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In a previous ['®F]fluorodeoxyglucose (FDG) PET study we
analyzed regional metabolic data from a combined group of
Parkinson’s disease (PD) patients and healthy volunteers (N),
using network analysis. By this method, we identified a unique
pattern of regional metabolic covariation with an expression
which accurately discriminated patients from healthy volunteers.
To assess the reproducibility of this pattern as a potential marker
for PD, we compared the pattern’s topography with that of the
disease-related covariance patterns identified in three other
independent populations of patients with PD and healthy individu-
als studied in different PET laboratories. Methods: The following
patient populations were studied: group A (original cohort: 22 PD,
20 N; resolution: 7.5 mm full width at half maximum [FWHM]));
group B (18 PD, 12 N; resolution: 4.2 mm FWHM); group C (25
PD, 15 N; resolution: 8.0 mm FWHM); and group D (14 PD, 10 N;
resolution: 10 mm FWHM). Region weights for the PD-related
covariance pattern (PDRP) identified in the group A analysis
were correlated with those for the disease-related patterns
identified in the analyses of groups B, C and D. In addition,
subject scores for the group A PDRP were computed prospec-
tively for every individual in each of the study populations. PDRP
scores for PD and N within each cohort were compared. Results:
The PDRP topography identified in group A was highly correlated
with each of the corresponding topographies identified in the
other populations (r2 ~ 0.60, P < 0.0001). Prospectively com-
puted subject scores for the group A PDRP significantly discrimi-
nated PD from N in each population (P < 0.004). Conclusion:
The PDRP topography identified previously in Group A is highly
reproducible across patient populations and tomographs. Pro-
spectively computed PDRP scores can accurately discriminate
patients from controls in multiple populations studied with differ-
ent tomographs. Brain network imaging with FDG PET can
provide robust metabolic markers for the diagnosis of PD.
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(PD), a common akinetic-rigid movement disorder. In our
previous PET studies with '8F-fluorodeoxyglucose (FDG),
we identified a specific pattern of regional metabolic covaria-
tion associated with PD (4,5). This covariance pattern was
characterized by relative hypermetabolism of the lentiform
nucleus and thalamus, associated with metabolic decreases
in the primary and association motor cortices. We have
shown that subject scores for this PD-related covariance
pattern (PDRP) representing its expression in individual
patients, correlate significantly with independent measures
of clinical disability as measured by the Unified Parkinson’s
Disease Rating Scale (4,6,7). Moreover, PDRP subject
scores correlate with presynaptic nigrostriatal dopaminergic
function as measured by striatal uptake of ['®F]fluorodopa
(FDOPA) (5) and with changes in motor performance after
stereotactic pallidotomy (8).

We have also developed a technique for computing the
expression of this network in individual subjects. This
algorithm is referred to as the topographic profile rating
(TPR) (7) and is used to compute subject scores for the
original PDRP (4) on a prospective individual scan basis
(9,10). Indeed, in PD, these measures of network expression
are predictive of independent measures of clinical disability
(7). In parallel studies, we also found that subject scores for
a related covariance pattern of regional metabolic asymme-
tries can differentiate early stage PD patients from healthy
individuals with an accuracy comparable with FDOPA PET
(5,11). Moreover, using the TPR algorithm, subject scores
for this pattern accurately distinguished drug-responsive
from drug-resistant parkinsonians at the earliest stages of
disease (1I). These findings suggest that quantifying the
expression of the PDRP in individual subjects can assist in
the early differential diagnosis of parkinsonism and may also
provide an objective measure of disease progression.

For the PDRP to serve as a useful metabolic marker of
parkinsonism, this metabolic topography must be reproduc-
ible across patient populations and PET instruments. In this
study, we examined PDRP reproducibility by comparing its
topography with that of each of the disease-related meta-
bolic covariance patterns identified in separate SSM analy-
ses of metabolic data from three other independent PD
patient populations scanned in different laboratories with
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PET tomographs of varying resolution and sensitivity. We
also used TPR to compute PDRP scores for the subjects in
each population on a prospective case basis. We compared
PDRP expression in patients and controls across the study
populations.

MATERIALS AND METHODS

Subjects

The following four populations were studied with quantitative
FDG PET.

Group A. Twenty-two PD patients (57.9 * 11.4 y; mean *+ SD)
and 20 healthy volunteers (47.0 * 17.1) were scanned with FDG
PET using the SuperPETT3000 tomograph (Scanditronix, Essex,
MA) at North Shore University Hospital, Manhasset, NY (12), with
an axial resolution of 7.5 mm full width at half maximum
(FWHM). Images were reconstructed with an 8-mm filter. The
clinical and metabolic data from this group have been reported
previously (4).

Group B. Eighteen PD patients (55.2 = 6.0 y) and 12 healthy
volunteers (54.6 = 9.2 y) were scanned with FDG PET using the
General Electric Advance tomograph (General Electric, Milwau-
kee, WI) at North Shore University Hospital (/3), with an axial
resolution of 4.2 mm FWHM. Images were reconstructed with a
6-mm filter. The PD patients in this group were divided into two
cohorts: subgroup B1, with 8 PD patients (54.9 * 7.4 y) with early
stage disease (Hoehn and Yahr stage I); and subgroup B2, with 10
PD patients (55.4 * 5.1 y) with more advanced disease (Hoehn and
Yahr stages III and IV, mean stage 3.2 * 0.4). Limited clinical and
metabolic data from this subgroup have been reported previously
(14,15).

Group C. Twenty-five PD patients (57.8 = 8.9 y) and 15 healthy
volunteers (61.3 = 10.9 y) were scanned with FDG PET using the
ECAT 933-16 tomograph (CTI/Siemens, Knoxville, TN) at Paul
Scherrer Institute, Villigen, Switzerland (/6), with an axial resolu-
tion of 8.0 mm FWHM. Images were reconstructed with an 8-mm
filter.

Group D. Fourteen PD patients (49.1 = 12.0 y) and 10 healthy
volunteers (27.2 * 5.1 y) were scanned with FDG PET using the
PC4600 tomograph (Cyclotron Corp., Berkeley, CA) at Memorial
Hospital, New York, NY (/7), with an axial resolution of 10 mm
FWHM. Images were reconstructed with a 12-mm filter. Clinical
and metabolic data from this group were reported previously (5).

Metabolic Covariance Analysis

Pattern Reproducibility. Similar quantitative FDG PET methods
were used to calculate global and regional rates of glucose
metabolism (rCMRGIc) in all patients and control groups (4,5, 16).
These scans were performed with subjects fasting; all antiparkinso-
nian medications were discontinued at least 12 h before the
imaging procedures. rCMRGlIc values for 30 standardized regions
of interest (ROIs) were computed in each patient, as reported
previously (4,14). In each population, SSM analysis was used to
identify a disease-related pattern with an expression in individual
subjects (subject scores) that discriminated PD patients from
healthy volunteers. In these SSM analyses, we used combined
rCMRGIc data from PD patients and healthy volunteers (/—4). In
each population, a disease-related pattern was identified such that
its subject scores discriminated the patients from healthy volun-
teers at P < 0.001 (F-test according to Wilks A). In each SSM
analysis, the disease-related pattern was represented by either the
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first or second principal component or a linear combination of both.
Region weights for the PDRP identified in group A (4) were
correlated with corresponding region weights for the disease-
related covariance patterns identified in the separate SSM analyses
of the FDG PET metabolic data from groups B, C and D. These
region weight correlations were performed by computing Pearson
product moment correlation coefficients. Correlations were consid-
ered significant at P < 0.05.

Voxel-Based Covariance Analysis. A voxel-based approach was
also used to identify a disease-related pattern without the place-
ment of manual ROIs. SSM was applied on a voxel-by-voxel basis
to the group B scan data. (We chose group B scans for this analysis
because of the greater field of view of the PET camera used in this
population, which allowed the acquisition of data from the whole
brain). FDG PET scans were placed in Talairach space and
smoothed (10 X 10 mm) in axial, sagittal and coronal planes using
statistical parametric mapping (/8) on a personal computer (PC)
platform running Windows NT (Microsoft, Seattle, WA) and
MATLAB 5.0 (Mathworks, Inc., Natick, MA). SSM was applied to
the smoothed, normalized images using algorithms written in
programming language C on the same PC, Windows NT platform.
A disease-related voxel-based covariance pattern was identified
analogous to that in the ROI analysis. Subject scores for the ROI
and voxel-based patterns were compared using correlational analy-
sis as described above.

Prospective Discrimination. In subsequent analyses, the group A
PDRP was used as a metabolic marker for parkinsonism, using the
TPR algorithm (7,9). Region weights for the disease-related pattern
identified in group A were projected prospectively into the rCMR-
Glc data from each member of groups B, C and D to compute
individual subject PDRP scores. The TPR computational procedure
was performed in an automated blinded fashion as described
previously (7,9-11,15). In each population, the computed PDRP
scores for the PD patients and the healthy volunteers were
compared, using discriminant analysis (F-test according to Wilks
A). In addition, in each population, the computed PDRP scores for
the patients and healthy volunteers were correlated with the
corresponding subject scores for the disease-related pattern identi-
fied in the SSM analysis of each group’s ”CMRGlc data. The results
of the discriminant analysis of the PDRP scores and the correla-
tional analysis of the subject scores were considered significant at
P <0.05.

RESULTS

Pattern Reproducibility

In all four groups, SSM analysis of rCMRGIc data from
PD patients and healthy volunteers disclosed PDRPs of
similar topography (Fig. 1). The patterns were characterized
by relative hypermetabolism of the basal ganglia and
thalamus covarying with metabolic decreases in lateral
frontal and paracentral motor areas and in the parieto-
occipital association cortex. Region weights for the disease-
related patterns identified in the analyses of groups B, C and
D correlated significantly with corresponding regional val-
ues for the original group A PDRP (2 > 0.58, P < 0.001)
(Fig. 2). In addition, significant pairwise correlations were
noted between the region weights for the disease-related
covariance patterns identified in the SSM analyses of groups
B, Cand D (#2 > 0.51, P < 0.001).
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Region Weight

FIGURE 1.

Region weights for metabolic covariance pattems associated with PD. Regions having weights with absolute values =1

(those outside box) contributed significantly to pattern topography, accounting for >50% of variance in normalized metabolic data
(P < 0.01, corrected for multiple ROls). Pattern-related increases in lentiform-thalamic metabolism covaried with relative metabolic

decreases in motor cortical regions (*).

Voxel-Based Covariance Analysis

Using voxel-based SSM to analyze the group B images,
we identified a disease-related pattern represented by the
second principal component of the SSM analysis, account-
ing for 11% of the subject x voxel variance (3,4). The
topography of this pattern was similar to that identified in the
ROI-based analyses (Fig. 3A). Subject scores for this pattern
discriminated the PD patients from healthy volunteers (P <
0.005) (Fig. 3B). Subject scores for the ROI-based and the
voxel-based group B disease-related covariance patterns

were found to be significantly correlated (2 = 0.59, P <
0.0001).

Prospective Discrimination

Subject scores for the group A PDRP were computed
prospectively for each member of groups B, C and D, using
TPR. In each group, the PDRP scores computed using TPR
correlated significantly with the subject scores for the
disease-related patterns identified by SSM analysis (group
B, ROI analysis: 72 = 0.92; group B, voxel analysis: P =
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FIGURE 2. Correlations between region weights for group A PDRP seen in Figure 1 and corresponding regional values for
disease-related covariance patterns identified in groups B, C and D (P < 0.0001).
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FIGURE 3. (A) Three axial slices taken
. from whole-brain voxel-based SSM analy-
sis of group B metabolic data show major
z regions contributing to voxel-derived re-
. gional covariance pattern associated with
PD. Numbers under each slice are in milli-
meters relative to anterior-posterior commi-
sural line. Voxels with region weights less
L] than Z = 1.5 are color-coded red-yellow,
and region weights less than Z = —1.5 are
color-coded blue-purple. M/P = midbrain/
pons; C = cerebellum; GP = globus palli-
dus; DLPF, dorsolateral prefrontal cortex;
MPF = medial prefrontal cortex; P-O =
parieto-occipital cortex. (B) Scatter diagram
of subject scores for voxel-based PD-
related covariance pattern presented in (A).

PD

Subject scores for this pattern discriminated
2 between mild and more advanced PD pa-
tients (filled triangles and squares, respec-
tively) from healthy volunteers (open circles).

0.59; group C, ROI analysis: 7 = 0.62; group D, ROI
analysis: 2 = 0.95; P < 0.001 for all correlations). These
prospectively computed PDRP subject scores discriminated
PD patients from healthy volunteers in all four populations
studied (P < 0.004) (Fig. 4). Discriminant analysis of the
PDRP subject scores for the original group A patients and
healthy volunteers was reported previously with between-
group differentiation comparable with that of the other
populations (4).

DISCUSSION

This study demonstrates that the abnormal regional meta-
bolic covariance patterns associated with PD are highly
reproducible across patient populations and tomographs. We
used the PDRP previously reported in the group A analysis
(4) as a benchmark against which to compare the correspond-
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ing disease-related patterns identified in the other popula-
tions. Disease-related covariance patterns identified by FDG
PET using SSM analysis were topographically similar in the
four populations studied. Indeed, region weights for the
group A PDRP accounted for approximately 60% of the
variation in the region weights for the analogous patterns
identified in groups B, C and D. Thus, the disease-related
topographies extracted in the SSM analyses of rCMRGlc
data from PD patients and healthy volunteers is stable,
despite differences in PET instrumentation and image quan-
tification procedures across imaging centers (4,9). Indeed,
the unaccounted-for variance in the region weight correla-
tions was similar for each group (~40%), suggesting that the
magnitude of these methodological effects is stable across
populations and tomographs.

These findings extend those reported previously, in which

1267



Group B Group C Group D
<4—p<0.005—»
0.1 p<0.05 0.1 004 0.15 P
A A
0.08 - . 0.08 - 4
] 0.1 -
. 0.06
0.04 - 4 4 A
1 ] L8
8 1, 0.04 0.05 -
0.02 A ° . " z
] o
8 . 0.02 . A . 3
0 - o A 4 °
° 4 0
9 A 0 4 01 °
-0.02 - ° ° N . s
o
-0.02 - 8 T A 0
-0.04 - °
g 3 -0.05 - .
-0.06 ° -0.04 - ° g
-0.08 -0.06 -0.1
1 2
Normal PD Normal PD Normal PD

FIGURE 4. Discriminant function analysis of subject scores for group A PDRP computed prospectively for each patient (filled

triangle) and healthy volunteer (open circle) in groups B, C and D.

significant region weight correlations were identified for the
PDRPs identified in the analyses of data from groups A and
D (4,5). This study demonstrates the reproducibility of the
group A PDRP in two additional populations: one scanned
on another intermediate-resolution tomograph (group C) and
another scanned on a new high-resolution tomograph (group
B). Indeed, the topographic stability of PDRPs across
populations supports the notion of their relationship to the
inherent functional anatomy of parkinsonism (4,8, 14).
Although the PD patients and the healthy volunteers were
closely matched in age in two populations (groups B and C),
there was a mean age disparity of approximately one decade
in group A and three decades in group D. In spite of the
presence of considerable differences in age between patients
and healthy volunteers in some of the populations, SSM
analysis revealed topographically similar disease-related
covariance patterns. We attribute this to the relative indepen-
dence of the PDRP and the SSM aging patterns identified
previously (9). Thus, the normal aging process does not
appear to play a major role in the progressive expression of
the PDRP that occurs with advancing parkinsonism (10).
We also tested the utility of the group A PDRP as a
potential metabolic imaging marker for the diagnosis of PD.
By projecting the region weights for this PDRP into the
rCMRGiIc data from each PD patient and healthy volunteer
(7,9,10,15), the expression of this pattern (PDRP subject
score) was computed prospectively on an individual basis
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for every subject in each of the four populations studied.
Indeed, the resulting PDRP scores discriminated PD patients
from healthy volunteers in the different groups with compa-
rable accuracy. However, there was some degree of overlap
between patients and healthy volunteers that varied across
populations. We attribute this to the inclusion of different
numbers of early-stage patients in each group. In contrast to
the striatal uptake of FDOPA or radiolabeled cocaine
derivatives (/9-21), PDRP expression increases, rather than
decreases, with disease progression. Thus, this metabolic
marker may be somewhat less sensitive at early stages of
disease (4). Nonetheless, we have found that reliable early
differential diagnosis can be achieved with FDG PET
through the use of covariance patterns of regional metabolic
asymmetries (4,5,11). Subject scores for these patterns are
often elevated with early stage disease and may be used to
differentiate typical and atypical parkinsonism at or near the
time of clinical onset (I/1). Interestingly, in this study, we
found a significant increase in PDRP subject scores in the 10
Hoehn and Yahr stage I patients comprising group B1. Thus,
with improved PET instrumentation, it may be possible to
differentiate early-stage patients from healthy volunteers
without applying adjunctive asymmetry analyses. Addi-
tional FDG PET studies of independent cohorts or Hoehn
and Yahr stage I patients will be needed to assess the
comparative utility of the PDRP and the metabolic asymme-
tries topographies in early-stage differential diagnosis.
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Our results demonstrated that the PD-related topographies
identified using ROI-based SSM analysis were reproducible
across the four populations studied. In addition, in group B
subjects, imaged on a PET instrument with a field of view
sufficient to include the whole brain, we found that a
topographically similar PD-related covariance pattern could
also be identified using a voxel-based SSM approach.
Indeed, within subjects in that cohort, the individual expres-
sion of the disease-related patterns identified in the voxel-
based SSM analyses correlated significantly (r2 ~ 0.60),
with corresponding values for the ROI-based pattern scores.
Moreover, the subject scores for the voxel-based and the
ROI-based disease-related patterns afforded comparable
degrees of discrimination between the patient and healthy
volunteer groups. Thus, the delineation of SSM markers for
brain disorders such as PD is not necessarily restricted to
ROI data and can be applied using fully automated voxel-
based methods. Nonetheless, the reproducibility of voxel-
based disease topographies across populations and tomo-
graphs is a topic for further investigation.

CONCLUSION

This study demonstrates a high degree of reproducibility
of the PDRPs identified in resting-state FDG PET data,
despite differences in PET instrumentation and quantifica-
tion procedures. The topography of these patterns is consis-
tent with abnormal patterns of functional connectivity
evident in both experimental animal models and in human
subjects (4,8,14). Moreover, FDG PET imaging is compar-
atively simple and widely available. Thus, the computation
of PDRP subject scores in individual patients may have
significant clinical utility in the differential diagnosis and
objective assessment of disease progression in parkinson-
ism.
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