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Abstract
Background—Whereas the motor dysfunction in Parkinson’s disease (PD) has been related to
deficits in basal ganglia (BG) structures, neural correlates of cognitive changes remain to be fully
defined. This study tested the hypothesis that cognitive changes in non-demented PD may be
related to cortical gray matter (GM) loss.
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Methods—High-resolution T1-weighted magnetic resonance images of the brain and
comprehensive cognitive function tests were acquired in 40 right-handed, non-demented PD
subjects and 40 matched controls. GM changes were assessed using voxel-based morphometry
(VBM) in FSL. VBM and cognitive results were compared between PD and controls, and
correlation analyses were performed between those brain areas and cognitive domains that showed
significant group differences.

Results—PD patients demonstrated significant GM reduction localized predominantly in frontal
and parieto-occipital regions. Patients also showed reduced performance in fine motor speed and
set-shifting compared to controls. Fine motor speed and set-shifting were associated with GM
volume in the frontal cortex in controls, whereas these domains were associated primarily with
occipital GM regions in PD patients.

Conclusions—Non-demented PD subjects demonstrate cortical structural changes in frontal and
parieto-occipital regions compared to controls. The association between typically recognized
“frontal lobe” function and occipital lobe volume suggested a compensatory role of occipital lobe
to primary fronto-striatal pathology in PD. Further longitudinal study of these changing structure-
function relationships is needed to understand the neural bases of symptom progression in PD.
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Introduction
The pathological hallmark of Parkinson’s disease (PD) is the degeneration of dopamine
neurons in the substantia nigra, with other neurons in cortex and subcortical nuclei also
affected during the disease course. The characteristic motor impairments in PD are caused
primarily by depletion of dopamine in the basal ganglia. Gradual and progressive cognitive
symptoms also are common in PD, particularly in the domains of executive function,
memory, spatial cognition, and psychomotor speed, and can lead to significant functional
disability [1]. The exact mechanisms underlying the progression of cognitive impairments
are unknown [2] but because the basal ganglia have extensive interconnections with cortical
regions, PD cognitive symptoms have been ascribed to compromised information flow
through the basal ganglia (i.e., dysfunction of cortico-striatal and/or striato-thalamo-cortical
circuitry) [3,4]. Recent findings, however, support the presence of Lewy bodies and neurites
in medial temporal cortex even at early clinical disease stages and in prefrontal and primary
sensory areas at advanced disease stages [5]. These results raise the possibility that there
may be direct cortical involvement in PD cognitive dysfunction.

Voxel-based morphometry (VBM) studies have begun to assess cortical gray matter (GM)
changes in PD, although the results have been inconsistent [6] and the functional
implications controversial. For example, some VBM studies have identified positive
correlations of GM volume loss with cognitive impairments in executive and visuospatial
functions [7], whereas other studies failed to detect any relationships [8].

The discrepancies in the literature may stem from methodological differences between
studies. These include: varying disease duration, inclusion of older patients at advanced
stages, and diverse handedness of participants (see [6] for a summary), all of which can
influence brain imaging and cognitive test outcomes. For example, the pattern of cognitive
dysfunction may change with disease progression [6]. In addition, multiple studies have
reported accelerated cortical volume changes and cognitive decline after the age of 70 years
[9], yet not many studies have been done in younger PD populations. Handedness may
potentially confound cognitive functions that are mediated by different hemispheres in right
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and left-handers, masking reliable structure-function changes [10]. The use of abbreviated
neuropsychological test batteries also may contribute further to the ambiguity of reported
findings. Hence, an experimental design that considers duration of disease, age, handedness
of participants, and multiple neurocognitive domains may help clarify the relationship
between cortical GM loss and cognitive function in PD.

To address these issues, the current study was designed to test the following specific
hypotheses: i) PD patients [inclusion criteria: non-demented, right-handed, at relatively early
disease stages, age range <70 years] will show quantitative reductions in GM volume; ii) PD
patients will exhibit a decline in the cognitive domains of processing speed, executive
functions, spatial cognition, memory, and attention; and iii) reduced cognitive performance
will correlate with reduced cortical GM volume.

Methods
Subjects

PD and controls were recruited for an ongoing study approved by the Institutional Review
Board/Human Subjects Protection Office (IRB/HSPO) of the Penn State Hershey Medical
Center. Written informed consent was obtained from all participants according to the IRB/
HSPO guidelines.

PD subjects were diagnosed by a specialist (XH) according to published criteria [11]. Except
for two subjects who had very mild symptoms and were drug naïve, PD patients were
treated with anti-parkinsonian medications. Patients were negative for other neurological
history, hypothyroidism, vitamin B12 and folate deficiency, and kidney and liver disease.
Only right-handed PD subjects less than 70 years of age with a Mini-Mental Status
Examination (MMSE) Score ≥24, and who took neither a centrally acting
acetylcholinesterase inhibitor nor memantine were selected for the study. Forty PD subjects
met selection criteria and were included in the analysis.

Forty healthy individuals, matched generally with PD subjects for age, gender, and
handedness, were randomly selected from a pool of controls that were part of the ongoing
study. Controls were free from any history of neurologic or psychiatric disorder, including
previous head injury.

For both motor and cognitive tests, PD subjects were assessed in a practically defined “off”
state after withholding all medications overnight (~ 12 hours). Unified Parkinson’s Disease
Rating Scale III (UPDRS) scores were recorded for all subjects and verified by a second
rater from video recording of the original assessment. Disease severity was recorded using
Hoehn and Yahr staging [12]. Levodopa equivalent daily dosage (LEDD) was calculated
based on previously published criteria [13].

Magnetic Resonance Imaging
All images were acquired on a Siemens 3-Tesla TimTrio MRI with an 8-channel birdcage
type Invivo coil. High-resolution T1-weighted (T1W) images (3D MPRAGE, TR=1540 ms,
TE=2.3 ms, voxel spacing 1.0×1.0×1.0 mm, image resolution 256×256 mm2, 176 slices with
no gap) were acquired for voxel-based morphometry analysis.

Voxel-based Morphometry Analysis
A voxel-based morphometry (VBM) analysis [14] was carried out with FMRIB Software
Library (FSL) tools [15]. First, a study-specific template was created so that all images
could be registered in the same stereotactic space (spatial normalization). Brain-extracted
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structural images were segmented into gray matter (GM), white matter (WM), and
cerebrospinal fluid (CSF). GM images then were affine-registered to the GM ICBM-152
template and averaged to create an affine GM template. Next, GM images were reregistered
to this affine GM template using non-linear registration and averaged to create the study-
specific non-linear GM template in standard space. The individual GM images then were
non-linearly registered to the study-specific template. After the normalization, the resulting
GM images were modulated by multiplying with Jacobian determinants to correct for
volume change induced by the nonlinear spatial normalization. Finally, the images were
smoothed with an isotropic Gaussian kernel of 9 mm. For the statistical analysis,
permutation-based non-parametric testing (5000 permutations) was used [16] with
adjustment for depression. The following contrasts were tested: PD < control and PD >
control. In the results, we only report the contrast PD < control because the contrast PD >
control did not reach statistical significance. Group differences were considered significant
at family-wise corrected (FWE) p < 0.05 after initial cluster thresholding of t> 2.3. Regions
of interest (ROIs) were determined as cortical and subcortical areas with significant group
differences. GM volumes were extracted from these ROIs for further statistical correlation
analyses.

Cognitive Tests
All subjects were administered a standardized neuropsychological battery, along with the
Hamilton Depression Scale (HAM-D) [17] and the Dementia Rating Scale, Second Edition
(DRS-2 [18]). One fine motor function domain and seven cognitive domains were
examined: (1) processing speed, executive function [(2) set-shifting and (3) spontaneous
flexibility], (4) language, (5) learning/memory, (6) spatial cognition, and (7) attention/
working memory. Domains were assessed by two or more tests except for the fine motor
speed as follows.

Fine motor speed—The Grooved Pegboard Test (Lafayette Instrument Company,
Lafayette, Indiana) measured manual dexterity for dominant and non-dominant hands.
Average scores for dominant and non-dominant hands were calculated.

Processing Speed—The Color subtest from Delis-Kaplan Executive Function System
(DKEFS [19]) Color-Word Interference Test (CWInt) and the Symbol Search subtest from
the Wechsler Memory Scale, Third Edition (WMS-III [20]) provided measures of processing
speed.

Executive Function: Set-shifting—The CWInt-Switch and CWInt-Inhibition subtests,
including error scores, and the Visual Verbal Test (VVT) provided measures for cognitive
set-shifting.

Executive Function: Spontaneous flexibility—The DKEFS Design Fluency Test
(DesFlu) assessed spatial associative fluency, whereas the Verbal Fluency Test (VerbFlu)
assessed verbal associative retrieval processes.

Language—The Boston Naming Test (BNT [21]) provided a standardized measure of
semantic knowledge and word retrieval. The CWInt-Word subtest assessed word reading
speed and accuracy.

Learning/Memory—Multi-trial visuospatial learning and short-term memory were
measured with the Brief Visuospatial Memory Test-Revised (BVMT-R [22]), whereas verbal
learning and memory were assessed with the Hopkins Verbal Learning Test-Revised
(HVLT-R [23]).
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Spatial Cognition—Visuospatial perception was evaluated with Benton’s Judgment of
Line Orientation (JoLO) and the DRS2-Construction subtest provided a quantitative
measure of constructional praxis.

Attention—Digit Span provided a measure of immediate attention span, with Spatial Span
being a non-verbal analogue [20]. The Letter-Number Sequencing Test required greater
mental manipulation of stimulus materials.

Statistical Analyses
Comparisons of demographic information and clinical characteristics (i.e., age, education,
HAM-D, MMSE, and UPDRS III) were completed using simple one-way analysis of
variance (ANOVA). The sex ratio between groups was tested using Fisher’s Exact Test.

Cognitive test results were converted to standardized z-scores. One-way analysis of
covariance (ANCOVA) was used to examine group differences in each cognitive domain
and in individual cognitive tests, using HAM-D scores as a covariate. To explore any
correlations between neurocognitive tests and cortical GM volume, Spearman’s partial
correlation analyses were performed in both PD and controls between cognitive test scores
and GM volume only for those brain areas and cognitive domains that showed significant
group differences with adjustment for depression. Based on the directional hypothesis (iii)
proposed, one-tailed p-values (α = 0.05) were used. Since there were multiple brain areas
and cognitive tests compared between PD and controls, the Benjamini-Hochberg method
was used to control the false discovery rate (FDR) at the 0.05 level [24]. For the cognitive
tests and correlation analyses, we reported raw p-values and indicated whether the tests were
significant at a FDR level of 0.05. Z-scores that were 3 SD (standard deviations) greater/less
than the group mean of each domain were treated as outliers and considered for exclusion
from the analysis to avoid any distortion of the data. According to this criterion, three
controls and one PD patient showed fine motor speed scores more than 3 SD lower than the
group mean [mean(SD) = −0.39(1.34) for controls and mean(SD) = −3.75 (3.59) for PD
patients, N=40] and their data were excluded from both the one-way ANCOVA and the
correlation analyses for the fine motor speed domain. All analyses were performed using
SAS 9.3 software (SAS Institute, Cary, NC).

Results
Demographics

There were no significant differences in age, MMSE, sex ratio, education, or total DRS-2
scores between PD and controls (Table 1). PD subjects had significantly higher UPDRS III
and HAM-D scores. Average disease duration for PD subjects was 3.1 years, with a median
of 2 years. Average Hoehn and Yahr staging was 1.8, with 15 subjects having stage 1
disease, 22 subjects having stage 2 disease, and 3 subjects having stage 3 disease. Twelve
PD subjects had HAM-D scores ≥10, consistent with depressive symptoms [14], but none
reached the cut-off score for dementia based on the DRS-2 (≥10) [15].

VBM Analysis
PD subjects demonstrated significant loss of GM volume compared to controls in the
following frontal and parieto-occipital brain regions: bilateral frontal pole including the
orbitofrontal cortex (BA 10, 11), bilateral medial frontal gyrus (BA 10, 32), left superior
parietal cortex (BA 7), bilateral parieto-occipital junction (BA 7, 18, 19), bilateral lateral
occipital cortex (BA 19), and bilateral superior occipital cortex (BA 19) [Table 2 and Figure
1. A–B].
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Cognitive Tests
PD subjects differed significantly from controls in fine motor speed [F(1,73) = 20.36, p <
0.0001] and set-shifting [F(1,77) =8.65, p = 0.004] after FDR correction. Processing speed,
spontaneous flexibility, language, learning/ memory, spatial cognition, and attention
domains failed to show group differences following FDR correction (for individual subtests
see Table 3).

Correlation Analysis of GM Volume with Relevant Neuropsychological Tests
Spearman’s partial correlation analyses with adjustment for depression were conducted
between the brain region volumes (frontal and parieto-occipital areas) and behavioral task
scores (fine motor and set-shifting domains) that showed significant group differences.
Correlation analyses with the frontal and superior parietal cortex volume were considered
primary because these brain areas are more likely to be involved in fine motor [25] and set-
shifting tasks [26], with results considered significant at a FDR of 0.05. Correlation analyses
between the occipital cortex volume and behavioral task scores were deemed secondary,
exploratory analyses and thus no multiple testing corrections were made.

For the primary frontal and parietal volume analyses, controls showed significant positive
correlations between fine motor speed and bilateral frontal pole [R=0.322, p=0.028 for left
and R=0.359, p=0.016 for right, 1-tailed, N= 37] and bilateral medial frontal gyrus
[R=0.339, p=0.022 for left and R=0.395, p=0.009 for right, 1-tailed, N= 37]. The set-shifting
domain was positively correlated with bilateral medial frontal gyrus [R=0.296, p=0.034 for
left and R=0.328, p=0.021 for right, 1-tailed, N= 40], right frontal pole [R=0.285, p=0.040,
1-tailed, N= 40], and left superior parietal cortex [R=0.402, p=0.006, 1-tailed, N= 40], all of
which remained significant after FDR correction. In PD patients, there were no significant
correlations of frontal and parietal cortex volume with either behavioral task (ps > 0.36).

For the secondary occipital volume analyses, PD patients did show positive correlations
between fine motor speed and left parieto-occipital junction [R=0.301, p=0.033, 1-tailed, N=
39], left superior occipital cortex [R=0.360, p=0.013, 1-tailed, N= 39], and left lateral
occipital cortex [R=0.401, p=0.006, 1-tailed, N= 39]. The set-shifting domain also was
correlated positively with right lateral occipital cortex in PD patients [R=0.345, p=0.016, 1-
tailed, N= 40], whereas there were no such correlations for controls (0.477 > ps > 0.052).

Discussion
This study examined the relationship between GM volume and cognitive functions in early
PD patients without dementia. The results revealed that cortical GM volume was reduced in
early PD compared to controls and this loss was related to PD cognitive status. Specifically,
early stage, non-demented PD patients demonstrated lower GM volume predominantly in
frontal and parieto-occipital regions, which ranged from 7.73% (right frontal pole) to
16.62% (left superior occipital cortex) volume reduction compared to controls. Patients also
showed lower performance on fine motor and set-shifting tasks, representing on average a
93% and 10% performance decrement, respectively, when compared to controls.
Interestingly, scores on these tasks correlated significantly with occipital GM volumes in PD
subjects rather than with the expected frontal lobe regions identified in controls.

Previous studies have reported GM volume loss in PD patients of various age ranges and
disease stages [7,27]. The current results expand the knowledge by showing that GM
volume loss can be found even in early-stage PD patients who are considerably younger
(mean age = 59 years with maximum age <70 years) than those typically reported in the
literature (i.e., mean age = 69.6 years) [27]. It is possible that the observed GM changes are
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due to primary cortical GM pathology [5] that may contain Lewy bodies and neurites even
in early clinical stage patients. Since many of the cortical areas have direct connections with
the striatum [3,4], it also is possible that the cortical changes may reflect progressive striato-
thalamo-cortical circuitry dysfunction in PD, although changes in subcortical structures were
not detected using the restrictive FWE correction in the present study. It is noteworthy that
PD patients had relatively greater volume reduction in occipital regions than frontal and
parietal cortex compared to controls. The exact cause of these differences is not clear but
may arise because elderly controls already have sustained some GM loss in fronto-parietal
regions as part of the normal aging process, whereas the occipital volume are relatively
preserved with normal aging [28].

In addition to GM loss, PD patients had reduced performance on the neuropsychological
tests compared to controls, particularly in the fine motor speed and set-shifting domains.
Impaired fine motor speed may have been exaggerated by testing patients in a practically
defined “off” state. Future studies comparing “off” and “on” states in the same population
may help to clarify this issue. In contrast to a recent study [27], the current analysis did not
find group differences in spontaneous flexibility, spatial cognition, learning/memory, or
attention/working memory tests after correcting for multiple comparisons. This may be due
partly to PD patients in the current study being considerably younger than in other studies
(vide supra) [27] and in earlier disease stages. PD patients also were under treatment for
their disease, although they were tested after an overnight (12 hr) medication withdrawal. It
is possible that some of the null effects listed above might be masked by residual medication
effects, since some PD medications have long half-lives (e.g., monoamine oxidase
inhibitors). Nevertheless, there were some trends toward reduced spontaneous flexibility,
spatial cognition, and attention in the current sample of PD subjects. These trends may
become more apparent with disease progression.

The correlations observed between cortical GM volume loss and decline in certain
functional areas extend the understanding of possible pathophysiological substrates for PD
symptoms. As expected, initial examination of controls indicated that fine motor function
and set-shifting were associated with fronto-parietal regions. These results are consistent
with previous studies revealing a predominant role of the prefrontal cortex as part of fronto-
striatal circuits in mediating normal fine motor and set-shifting behaviors, as well as the
involvement of parietal cortex in set-shifting domain [26]. Considering the relatively smaller
volume reduction in frontal areas, the lack of correlation between the fine motor/set-shifting
and frontal lobe volume in PD implies that frontal atrophy may not be the determining factor
for the “frontal lobe” dysfunction in PD. Indeed, it is well known that chemical changes (i.e.
dopamine deficiency) may contribute to dysfunction on these tasks due to disruption in
cortical-striatal processing [29].

Interestingly, reduced fine motor speed and set shifting (typical “frontal lobe” functions) in
PD were both associated with reduced volume predominantly in occipital cortical areas—the
areas where we found the most volume change in PD compared to controls. These
significant associations may represent the compensatory role of occipital cortex for primary
fronto-striatal pathology. Namely, the PD subjects with lowest volume in occipital cortex
are less likely to take over the “typical frontal lobe” function in PD and vice versa. Indeed, a
previous neuroimaging study revealed that during sequential finger movements, PD patients
showed less activity in frontal cortex but increased activity in parietal and lateral premotor
cortices compared to controls, suggesting functional changes of brain regions in PD [30].

In summary, the current results support the hypothesis that early stage PD subjects sustain
cortical GM volume loss and demonstrate reduced performance in select cognitive
functions. Furthermore, the cognitive decline correlated with measured loss in cortical GM
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volume. These results suggest that in addition to striato-thalamo-cortical circuitry
dysfunction, there may be cortical anatomical changes and altered functional networks,
which may underlie PD cognitive symptoms. A longitudinal study of this cohort is ongoing
to clarify the effects of disease progression and potentially modifiable neuronal and
cognitive factors.
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Figure 1.
VBM results contrasting PD < Control indicated GM volume loss in PD subjects in (A)
Frontal cortex: bilateral frontal pole (A-1; BA 10, 11) encompassing the orbitofrontal cortex
(A-2) and bilateral medial frontal gyrus (A-3; BA 10, 32); (B) Parieto-occipital cortex shown
in axial, sagittal, and coronal planes: 1) left superior parietal cortex (BA 7), 2) bilateral
parieto-occipital junction (BA 7, 18, 19), 3) bilateral lateral occipital cortex (BA 19), and 4)
bilateral superior occipital cortex (BA 19).

Lee et al. Page 10

Parkinsonism Relat Disord. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Lee et al. Page 11

Table 1

Demographic information and general characteristics of the study subjects.

Information
Controls
(n=40)

PD
(n=40) P - value

Age (years) 58 ± 6 59 ± 7 0.85

Sex (male/female)† 19/21 21/19 0.82

Education (years) 16 ± 3 15 ± 3 0.41

MMSE score 29.6 ± 0.8 29.4 ± 1 0.32

Disease durationzzz (yrs.) 0 3.1 ± 3.2 n.a.

Levodopa Equivalent Dose
  (mg/day)

0 322.1 ± 244.4 n.a.

UPDRS-III 0.9 ± 2.1 17.7 ± 10.7 <0.0001*

Hoehn & Yahr stage n.a. 1.8 ± 0.7 n.a.

Hamilton Depression Score 3.8 ± 2.1 7.4 ± 3.9 <0.0001*

Dementia Rating Scale II 12.9 ± 1.7 12.9 ± 1.7 0.95

Demographic information is shown as mean ± standard deviation. P-values were derived from a simple one-way analysis of variance comparing
the two groups, except for

†
that was derived using Fisher’s Exact test.

*
All comparisons were considered statistically significant at p < 0.05. [MMSE = Mini Mental Status Examination; UPDRS = Unified Parkinson’s

Disease Rating Scale III.]
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Table 3

Neuropsychological test results for Controls and PD subjects.

Test Controls
(n =40)

PD
(n =40)

P-value

Fine motor speed

Grooved Pegboard† −0.14 ± 0.78 −3.26 ± 3.05 < 0.0001§

Processing speed

Mean z-score 0.67 ± 0.59 0.37 ± 0.79 0.196

CWInt Color 0.52 ± 0.75 0.23 ± 1.01 0.814

Symbol Search 0.82 ± 0.74 0.50 ± 0.86 0.046

Executive function: Set-shifting

Mean z-score 0.43 ± 0.34 −0.03 ± 0.71 0.004§

CWInt Inhibition 0.56 ± 0.63 0.18 ± 1.06 0.274

CWInt Inhibition Errors 0.38 ± 0.48 −0.36 ± 1.07 0.0005

CWInt Switch 0.56 ± 0.85 0.49 ± 0.84 0.391

CWInt Switch Errors 0.51 ± 0.57 0.13 ± 0.80 0.043

VVT Total 0.35 ± 0.72 −0.15 ± 1.15 0.017

VVT Switch 0.22 ± 0.66 −0.44 ± 1.23 0.006

Executive function: Spontaneous flexibility

Mean z-score 0.28 ± 0.55 0.01 ± 0.68 0.042

DesFlu Switch 0.63 ± 0.81 0.44 ± 0.86 0.547

DesFlu Total Correct 0.60 ± 0.99 0.21 ± 0.94 0.116

DesFlu Total Design 0.88 ± 1.24 0.42 ± 1.33 0.178

DesFlu Design Accuracy −0.58 ± 1.06 −0.57 ± 1.04 0.697

VerbFlu Letter −0.12 ± 0.83 −0.27 ± 1.20 0.239

VerbFlu Category 0.25 ± 0.93 −0.18 ± 0.94 0.021

Language

Mean z-score 0.49 ± 0.57 0.22 ± 0.77 0.340

CWInt Word 0.38 ± 0.79 0.30 ± 1.01 0.659

BNT 0.61 ± 0.87 0.13 ± 1.14 0.101

Spatial cognition

Mean z-score 0.09 ± 0.53 −0.21 ± 0.77 0.040

JoLO 0.18 ± 1.06 −0.35 ± 1.56 0.079

DRS2 Construction 0 −0.08 ± 0.27 0.046

Memory

Mean z-score −0.15 ± 1.02 −0.46 ± 1.07 0.126

BVMT-R Total Learning −0.10 ± 1.30 −0.43± 1.30 0.304

BVMT-R Delayed Recall 0.12 ± 1.44 −0.22± 1.35 0.343

BVMT-R Discrimination −0.28 ± 1.63 −1.04 ± 2.35 0.329

Index*

HVLT-R Total Learning −0.08 ± 1.28 −0.40 ± 1.27 0.231

HVLT-R Delayed Recall −0.44 ± 1.00 −0.35 ± 1.05 0.562
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Test Controls
(n =40)

PD
(n =40)

P-value

HVLT-R Discrimination −0.19 ± 1.04 −0.35 ± 1.04 0.034

Index*

Attention

Mean z-score 0.40 ± 0.56 0.21 ± 0.59 0.096

Letter Number Sequencing 0.28 ± 0.67 0.12 ± 0.73 0.117

Spatial Span 0.53 ± 0.88 0.38 ± 0.98 0.372

Digit Span 0.40 ± 0.85 0.13 ± 0.77 0.235

Neuropsychological test results showing mean ± standard deviation. All test scores were converted to standard z-scores. Higher z-scores indicate
better performance. One-way analysis of covariance (ANCOVA) was conducted with Group as the independent variable and each cognitive
domain as the dependent variable, with the Hamilton Depression score as a covariate. Individual neuropsychological tests also were tested using
one-way analysis of covariance (ANCOVA) with Hamilton Depression score as a covariate. The analysis results of eight domain variables were
considered significant at FDR (false discovery rate) corrected p < 0.05. We report raw p-values and

§
indicates the domains which were significant after FDR correction.

[CWInt = Color-Word Interference Test; VVT = Visual Verbal Test; DesFlu = Design Fluency; VerbFlu = Verbal Fluency; BNT = Boston Naming
Test; JoLO = Judgment of Line Orientation; DRS2 = Mattis Dementia Rating Scale 2; BVMT-R = Brief Visuospatial Memory Test-Revised;
HVLT-R = Hopkins Verbal Learning Test-Revised.]

†
For the Grooved Pegboard test, outliers were excluded from the analysis and the number of subjects (N) was 37 and 39 for controls and PD

patients, respectively.

*
Discrimination index scores were calculated by number of Hits –number of False Alarms.
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