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Background—~Parkinson’s disease (PD) is a neurodegenerative disorder that generally begins
with asymmetric motor symptoms that persist over time. This suggests that the dysfunction in the
nigrostriatal motor circuit may be lateralized. The present study examined whether the asymmetric
motor presentation is associated with hemisphere-specific cognitive decline and lateralized gray
matter volume loss.

Methods—Data from comprehensive cognitive tests that measured visuospatial and verbal
functions and high-resolution T1-weighted magnetic resonance images of the brain were acquired
in 23 PD subjects with left-side motor symptom onset (PDL), 23 PD subjects with right-side onset
(PDR), and 23 matched Controls. GM volume differences were assessed using voxel-based
morphometry (VBM). Cognitive results and VBM were compared among the three groups, and
correlation analyses were performed between those cognitive domains and brain areas that showed
significant differences.

Results—PDL subjects had lower performance on visuospatial memory tasks compared to PDR.
Furthermore, PDL subjects experienced lateralized GM loss, which was localized predominantly
in the right hemisphere contralateral to the side of motor symptom onset. Visuospatial memory
performance in PDL was correlated with GM loss in the right middle frontal gyrus and precuneus.

Conclusion—These data suggest that the onset of asymmetric motor symptoms in PD may be
associated with hemisphere-specific memory decline and lateralized GM loss, particularly in PDL.
This study underscores the importance of classifying PD subgroups based on the side of motor
symptom onset for clinical care and research to optimize cognitive outcomes.

Keywords
Parkinson's disease; motor asymmetry; cognition; Voxel-based morphometry; gray matter volume

1. Introduction

Parkinson’s disease (PD) presents often with lateralized motor symptoms that are associated
with asymmetric dopamine uptake in striatum, especially the posterior putamen (1, 2). This
asymmetry also can be observed in non-motor features such as lateralized fatigue, pain, and
autonomic dysfunctions (3). Because the dopaminergic system of the striatum also is
connected with the orbitofrontal, dorsolateral prefrontal, and other integrative cortices (4),
hemisphere-specific cognitive and behavioral dysfunction has been suspected to be
dependent on the side of motor symptom onset. Consistent with this hypothesis, previous
studies have reported that PD subjects with left-side motor symptom onset (PDL) showed
poorer performance on visuospatial tasks associated with the right cerebral hemisphere,
whereas PD subjects with right-side onset (PDR) had poorer performance on verbal tasks
associated with the left hemisphere (5, 6). Some studies, however, failed to show any
cognitive performance difference between PDL and PDR (7, 8). The discrepancy may be
due to patient selections and/or choices of individual tasks or domains tested (9). None of
past studies investigated the structural substrate of the potential cognitive differences
between PDL and PDR.

The current study was designed to provide a structure-function analysis of cognitive and
anatomical changes in PD subjects with asymmetric motor onset. The purpose was to
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examine whether hemisphere-specific cognitive changes, if observed, are associated with a
corresponding lateralized cortical degeneration. We tested the following hypotheses: (1) PD
subjects will display different patterns of cognitive decline and cortical GM volume loss
depending on the side of motor symptom onset. Specifically for PDL, there will be a
significant reduction in visuospatial aspects of cognition and GM volume in the right
cerebral hemisphere; for PDR, there will be a significant reduction in verbal aspects of
cognition and GM volume in the left hemisphere (2) There will be positive correlations
between cognitive performance and GM volume in those cognitive tests and brain areas that
show significant differences.

2. Methods
2.1 Subjects

Ninety-seven PD subjects and 83 Controls were originally recruited for an ongoing
longitudinal study approved by the Institutional Review Board/Human Subjects Protection
Office (IRB/HSPO) of the Penn State Hershey Medical Center, and conducted in accordance
with the principles of the Declaration of Helsinki. PD subjects were diagnosed by a
movement disorder specialist (XH) according to published criteria (10) and were negative
for other neurological disorders. Written informed consent was obtained from all
participants according to IRB/HSPO guidelines. For this study, twenty-three pairs of PD
subjects with different symptom onset sides were selected and matched in age, gender,
education, disease duration, disease severity, and MMSE scores. Only right-handed PD
subjects< 70 years of age with a Mini-Mental State Examination (MMSE) Score= 26 were
selected for inclusion. Handedness was assessed by the Edinburgh Handedness Inventory
(12).

Except for two subjects who had very mild symptoms and were drug naive, PD subjects
were treated with anti-parkinsonian medications. Three PDL subjects were treated with an
acetylcholinesterase inhibitor (donepezil), and two PDL and one PDR subjects were on anti-
cholinergic medication for incontinence. Twenty-three healthy Controls, matched in age,
gender, education, and handedness, were randomly selected from the pool of Controls. To
accomplish optimal matching, Controls who were close to the existing PD subject pool in
terms of age, gender, and education were selected. Controls were free from any history of
neurologic or psychiatric disorders.

All PD subjects were assessed in a practically defined “off” state after withholding anti-
parkinsonian medications overnight (~12 hours; 12) throughout the study except for MRI
acquisition. Unified PD Rating Scale-111 (UPDRS-I11) scores were recorded. UPDRS
Asymmetry Index was calculated using the formula: [(Right-side UPDRS - Left-side
UPDRS) + (Right-side UPDRS + Left-side UPDRS)]. The UPDRS-11I items used for this
index were range of motion, rigidity of each extremity, rapid opening/closing of each hand,
finger tapping of each hand, rest tremor of each limb, and postural tremor of the right and
left upper extremities. Levodopa equivalent daily dosage (LEDD) for PD subjects was
calculated using previously published formulas (13). The Hamilton Depression Scale
(HAM-D) was used to screen for depression and MMSE score and the Dementia Rating
Scale (DRS-2) for dementia.
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2.2 Cognitive Tests

Subjects were administered standardized neuropsychological batteries to assess cognitive
functions including executive function, language, spatial perception, memory, and attention.
The executive function, memory, and attention domains were further specified so that each
functional domain could be assessed by either visuospatial or verbal materials, which led to
the final eight subdomains: (1) visuospatial executive function, (2) verbal executive
function, (3) language, (4) spatial perception, (5) visuospatial memory, (6) verbal memory,
(7) visuospatial attention, and (8) verbal attention. Each subdomain was assessed by the
following subtests:

Visuospatial (1) and verbal (2) executive function: The Design Fluency Test assessed
visuospatial executive function, whereas the Verbal Fluency Test assessed verbal
executive function.

Language (3): The Boston Naming Test provided standardized measures of semantic
knowledge and word retrieval. The Color-word-interference (CWInt)-Word reading
subtest assessed reading speed and accuracy.

Spatial perception (4): Visuospatial perception was evaluated with Benton’s Judgment
of Line Orientation Test.

Visuospatial (5) and verbal (6) memory: To assess visuospatial memory, the Brief
Visuospatial Memory Test was conducted with learning (3 repetitions of an immediate
recall test) and delayed recall subtests, whereas the Hopkins Verbal Learning Test
assessed verbal memory with verbal learning and delayed recall subtests.

Visuospatial (7) and verbal (8) attention: WAIS Spatial Span test evaluated
visuospatial attention and WAIS Digit Span test assessed verbal attention.

2.3 Magnetic resonance imaging acquisition and voxel-based morphometry analysis

All images were acquired on a Siemens 3-Tesla TimTrio MRI with an 8-channel birdcage
type coil. High-resolution T1-weighted (T1W) images (3D MPRAGE, TR=1540 ms,
TE=2.3 ms, voxel spacing 1.0x1.0x1.0 mm, image resolution 256x256 mm?, 176 slices with
no gap) were acquired.

A voxel-based morphometry (VBM) analysis was carried out using FMRIB Software
Library (FSL) tools (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM). First, a study-specific
template was created so that all images could be registered in the same stereotactic space
(spatial normalization). To do this, brain-extracted structural images were segmented into
gray matter, 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 re-registered to this affine GM template using a non-linear
registration and averaged to create the study-specific non-linear GM template in the standard
MNI space. Second, individual GM images were registered non-linearly 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.
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2.4 Statistical Analyses

Comparisons of demographic information and clinical characteristics (i.e., age, education,
HAM-D, MMSE, DRS-2, and UPDRS-I111) were completed using 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 and domain-specific average
z-scores were calculated from the subtests of each subdomain. One-way analysis of
covariance (ANCOVA) with adjustment for depression was used to examine group
differences in each cognitive subdomain and in individual cognitive subtests. ANCOVA
analyses were corrected for multiple group comparisons using Tukey-Kramer correction but
not for multiple test (eight subdomains) comparisons due to the exploratory nature of these
analyses. To examine within-group differences between visuospatial and verbal performance
in each subdomain, paired sample t-tests were conducted for each group separately.

For the imaging analysis, permutation-based non-parametric testing (5000 permutations)
was used with adjustment for depression and total intracranial volume (TIV). First, group
differences were considered significant at family-wise corrected (FWE) p<0.05 after initial
cluster thresholding of t>2.3. For the group comparisons that failed to show significant
differences at the FWE level of p<0.05, we relaxed the threshold to an uncorrected p<
0.0005 with more than 30 voxels (14) to examine patterns of GM atrophy.

To explore correlations between cognitive tests and cortical GM volume, Spearman’s partial
correlation analyses were performed in PD subgroups in brain areas and cognitive
subdomains that showed significant differences with adjustment for age. To do this, GM
volume was extracted from the areas that showed group differences. Statistical significance
for cognitive tests and correlation analyses was defined by a< 0.05.

3. Results

3.1 Demographics

Controls, PDL, and PDR groups did not differ in age, gender, education, DRS-2, or MMSE
scores. PDL and PDR subjects were significantly different from Controls but not from each
other in HAM-D and UPDRS-III scores (Controls vs. PD subgroups: ps< 0.008). PDL and
PDR subgroups showed no significant differences in disease duration, disease stage, or
LEDD (Table 1).

3.2 Cognitive tests

Compared to Controls, PDL and PDR subjects did not display any performance differences
in the cognitive tests. Compared to PDR, PDL subjects had lower performance in
visuospatial memory [t(22)= -2.74, p = 0.021, Tukey-Kramer corrected for multiple group
comparisons]. There were no group differences in executive function, language, spatial
perception, verbal memory, or attention between PD subgroups (Table 2).

Within PDR, there was poorer performance on verbal memory compared to visuospatial
memory tasks [t(22)= —2.98, p= 0.007]. For the other tasks, there were no performance
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differences between visuospatial and verbal tasks in PDR subjects. Within Controls and
PDL, there were no differences between visuospatial and verbal tests.

3.3 VBM analysis

Compared to Controls, PDL subjects showed significant volume loss predominantly in the
right precuneus (BA 7), which extended to the right superior occipital cortex (BA 18-19) and
also encompassed part of the left precuneus [2, =76, 36; Z-score= 4.51; Figure 1A]. There
was no significant group difference between Controls and PDR subjects or between PD
subgroups at FWE corrected p< 0.05.

After relaxing the threshold to an uncorrected p< 0.0005, PDR subjects showed significant
volume reduction compared to Controls in the left middle occipital cortex [BA 18; —20, 102,
4; Z-score= 3.83; Figure 1B]. Comparison of PD subgroups demonstrated that PDL subjects
had GM volume loss compared to PDR subjects in the right middle [BA 46; 38, 32, 22; Z-
score= 4.05]/inferior [BA 45; 48, 22, 8; Z-score= 4.13] frontal gyri and the right precuneus
[BA 7; 14, —58, 34; Z-score= 4.75; Figure 1C], whereas PDR subjects still showed no
discernible volume reduction compared to PDL subjects (Table 3).

3.4 Correlation analyses

Spearman’s partial rank correlation analyses adjusted for age revealed that the visuospatial
memory scores in PDL subjects were positively correlated with the posterior right
hemisphere cluster [precuneus/superior occipital cortex; R=0.65, p= 0.001, 2-tailed, N=23;
Figure 1D], in which PDL showed significant volume reduction compared to Controls. The
GM volume in the left middle occipital cortex, in which PDR subjects showed volume
reduction compared to Controls, failed to show any correlation with visuospatial and verbal
memory tasks in both PDR and Controls.

PDL subjects also showed positive correlations between visuospatial memory and the
volume in the middle frontal gyrus [R=0.55 p=0.0086, 2-tailed, N=23] and the right
precuneus [R=0.66, p= 0.0009, 2-tailed, N=23; Figure 1E-F], in which PDL showed
significant volume reduction compared to PDR subjects.

4. Discussion

The present study demonstrated that the onset side of PD motor symptoms is associated with
lateralized cognitive decline and GM loss. Results showed that 1) PDL subjects performed
worse on memory tasks that are known to be mediated by the right cerebral hemisphere (i.e.,
contralateral to the motor symptom onset side); 2) PDL subjects experienced lateralized GM
loss that was localized predominantly in the right hemisphere; and 3) there were positive
associations between lateralized memory decline and GM loss in PDL. To our knowledge,
this is the first study demonstrating lateralized structure-function pathophysiology in PD
subjects with asymmetric motor onset.
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Hemisphere-specific memory decline depending on motor symptom onset side

The poorer performance on visuospatial memory tasks in PDL compared to PDR subjects
supports previous findings reporting PD subjects having hemisphere-specific decline
depending on the motor symptom onset side (6, 15). Consistent with this, verbal memory
performance also was significantly worse than visuospatial memory within PDR subjects.
PDR subjects, however, showed no performance deficit compared to PDL subjects. This
may be due to the finding that verbal memory in the PDL subjects was as poor as the
visuospatial memory. The right-handed PDL subjects are conceivably challenged in both
hemispheres: predominant PD pathology in the right hemisphere and potentially increased
metabolic stress due to right handedness in the left hemisphere (16).Thus, PDL subjects may
be vulnerable to visuospatial but also verbal memory decline. Consistent with this
hypothesis, prior studies reported that right-handed PDL subjects can be impaired in
multiple cognitive areas that extend beyond that expected with right hemisphere pathology
in comparison with right-handed PDR subjects (17).

Some previous literature reported that lateralized cognitive changes seem to mostly impact
the memory domain (6, 9). Our findings are consistent with this notion, though it is unclear
what makes the memory domain unique in terms of this lateralized cognitive dysfunction. It
is possible that some cognitive tests used in the current study were not sensitive enough to
detect the insidious, gradual lateralized pattern of cognitive decline in PD (9). Including
more tests tapping different aspects of each subdomain with parameters that can increase
information processing load and/or speed of processing may increase the chance to detect
consistently existing differences. Interestingly though, our study demonstrated specific GM
volume reductions in the right prefrontal-medial parietal cortices in PDL compared to PDR
subjects, which is known to be involved in memory retrieval processes (18). These results
suggest that cortical degeneration (atrophy) may underlie the lateralized cognitive
dysfunction observed in our PDL subjects. It is possible that it is too early in the disease
process to observe changes in other cognitive domains and/or cortical areas. Consistent with
this hypothesis, we found no GM volume reduction, however, in the right lateral posterior
parietal cortex, an area often associated with spatial cognition (19). In addition, the absence
of any lateralized cognitive alterations has been reported for newly diagnosed, untreated PD
patients (8). Since our PD subjects were at a relatively early stage (H&Y stage < 2),
lateralized cognitive decline in other domains may not have been apparent but may emerge
with advancing disease stage (20). It also is possible that some cognitive functions are
complex and include higher-level mental activities (e.g., executive function may refer to
mental abilities including cognitive control, planning, and problem solving). To successfully
perform these complex cognitive functions, it may be necessary to utilize both hemispheres
rather than predominantly relying on one (9). Hence, subtle deficits may be masked or
compensated in various ways. Consistent with this hypothesis, previous studies found no
differences between PD subjects with different motor asymmetric onsets for executive
function tasks (5, 9).

Lateralized gray matter loss depending on motor symptom onset side

Compared to Controls, PDL demonstrated volume reductions localized predominantly in the
right hemisphere, contralateral to the symptom onset side. The same was true for PDR but at
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a lower statistical threshold. In addition, PDL subjects displayed GM reduction in the right
hemisphere compared to PDR subjects. These results suggest that asymmetric motor onset
may be associated not only with functional (1) but also structural changes by leading to
greater neuronal loss in the hemisphere contralateral to the more affected limb (21, 22).

The lateralized cortical degeneration observed in the current study may reflect progressive
dysfunction of cortico-striatal and/or striato-thalamo-cortical pathways, which may progress
in an asymmetric fashion (1, 21). It also is possible that cortical GM pathology occurs
asymmetrically independent of disrupted cortico-striatal circuitries because the presence of
Lewy bodies and neurites, pathological hallmarks in PD, may extend beyond the basal
ganglia to cortical regions as the disease progresses (23).

Lateralized structural-function relationship

Previous studies reported that the right parieto-prefrontal and parieto-medial temporal
regions are involved in visuospatial processing and memory functions (19, 24) whereas the
left inferior frontal- superior/medial temporal regions are involved in language processing
and verbal memory functions (25, 26). Consistent with past literature, the present study
demonstrated that visuospatial memory performance in PDL subjects had positive
correlations with GM volume in the right middle frontal-precuneus areas. These results
suggest a lateralized structure-function relationship in PD patients with asymmetric motor
onset.

The middle frontal gyrus (BA 46) is well known to be crucial for various higher-order
mental processes such as executive function, top-down attention, and memory retrieval by
forming fronto-parietal and fronto-striatal connections (27). The precuneus (BA 7) has been
characterized as a parietal association area involved in various integrative functions [e.g.,
visuospatial imagery, episodic (personal experience-based) memory retrieval, and self-
awareness (28, 29)] by having widespread connections with the frontal and temporal lobes
(29, 30), as well as subcortical basal ganglia areas (caudate and putamen; 29). Furthermore,
some studies report the predominant involvement of the right precuneus in memory retrieval
processes by utilizing visuospatial imagery (18, 29, 30). Thus, the current finding of
lateralized association of visuospatial memory performance with the right middle frontal-
precuneus volume in PDL subjects suggests that poorer visuospatial memory may be due to
altered memory retrieval process.

It is worth noting that lateralized GM loss in PD subgroups was found even in the absence of
clear performance deficits compared to Controls. This result raises the hypothesis that
lateralized GM loss may be a more sensitive marker of underlying PD pathology than
neurobehavioral tests that may benefit from various compensatory processes via cognitive
strategies and involvement of other brain regions. Nevertheless, the positive association of
lateralized cortical atrophy (right precuneus/superior occipital cortex) with visuospatial
memory performance in PDL subjects in comparison with Controls suggests that the
lateralized volume reduction observed in PD subgroups may indicate risk for lateralized
cognitive decline.
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Conclusion

The results support the hypotheses that among PD subjects with asymmetric motor symptom
onset those with PDL sustain lateralized cognitive decline in the visuospatial memory
domain, together with GM loss in the right cerebral hemisphere, implicating dysfunction of
the right cerebral hemisphere. To our knowledge, this is the first study to report lateralized
cognitive function-structural changes in PD subjects with asymmetric motor symptom onset.
The findings underscore the importance of classifying PD based on motor symptom onset
side in future studies, as well as in clinical assessment and treatment strategies to optimize
behavioral outcomes.
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Figure 1.

R. Precuneus (ml)

A) VBM results contrasting PDL < Controls at FWE corrected p< 0.05 indicate GM volume
loss in PDL subjects in the right precuneus extending to the right superior occipital cortex
and part of the left precuneus [A-1): axial view and A-2): sagittal view]; (B) VBM results
contrasting PDR < Controls at uncorrected p< 0.0005 indicate GM volume loss in PDR
patients in the left middle occipital cortex [B-1): axial view and B-2): coronal view]; C)
VBM results contrasting PDL < PDR subjects at uncorrected p< 0.0005 indicate GM
volume loss in PDL subjects in (C) Right middle/inferior frontal gyri [C-1) — C-2): coronal
views], and the right precuneus [C-3): axial view]. D) Scatter plots of gray matter volume
with the average Brief Visuospatial Memory Test (BVMT) z-scores for Controls and PDL

subjects (D) and for both PD subgroups (E-F): PDL GM volume (ml) in the right

hemisphere cluster (precuenus/superior occipital cortex) correlated with the average BVMT
scores (D). PDL GM volume (ml) in the middle frontal gyri (E), and the right precuneus (F)

correlated with the average BVMT scores.
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