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Abstract

A challenge in Parkinson's disease (PD) is to identify biomarkers of early cognitive change 

because functioning in some domains may be more prognostic of dementia. Few studies have 

investigated whether structural magnetic resonance imaging (MRI) correlates in a regionally 

specific manner with functioning in different cognitive domains. The aim of this study was to 

identify neuroanatomical correlates of executive functioning, memory, and visual cognition in PD 

without dementia. 3T MRI was conducted in 51 PD patients and 39 control participants. Brain 

volumes were measured in structures comprising the frontostriatal cognitive-control system, the 

medial temporal memory system, the ventral object-based system, and the dorsal spatial-based 

system. Measures of executive functioning (Stroop Test; Letter Fluency), memory (California 

Verbal Learning Test), visuospatial cognition (Judgment of Line Orientation), and 

visuoconstruction (Pentagon Copy) were correlated with volumes comprising each system. Poorer 

executive functioning largely correlated with decreased frontostriatal volumes. Poorer memory 

correlated with decreased volumes in all medial temporal regions, but also with frontostriatal 

volumes. Poorer visuospatial cognition correlated with decreased volumes in the object-based 

system, whereas poorer visuoconstruction correlated with decreased frontal and object-based 

system volumes. These relationships were nonsignificant in the control group. This is the first 

study to demonstrate that subtle changes in multiple cognitive domains in PD without dementia 

correlate with regional volumes in specific systems implicated in the development of cognitive 

impairment. The findings suggest that structural MRI holds promise as a marker of early changes 

in different brain systems, some of which may predict future cognitive deterioration.
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Parkinson's disease (PD) is associated with cognitive impairment in early stages of the 

disease,1 can lead to a lower quality of life2 and greater disability,3 and can impact caregiver 

burden.4,5 An improved understanding of the neural changes associated with cognitive 

impairment in PD is imperative to improve diagnostic and prognostic accuracy and to 

identify potential targets for prevention and treatment of cognitive disturbances. To date, the 

neural correlates of early cognitive decline in PD are not well understood.

Structural magnetic resonance imaging (sMRI) markers of cognitive change are of keen 

interest because neurodegeneration can be identified in vivo. In mixed samples of PD with 

and without dementia, scores on global measures of cognition correlated with volumes of 

the caudate, hippocampus, and ventricles,6-11 and poorer memory correlated with reduced 

hippocampus and amygdala volumes.8,9,12-15 However, these findings do not address 

whether neurocognitive relationships can be identified early before the onset of significant 

cognitive decline, when sMRI markers of cognitive decline would be most useful. Relatively 

few studies have investigated sMRI correlates of cognition in purely nondemented PD 

samples. When they have, discrepant findings have been reported. In nondemented PD, 

hippocampus or amygdala volume12,13,15,16 or fusiform thickness17 correlated with memory 

in some studies, but not others.18,19 Similarly, poorer performance on some executive 

functioning measures correlated with decreased frontal and/or temporal-parietal volumes in 

some studies,20-24 yet not others.17-20,25,26 The reasons for discrepant findings are unclear, 

but may relate to differences among studies in image processing methods, sample size, and 

patient characteristics.

Despite these important advances, most studies of nondemented PD patients have examined 

only 1 or 2 domains of cognition, and sometimes limit the analyses to 1 or 2 brain regions. 

Hence, whether cortical morphometry correlates in regionally specific ways with 

functioning in different cognitive domains has not been directly examined. This is important 

because early changes in some cognitive domains, but not others, may be prognostic of 

dementia in PD.27,28 Additionally, when neurocognitive associations are found, it is not 

always clear that they are disease-related because many studies fail to adjust for age and 

gender, which correlate with brain morphometry.29,30

The present study builds upon past research by using high-resolution 3T MRI to examine 

sMRI correlates of multiple cognitive domains that are vulnerable to decline in PD. We also 

adopted an a priori region of interest (ROI) approach based on knowledge about brain 

systems that mediate different cognitive processes and their role in the development and 

progression of cognitive impairment in PD. Specifically, we examined regional volumes 

comprising 4 systems: the frontostriatal cognitive-control system,31,32 which mediates 

executive functioning; the medial-temporal memory system,33 which governs memory; the 

ventral object-based system, which mediates object-based visual processing34,35; and the 

dorsal spatial-based system, which supports spatial cognition.34,35
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The frontostriatal system is thought to underlie early changes in executive functioning in 

PD,36 and some research demonstrates that executive tasks predict future cognitive decline 

and dementia in PD.37-39 In the present study, measures of executive functioning were 

phonemic fluency (Letter Fluency) and inhibitory control (Stroop task). Although past 

studies have not revealed sMRI associations with these tasks in PD,20,24 we predicted that 

frontostriatal volumes would correlate with performance. As for the medial temporal 

memory system, regional atrophy correlates with memory functioning in early PD12,16 and 

predicts future cognitive decline.40 Thus, we used long-delay free recall from the California 

Verbal Learning Test-II (CVLT-II) to measure memory, and predicted that performance 

would correlate with volumes comprising the medial temporal system. Last, given the 

proposal that cognitive measures of posterior brain functioning may better predict future 

cognitive decline in PD than measures of anterior functioning,27,28 we evaluated the object-

based and spatial-based systems using the Judgment of Line Orientation Test (JLOT; 

version V; number correct out of 15 items) and the Pentagon Copy test from the Mini 

Mental Status Exam (MMSE). Because both tasks require spatial and object processing, we 

expected that performance on these tasks would correlate with volumes in both visual 

systems.

Subjects and Methods

Participants

The University of California, San Diego (UCSD) Human Research Protections Program 

approved this study. Study participants included 51 patients with idiopathic PD and 39 

healthy controls (HC) who were spouses of PD patients or community volunteers. 

Participants provided written informed consent prior to study procedures. Subjects were 

excluded from participation if they had metal in their head, neurological diagnoses other 

than PD, psychiatric diagnoses, history of alcohol or substance abuse, or major cognitive 

impairment as defined by a score of < 25 on the MMSE.41 PD participants met the PD 

United Kingdom Brain Bank Criteria and did not exhibit hallucinations. The groups did not 

differ in gender composition, years of education, or age, although there was a nonsignificant 

trend for the PD group to be slightly older than the HC group (Table 1). MMSE scores did 

not differ between the groups. Patients had a PD diagnosis for an average of 6.5 years. 

Motor symptoms were assessed when patients were on dopamine therapy using Part III of 

the Unified Parkinson's Disease Rating Scale (UPDRS)42 and the Hoehn and Yahr scale.43

Neuropsychological Measures

Tests of executive functioning included the Stroop Color-Word test (number of items 

completed in 45 seconds)44 and the Letter Fluency test (number correct) from the Delis-

Kaplan Executive Function System (DKEFS).45 Visual cognition was assessed by 2 tests. 

The JLOT46 measured visuospatial functioning. The total score on a modified scoring 

system for the overlapping Pentagon Copy task from the MMSE measured 

visuoconstruction ability. Modified scores ranged from 3 to 0: 3.0 points = 2 distinct 5-sided 

pentagons intersect forming a 4-sided overlap with all angles meeting appropriately; 2.5 = 2 

distinct 5-sided pentagons intersect forming a 4-sided overlap with the majority of angles 

meeting appropriately; 2.0 = 1 pentagon identifiable, distortion is permitted for 1 pentagon, 
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pentagons intersect forming a 4-sided overlap with the majority of angles meeting 

appropriately; 1.5 = 1 shape is recognizable as a pentagon and distortion is allowed, the 

other shape is present, but does not have to be recognized as a pentagon, 2 shapes intersect, 

but they do not have to form a 4-sided overlap; 1.0 points = 2 shapes are present, but they do 

not have to be recognizable as pentagons, 2 shapes intersect; 0.5 points = 2 shapes are 

present, but they do not have to be recognizable as pentagons, no overlap between the 2 

shapes is required; 0 points = 1 or 0 shapes are present. Two research assistants rated each 

participant's pentagon copy. If there was any discrepancy a consensus was reached between 

the raters. Memory was assessed by the long-delay free-recall test of the CVLT-II Short 

Form (number of words recalled).47 Larger values for all measures indicated better 

performance.

MRI Procedures

High-resolution T1-weighted anatomic images were acquired on a GE 3T Excite MRI 

system equipped with an 8-channel head coil. We used an imaging protocol designed for 

tissue segmentation that maximizes differentiation of the white and gray matter boundary (3-

dimensional [3D] spoiled gradient-recalled at steady state; echo time [TE], 3.0 ms; repetition 

time [TR], 7.8 ms; inversion time [TI], 600 ms; flip angle, 8 degrees; number of excitations 

[NEX] 1; slice thickness, 1-mm axial; field of view [FOV] 25.6 cm; matrix size, 256 × 256). 

Brain volumes were analyzed using FreeSurfer 5.1 automated software (http://

surfer.nmr.mgh.harvard.edu/). Each subject's MRI was initially analyzed in original space 

using the following processing pipeline. Data were motion corrected, normalized for 

intensity inhomogeneities, and then an affine transform was computed from the original 

volume to Talairach space, which provides coordinates that are used as seed points in 

downstream programs. Using the original volume, nonbrain tissue was removed by a hybrid 

watershed/surface deformation procedure, subcortical structures were segmented,48 and 

further intensity normalization was conducted.49 This was followed by white-matter 

segmentation, tessellation of the gray-white matter boundary, and automated topology 

correction. Then surface deformation following intensity gradients optimally placed the 

gray/white and gray/cerebrospinal fluid borders at the location where the greatest shift in 

intensity defines the transition to the other tissue class. Cortical gray-matter volume was 

calculated by multiplying cortical thickness by surface area. The cerebral cortex was 

parcellated into 34 gyral-based regions in each hemisphere using the Desikan atlas,50 which 

is based on conventional neuroanatomical regions defined by cortical sulci and gyri. 

Subcortical regions were delineated by an algorithm that examines variations in voxel 

intensities and spatial relationships.48 Anatomical accuracy of transformations and 

segmentations were then manually verified and adjusted when necessary.51 This approach 

provides accurate renderings of regional volumes, without rater bias.48 To adjust for 

differences in head size, volumes for each region were divided by intracranial volume 

(ICV).52

Regions of Interest

The analyses focused on a subset of the cortical regions from the Desikan atlas and 

subcortical regions that are traditionally considered key elements of the 4 systems that were 

the focus of our hypotheses. The systems and the structures that comprise them included: (1) 
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the frontostriatal cognitive-control system (anterior cingulate, caudal middle frontal gyrus, 

rostral middle frontal gyrus, superior frontal gyrus, supplementary motor area (SMA), pars 

triangularis, pars opercularis, pars orbitalis, caudate, and putamen)31,32; (2) the medial 

temporal memory system (temporal pole, entorhinal cortex, parahippocampus, 

hippocampus, and amygdala)33; (3) the dorsal spatial-based system (superior parietal and 

inferior parietal)35; and (4) the ventral object-based system (superior temporal, middle 

temporal, inferior temporal, fusiform gyrus, lateral occipital cortex, cuneus, and 

lingualgyrus).35

Statistical Analyses

Cognitive measures were normalized to the control group by subtracting the individual raw 

scores for each measure from the control group mean and then dividing by the control group 

standard deviation. The resulting Z scores were then correlated with regional volumes, 

adjusting for age and gender (partial correlations). Partial correlations were conducted 

separately for the PD and control groups. Due to our a priori hypotheses that regional 

volumes in the 4 networks would correlate differently with measures of executive 

functioning, memory, and visual cognition, a conventional P < 0.05 per comparison 

threshold was adopted. Nonetheless, the results should be interpreted with caution due to the 

multiple comparisons.

Results

Neuropsychological Test Performance

An analysis of covariance (ANCOVA) model was used to compare the 2 groups on 

neuropsychological measures, using age and gender as covariates (Table 1). The PD group 

performed significantly lower on both tests of executive functioning. Although group 

differences were not significant for measures of visual cognition or memory, there were 

trends for poorer performance in the PD group. Partial correlations (age- and gender-

adjusted) showed that levodopa dosage equivalence,53 disease duration, and UPDRS scores 

did not correlate with the cognitive measures.

Group Differences in Regional Volumes

To determine if the PD group showed significant atrophy in the region of interest (ROI) 

identified for each of the 4 systems, ANCOVAs tested for group differences in regional 

volumes adjusting for age and gender. Volume loss in the PD group was found in the right 

putamen (P = 0.029) (frontostriatal system), the right superior parietal cortex (P = 0.05) 

(spatial-based system), and the bilateral inferior temporal cortex (P = 0.039 and P = 0.006 

for the left and right hemispheres, respectively), right lateral occipital cortex (P = 0.009), 

and right cuneus (P = 0.016) (object-based system). Group differences in medial temporal 

lobe volumes were not found. When a false discovery rate (FDR) was used to adjust for 

multiple comparisons, the group effects were nonsignificant. No group differences were 

found in ventricle volumes.
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Correlation of Regional Volumes With Cognitive Functioning

Table 2 lists the significant partial correlations of regional volumes with performance on 

each of the neuropsychological tests for the PD group. Figure 1 displays the regional maps 

of these partial correlations. Figure 2 shows scatter plots of the correlations for selected 

ROIs, in which the plotted values are the residuals from the regression of age and gender 

onto brain volumes and normalized performance of each neuropsychological measure. The 

results revealed that worse performance in the PD group on each cognitive measure 

correlated with decreased volumes, largely in different brain regions. Poorer inhibitory 

control (Stroop Interference) correlated with decreased volume in 2 frontostriatal regions 

(left pars triangularis and right putamen) and 1 medial temporal region (right entorhinal 

cortex). Worse verbal fluency correlated with decreased volume in several frontal regions 

(left SMA and rostral middle frontal cortex; right caudal middle frontal cortex), the object-

based system (right cuneus), and the medial temporal system (right entorhinal cortex). 

Poorer visuospatial processing (JLOT) correlated with decreased volume in the object-based 

system (bilateral superior temporal cortex; right lateral occipital cortex). Poorer 

visuoconstructive ability (Pentagon Copy) correlated with decreased volume largely in 

frontal regions (right SMA; left rostral middle frontal cortex and pars triangularis), but also 

in the object-based system (left cuneus). Worse memory performance (CVLT-II, delayed 

free recall) correlated with reduced volume in the medial temporal (left temporal pole; 

bilateral entorhinal cortex and parahippocampus; right hippocampus and amygdala) and the 

frontostriatal (left superior frontal cortex; bilateral pars triangularis and orbitalis; and right 

putamen) systems. These relationships were nonsignificant in the control group with 1 

exception; JLOT correlated with right superior temporal cortex volume (rpartial = 0.30, P < 

0.05).

Discussion

To our knowledge this is the first study to demonstrate that subtle changes in multiple 

cognitive domains including executive functioning, memory, visuospatial functioning, and 

visuoconstruction are associated with distinct patterns of regionally-specific volume changes 

in nondemented PD patients, but not in controls. These findings suggest that the 

neurocognitive relationships identified by the present study are related to the disease, rather 

than to aging or gender.

An important finding was that worse delayed verbal recall (CVLT-II) correlated with 

decreased volumes in all medial temporal regions including the hippocampus, 

parahippocampus, entorhinal cortex, temporal pole and amygdala, despite the absence of 

significant volume loss in these structures. This finding concurs with reports that verbal 

memory is associated with hippocampus and amygdala volume in early PD,12,13,16 even 

without atrophy of these structures.16 Our findings extend these earlier results by 

demonstrating that worse memory in nondemented PD relates to volume loss in all of the 

medial temporal lobe structures, which govern memory encoding, memory consolidation, 

and semantic processing. The association between entorhinal cortex volume and memory 

functioning was notable because entorhinal cortex volume may be especially important in 

PD, as it distinguishes demented from cognitively normal patients, unlike hippocampal 
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volume.54 No other cognitive measure correlated with volumes in all of the medial temporal 

structures, and measures of visual cognition were unrelated to volumes in this system. One 

speculation is that subtle changes in the medial temporal lobes in PD without dementia may 

be an early marker of progressive memory deterioration.

Stroop and Verbal Fluency performance also correlated with right entorhinal cortex volume, 

possibly suggesting that executive impairment is partly mediated by some structures of the 

medial temporal system, and thus changes in memory. However, the entorhinal cortex 

receives extensive input from the prefrontal cortex, which drives executive functioning. 

Consistent with our prediction, poorer executive functioning in PD was associated with 

reduced volumes in the cognitive-control system, especially in the left hemisphere. Worse 

Stroop interference performance correlated with decreased volumes in Broca's area (left pars 

triangularis) and the right putamen, whereas worse Verbal Fluency performance was 

associated with decreased volumes in the left SMA and rostral middle frontal cortex and the 

right caudal middle frontal cortex. These results are consistent with focal lesion, functional 

imaging, and repetitive transcranial magnetic stimulation studies of these executive 

functions.55-60

Performances on most of the other neuropsychological tasks, except JLOT, were also 

associated with the frontostriatal volumes. This was striking for delayed recall. Past studies 

of nondemented PD patients have focused on the association between hippocampus and 

memory. Yet the frontostriatal system also governs aspects of memory including selective 

attention, memory encoding, and retrieval.61-63 Perhaps more surprising was the finding that 

poorer Pentagon Copy was predominantly associated with frontal volumes (SMA, left 

rostral middle frontal, and left pars triangularis). However, visuoconstruction is a 

multifaceted process that partly depends on executive functions. Our findings question 

whether the association between Pentagon Copy performance and future dementia in PD is 

largely due to neurodegeneration of posterior brain regions,27,28 rather than or in addition to 

frontal lobe dysfunction.

Both measures of visual cognition correlated with volumes of the object-based system. 

Worse JLOT performance was associated with decreased bilateral superior temporal and 

right lateral occipital volume. Here it was noteworthy that the PD group showed volume loss 

in the right superior temporal and lateral occipital cortices (FDR uncorrected), suggesting 

atrophy of this system earlier in the disease process. In addition, poorer Pentagon Copy 

performance was associated with decreased left cuneus volume. There was also an 

association between poorer Verbal Fluency performance and reduced right cuneus volume, 

which may relate to the multisensory functions of visual-association centers. None of the 

neuropsychological tests correlated with volumes comprising the spatial-based system. 

These results emphasize the importance of distinguishing between ventral and dorsal visual 

systems, and suggest that structural changes in the object system may be an important source 

of early deterioration in visual cognition in PD patients without dementia. A caveat is that 

face recognition memory was associated with volume loss in the spatially based (superior 

parietal cortex) and the object-based systems in PD,64 but in a mixed sample of patients with 

and without hallucinations.
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In summary, our findings suggest that sMRI holds promise as a potential biomarker of 

changes in different brain systems, some of which may predict future cognitive deterioration 

in specific domains. More studies using an expanded neuropsychological battery are needed 

to establish the generalizability of the results. Future studies should include a formal 

diagnostic criteria for mild cognitive impairment (MCI),65 which was lacking in the present 

study, to better distinguish patients with normal cognitive functioning. Longitudinal studies 

are also needed to determine the clinical utility of neurocognitive associations in improving 

diagnostic accuracy and identifying patients who are at risk for developing PD-MCI or PD-

dementia. In this regard, sMRI combined with diffusion weighted imaging may also advance 

diagnostic and prognostic accuracy, since changes in white-matter tissue are also associated 

with cognitive functioning in PD patients without dementia.
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Fig. 1. 
Correlation of regional volumes with cognitive performances in PD. Cortical regions are 

displayed on lateral and medial surfaces of the left (L)/right (R) hemispheres. Axial views 

show putamen, amygdala, and hippocampus. Color bar designates the partial correlation 

coefficient magnitude.
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Fig. 2. 
Scatter plots showing neurocognitive correlations in PD. Residuals from the regression of 

age and gender onto regional volumes and neuropsychological measures are plotted. L/R, 

left/right hemisphere; parahippa, parahippocampus; pTrng, pars triangularis; rMFG, rostral 

middle frontal; SMA, supplementary motor area; STG, superior temporal.
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Table 1
Demographic, neuropsychological, and disease characteristics of PD and HC groups

Characteristics PD patients (n = 51) HCs (n = 39) F P

Demographics

 Age 67.7 (7.2) 64.8 (7.8) 3.4 0.07

 Education (y) 16.9 (2.9) 16.8 (2.7) < 1.0 0.87

 Female (%) 41 54 0.23a

 Mini-Mental Status Examination 28.8 (1.3) 29.1 (1.0) < 1.0 0.39

Inhibitory control: Stroop Color-Word 34.8 (9.1) 39.9 (7.1) 5.5 0.02

Verbal fluency: DKEFS: Letter 42.5 (11.6) 48.9 (12.3) 6.6 0.02

Visual cognition

 Judgment of Line Orientation 11.8 (2.2) 12.4 (2.0) 1.3 0.18

 Pentagons 2.3 (0.4) 2.4 (0.3) 3.0 0.11

Memory: CVLT-II Long-Delay Free-Recall 6.5 (1.9) 7.4 (1.7) 3.5 0.11

Disease characteristics

 Years since diagnosis 6.5 (4.4)

 UPDRS Motor Subscale (UPDRS III) 27.6 (9.9)

 Hoehn and Yahr stage 2.36 (0.5)

 Levodopa dosage equivalenceb 702.4 (556.3)

Values are raw score means (SDs) for all variables except gender.

a
Chi-square test.

b
Calculated using a method of Razmy et al.53

PD, Parkinson's disease; HC, healthy control; DKEFS, Delis-Kaplan Executive Function System; CVLT-II, California Verbal Learning Test II; 
UPDRS, Unified Parkinson's Disease Rating Scale.
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