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Abstract

Purpose Progressive supranuclear palsy (PSP) is an akinetic-
rigid syndrome that can be difficult to differentiate from
Parkinson’s disease (PD), particularly at an early stage.
[99“‘Tc]ethy1 cysteinate dimer (ECD) SPECT could represent
a widely available tool to assist in the differential diagnosis.
In this study we used voxel-based analysis and Computerised
Brain Atlas (CBA)-based principal component analysis
(PCA) of [*™Tc]ECD SPECT data to test whether: (1)
specific patterns of rCBF abnormalities can differentiate PSP
from controls and PD; (2) networks of dysfunctional brain
regions can be found in PSP vs controls and PD.
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Methods Nine PD patients, 16 PSP patients and ten controls
were studied with [**™Tc]ECD SPECT using a brain-dedicated
device (Ceraspect). Voxel-based analysis was performed with
statistical parametric mapping. PCA was applied to volume of
interest data after spatial normalisation to CBA.

Results The voxel-based analysis showed hypoperfusion of
the anterior cingulate and medial frontal cortex in PSP
compared with controls and PD. In PSP patients the rCBF
impairment extended to the pre-supplementary motor area
and prefrontal cortex, areas involved in executive function
and motor networks. Compared with PSP patients, PD
patients showed a mild rCBF decrease in associative visual
areas which could be related to the known impairment of
visuospatial function. The PCA identified three principal
components differentiating PSP patients from controls
and/or PD patients that included groups of cortical and
subcortical brain regions with relatively decreased (cingu-
late cortex, prefrontal cortex and caudate) or increased
(parietal cortex) rCBF, representing distinct functional
networks in PSP.

Conclusion Anterior cingulate hypoperfusion seems to be an
early, distinct brain abnormality in PSP as compared with PD.

Keywords Brain mapping - Progressive supranuclear palsy -

Parkinson’s disease - Regional blood flow - Voxel-based
analysis - Principal component analysis

Introduction
Progressive supranuclear palsy (PSP) is an akinetic-rigid

syndrome characterised by the combination of early
postural instability, supranuclear vertical gaze palsy, par-
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kinsonism that does not benefit from levodopa therapy,
pseudobulbar palsy and dementia [1]. Although symptoms
such as postural instability with early falls and vertical gaze
palsy are specific for PSP [2, 3], the differential diagnosis
from Parkinson’s disease (PD) can be difficult, particularly
at an early stage. Williams et al. [4] have recently reported
that more than 50% of the pathologically confirmed cases
of PSP are characterised by early onset of postural
instability and falls, supranuclear vertical gaze palsy and
cognitive dysfunction, while approximately one-third of
PSP patients present with asymmetrical onset, tremor and a
moderate therapeutic response to levodopa and are fre-
quently confused with PD patients.

Functional neuroimaging techniques may contribute to the
diagnostic assessment of PSP. Initial ['*F]JFDG and ['°0]CO,
positron emission tomography (PET) studies reported de-
creased metabolism or regional cerebral blood flow (rCBF)
in the frontal cortex and basal ganglia in PSP patients [5-8].
These findings have been confirmed and extended by more
recent FDG-PET studies with voxel-based analysis that have
provided a more specific identification of the cortical and
subcortical regions selectively involved in PSP [9-11] as
compared with PD [12]. These studies have shown involve-
ment of the anterior cingulate, medial frontal cortex, motor
and premotor cortex, midbrain and basal ganglia in PSP.

Potentially useful PET/single-photon emission computed
tomography (SPECT) radiopharmaceuticals for the differ-
ential diagnosis between PD and PSP also include [''C]
diprenorphine, [M'CIMP4A, and dopamine transporter
(DAT) or dopamine D, receptor ligands. Reduced striatal
opioid receptors [13] and reduced thalamic acetylcholines-
terase activity [14] have been found in PSP patients, but not
in PD patients. However, [''C]diprenorphine and [''C]
MP4A are not widely available tracers in routine clinical
use. SPECT ligands for DAT and D, receptors are currently
available and may contribute to the diagnosis of PSP versus
PD. The loss of striatal DAT appears to be more uniform in
PSP than in PD patients, and the putamen-to-caudate ratio
(lower in PD than PSP) could be used as a measure to
differentiate the two conditions [15, 16]. However, there
could be overlap between PD and PSP, and this pattern
might not be discriminative in all cases. Reduced striatal
dopamine D, receptors have been reported in PSP patients
[7, 17], but there may be overlap of receptor density values
with PD in some patients [7, 18], particularly if they are
treated with dopaminergic drugs [7].

Although rCBF SPECT represents a widely available
nuclear medicine procedure for the study of neurodegener-
ative disorders, there are limited data on the study of rCBF
abnormalities in PSP. A [*™Tc]JHMPAO SPECT study by
Defebvre et al. [19] reported decreased rCBF in the frontal
cortex of both PSP and PD patients, with no differentiation
between the two disorders. A more recent [*”™Tc]ethyl
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cysteinate dimer (ECD) SPECT study [20] has directly
compared PSP and corticobasal degeneration, reporting
increased asymmetry of cortical and subcortical rCBF in
corticobasal degeneration without specifying distinct
changes occurring in PSP. These studies used conventional
region of interest analysis and did not investigate whether
rCBF changes could be detected in specific brain areas in
PSP. One recent double tracer SPECT study with ['**I]FP-
CIT/[*™Tc]ECD and voxel-based analysis in parkinsonian
patients [21] has reported a pattern of rCBF reduction in
PSP versus PD that included the left prefrontal and
supplementary motor area (SMA) cortex, left peri-insular
cortex, left caudate, bilateral rostral anterior cingulate,
thalamus and mesencephalon. This study lacked a control
group with which PD or PSP patients could be compared
and did not evaluate whether specific networks of dysfunc-
tional brain regions were present in PSP.

Multivariate spatial covariance methods were proposed
in early studies of PD and parkinsonism [22, 23], and more
recently principal component analysis (PCA)-based meth-
odologies have been implemented in PD [24]. Both voxel-
based analysis with statistical parametric mapping (SPM)
and PCA are established methods to investigate indepen-
dently functional abnormalities of the brain. In this [**™Tc]
ECD SPECT study we aimed to combine the two methods
to evaluate whether: (1) specific patterns of rCBF abnor-
malities can differentiate PSP from controls and PD at the
voxel level with SPM; (2) networks of dysfunctional brain
regions can be found in PSP versus controls and PD with
PCA. The findings from both analyses could be comple-
mentary in highlighting distinct rCBF abnormalities and
specific dysfunctional networks associated with PSP.

Materials and methods
Subjects

Among consecutive patients referred to the Department of
Neurological Sciences of the University Federico II of
Napoli for evaluation of parkinsonism, 25 were included in
this study. Patients gave their informed consent prior to
inclusion in the study. They underwent clinical evaluation
in the off-state, including the Unified Parkinson’s Disease
Rating Scale (UPDRS). Nine patients satisfying the clinical
criteria for PD according to the UK PD Brain Bank [25]
were included. They were compared with 16 patients
diagnosed as having probable or possible PSP according
to the NINDS-SPSP criteria [2, 3]. Patients did not have a
history of stroke or psychiatric disorders and did not show
severe white matter ischaemic lesions at magnetic reso-
nance imaging. Demographic and clinical data of PD and
PSP patients are reported in Table 1.
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Table 1 Demographic and clinical data of patients with PD and PSP
Group Gender Age (yr) Disease duration ~ UPDRS* More Diagnosis® Cognitive Gaze Bulbar
(mean+SD)  (yr) (meantSD) (mean+SD)  affected impairment? palsy® signs®
side®
PD 6M/3F  64+6 22+1.7 223+11.7 2R/7L - - - -
PSP OM/7TF  67+6 3.1+14 43.7+20.4  3R/5L/8B  Possible (4)/ -B3)/+®5)/ +(12)/  + (14~
probable (12)  ++ (5)/+++(3) SVS @)
2 UPDRS Unified Parkinson’s disease rating scale
°R right, L left, B bilateral
¢ Diagnosis of probable or possible PSP according to NINDS-SPSP criteria; number of patients is shown in parentheses
dCognitive impairment was evaluated on clinical assessment or MMSE when available: — = absent; + = mild; ++ = moderate; +++ = severe;
number of patients is shown in parentheses; none of the PD patients had clinical evidence of cognitive deterioration
¢ Gaze palsy and bulbar signs: + = present; — = absent; SVS slow vertical saccades; number of patients is shown in parentheses

Ten subjects (four males, six females, age 59+16 years)
served as controls. They were otherwise healthy except that
in three of them the SPECT study was done to evaluate
functional integrity of rCBF in headache (two) or peripheral
neuropathy (one) and was found to be normal. Subjects with
headache had been free of any episodes for more than 1 week
prior to the SPECT study. Four control subjects were studied
at the University Federico II of Napoli. Six subjects were
recruited at the Unit of Clinical Neurophysiology of the
University of Genova and belonged to a database of 37
healthy control subjects aged from 52 to 78 years who
underwent brain SPECT examination with [*”™Tc]ECD (six)
and [P™TcJHMPAO (31). These subjects were carefully
screened and found to be healthy based on medical history,
clinical examination, MMSE score, laboratory test, urinal-
ysis and negative history for neuropsychiatric disorders.

Methods
SPECT studies

All subjects were studied with [*™Tc]ECD (Neurolite Bristol-
Myers Squibb Medical Imaging). The radiopharmaceutical
was prepared according to the manufacturer’s guidelines.
Subjects received an intravenous injection of 740-1,110 MBq
of the tracer in a dimly lit room with the eyes closed.
Dopaminergic drugs were withdrawn for at least 12 h before
the injection. Patients were allowed to take their medications
only 15 min after tracer injection, if needed to improve their
comfort during performance of the SPECT acquisition.
SPECT studies were performed 40 min after the injection
using a brain-dedicated camera equipped with a circular low-
energy high-resolution collimator (Ceraspect, Digital Scinti-
graphics, D.S.1., Waltham, MA, USA). Studies were acquired
for 30 min in step-and-shoot mode (120 steps, 3° steps, 15 s
per step) using a symmetrical window of 20% centered around
140 keV and a 128x128 matrix. Images were reconstructed
using a bidimensional Butterworth filter (cut-off 0.9 cm ',
order 10) and were corrected for attenuation assuming

uniform attenuation within the skull, applying a zero order
attenuation factor (1 0.12 cm ') and Chang’s algorithm.
Sixty-four transaxial slices of 1.67x1.67x1.67 mm were
obtained. No scatter correction was applied and no attempt
was made to obtain quantitative measures of rCBF. The ten
control subjects from the two centres were studied using the
same SPECT camera and the same injection and acquisition
protocols.

Voxel-based analysis

Voxel-based analysis was performed using the 2000 version of
SPM (SPM2, Wellcome Department of Imaging Neurosci-
ence, Institute of Neurology, University College London, UK)
implemented in Matlab 6.1 on a Windows XP PC workstation.
Images of relative tracer distribution were spatially normalised
in the stereotactic Montreal Neurological Institute (MNI)
space to a predefined SPECT template available in SPM2
(voxel size: 2x2x2 mm), using a 16-parameter affine (non-
linear) transformation. After normalisation, images were
smoothed with a Gaussian filter (12 mm) to account for
individual gyral differences and brain anatomy. Images were
globally normalised using proportional scaling [21, 26] to
remove confounding effects due to global CBF changes,
with a threshold masking of 0.8.

The SPM analysis was performed with a single-subject
condition and covariate model. Sex and age were modelled
as nuisance variables, and disease groups were modelled as
different conditions. Significant differences between the
groups were set at the threshold of p<0.001 (p<0.005 when
specified) for voxel height, uncorrected, and p<0.05 for
cluster extent, after Bonferroni’s correction for multiple
comparisons. Spatial coordinates of the SPM results were
reported in the MNI space.

Principal component analysis

Computerised Brain Atlas (CBA, Applied Medical Imaging,
Uppsala, Sweden) is a software tool for analysis of neuro-
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imaging data [27]. All image sets were spatially normalised
into the stereotactic space of the atlas by using the global
polynomial transformation [28]. The procedure consists of
translations, rotations and linear scaling along and around
each of the three image axes, plus 18 non-linear shape-
deforming parameters, which makes it possible to individ-
ualise the shape of the brain.

For evaluation and statistical analysis of the reformat-
ted data sets, 13 volumes of interest (VOIs) were
selected in each hemisphere, in order to cover the
cortical and subcortical brain structures possibly involved
in movement disorders on the basis of current literature
[11, 21]. The set of VOIs included cortical regions
corresponding to Brodmann areas (BA) 9, 10, 11, 47
(prefrontal and orbitofrontal cortex), 23 (posterior part of
the cingulate gyrus), 24, 32 (anterior part of the cingulate
gyrus), 7, 39 and 40 (parietal cortex) and deep grey nuclei
(caudate, putamen, thalamus) of both hemispheres. Brain
VOIs covering the highest and lowest cortical and
brainstem regions were not examined because, given the
axial field of view of the Ceraspect camera, the entire brain
was not included in all subjects.

The brain activity was normalised to a global preset
value of 50 uptake units. In one control the spatial
normalisation of the brain with CBA was not satisfactory
and this subject was not included in the PCA.

CBF data were submitted to analysis of variance
(ANOVA) in two steps: the first one by considering only
individual VOIs and the second one by using the principal
components as identified by PCA.

PCA was performed considering all 13 VOIs for each
hemisphere and all 34 subjects. PCA takes a set of
correlated variables and clusters them into common factors,
or principal components (PCs), such that variables within
each factor are highly correlated, but factors are uncorre-
lated. PCs can be treated as new variables and their values
computed for each case. The values in which PCs are
expressed are known as factor scores or component scores
(CSs). For practical purposes it is preferable, however, to
use an imperfect estimate (coarse component scores, CCSs)
generated by summing all VOIs selected as the most
representative of a given factor. An advantage to using
CCSs is that they are more easily interpreted than CSs and
can also be compared between studies [29]. CCS values
were then standardised, placing raw data on a 0-1 scale.
The number of factors was determined by the number of
eigenvalues greater than 1. We considered the variables
representative of a factor to be those with factor loadings
greater than 0.5 (absolute value).

Data were analysed through ANOVA considering groups
as between subjects and VOIs or PC scores as within
subjects. Post hoc tests were performed with Tukey HSD
test. Statistical significance was set at p<0.05.
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Results

There were no differences in age and disease duration
between PD and PSP patients. PSP patients were clinically
more severely impaired than PD patients on the basis of
UPDRS assessment (p=0.009 by two-tailed unpaired ¢ test
(Table 1), as expected from the different disease course.

SPM2 analysis

PSP patients were compared with the control group and the
PD group (Table 2) to highlight those brain regions with a
relative rCBF decrease (PSP < controls and PSP < PD) or
increase (PSP > controls and PSP > PD). In PSP patients
there was a relative rCBF decrease in the right anterior
cingulate (BA32) and the right medial frontal gyrus/pre-
supplementary motor area (pre-SMA, BA6), extending to
the middle frontal gyrus (BA6/9) bilaterally (p<0.005),
compared with controls (Fig. 1), and in the anterior
cingulate (BA32/24) bilaterally and the left medial frontal
gyrus (BA9), compared with PD patients (Fig. 2). Relative
rCBF increase in PSP patients was found in the middle
temporal gyrus (BA22), the fusiform gyrus (BA20) and the
caudate tail of the left hemisphere, compared with controls,
and in the left middle occipital gyrus (BA37) and the
cuneus (BA18) bilaterally (»p<0.005), compared with PD
patients. No differences were found between PD patients
and controls (PD < controls and PD > controls).

VOI and PCA analyses

An overall ANOVA was performed considering as variables
VOIs (13) and hemispheres. This analysis showed a
significant VOI x group [F(24,372)=3.554, p<0.001]
interaction but no hemisphere x group or VOI x hemi-
sphere x group interactions. Therefore ANOVA for single
VOIs was performed averaging, for each VOI, left and right
data.

ANOVA for single VOIs revealed the following significant
effects: anterior cingulate gyrus (BA24) [F(2,31)=14.124,
p<0.001], anterior cingulate gyrus (BA32) [F(2,31)=13.368,
p<0.001], parietal cortex (BA40) [F(2,31)=6.012, p<0.01)],
posterior cingulate gyrus (BA23) [F(2,31)=4.871, p<0.05)].
As compared with controls, PSP patients had relatively lower
rCBF in the anterior cingulate (BA24, BA32) and the
posterior cingulate (BA23) gyrus and higher rCBF in the
parietal cortex (BA40). As compared with PD patients, they
had relatively lower rCBF in the anterior cingulate gyrus
(BA24 and BA32) and higher rCBF in the parietal cortex
(BA40). No significant differences were found between
controls and PD patients.

PCA identified seven factors including cortical areas and
deep brain nuclei (Table 3) explaining 81% of the total
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Table 2 Results of SPM anal-
ysis examining relative tCBF Contrast BA  Region Coordinates (mm)  Z score
changes in PSP patients vs
controls or PD patients X y z
PSP < controls
Cluster level p<0.001, £=1,230 32 R anterior cingulate 4 24 30 4.74
6 R medial frontal gyrus/ pre-SMA 4 12 50 3.54
Cluster level p=0.062, k=366 9 R middle frontal gyrus 30 18 36 4.07
PSP < PD
Cluster level p=0.004, k=783 32 R anterior cingulate 2 28 30 3.85
24 R anterior cingulate 4 30 26 3.82
Significance refers to the un- 32 L anterior cingulate -2 22 36 3.96
corrected p<0.001, unless 9 L medial frontal gyrus -2 44 24 335
otherwise reported. For each PSP > controls
contrast, p values of relevz.mt Cluster-level p=0.002, k=722 22 L middle temporal gyrus 46 —40 2 4.25
clusters corrected for multiple .
comparisons along with the 20 L fusiform gyrus -46 30 20 3.83
number of voxels (k) are L Caudate tail -34 26 -8 3.62
reported. PSP > PD, p<0.005
BA Brodmann area; coordi- Cluster level p=0.028, k=1,224 37 L middle occipital gyrus -36 —66 2 4.0
nates are reported in MNI 18 R cuneus 16 -78 18 3.24
space; R right, L left 18 L cuneus -16 —82 14  3.62

variance. Three of the seven PCs revealed a significant
group effect (Fig. 3). The first such component (PCl)
included the anterior cingulate gyrus (BA24) and the
posterior cingulate gyrus (BA23) of both hemispheres and
the left caudate. This PC (Table 3) differentiated PSP from
controls (»<0.001) and from PD (p<0.05). PSP patients
showed a relatively decreased rCBF compared with the
other two groups. The second factor discriminating between
groups (PC2) included the parietal cortex (BA39 and
BA40) of both hemispheres (Table 3). In this PC there
was a significant PSP versus PD group effect (p<0.05),
while the PSP versus control comparison did not reach
statistical significance (»p=0.054). In this PC, PSP patients
showed a relatively higher rCBF than PD patients. The
third factor (PC6) included the anterior cingulate gyrus
(BA32) and the prefrontal cortex (BA9) of both hemi-
spheres (Table 3). This PC differentiated PSP from controls
(»<0.05) and PD (p<0.01). In PSP patients rCBF was
relatively lower than in controls and PD patients.

Discussion

This [**™Tc]JECD SPECT study investigated the relative
impairment of rCBF in PSP patients compared with PD
patients and controls. Patients with a recent onset (average
2-3 years) of parkinsonism were included in the study to
assess the capability of the technique to identify early rCBF
changes in PSP and PD patients. Voxel-based analysis with
SPM2 was performed on the SPECT data to highlight
discrete brain regions showing relative rCBF changes. PCA
was performed to evaluate whether networks of brain regions

differentially affected in PSP and PD could be identified.
PCA was performed on predefined VOIs rather than at the
voxel level owing to the small number of available scans.

SPM analysis

The voxel-based analysis demonstrated a reduction in rCBF
in the anterior cingulate cortex of PSP patients, extending
to the pre-SMA and to the middle frontal cortex bilaterally.
The finding of anterior cingulate impairment in PSP has
already been reported in previous FDG-PET studies using
voxel-based analysis in comparison with control subjects
[9, 10, 30], patients with Alzheimer’s disease (AD) [10],
patients with corticobasal degeneration [30] and PD
patients [12], as well as in a recent ['**IJFP-CIT/[**™Tc]
ECD SPECT study using the same voxel-based approach
[21]. The anterior cingulate is a cortical area implicated in
the executive control of conscious actions [31] and has
been reported to be activated in Stroop and Stroop-like
tasks [32, 33]. There is a functional subdivision of the
anterior cingulate cortex. According to Devinsky et al. [34]
a more ventral subdivision corresponds to the affective
component, including BA 25, 33 and rostral 24, and has
connections to the amygdala, nucleus accumbens, orbito-
frontal cortex and autonomic brainstem nuclei. The cogni-
tive component corresponds to a more dorsal subdivision,
including caudal areas 24’ and 32’ and the cingulate motor
area, and has connections with the parietal cortex, posterior
cingulate, SMA and dorsolateral prefrontal cortex [35]. The
most posterior part of the cingulate cortex (the caudal
cingulate zone, or cingulate motor area) projects to the
spinal cord and red nucleus and has premotor functions. The
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Fig. 1 Statistical parametric a
maps showing the regions of
significant decrease in rCBF in
PSP patients compared with
controls, obtained by SPM2
analysis and overlaid on an
average T1-weighted MR scan
from ten healthy controls. R
refers to the right side of the
brain; x, y and z refer to the
corresponding level of the sag-
ittal, coronal and axial planes.
Results are shown at the thresh-
old of p<0.001 (a) and p<0.005
(b) to demonstrate the relative
impairment of right anterior
cingulate cortex, right pre-SMA
and middle frontal cortex bilat-
erally. At p<0.005, there was a
single significant cluster
(»<0.001, £=3,974) that includ-
ed the right anterior cingulate
(BA32; x,5,2=4,24,30; Z
score=4.74), the right medial
frontal gyrus/pre-SMA (BAG6, x,
1,z=4,12,50; Z score=3.54), the
right middle frontal gyrus (BA9;
x,1,2=30,18,36; Z score=4.07)
and the left middle frontal gyrus
(BAG6; x,3,2=-30,12,48; Z
score=3.41)

z=230

region of the anterior cingulate cortex immediately anterior
to this (posterior rostral cingulate zone) has been found to be
activated in studies using Stroop-like tasks and in studies
involving cognitive tasks in non-psychiatric subjects [36].
The portion of the anterior cingulate (BA32) highlighted in
the present study by SPM analysis corresponds to this
posterior rostral cingulate zone, which is mainly activated
in executive tasks. Thus, the anterior cingulate impairment
likely underlies the executive dysfunction frequently ob-
served in PSP patients [10]. This is also suggested by the
fact that the rCBF impairment observed in PSP also
extended to pre-SMA (BA6) and the middle frontal gyrus
(BA9), areas involved in executive function and motor
networks. In addition, word generation studies in normal
subjects have shown activation of BA32 and of BAG6
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PSP < Controls P < 0.001

z=36

z=36

(SMA), with activation peaks at average Talairach coor-
dinates (x,y,z=3,15,46) very close to those found in the
present study [35]. However, anterior cingulate impairment
might not be related only to executive dysfunction. The
stereotactic coordinates corresponding to the anterior
cingulate found in the present study also overlap with
those found (x,y,z=0,2,38) in apathetic AD patients, in an
SPM SPECT study [37]. PSP patients also have behavioural
symptoms including apathy, and we cannot exclude the
possibility that part of the anterior cingulate impairment is
related to the presence of apathy since patients were not
tested specifically for this symptom. It is not well known
whether the involvement of the anterior cingulate cortex in
PSP represent a primary neuropathological abnormality or a
secondary process due to functional disconnection with
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Fig. 2 Statistical parametric
maps showing the regions of
significant decrease in rCBF in
PSP compared with PD patients,
obtained by SPM2 analysis,
overlaid on an average T1-
weighted MR scan from ten
healthy controls. R refers to
right side of the brain; x, y and z
refer to the corresponding level
of the sagittal, coronal and axial
planes. Results are shown at the
threshold of p<0.001 and show
the relative impairment of the
anterior cingulate cortex

z=24

remote regions. A PET study with both [''C]flumazenil and
["®F]FDG in PSP patients demonstrated a 20% reduction of
central benzodiazepine receptors in the anterior cingulate
gyrus, where glucose metabolic rates also showed the
greatest reduction, suggesting that both the loss of intrinsic
neurons containing benzodiazepine receptors and the deaf-
ferentation from distant brain regions could contribute to
the cortical hypometabolism in PSP [38].

PSP patients showed a mild relative increase in rtCBF in the
visual associative cortex (bilateral cuneus, BA18, and left
occipital gyrus, BA37) compared with PD patients. These

PSP <PD

findings are consistent with previous studies that have reported
a relative decrease in metabolism or rCBF in associative visual
areas of PD patients [12, 39] and could relate to the known
impairment of visuospatial function in PD.

Principal component analysis

Multivariate analysis aims to reduce the dimensionality of
the data matrix and identify a small number of components
that best explain the observed variance-covariance. The
statistical approach utilised in this study introduces regional

Table 3 Coarse component score (CCSs): means and SDs for each principal component (PC) and group. CCSs were standardised on the range

PC  VOIs with high loadings on the PC Controls 1 PD 2 PSP 3 Group effect Significant comparisons,

p<0.05
Mean SD Mean SD Mean SD F(2,31) and p value

PCl BA23R, BA23L, BA24R, BA24L, CDL 0.725 0.205 0.530 0.140 0.295 0.256 F=11.64, p<0.001 1/3,2/3

PC2 BA39R, BA39L, BA40R, BA40L 0.354 0.192 0.342 0.296 0.598 0.234 F=4.531, p=0.019 2/3

PC3 BAIIR, BAIIL, BA47R, BA47L 0.598 0.262 0.589 0.313 0.557 0.236

PC4 BAO7R, BAO7L, THR, THL 0.523 0.301 0.652 0.189 0.405 0.294

PC5 BAIOR, BA10OL, PTL 0.479 0.236 0.459 0.144 0.422 0.251

PC6 BAO9R, BAO9L, BA32R, BA32L 0.629 0.126 0.680 0.161 0.377 0301 F=6.083, p=0.006 1/3,2/3

PC7 CDR, PTR 0.657 0.270 0.620 0.141 0.574 0.224

Results of ANOVA and Tukey HSD test for multiple comparisons are reported
BA Brodmann area, CD caudate, TH thalamus, PT putamen, R right, L left
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Fig. 3 Results of PCA showing
the three factors (green, orange
and yellow) differentiating PSP
from PD and controls. Medial
(upper row) and lateral (lower
row) views of right (a, ¢) and
left (b, d) hemispheres with
corresponding Brodmann areas
are shown. The thalamus is
located deeply and is not dis-
played on the standard view.
The star (*) inside the regions
indicates significant differences
between controls and PSP
patients

analyses based on the assumption that correlated patterns
may exist among different brain regions and that such
relationships may affect rCBF distribution. PCA is used to
study the correlations between a large number of variables
by grouping them in “coherent subsets” (principal compo-
nents). Reducing a large set of variables to a smaller one
decreased the number of analyses to be made and increased
statistical power.

PCA was complementary to SPM analysis, allowing the
identification of three different networks that seem to be
functionally affected in PSP. Two networks, represented by
PC1 and PC6, share a common involvement of the
cingulate cortex. One network (PC1) included the more
posterior part of the anterior cingulate cortex (BA24) and
extended caudally to the posterior cingulate gyrus (BA23)
and to the left caudate. The relative decrease in rCBF in
PSP patients was more pronounced in the anterior cingulate
gyrus (BA24) than in the posterior cingulate gyrus (BA23)
and the caudate. This reinforced the fact that the anterior
cingulate cortex was the region showing the most severe
impairment in PSP. It is interesting to note that this factor
also included BA23. There are anatomical connections
between the anterior (BA24) and the posterior part (BA23)
of the cingulate gyrus, and the decrease in rCBF in BA24
may also have led to a functional decline in BA23
highlighted by the PCA. Decreased metabolism in the
caudate has already been demonstrated in previous PET
studies [9-11, 30, 40]. The basal ganglia participate in five
parallel loops with the cerebral cortex, including non-motor
regions involved in executive and behavioural functions,
such as the anterior cingulate and the medial orbitofrontal

@ Springer

cortices (areas 24 and 13) [41, 42]. The other network
(PC6) included BA32, the most anterior part of the
cingulate cortex, and extended to the dorsolateral prefrontal
cortex (BA9), reinforcing the observation that cortical
regions involved in executive control are functionally
affected in PSP. Therefore, it seems that at least two
dysfunctional networks are present in PSP which overlap
partially at the level of the cognitive component of the
cingulate cortex and extend to brain regions involved in
executive, behavioural and motor functions. These net-
works seem to be specific for PSP and different from other
disorders with frontal dysfunction such as frontotemporal
lobe degeneration, in which the more orbital part of the
frontal cortex and the more ventral part (i.e. the affective
component) of the anterior cingulate are affected along with
other limbic regions such as the hippocampus/amygdala
and nucleus accumbens [43].

The third network showed a different functional behav-
iour in PSP. While the cingulate cortex was selectively
impaired, parietal associative cortex, including bilateral
BA39 and BA40, was functionally preserved or even
hyperactive, contrasting with other dementing disorders
such as AD, in which the retrosplenial posterior cingulate,
the precuneus and the parietal cortex are predominantly
affected [10, 44].

Overall, these results are in agreement with the findings
reported by Eckert et al. [11] in a recent FDG-PET study of
a large cohort of parkinsonian patients in which defining
features of PSP were hypometabolism of the midline frontal
cortex and supporting features of PSP were hypermetabo-
lism of the parietal cortex and hypometabolism of the
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caudate nucleus, and with the findings reported by Van
Laere et al. using [*™Tc]ECD SPECT [21].

Additional remarks

Some additional issues should be discussed with regard to
the interpretation of the results from this study.

PD and PSP patients were recruited on the basis of
comparable disease duration, since we were interested in
studying patients at a relatively early stage of disease.
Consequently, because of their disease course, patients differed
with respect to severity of disease assessed with UPDRS. From
a scanning perspective this could have potentially affected the
degree of functional changes in the brain and the detection of
differences between the groups. However, the voxel-based
analysis restricted to those patients with comparable disease
severity (data not shown) yielded essentially the same results;
thus we reasonably exclude a major impact of different disease
severity on the brain abnormalities detected.

Patients were diagnosed as having possible or probable PSP
according to the NINDS-SPSP diagnostic criteria; a diagnosis
of definite PSP requires autopsy, which was not available for
any of the patients. It has been reported [45] that the NINDS-
SPSP criteria have a specificity of 98.5% and a positive
predictive value (PPV) of 96%, even for the category of
probable PSP alone (specificity and PPV for probable PSP
were 100%), with a relatively good sensitivity (50-75%).
One of the concerns in applying these criteria is the
possibility of underdiagnosis, but we can assume that the
specificity of the clinical diagnosis of PSP in our study would
have been similar to that previously reported and would not
have affected the results significantly. Furthermore, patients
were followed up to 2 years after the initial evaluation and the
diagnosis of PSP was confirmed in all cases.

There are also other relevant aspects related to the
number and type of patients studied or the technique used.
We did not find significant differences between controls
and PD patients. Previous voxel-based studies in PD
patients performed with FDG-PET [11, 40] or rCBF-
SPECT [26] have shown significant decreases in metabo-
lism or perfusion in various cortical regions, including the
prefrontal cortex, SMA and parietal association cortex, and
significant increases in metabolism or rCBF in the striatum,
thalamus and cerebellum. As compared with these studies,
our PD group included a lower number of patients and
patients with a shorter disease duration. A small sample size
and the inclusion of patients at a relatively early stage of
disease could account for the lack of significant rCBF
changes in our PD group. In addition, in PSP we could not
detect rCBF changes in the striatum, thalamus or midbrain,
regions that have frequently been found to be affected with
FDG-PET [9, 10, 40] and more recently also with ECD-
SPECT [21]. This could have been due to a lower

sensitivity of rCBF SPECT compared with FDG-PET, but
also to the sample size. Further studies on a larger dataset of
patients could clarify this issue.

Finally, other methodological aspects should be consid-
ered. First, the relationship of rCBF decline and cognitive
performance or behavioural status in PSP patients remains
speculative since the patients were not evaluated with a
comprehensive neuropsychological battery. Therefore, we
could not assess to what extent executive dysfunction,
apathy, depression or other cognitive or behavioural
variables were related to rCBF decline in the cingulate
cortex. Second, atrophy correction was not performed.
Different volumetric studies in PSP have reported grey or
white matter changes in cortical and subcortical regions
[46, 47], with only minor changes in the anterior cingulate
cortex [48]. This suggests that in PSP, grey matter loss in
the cingulate cortex does not contribute to a large extent to
the functional changes in this region. Therefore, we believe
that our findings were not the result of atrophy, but rather
reflect mainly functional changes in PSP.

Conclusion

This study suggests that anterior cingulate hypoperfusion
could be an early and distinct sign of PSP. Moreover, distinct
functional networks of brain abnormalities that include
cortical and subcortical brain regions with decreased
(anterior and posterior cingulate cortex: BA24, BA32,
BA23; prefrontal cortex: BA9 and caudate) or increased
(parietal cortex: BA39 and BA40) rCBF are present in PSP.
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