 .036 14.705 .000
BA07 46.0 2.1 45.2 4.1 44.4 2.3
BA08 42.4 2.6 42.7 4.4 44.5 2.6
BA09 43.3 2.2 42.8 3.6 44.6 3.2
BA10 43.1 2.2 43.1 2.9 44.5 2.7
BA17 53.3 2.2 53.0 2.8 53.3 4.2
BA18 46.5 2.3 46.0 3.0 47.1 3.6
BA19 44.8 1.7 43.3 2.4 44.2 3.1
5.408
.006 11.305 .001
BA21 45.0 1.8 42.0 2.8 42.9 2.2
17.002
.000 29.054 .000 24.704 .000
BA24 41.2 4.7 42.2 5.5 37.3 6.8
6.202
.003 6.720 .012
BA31 55.5 2.1 53.3 3.4 51.8 3.6
14.841
.000 12.050 .001 23.101 .000
BA32 48.5 2.1 49.1 2.6 48.7 3.2
3.585
.032 11.335 .001
BA37 46.6 2.2 44.1 3.3 45.3 2.5
9.487
.000 15.412 .000 9.581 .003
BA38 39.9 3.6 36.7 3.9 38.2 3.9
5.544
.005 11.263 .001 5.366 .024
BA39 44.8 1.7 42.2 2.8 42.3 2.8
16.966
.000 23.885 .000 23.074 .000
BA40 44.1 1.7 42.0 3.0 43.8 1.7
8.384
.000 10.535 .002
BA44 45.4 2.2 45.8 2.8 46.0 2.5
BA45 45.9 2.1 46.4 2.8 46.5 2.1
BA46 44.1 2.2 44.0 2.8 46.0 2.7
5.312
.007
6.378 .014
BASE 41.6 1.3 42.5 2.5 42.9 1.8
4.327
.016
13.582 .000
CD
46.9 3.7 43.0 5.1 44.1 5.5
4.678
.012 8.702 .004 5.248 .025
HP
46.9 2.7 44.7 3.6 44.0 2.2
3.400
.038
11.227 .001
PT
57.4 2.6 58.8 3.8 59.6 3.1
3.353
.039
6.985 .010
TH
57.2 3.1 54.2 5.9 56.4 4.2
BA= Brodmann’s area. AUD= BA22+41+42,+52; BASE= BA1+2+3; CD= nc. caudatus;
HP=hippocampi; PT=putamen; TH= thalamus.
Values are expressed in units normalized to the average of all brain voxels set to 50.
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High-quality image (360K)Fig. S1. Representation of lateral and medial aspects of hemispheres depicting VOIs in which rCBF in mildAD
and modAD significantly decreased when compared to rCBF in the CTR. VOIs represent the average of left and right values and the
choice to project them on the left hemisphere is subjective. a = lateral aspect CTR minus mildAD; b = lateral aspect CTR minus modAD;
c = medial aspect CTR minus mildAD; d = medial aspect CTR minus modAD.Blu color refers to the CTR-mildAD comparison and yellow
to the CTR-modAD one.
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