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Objective: A multivariate analysis of base-
line brain metabolism was used to inves-
tigate the relationships among pathophys-
iological mechanisms responsible for
cognitive dysfunction and dysphoria in
nondemented patients with Parkinson’s
disease.

Method: Using ['8F]fluorodeoxyglucose
positron emission tomography and neu-
ropsychological tests, the authors studied
15 nondemented patients who had Par-
kinson’s disease without major depression
(DSM-I-R). Their mean age was 59.2 years
(SD=9.2), the mean rating of Parkinson’s
disease stage (Hoehn and Yahr scale) was
3.3 (SD=0.9), and all had Mini-Mental State
Examination scores of 24 or higher. To
identify specific regional patterns of brain
metabolism associated with abnormal
cognitive and mood functioning, the data
were analyzed by using brain-behavior
partial least squares. This multivariate
voxel-based analysis allowed detection of
significant topographic patterns of meta-
bolic activity and quantification of the ex-
tent to which each topographic pattern
correlated with scores on mnemonic, visu-
ospatial, and dysphoric tests.

Results: Two significant, independent to-
pographic patterns were identified. Pat-
tern 1 included parieto-occipito-temporal
and medial temporal brain regions, and
pattern 2 included the lateral frontal and
anterior limbic cortex. Patterns 1 and 2
exhibited a double dissociation in their
behavioral correlates: pattern 1 corre-
lated with both visuospatial and mne-
monic functioning but not with dyspho-
ria; pattern 2 correlated with dysphoria
but not with the cognitive measures.

Conclusions: The authors used the inde-
pendence of topographic patterns and
the size of correlations between topo-
graphic patterns and behavior to infer re-
lationships among the pathophysiological
processes responsible for the correlations.
The finding that mildly abnormal mne-
monic and visuospatial functioning corre-
lated with the same topographic pattern
suggests that a common pathophysiology
underlies this marker of cognition in Par-
kinson’s disease. By contrast, the inde-
pendence of the two topographic pat-
terns supports the notion that different
mechanisms underlie cognitive and dys-
phoric symptoms in nondemented pa-
tients with Parkinson’s disease.

(Am J Psychiatry 2002; 159:746-754)

Cognitive and affective abnormalities are common in
Parkinson’s disease, but their underlying pathophysiology
remains speculative (1-3). Clinical dementia and major de-
pression, with prevalences in Parkinson’s disease of about
30% (4) and 20% (5), respectively, are the conditions most
studied. However, the large subgroup of patients with Par-
kinson’s disease without dementia or major depression
suffer from a wide range of cognitive (6) and dysphoric (5)
symptoms. The cognitive symptoms occur across many
domains (memory, visuospatial, attention) and have been
conceived etiologically as “dysexecutive.” Dysphoria in this
context includes dysthymia or depressive symptoms not
severe or sustained enough to meet criteria for major de-
pression. The mechanisms responsible for these cognitive
and dysphoric symptoms are largely unknown and may
not be quantitatively and/or qualitatively identical to those
responsible for dementia and major depression (1-3).
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It is unlikely that these behavioral symptoms are simply
aresponse to motor loss, as onset, incidence, and severity
of motor symptoms in Parkinson’s disease appear not to
be associated with the presence of cognitive dysfunction
or depression (6, 7). Unlike major depression, minor de-
pression does not appear to be associated with cognitive
decline (8), suggesting that cognitive dysfunction and dys-
phoria have different underlying pathophysiological
mechanisms. While dopamine replacement is highly suc-
cessful in reversing the motor symptoms of Parkinson’s
disease, whether such therapy has any benefit for behav-
ioral symptoms remains controversial (1, 2, 9-13). Such
epidemiological and therapeutic data suggest that dopa-
minergic dysfunction alone is not the primary pathophys-
iological mechanism underlying cognitive and dysphoric
symptoms in Parkinson’s disease (10). Nondemented pa-
tients with Parkinson’s disease harbor several candidate
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TABLE 1. Characteristics of Patients With Parkinson’s Disease in a Study Relating Regional Brain Metabolism to Cognitive

Dysfunction and Dysphoria

Medications
Parkinson’s Score on Mini-  Summary Scoreon  Raw Score on Hooper  Score on Beck  (1=L-dopa/carbidopa;
Age Disease Mental State California Verbal Visual Organization Depression 2=D; agonist;
Patient  (years) Stage (28) Examination (29)  Learning Test (30) Test (31) Inventory (32) 3=MAO inhibitor)
1 43 11 24 182 21.0 25 1,2,3
2 37 v 29 66 25.0 7 1
3 69 11 30 43 18.5 16 1,3
4 59 \% 27 192 19.5 15 1,3
5 61 1 28 152 25.0 4 1,3
6 52 v 29 51 24.0 8 1,3
7 70 11 30 33 12.50 23 1,3
8 61 \% 29 232 17.0° 7 1,2
9 68 11 29 38 18.0 14 1,3
10 58 \% 29 29° 11.0° 8 1,3
11 60 v 29 352 22.0 11 1,2,3
12 67 \% 28 182 15.0° 7 1,2
13 64 11 30 38 22.0 8 1
14 60 1l 30 232 23.0 2 1,3
15 59 1l 27 332 22.0 16 1

aScore more than 1.5 standard deviations below normal value corrected for age and gender.
b Score more than 1.0 standard deviation below normal value corrected for age and education.

pathological mechanisms besides dopamine depletion
that can cause behavioral symptoms, including dysfunc-
tion within noradrenergic (14), serotonergic (15), and cho-
linergic (16) systems and neural loss from Lewy bodies
and plaques and tangles (17). The aim of this study was to
identify quantifiable biological markers associated with
cognitive and dysphoric symptoms in patients with Par-
kinson’s disease. The long-term goal is to use such markers
in future research to identify the specific pathophysiology
(or pathophysiologies) underlying cognitive and dyspho-
ric symptoms and thus to facilitate novel, rational thera-
peutics in the earliest stages of Parkinson’s disease.

In this study, we measured brain function using ['8F]flu-
orodeoxyglucose (FDG) and positron emission tomogra-
phy (PET) in resting nondemented patients with Parkin-
son’s disease without major depression. We used brain-
behavior partial least squares, a multivariate voxel-based
approach (18-20), to identify orthogonal topographical
patterns of glucose metabolism that correlated signifi-
cantly with mnemonic, visuospatial, and dysphoric mani-
festations of Parkinson’s disease. Because we evaluated
metabolic data during rest, not activation, the topographic
patterns represent patterns of neuropil metabolism during
rest, rather than networks of regions subserving a particu-
lar behavior (see Discussion). A metabolic pattern at rest
(topographic pattern) is caused by (is a marker for) an un-
derlying (patho)physiological process. As the topographic
patterns are orthogonal, their underlying (patho)physio-
logical processes are distinct. Thus, if multiple abnormal
behaviors correlate with a single topographic pattern, the
behaviors likely share a common pathophysiological pro-
cess. Conversely, if correlations between a topographic
pattern and the behaviors are doubly dissociated, it is likely
that the behaviors have separate and distinct pathophysio-
logical processes. This level of interpretation is made pos-
sible by a multivariate analysis that allows the simulta-
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neous assessment of the relationships among multiple
behaviors and multiple metabolic patterns. To our knowl-
edge, such an interpretation has not been attempted previ-
ously in studies using univariate analyses (21-27). In sum-
mary, we used topographic patterns as biological markers
to develop evidence for or against the null hypothesis that
memory, visuospatial function, and dysphoria are associ-
ated with a common topographic pattern (pathological
mechanism) in nondemented patients with Parkinson’s
disease without major depression.

Method

Patients

We studied 15 moderately affected patients with Parkinson’s
disease; their mean age was 59.2 years (SD=9.2), and without
medication their mean score for Parkinson’s disease stage, ac-
cording to the Hoehn and Yahr scale (28), was 3.3 (SD=0.9). Each
subject had a clinical interview to determine that he or she did
not meet the DSM-III-R criteria for depression or dementia, and
all had scores of 24 or higher on the Mini-Mental State Examina-
tion (MMSE) (29) (mean=28.5, SD=1.6) (Table 1). All but one of the
patients were right-handed. Parkinson’s disease was diagnosed if
the patient had pure parkinsonism without known causative fac-
tors and did not have atypical features such as supranuclear gaze
abnormalities, ataxia, or limb apraxia. All patients had a good re-
sponse to dopamine replacement therapy, defined as an improve-
ment of 20% or more in ratings on the motor function subscale of
the Unified Parkinson's Disease Rating Scale (33). Neuropsycho-
logical tests were performed at a second interview within 2 weeks
of the PET scan.

To establish a profile of glucose metabolism at rest, the scans of
the Parkinson’s disease group were compared to those of 14 age-
matched right-handed normal subjects (mean age=59.4 years,
SD=2.7) (t=0.12, df=27, p=0.90, Student’s t test, two-tailed). In
clinical interviews, these subjects did not meet the DSM-III-R cri-
teria for depression or dementia, and neurological examination
revealed no parkinsonism. Ethical permission for these studies
was obtained from the institutional review board of North Shore
University Hospital, Manhasset, N.Y. All patients gave written in-
formed consent after the procedures had been fully explained.
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Neuropsychological Assessment

While taking medication, all of the patients with Parkinson’s
disease underwent neuropsychological evaluation within 2 weeks
of PET scanning. Because patients with Parkinson’s disease are
known to have difficulty performing memory and visuospatial
tasks, particularly if the tasks include an executive component (1,
2), we selected tasks that, in addition to memory or spatial skills,
required substantial executive function for successful comple-
tion. In addition, to minimize potential confounds stemming
from motoric dysfunction in these patients, we chose tasks that
did not require limb movement. These conditions were met by
the California Verbal Learning Test (30) and the Hooper Visual Or-
ganization Test (31). To avoid biasing our analysis toward specific
brain functions by using test subscores, we used the summary
score on the California Verbal Learning Test as a broad index of
learning and memory. Similarly, the raw score on the Hooper Vi-
sual Organization Test was used as a general descriptor of visu-
ospatial functioning. Thus, these composite measures include
sources of variation due to executive functioning as well as varia-
tion attributable to either memory or visuospatial functioning.
Further, we have previously demonstrated that patients with Par-
kinson’s disease have difficulty with these tasks (34). The total
score on the Beck Depression Inventory (32) was used to evaluate
dysphoria. These values for individual patients are provided in
Table 1.

The California Verbal Learning Test contains “Monday” shop-
ping lists, each of which contains the same 16 common shopping
items. The Monday lists were presented five times in a fixed order.
The California Verbal Learning Test summary score is a cumula-
tive score of correctly recalled items across the five trials. An im-
portant feature of the California Verbal Learning Test is that, un-
known to the subject, the 16 items can be classified into four
groups, i.e., herbs, tools, fruits, and clothing. The order of presen-
tation is not arranged by category. If a subject perceives this un-
stated fact and organizes items by category, item recall is im-
proved. The functions needed to hold words in working memory
such that unstated rules can be perceived and then used are con-
sidered executive.

The Hooper Visual Organization Test is a fragmented-figure
test in which subjects are required to mentally reassemble illogi-
cally arranged fragments of drawings into a complete whole.
Thus, the test involves complex visuospatial matching and orga-
nization in addition to simple shape perception. To perceive the
drawing as a single picture, a subject needs to hold the compo-
nent shapes in working memory while they are mentally rotated,
moved, and matched until the picture can be visualized. These
functions are considered to have a high executive load.

The Beck Depression Inventory is a 21-item self-report inven-
tory. Subjects are asked to rate the extent to which they perceive
themselves as having had signs and symptoms associated with
depression over the previous week.

PET Scan

The patients and comparison subjects fasted overnight before
the PET scan. For the Parkinson’s disease group all antiparkinso-
nian medications were discontinued at least 12 hours before the
PET scan. At the time of scanning, all of the Parkinson’s disease
subjects were rated on the Hoehn and Yahr scale (28). The PET
studies were performed by using an Advance tomograph (General
Electric Medical Systems, Milwaukee). This 18-ring bismuth ger-
manate whole-body tomograph produced 35 slices with an axial
field of view of 15 cm and a resolution of 4.2 mm (full width at half
maximum) in all directions.

Each PET study was performed with the subject’s eyes open, in
a dimly lit room and with minimal auditory stimulation. The sub-
jects were positioned in the scanner by using a stereoadapter with
three-dimensional laser alignment with reference to the orbito-
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meatal line. The time course of fluorine-18 radioactivity was de-
termined by sampling radial arterial blood. We calculated global
and regional cerebral metabolic rates for glucose in all FDG PET
studies on a voxel-by-voxel basis by using the autoradiographic
method described by us previously (35).

Analysis

Each scan was processed before statistical analysis by using
statistical parametric mapping (SPM 99) software (MRC Cyclo-
tron Unit, London, U.K.). Each original 35-slice scan was placed
into a standardized space (36) by using a nonlinear algorithm that
created 68 slice images containing 2-mm? voxels (37). Each scan
was then smoothed by using a Gaussian filter (full width at half
maximum 10x10x10 mm).

Two sets of statistical analyses were performed. First, we lo-
cated regional metabolic abnormalities in the Parkinson’s disease
patients by comparing their metabolic rates at each voxel with the
comparable values for the age-matched normal comparison sub-
jects. This comparison was achieved by using the “one scan per
subject, two sample t test” option in SPM 99. We reduced be-
tween-subject variation in global metabolic rates by proportion-
ally scaling each image. We displayed all voxels with t>3.4 (df=27,
p<0.001, Student’s t test one-tailed for the hypothesis of higher
values in Parkinson’s disease patients than in comparison sub-
jects and one-tailed for the hypothesis of Parkinson’s disease val-
ues less than comparison values, uncorrected for multiple com-
parisons).

Second, we used partial least squares (18, 20, 38) to identify
patterns of regional brain activity that are associated with differ-
ent aspects of cognition and mood behavior in parkinsonism. In
this study, brain-behavior partial least squares analysis used met-
abolic and neuropsychological data from only the Parkinson’s dis-
ease cohort. We sought correlations with the scores reflecting dys-
phoria and mnemonic and visuospatial functioning.

Brain-behavior partial least squares was performed by using
software available at ftp.rotman-baycrest.on.ca/pub/Randy/pls.
The mathematical details of this analysis have been described
previously (18). Based on the covariance between global metabo-
lism and behavior, partial least squares extracts a discrete num-
ber of latent variables that best reflect the brain-behavior rela-
tionship. Each latent variable is associated with a topographic
profile. This procedure comprises three steps. First, correlations
between behavior and global metabolism at each voxel are com-
puted across subjects to produce one correlation map for each
behavior. Second, each correlation map is put into a matrix and
analyzed with singular value decomposition. This produces mu-
tually orthogonal latent variables, each one consisting of a singu-
lar image (topographic profile), a singular profile of behavioral
weights, and the singular value, which is the covariance between
the topographic profile and singular profile. Each topographic
profile is an image of weighted voxels that as a whole covaries
with behavior. The numerical weights within the image are
termed “saliences” and can be positive or negative. Third, the in-
ner product of the topographic profile and raw images for each
subject results in an individual brain score. The brain score indi-
cates the degree to which the topographic profile is expressed by
the individual subject, and it is conceptually similar to a subject
score from a principal component analysis (35). The relationship
between topographic profile and behavior is quantified by the
correlation between brain score and behavior score.

Statistical assessment of the brain-behavior partial least
squares is performed at two levels: at the level of the entire latent
variable and at the voxel or behavior measure level. A permuta-
tion test was used to determine the overall significance of each la-
tent variable (19). Five hundred random permutations of the data
were performed. At each permutation, the singular values for the
permuted data were compared to the values in the original analy-
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FIGURE 1. Differences in Brain Metabolism at Rest Between 15 Patients With Parkinson’s Disease and 14 Normal Compar-
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sis. We considered a topographic profile significant if the latent
variable it represented was significant at permutation p<0.05, i.e.,
the permutated data produced a singular value greater than or
equal to that in the original analysis less than 5% of the time.
There is no need to correct for multiple comparisons in this as-
sessment since the permutation p values were determined across
the entire latent variable, rather than at the voxel level.

We then assessed the reliability of the contributions of particu-
lar voxels and behavior measures to each latent variable, using
bootstrap estimation of standard errors (20, 39). One hundred
bootstrap samples were performed. Bootstrapping entails resam-
pling the entire sample with replacement to ascertain the stability
of parameter estimates by partial least squares. A parameter with
a high standard error would not be considered reliable and thus
would not be considered an important component of the latent
variable. The assessment was applied to the saliences of all voxels
and to the correlations between behavior measures and brain
scores. In interpreting the topographic profiles, we considered a
salience value reliable/stable if the ratio of salience to standard
error was greater than 2.0 (bootstrap ratio). A correlation between
abehavior measure and a topographic profile was considered sta-
ble if the sign of the bootstrap correlation did not change from the
original correlation 95% of the time, i.e., the 95% confidence in-
terval (CI) for r did not cross zero. To clarify, the bootstrap proce-
dure evaluates the stability of a voxel’s contribution to a pattern
(voxelwide index). The statistical assessment of the pattern is pro-
vided by the permutation test (imagewide index). In both permu-
tations and bootstrapping, orthogonal procrustes rotations of the
resampled estimates to the original partial least squares esti-
mates were performed to correct for arbitrary axis reflection and
rotations (40).

Results

Neuropsychological Assessment

The composite results of the neuropsychological tests
for each Parkinson’s disease patient are presented in Table
1. These patients were nondemented according to DSM-
III-R and MMSE criteria (score <24). However, when com-
pared to published normative values (30, 31), their scores
indicated a mild impairment of task performance. Their
mean summary score on the California Verbal Learning
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Test was 32.1 (SD=14.0, normal range=31-72), and their
mean score on the Hooper Visual Organization Test was
19.7 (SD=4.3, normal range=19-30). Nine of the patients
with Parkinson’s disease had California Verbal Learning
Test scores that were more than 1.5 standard deviations
below the normative mean corrected for age and gender
(exact p=0.003, Fisher exact statistic used to compare ob-
served with expected number). Four patients had Hooper
Visual Organization Test scores more than 1.0 standard
deviation below the normative mean corrected for age and
education (Fisher exact p=0.32). The patients did not meet
the DSM-III-R criteria for major depression, and their
scores on the Beck Depression Inventory (mean=11.4, SD=
6.6) averaged in the mild range. No significant correlations
were observed between scores on the California Verbal
Learning Test, Hooper Visual Organization Test, Beck De-
pression Inventory, and Hoehn and Yahr scale even with-
out a correction for multiple comparisons.

Voxel-Based Comparison of Metabolism

Brain regions in which glucose values at rest, normal-
ized to those for the whole brain, differed from those in the
comparison group are presented in Figure 1. Higher me-
tabolism in the Parkinson’s disease group was seen bilater-
ally in the posterior putamen, globus pallidus, thalamus,
cerebellum, and pons. Lower metabolism was observed
bilaterally in parieto-occipito-temporal regions and in the
right dorsolateral prefrontal cortex.

Brain-Behavior Partial Least Squares Analysis

Three orthogonal (independent) topographic patterns
were generated by the singular value decomposition of the
behavior-scan correlation matrix. Only the first two topo-
graphic patterns were significant. The percentage of the
correlation matrix for brain and behavior accounted for by
topographic pattern 1 was 49% (permutation p=0.01), for
topographic pattern 2 it was 36% (permutation p=0.03),
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FIGURE 2. Two Orthogonal Topographic Patterns of Brain Metabolism in 15 Patients With Parkinson’s Disease and Doubly

Dissociated Correlations With Cognitive and Mood Measures?
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2 The orthogonal topographic patterns were derived from glucose metabolic scans at rest. The bootstrap ratio is the ratio of voxel salience value
to its standard error (estimated from 100 bootstrap samples). It is a measure of the stability of high (red scale) and low (blue scale) metabolic

values that constitute the topographic pattern.

and for topographic pattern 3 it was 15% (permutation p=
0.72). The brain regions constituting the first two meta-
bolic patterns are displayed in Figure 2. Pattern 1 was
characterized by higher metabolic rates (positive salien-
ces) in the medial and anterior temporal lobe, pons, and
cerebellum bilaterally and by lower metabolic rates (nega-
tive saliences) in lateral parieto-occipito-temporal and
medial parietal regions. Pattern 2 was characterized by
higher metabolism in the cerebellum and medial occipital
lobe bilaterally and by lower metabolism in dorsolateral
prefrontal, orbitofrontal, medial frontal, and anterior cin-
gulate regions bilaterally. To test the hypothesis that small
frontosubcortical abnormalities are associated with large
parieto-occipito-temporal abnormalities, we lowered the
bootstrap ratio threshold to 1.7 (permutation p approxi-
mately equal to 0.05, one-tailed). In addition to the abnor-
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malities shown in Figure 2, we found abnormal metabo-
lism in the bilateral dorsolateral prefrontal cortex and
bilateral head of the caudate and anterior putamen.
Scatterplots of relationships between behavior and brain
scores are presented at the bottom of Figure 2. Values for
the correlations of the scores on California Verbal Learning
Test, Hooper Visual Organization Test, and Beck Depres-
sion Inventory to the brain scores for each topographic
pattern are given, along with estimates of stability, in Table
2. The scores on the California Verbal Learning Test and
Hooper Visual Organization Test had stable correlations
(95% ClIs did not cross zero) with the pattern 1 brain scores
but not the pattern 2 brain scores, whereas the scores on
the Beck Depression Inventory had a stable correlation
with the pattern 2 brain scores but not the pattern 1 brain
scores. Thus, the brain-behavior correlations for dysphoria
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TABLE 2. Correlations Between Cognitive/Mood Measures and Brain Scores Derived From Two Topographic Patterns of

Brain Metabolism in 15 Patients With Parkinson’s Disease?

Topographic Pattern and Cognitive

Correlation With Brain Score

or Mood Measure Glucose Metabolic Markers r 95% Cl
Pattern 1: “cognitive” Low metabolism in parieto-occipito-temporal cortex; high
metabolism in medial/anterior temporal cortex, pons,
cerebellum
California Verbal Learning Test summary score -0.78 -0.91 to -0.54
Hooper Visual Organization Test raw score -0.57 -0.87 t0 -0.18
Beck Depression Inventory score 0.01 —
Pattern 2: “depressive” Low metabolism in lateral/medial frontal cortex, anterior
cingulate, orbitofrontal cortex; high metabolism in
cerebellum
California Verbal Learning Test summary score 0.02 —¢
Hooper Visual Organization Test raw score 0.08 —¢
Beck Depression Inventory score 0.80 0.77 to 0.95

2 The two metabolic patterns are represented in Figure 2.

b The brain score reflects the extent to which each individual expresses the topographic pattern; the correlation is considered not stable if the
95% (I crosses zero as determined by estimation from 100 bootstrap samples.

¢ Not stable.

and cognition were doubly dissociated, whereas those for
the two cognitive measures were similar.

Discussion

We investigated the relationship between glucose me-
tabolism at rest and discrete neuropsychological mea-
sures of cognitive/mood functioning in 15 patients with
Parkinson’s disease without dementia or major depres-
sion. First, compared with age-matched normal compari-
son subjects, the Parkinson’s disease cohort had lower
metabolism at rest in lateral parieto-temporo-occipital re-
gions and, to a lesser degree, in lateral frontal brain re-
gions (Figure 1). These low cortical rates were associated
with bilaterally high metabolic rates in the globus pallidus,
thalamus, putamen, and cerebellum. The FDG-PET data
from the current cohort of patients with Parkinson’s dis-
ease conform to past results, indicating that this popula-
tion is metabolically typical of the disease (25, 35, 41).

In a subsequent partial least squares multivariate brain-
behavior correlate analysis of the Parkinson’s disease data,
we identified significant orthogonal topographic patterns
of glucose metabolism at rest that correlated with mne-
monic, visuospatial, and dysphoric behavior. As a glucose
value at rest is thought to reflect primarily synaptic metab-
olism (42), a topographic pattern is a collection of brain re-
gions having specific values of neuropil metabolism.
Further, a topographic pattern has a high correlation with
a behavior if subjects who exhibit the behavior have
regional metabolic values similar to those in the topo-
graphic pattern and if subjects who do not exhibit the
behavior have regional metabolic values different from
those in the topographic pattern. Therefore, a topographic
pattern of glucose metabolism at rest represents a pattern
of neuropil metabolism across multiple brain regions that
correlates with behavior.

The emphasis in interpreting a topographic pattern un-
der resting conditions is different from that in activation
conditions. A topographic pattern associated with an acti-
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vation task but not associated with a suitable control task
may uniquely and completely describe the regional net-
work subserving that specific task. By contrast, a topo-
graphic pattern under resting conditions is primarily a
marker of some factor that modifies metabolism at rest,
i.e., a pathological process that alters neuropil at rest in
multiple regions and causes dysfunction in multiple be-
havioral domains. In this example, all regions in which
metabolism at rest is altered by this pathology would be
included in the topographic pattern, and the topographic
pattern would correlate with more than one behavior.
Thus, a finding that multiple behavioral abnormalities
correlate with a single topographic pattern at rest suggests
that a common pathological mechanism underlies those
behaviors. By contrast, a double dissociation between be-
havioral abnormalities and orthogonal topographic pat-
terns under resting conditions suggests that separate
pathological processes are responsible for the behavioral
abnormalities. An important characteristic of partial least
squares, and one that separates it from univariate analy-
ses, is that it allows us to quantify the size of the correla-
tion among several behaviors and multiple orthogonal to-
pographic patterns at the same time in a single patient
cohort.

The partial least squares analysis identified two signifi-
cant topographic patterns that exhibited a double dissoci-
ation in their behavioral correlates. Pattern 1, including
medial temporal and parieto-occipito-temporal regions,
correlated with both the mnemonic (California Verbal
Learning Test) and visuospatial (Hooper Visual Organiza-
tion Test) measures but not with dysphoria (Beck Depres-
sion Inventory). By contrast, pattern 2, including frontal
and anterior limbic regions, correlated significantly with
dysphoria (Beck Depression Inventory) but not with mne-
monic or visuospatial functioning. That both the Califor-
nia Verbal Learning Test and Hooper Visual Organization
Test scores correlated significantly with a single marker of
resting neuropil activity (topographic pattern 1) suggests
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that these two aspects of cognitive dysfunction in Parkin-
son’s disease have a shared pathological mechanism. Fur-
ther, the independence of patterns 1 and 2 supports the
notion that the underlying pathophysiology of mood dis-
turbance is distinct from that underlying cognitive dys-
function in parkinsonism.

Topographic Pattern 1: Cognition

While test results in multiple cognitive domains may be
abnormal, cognitive dysfunction in Parkinson’s disease
has been conceptualized as dysexecutive (1, 2). This
model identifies the prefrontal cortex and the nonmotor
corticostriatopallidal thalamocortical loops, singly or in
combination, as the anatomical sites of functional impair-
ment in parkinsonism. That topographic pattern 1, a bio-
logical marker of neuropil metabolism at rest, does not in-
clude frontal/subcortical regions does not necessarily
imply that “frontal” symptoms are an unimportant com-
ponent of cognitive dysfunction in Parkinson’s disease.
First, Parkinson’s disease pathology may result in frontal/
subcortical dysfunction such that frontal metabolism is
normal at rest and becomes abnormal only during task
performance (43). Second, frontal neuronal dysfunction
may be expressed in a topographic pattern of neuropil me-
tabolism as bootstrap ratios that are higher within brain
regions to which frontal neurons project (i.e., frontal neu-
rons terminating in the medial temporal and parietal
lobes) than within the frontal lobe itself (i.e., frontal neu-
rons/interneurons terminating in the frontal lobe). To test
this notion, we lowered the threshold for the bootstrap ra-
tio in topographic pattern 1 from 2.0 to 1.7 (i.e., lowering
the threshold from permutation p of approximately 0.05,
two tailed, to permutation p of approximately 0.05, one
tailed). At this liberal threshold, we did indeed detect cor-
relations between brain scores and cognitive test results
for the bilateral dorsolateral prefrontal cortex and anterior
basal ganglia (head of caudate and anterior putamen).

However, pattern 1 demonstrated abnormalities at rest
in regions subserving memory (medial temporal) and
visuospatial functioning (parieto-occipital) rather than
within frontosubcortical regions. This raises the possibil-
ity that cognitive dysfunction is caused by a pathophysiol-
ogy that affects the cortex globally rather than frontosub-
cortical regions locally. Abnormalities of the cholinergic
(16) or noradrenergic (14) system that cause abnormal
modulation of the entire cortex are candidate pathophysi-
ologies. A global lesion also explains the greater difficulty
patients with Parkinson’s disease have with executive
tasks. Unlike “simple” visuomotor or memory tasks, which
require predominantly temporal or parietal functioning
and minimal frontal functioning, executive tasks require
functioning within and interaction between the frontal
lobes plus temporal or parietal regions. A global lesion
thus delivers a single hit to a “simple” task but a double hit
to an executive task.
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As functional imaging studies evaluating abnormal
brain function and cognition in Parkinson’s disease have
yielded inconsistent findings (21-25), this literature favors
neither a focal nor a global lesion. There are many reasons
for such findings. Despite evidence that higher brain func-
tioning uses large-scale distributed networks (44), simple
univariate correlations, which were used in some of the
earlier studies, are based on an assumption of no func-
tional interaction among regions. Therefore, univariate
approaches may underestimate the relationship between
regional dysfunction and behavioral abnormality. In addi-
tion, differences in tasks, experimental design, PET instru-
ments, and analytic methods may be important in ex-
plaining the disparate results of these studies.

Further exploration of the relationship between topo-
graphic pattern 1 and cognition revealed that although
scores on the California Verbal Learning Test and Hooper
Visual Organization Test correlated significantly with pat-
tern 1 (Figure 2), implying that these different cognitive
tasks share a common pathophysiological mechanism,
the correlation between the California Verbal Learning
Test and Hooper Visual Organization Test scores was small
and nonsignificant (r=0.28, N=15, p=0.32, two-tailed). This
suggests that despite the commonality in this brain-be-
havior relationship, the two tasks also have differences
that may be important behaviorally and therapeutically.

Topographic Pattern 2: Dysphoria

No subject met the DSM-III-R criteria for major depres-
sion. The Beck Depression Inventory has been shown to
be a sensitive, reliable, and valid measure of depressive
symptoms in Parkinson’s disease (45, 46). As the Beck De-
pression Inventory measures depressive symptoms over
the previous week, it is insensitive to any short-term fluc-
tuations of mood that may occur on the day of the scan.
Further, no attempt was made to manipulate mood during
the scan. Thus, any correlation between metabolism at
rest and the Beck Depression Inventory reflects the meta-
bolic trait of dysphoria rather than a temporary metabolic
state of sadness. The pathophysiology underlying this trait
is likely caused by Parkinson’s disease pathology.

Scores on the Beck Depression Inventory correlated sig-
nificantly with topographic pattern 2, a pattern character-
ized by bilaterally low metabolism in the anterior cingu-
late cortex, orbitofrontal cortex, and lateral and medial
frontal lobes. Imaging studies have consistently associ-
ated abnormal frontal lobe function with major depres-
sion in Parkinson’s disease, with emphasis placed on the
orbitofrontal (26), dorsolateral frontal (24), and medial
frontal and anterior cingulate (27) brain regions. It has
been suggested that these regional differences reflect bi-
ases inherent in specific imaging and analytic techniques,
rather than conflicting results (27). As our patients with
Parkinson’s disease had varying degrees of dysphoria and
not major depression, that pattern 2 included all these re-
gions (Figure 2) suggests that abnormal connectivity
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among prefrontal structures (lateral and medial frontal
cortex) and limbic structures (anterior cingulate and orb-
itofrontal cortex) not only underlies major depression (47)
but also dysphoria in Parkinson’s disease. The pathophys-
iological basis of the abnormal connectivity remains spec-
ulative (3).

Topographic patterns 1 and 2 both include higher than
normal metabolism in the cerebellum, and pattern 1 also
had high metabolism in the pons. There is a growing
awareness of the importance of cerebellar functioning in
nonmotor behaviors, and these findings may represent
metabolic markers of cerebellar functioning in memory
(48), visuospatial functioning (49), and depression and
cognitive functioning (50). Given the low metabolism in
parieto-occipito-temporal and frontal regions in patterns
1 and 2, it is possible that the higher cerebellopontine
metabolic rates are compensating through a loop con-
necting the lateral cerebellum, ventrolateral dentate, and
dorsolateral prefrontal cortex (51) that may be important
in mediating cognitive functioning. Indeed, we have
noted similar compensatory increases in an activation
study requiring patients with Parkinson’s disease to per-
form a complex memory task (52).

These topographic patterns were derived from nonde-
mented patients with Parkinson’s disease without major
depression. Whether these markers are applicable to cog-
nitive functioning in demented patients with Parkinson’s
disease or to mood severity in patients with Parkinson’s
disease with major depression remains to be tested. It is
possible that the pathophysiology underlying dementia
and major depression differ quantitatively and/or qualita-
tively from that underlying cognitive dysfunction and dys-
phoria. There was also a wide age range in the Parkinson’s
disease group. Further, as topographic patterns were iden-
tified within the Parkinson’s disease group alone, we do
not know whether test scores for the comparison subjects
would be associated with the same or different topo-
graphic patterns. Whether topographic patterns 1 and 2
could discriminate old from young, normal subjects from
patients with Parkinson’s disease, or patients with Parkin-
son’s disease from those with other diseases remains to be
determined.

Conclusions

Our findings provide quantitative biological evidence to
reject the null hypothesis that mnemonic, visuospatial,
and dysphoric symptoms in nondemented Parkinson’s
disease subjects result from a common pathogenic mech-
anism. We suggest that a single pathophysiological pro-
cess distinct from that responsible for dysphoria causes
mnemonic and visuospatial symptoms. As it seems un-
likely that dopamine loss alone is primarily responsible for
cognitive and mood symptoms in Parkinson’s disease (1, 2,
9-13), future studies need to evaluate other possible
pathophysiological mechanisms (14-17). In conjunction
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with drug probes, our topographic patterns can be used
prospectively as biological markers to quantify the extent
to which these candidate mechanisms cause cognitive
and affective dysfunction in parkinsonism.
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