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Subcortical Atrophy Is Associated with Cognitive Impairment
in Mild Parkinson Disease: A Combined Investigation of
Volumetric Changes, Cortical Thickness, and
Vertex-Based Shape Analysis
E. Mak, N. Bergsland, M.G. Dwyer, R. Zivadinov, and N. Kandiah

ABSTRACT
BACKGROUND AND PURPOSE: The involvement of subcortical deep gray matter and cortical thinning associated with mild Parkinson
disease remains poorly understood. We assessed cortical thickness and subcortical volumes in patients with Parkinson disease without
dementia and evaluated their associations with cognitive dysfunction.
MATERIALS AND METHODS: The study included 90 patients with mild Parkinson disease without dementia. Neuropsychological assessments
classiﬁed the sample into patients with mild cognitive impairment (n ⫽ 25) and patients without cognitive impairment (n ⫽ 65). Volumetric data
for subcortical structures were obtained by using the FMRIB Integrated Registration and Segmentation Tool while whole-brain, gray and white
matter volumes were estimated by using Structural Image Evaluation, with Normalization of Atrophy. Vertex-based shape analyses were
performed to investigate shape differences in subcortical structures. Vertex-wise group differences in cortical thickness were also assessed.
Volumetric comparisons between Parkinson disease with mild cognitive impairment and Parkinson disease with no cognitive impairment were
performed by using ANCOVA. Associations of subcortical structures with both cognitive function and disease severity were assessed by using
linear regression models.
RESULTS: Compared with Parkinson disease with no cognitive impairment, Parkinson disease with mild cognitive impairment demonstrated reduced volumes of the thalamus (P ⫽ .03) and the nucleus accumbens (P ⫽ .04). Signiﬁcant associations were found for the nucleus
accumbens and putamen with performances on the attention/working memory domains (P ⬍ .05) and nucleus accumbens and language
domains (P ⫽ .04). The 2 groups did not differ in measures of subcortical shape or in cortical thickness.
CONCLUSIONS: Patients with Parkinson disease with mild cognitive impairment demonstrated reduced subcortical volumes, which were associated
with cognitive deﬁcits. The thalamus, nucleus accumbens, and putamen may serve as potential biomarkers for Parkinson disease–mild cognitive
impairment.
ABBREVIATIONS: MCI ⫽ mild cognitive impairment; MDS ⫽ Movement Disorder Society; PD ⫽ Parkinson disease; PD-MCI ⫽ Parkinson disease with mild cognitive
impairment; PD-NCI ⫽ Parkinson disease with no cognitive impairment; SDGM ⫽ subcortical deep gray matter; SIENAX ⫽ Structural Image Evaluation, with Normalization of Atrophy

P

arkinson disease (PD) has traditionally been considered a motor disorder. However, the presence of cognitive dysfunction
is increasingly recognized and known to occur even at early stages,
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and most patients develop dementia during the course of the disease. Recently, it has emerged that patients with PD show a wide
and variable spectrum of cognitive deficits involving multiple domains such as executive function, attention, memory, visuospatial, and, less frequently, language.1,2 While traditionally believed
to occur only in advanced stages of PD, recent studies suggest that
approximately 30%–35% of patients with early PD experience
cognitive disturbances,3,4 which have been defined as mild cognitive impairment (MCI).5 The Movement Disorder Society (MDS)
Task Force reported a mean prevalence of Parkinson disease with
mild cognitive impairment (PD-MCI) at 27%, ranging from 19%
to 38%.6 Furthermore, the impact of MCI and dementia in paIndicates open access to non-subscribers at www.ajnr.org
Indicates article with supplemental on-line table.
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tients with PD at any given stage of the disease is substantial, with
adverse consequences for functioning,7 psychiatric morbidity,
caregiver burden,8 and mortality.9 At present, there is much to be
elucidated with regard to the etiology of cognitive impairment in
PD.
Initially, dementia in PD was described as subcortical. Cognitive dysfunction in patients without dementia has also been attributed to dopaminergic depletion disrupting the frontostriatal
circuit10 or dopamine-acetylcholine synaptic imbalance.11 Nevertheless, recent investigations by using structural MR imaging
suggest that specific cognitive deficits, such as memory deficits,
and dementia in PD may also be accompanied by structural cerebral abnormalities. In this regard, MR imaging studies have demonstrated cortical atrophy in patients with PD with dementia. A
recent meta-analysis revealed regional gray matter reductions of
the medial temporal lobe and the basal ganglia,12 while other areas, including the caudate,13 hippocampus,14 and amygdala,15
have also been implicated. However, present findings on GM atrophy in patients without dementia with PD are inconclusive.
While a few studies have demonstrated atrophy in the medial
temporal lobes,16 amygdala,17 and frontal and parietal regions,18
others have reported no significant GM reductions in PD populations without dementia.19
In addition, cortical thinning in PD represents a relatively new
area of research, and it has been reported to be more sensitive than
voxel-based morphometry.20 Recent studies have shown that cortical thinning occurs in PD without dementia.21 A longitudinal
study also reported that patients with early PD presented with a
more aggressive rate of cortical thinning in the frontotemporal
regions compared with healthy controls.22
These mixed neuroimaging findings could be due, in part, to
cognitively heterogeneous groups of patients, particularly in studies in which patients with MCI were not distinguished from those
with normal cognition. Therefore, to systematically compare the
pattern of GM atrophy in mild PD and its impact on specific
cognitive domains, we used the recent MDS Task Force criteria to
classify patients with PD with MCI or as cognitively normal (PDNCI). We estimated the volumes of the amygdala, hippocampus,
nucleus accumbens, caudate nucleus, putamen, pallidum, and
thalamus in a cohort of patients with PD by using the FMRIB
Integrated Registration and Segmentation Tool (FIRST; http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FIRST).
Furthermore, we assessed differences in subcortical deep gray
matter (SDGM) structures between PD-MCI and PD-NCI and
further examined associations between individual structures and
cognitive performances across multiple domains. Because vertex
analysis directly measures changes in geometry without any
smoothing of the image data, it might have the potential to more
precisely detect regional alterations of the subcortical GM than
the conventional voxel-based morphometry approach.23 Therefore, we used a vertex-based shape-analysis method to investigate
potential shape differences of SDGM structures between PD-MCI
and PD-NCI. Last, vertex-wise cortical thickness analysis was performed by using FreeSurfer (http://surfer.nmr.mgh.harvard.edu)
to assess and compare patterns of regional cortical alterations between both PD groups.
2
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MATERIALS AND METHODS
Subjects
The present study included 90 patients with mild PD (65.08 ⫾
7.71 years of age; disease duration, 5.26 ⫾ 3.90 years; and Hoehn
and Yahr stage ⫽ 1.88 ⫾ 0.39) recruited from August 2011 to
March 2012 from a tertiary neurology center. PD was diagnosed
by neurologists trained in movement disorders according to the
National Institute of Neurologic Disorders and Stroke criteria.24
Patients with dementia and serious medical and psychiatric comorbidities were excluded.

Clinical Assessment
Demographic, clinical, and vascular risk factor data were collected, and a comprehensive clinical assessment was conducted to
ascertain cognitive status and functional ability. The severity and
stage of the patient’s parkinsonism was evaluated by using the
Unified Parkinson’s Disease Rating Scale motor subscore25 and
the modified Hoehn and Yahr stage.26 To standardize data on
medication use, we converted dosages of PD medications to total
daily levodopa-equivalent doses. This calculation was based on
the conversion formulae reported by Tomlinson et al.27 The study
was approved by the centralized institutional review boards of the
participating institutions, and informed consent was obtained
from patients or their legal caregivers.

Neuropsychological Assessment
Cognitive performance was evaluated by trained psychologists by
using a standardized neuropsychological battery. To ensure standardization and integrity of data, we evaluated patients during
their “on” medication state. Global cognition was evaluated by
using the Mini-Mental State Examination28 and the Montreal
Cognitive Assessment.29 In line with the recommendations of the
MDS Task Force, specific cognitive domains including memory,
executive function, visuospatial function and language, and attention/working memory were also assessed.30 In this regard, patients were evaluated with the following subtests from the
Alzheimer Disease Assessment Scale-Cognitive31: Word-List Immediate, Delayed and Recognition Recall for episodic memory;
the Frontal Assessment Battery and the 10-Point Clock Test for
executive function; a figure copy test and test for the number of
errors made on a maze for visuospatial function; a 20-point object-naming test and a fruit-naming fluency test for language assessment; and digit span, color trails 2, and a test for time taken on
a maze for attention/working memory.31-33 Performances on individual tasks were transformed into z scores. Subsequently, a
composite summary index for each cognitive domain was derived
from the corresponding averages of the respective individual neuropsychological tests.

MCI Classiﬁcation
To qualify PD-MCI for MDS level 2 criteria, we analyzed performance on the suggested 5 cognitive domains (attention/working
memory, executive, language, episodic memory, and visuospatial). Cutoff scores for the various cognitive tests were based on
locally validated norms when available, and for those without,
international ones were used. The performance on a cognitive test
was considered abnormal if the score was 1.5 SDs below the norm.

Impairment on at least 2 neuropsychological tests, represented by
either 2 tests showing impairment in 1 cognitive domain or 1 test
showing impairment in 2 different cognitive domains, was required. Patients with PD who did not fulfill the criteria for PDMCI or PD-dementia were classified as PD-NCI.

Image Acquisition
All subjects underwent MR imaging on a 3T whole-body system
(Achieva 3.0; Philips Healthcare, Best, the Netherlands). A highresolution volumetric 3D T1-weighted magnetization-prepared
rapid acquisition of gradient echo sequence (axial acquisition:
TR, 7.1 ms; TE, 3.3 ms; TI, 850 ms; FOV, 240 ⫻ 240 mm2; matrix,
256 ⫻ 256; section thickness, 1 mm; total, 180 sections; scanning
time, 5 minutes and 13 seconds) and a whole-brain 3D fluidattenuated inversion recovery sequence (turbo spin-echo: TR,
8000 ms; TE, 340 ms; TI, 2400 ms; FOV, 240 ⫻ 240 mm2; matrix,
256 ⫻ 256; section thickness, 1 mm; total, 170 sections; scanning
time, 10:24) were acquired for all patients. Both clinical testing
and MR imaging were performed on the same day for all patients.

Image Analysis
Quantitative image analyses were performed at the Buffalo Neuroimaging Analysis Center, Buffalo, New York.
Quantiﬁcation of GM and WM Volumes. For each subject, we
obtained GM, white matter, and a volumetric scaling factor by
using Structural Image Evaluation, with Normalization of Atrophy (SIENAX, Version 2.6; FMRIB Software Library,
http://www.fmrib.ox.ac.uk/fsl/). 34
Quantiﬁcation of Subcortical Deep Gray Matter Volumes. Before we
used the T1-weighted images for subsequent analysis, the analysis
was modified by an in-house-developed in-painting technique to
avoid the impact of WM hyperintensities on GM volume as previously described.35 WM hyperintensities were outlined on each
axial FLAIR image section by using a reproducible, semiautomated local threshold technique (Jim, Version 5.0; Xinapse Systems, Northamptonshire, UK). All WM hyperintensity masks
were created by a single rater (E.M.), blinded to clinical characteristics and tests results, with similar reproducibility as previously reported.36
Subsequently, FIRST was used to
segment the amygdala, hippocampus,
nucleus accumbens, pallidum, caudate
nucleus, putamen, and thalamus from
the in-painted T1.23 The reproducibility
of FIRST has been previously reported.37 Examples of subcortical segmentation of a subject classified as having PD-MCI and of a subject classified as
having PD-NCI are presented in Fig 1.
In subsequent volumetric analyses, the
normalization factor from SIENAX was
included to reduce the effects of interindividual variability due to head size.34

FIG 1. Representative FIRST segmentation of subcortical structures in patients with PD-MCI (left)
and PD-NCI (right).

Vertex Analysis for Assessment of SDGM
Shape Alterations. FIRST creates a surface mesh for each subcortical structure

FIG 2. Scatterplot showing the associations between the nucleus accumbens and attention and working memory (A) and language domains (B).
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Table 1: Demographic, clinical, and white matter hyperintensity characteristics between
patients with Parkinson disease with and without mild cognitive impairment
Demographic and Clinical Variables
PD-NCI (n = 65) PD-MCI (n = 25) P Value
Age (yr) (mean) (SD)
63.4 (7.6)
69.4 (6.4)
.001a,b
Sex (male) (No.) (%)
46 (72.3)
18 (76.0)
.723c
Education (yr) (mean) (SD)
11.0 (3.1)
9.3 (3.5)
.032a,d
Hoehn and Yahr (mean) (SD)
1.9 (0.4)
1.8 (0.4)
.357d
Disease duration (yr) (mean) (SD)
5.4 (4.3)
5.0 (2.7)
.910d
UPDRS (mean) (SD)
17.5 (7.0)
20.0 (8.4)
.167b
Levodopa equivalent dose (mg) (mean) (SD)
557.4 (375.7)
510.2 (299.0)
.767d
Cardiovascular risk factors (No.) (%)
Diabetes
5 (7.8)
8 (32.0)
.004a,c
Hypertension
20 (31.3)
13 (52.0)
.069c
Hyperlipidemia
20 (31.3)
14 (56.0)
.031a,c
Smoking
15 (23.4)
6 (24.0)
.955c
White matter hyperintensities
Total WMH volume (mm) (mean) (SD)
4.2 (5.8)
12.3 (10.3)
⬍.001a,e

scores). Age, sex, and years of education were also added as independent
variables in these models because of
their expected influence on cognitive
test scores, while the volumetric scaling factor was included to control for
differences in head size between patients. For all analyses, 2-tailed P values were used and P ⬍ .05 was considered significant.

Image-Based Analyses. Statistical maps
were generated by using the Query, Design, Estimate, Contrast application in
FreeSurfer. Briefly, Query, Design, Estimate, Contrast fits a generalized linear
Note:—UPDRS indicates Uniﬁed Parkinson’s Disease Rating Scale, subscore III; WMH, white matter hyperintensities.
a
Signiﬁcant differences at P ⬍ .05 level.
model at each surface vertex to explain
b
Student t test.
the data from all subjects in the study. A
c 2
 test.
d
surface-based Gaussian smoothing kerMann-Whitney U test.
e
Analysis of covariance test, corrected for age, sex, and education.
nel of full width at half maximum of 10
mm was applied to the data before subsequent analyses. Using a generalized linear model, we compared
by using a deformable mesh model. The mesh is composed of a set
cortical thickness variations between PD-MCI and PD-NCI, conof triangles, and the apex of adjoining triangles is called a vertex.
trolling for age, sex, and years of education. Correlations between
The number of vertices for each structure is fixed so that corregional cortical thickness and disease and cognitive measures
responding vertices can be compared across individuals and
were also modeled. The level of significance was set at P ⬍ .05
between groups.38 Vertex analysis was performed, and shape alcorrected for multiple comparison by using the false discovery
terations of SDGM were assessed on a per-vertex basis. Regional
rate.40
changes in the vertices of SDGM structures between PD-MCI and
PD-NCI were assessed by using a generalized linear model with
RESULTS
age, sex, and education as nuisance covariates. The results were
Subject Demographic and Clinical Characteristics
then corrected for multiple comparisons by using the false discovThe group comparisons of demographic and cognitive characterisery rate (P ⬍ .05).
tics of the study cohort are shown in Tables 1 and 2, respectively.
Cortical Thickness Analysis. T1 images of the subjects were proWithin the PD group, 25 were classified as having PD-MCI; 65, as
cessed with the volume and surface pipeline of FreeSurfer. The
having PD-NCI, and none as having PD-dementia. The PD-MCI
technical details of cortical reconstruction and volumetric seggroup was significantly older than PD-NCI group, while the PD-NCI
mentation procedures have been described previously.39
group was more educated. Both groups were comparable in terms of
duration of disease, Unified Parkinson’s Disease Rating Scale motor
Statistical Analysis
scores, and Hoehn and Yahr staging. Comparisons of the various carGeneral Analyses. Group comparisons of demographics, neurodiovascular risk factors demonstrated a significantly higher prevalence of
psychological variables, and regional volumetric data were perpatients with PD-MCI having diabetes mellitus (P ⫽ .004) and hyperlipformed by using STATA 12 (StataCorp, College Station, Texas).
idemia (P ⫽ .031), compared with patients with PD-NCI.
The Student t test or the nonparametric Mann-Whitney rank sum
Cognitive Performance
test was used to investigate differences between groups, dependPatients with PD-MCI had significantly lower scores on global cog2
ing on the normality of the distributions. The  test was used for
nition compared with those with PD-NCI (Mini-Mental State Excategoric variables (sex and vascular risk factors). Left and right
amination, P ⫽ .016; Montreal Cognitive Assessment, P ⬍ .018;
volumes of the SDGM structures were highly correlated (data not
Global Index, P ⫽ .008) after correcting for age, sex, and years of
shown). Therefore, to minimize the total number of comparisons,
education. Comparisons of individual neuropsychological tests are
we combined left and right SDGM structures to yield a single
shown in Table 2. With the exception of visuospatial ability and epistructural volume. Mean regional GM volumetric differences besodic memory domains, the PD-MCI group performed significantly
tween PD-MCI and PD-NCI groups were investigated while conpoorer in executive functioning, attention and working memory,
trolling for age, sex, education, and head size (by using the voluand language abilities (all, P ⱕ .023).
metric scaling factor from SIENAX) by ANCOVA.
Subsequently, for each SDGM structure showing a signifiSDGM Comparisons
cant volumetric difference, a linear regression model was deGroup comparisons of mean volumes for all SDGM structures are
signed to assess associations with different cognitive domains
shown in Table 3. ANCOVA analyses, controlling for age, sex,
separately. In addition, we also tested for associations between
education, and head size revealed significant reductions in volthe SDGM structures and disease characteristics (disease duumes of the thalamus (P ⫽ .03) and nucleus accumbens (P ⫽ .04)
ration and Unified Parkinson’s Disease Rating Scale motor
of patients with PD-MCI compared with PD-NCI.
4
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Table 2: Comparison of neuropsychological measures between patients with Parkinson
disease with and without mild cognitive impairment
PD-NCI
PD-MCI
Adjusted
Neuropsychological Measures
(Mean) (SD)
(Mean) (SD)
P Value
Global cognition (mean) (SD)
MMSE
28.4 (1.6)
26.7 (2.6)
.016a,b
MOCA
27.0 (2.9)
24.5 (2.4)
.018a,b
ADAS11
6.8 (4.2)
9.8 (3.5)
.071a,b
Global Index
0.1 (0.5)
⫺0.3 (0.3)
.008a,b
Cognitive tests (mean) (SD)
Clock drawing
9.31 (1.25)
8.48 (1.47)
.126
Frontal Assessment Battery
16.69 (1.38)
15.28 (2.09)
.027
Digit Span
17.42 (3.50)
15.04 (2.24)
.015
Digit Cancellation
19.86 (6.54)
15.08 (6.45)
.063
Color Trail 1
80.48 (37.59)
137.24 (82.08)
.008
Color Trail 2
138.94 (60.75)
229.58 (103.31)
.002
Maze
18.63 (10.59)
30.80 (17.83)
.005
Maze errors
0.06 (0.30)
0.04 (0.20)
.942
ADAS: Immediate and Delayed Recall
5.08 (2.69)
7.04 (3.28)
.090
ADAS: Recognition
1.55 (2.22)
2.00 (2.50)
.644
ADAS: Language
1.15 (1.37)
2.00 (1.71)
.168
Fruit Fluency
14.11 (3.29)
11.24 (2.80)
.029
Cognitive domains (mean) (SD)
Executive function
0.4 (1.5)
⫺1.0 (2.0)
.023a,b
Attention/working memory
0.8 (1.7)
⫺2.0 (2.4)
⬍.000a,b
Visuospatial
0.0 (1.8)
⫺0.1 (1.4)
.919d
Episodic memory
0.3 (1.6)
⫺0.6 (1.5)
.193b
Language
0.4 (1.4)
⫺1.0 (1.5)
.018a,b
Note:—MMSE indicates Mini-Mental State Examination; MOCA, Montreal Cognitive Assessment; ADAS11, Alzheimer
Disease Assessment Scale-Cognitive.
a
Signiﬁcant differences at P ⬍ .05 level.
b
Analysis of covariance test, corrected for age, sex, and education.

Table 3: Volumetric comparisons between patients with
Parkinson disease with and without mild cognitive impairment
PD-NCI
PD-MCI
Adjusted
SDGM Structuresa
(Mean) (SD) (Mean) (SD) P Value
Amygdala
2.13 (0.51)
2.23 (0.36)
.220b
Hippocampus
7.65 (0.97)
7.18 (0.79)
.198b
Nucleus accumbens
0.83 (0.22)
0.64 (0.19)
.044b
Caudate nucleus
6.37 (0.76)
5.96 (0.76)
.327b
Putamen
9.51 (1.41)
8.62 (1.17)
.058b
Pallidum
3.72 (0.66)
3.60 (0.84)
.876b
Thalamus
13.94 (1.65)
12.71 (1.09)
.025b
Normalized gray matter 688.76 (34.86) 661.92 (28.24)
.035b
Normalized white matter 654.43 (41.49) 633.10 (46.04) .618b
a
b

All volumes are reported in milliliters. Signiﬁcant difference is at the P ⬍ .05 level.
Analysis of variance adjusting for age, sex, education, and head size.

Table 4: Mean global and hemispheric cortical thickness between
patients with Parkinson disease with and without mild cognitive
impairment
PD-NCI
PD-MCI Adjusted
Cortical Thicknessa
(Mean) (SD) (Mean) (SD) P Value
Left hemisphere
2.20 (0.10)
2.13 (0.11)
.095b
Right hemisphere
2.19 (0.10)
2.13 (0.10)
.264b
Global mean cortical thickness 4.40 (0.19) 4.26 (0.21)
.151b
a
Cortical thickness is expressed in millimeters. Signiﬁcant difference is at the P ⬍ .05
level.
b
Analysis of variance adjusting for age, sex, education.

Vertex-Wise Shape Comparisons of SDGM Structures
Vertex analysis did not reveal any significant differences in the
shapes of SDGM structures between PD-MCI and PD-NCI.

Cortical Thickness Comparisons
Global mean and hemispheric cortical thickness values are shown
in Table 4. Vertex-wise group comparisons of regional cortical

thickness showed no significant differences between PD-MCI and PD-NCI in
any cortical area.

Association between SDGM
Structures and Cognitive
Impairment
␤ regression coefficients of the correlations between volumes of SDGM structures and the main cognitive tests scores
are shown in the On-line Table. The total volume of the nucleus accumbens
was significantly correlated with a range
of cognitive variables, including overall
scores of attention/working memory
(␤ ⫽ 0.28, r2 ⫽ 0.32, P ⫽ .02) and language (␤ ⫽ 0.25, r2 ⫽ 0.29, P ⫽ .04) (Fig
2). Furthermore, there was a trend toward the associations between nucleus
accumbens and global cognition (␤ ⫽
0.23, r2 ⫽ 0.2292, P ⫽ .06) and executive
function (␤ ⫽ 0.23, r2 ⫽ 0.2575, P ⫽
.06). Putaminal volume was correlated
with overall scores of attention/working
memory (␤ ⫽ 0.31, r2 ⫽ 0.34, P ⫽ .005).
These correlations did not survive correction for multiple comparisons.

Association between SDGM Structures and Disease
Characteristics
␤ regression coefficients of the correlations between volumes of
SDGM structures and the indices of disease characteristics (Unified Parkinson’s Disease Rating Scale and disease duration) are
shown in the On-line Table. Putamen volume was correlated with
the Unified Parkinson’s Disease Rating Scale (␤ ⫽ ⫺0.33, r2 ⫽
0.12, P ⫽ .009). This correlation did not survive correction for
multiple comparisons.

DISCUSSION
At present, the pathophysiologic relationship between neurodegeneration processes and cognitive dysfunction in PD remains
unclear, and ongoing investigations to identify structural biomarkers of cognitive impairment in patients with PD without
dementia have yielded inconclusive results. Varying degrees of
atrophy have been reported in patients with PD without dementia,41-43 with mixed evidence of an association between atrophy
and neuropsychological measures.44 Within a cohort of 90 patients with mild PD without dementia, we investigated SDGM
volumes and cortical thickness and examined their associations
with cognitive functioning and disease severity. To date, only a
few studies have directly examined the patterns of GM atrophy in
well-delineated cognitive subgroups of PD. PD-MCI exhibited
significantly reduced total volumes in a number of SDGM regions, including the thalamus and nucleus accumbens, and there
was a trend toward the putamen, relative to PD-NCI.
These volumetric reductions suggest that a pattern of subcortical atrophy can be detected at an early stage of cognitive decline
AJNR Am J Neuroradiol ●:●
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in mild stages of PD. The finding of thalamic atrophy in PD-MCI
is novel, and warrants further consideration. Traditionally, the
thalamus has been conceptualized as a relay center, involved in
both sensory and motor functions.45 It is increasingly recognized
as an important site for neuropathologic inclusions, including
Lewy bodies in patients with PD. The relationship between thalamic degeneration and cognitive impairment has also been investigated in previous studies. Volumetric loss in the thalamus has
been proposed as a predictor of dementia,46 while studies have
demonstrated thalamic atrophy in PD with dementia compared
with healthy individuals.14,16 Previous studies have also demonstrated the relation of thalamic atrophy to cognitive performance
in other neurologic disorders, including Alzheimer disease,47
Huntington disease,48 and multiple sclerosis.49 Considered in
light of those findings, the volumetric reduction of the thalamus
observed in our PD-MCI group may reflect an intermediary stage
of cognitive dysfunction. Of note, we did not find any significant
alteration of the shapes of SDGM structures in PD-MCI relative to
PD-NCI. Further studies are needed to examine the clinical significance of shape alterations in SDGM structures and their utility
as potential biomarkers of cognitive impairment and dementia in
PD.
Additionally, a number of associations between the nucleus
accumbens and putamen and cognitive test scores were also
found. While the results were controlled for age, sex, years of
education, and head size, they were not corrected for multiple
comparisons. Performance on attention and working memory
was associated with reduced volumes of the nucleus accumbens
and putamen. Additionally, the nucleus accumbens was also significantly correlated with performance in the language domain. A
possible explanation for our findings might be offered by previous
evidence linking the nucleus accumbens to memory and learning
processes.50 Furthermore, a previous population-based study
demonstrated that accumbens volume is predictive of cognitive
decline in the elderly.51 At this time, very little is known about the
putaminal role in cognition. Despite the traditional role of the
putamen in motor functions, the finding of an association between reduced putaminal volumes and cognitive scores on the
attention and working memory domain in the present study is
consistent with a previous report that demonstrated a signification association between putaminal 6-[18F]-fluoro-L-dopa uptake and measures for executive functioning, memory, and fluency in a group of 28 patients with PD without dementia.52
At present, the literature concerning the role of cortical thinning in cognitive deterioration in PD remains inconclusive. We
did not find significant thinning of the cortex in PD-MCI compared with PD-NCI in any region. A previous study found significant associations between the Mini-Mental State Examination
and cortical thickness in their PD cohort.53 In addition, they
found significant cortical thinning in patients with moderate PD
without dementia compared with healthy controls and in PD with
dementia compared with moderate PD without dementia. Considered together, the absence of cortical thinning in our PD-MCI
group might be attributed to the finer distinction of cognitive
statuses in our PD cohort.
The strengths of this study include the use of the MDS Task
Force diagnostic criteria and a comprehensive neuropsychologi6
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cal evaluation to characterize PD-MCI. However, we acknowledge the possible involvement of executive functions in the interpretation of the fluency test findings that was used to characterize
language in our cohort. In-painted T1 images also improved the
quality of the subcortical segmentation due to the known effect of
tissue misclassification due to lesion-induced T1 hypointensities
in the WM. Preprocessing of images to correct for such pathology
is now highly recommended.
Our study was limited by the absence of patients with PD with
established dementia and healthy controls for comparison. This
constraint prevented us from exploring the associations between
SDGM volumes and cognitive dysfunction across a broader range
of cognitive stages in PD. As such, these findings need to be confirmed in larger prospective studies with an additional group of
well-matched healthy controls. In this regard, a recent study has
also demonstrated subcortical atrophy in PD without dementia
compared with healthy controls, particularly in the putamen, nucleus accumbens, and hippocampus.54 In addition, the present
findings must be interpreted by taking into account the lack of
correction for multiple comparisons and that the sample size between PD-NCI (n ⫽ 65) and PD-MCI (n ⫽ 25) was imbalanced.
Thus, to check against a potential violation of the assumption of
equal variances across groups in ANOVA, we performed the Bartlett test to ensure homoscedasticity. Another limitation of the
study could be related to performance of testing during the “on”
medication state. Moreover, we did not have volumetric data on
the substantia nigra, an area with extensive projections to limbic
and cortical regions. In fact, an earlier study found a significant
correlation between the severity of dementia in patients with PD
and neuronal loss in the medial part of the substantia nigra.55
Finally, we aim to extend this study by incorporating a longitudinal design that will allow us to elucidate the trajectory of brain
atrophy in PD-MCI and examine its potential involvement in
progression to PD dementia.

CONCLUSIONS
Due to the growing recognition of PD-MCI as a clinically significant condition in PD, our findings warrant the continued concerted effort to validate biomarkers of neurodegeneration associated with MCI. The early delineation of PD-MCI from PD-NCI
will help elucidate the processes underlying cognitive decline in
PD, while longitudinal research can investigate the contributions
of SDGM structures to cognitive dysfunction as the disease
progresses.
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