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Abstract: Parkinson’s disease (PD) has been associated with
mild cognitive impairment (PDMCI) and with dementia
(PDD). Using radial distance mapping, we studied the 3D
structural and volumetric differences between the hippo-
campi, caudates, and lateral ventricles in 20 cognitively nor-
mal elderly (NC), 12 cognitively normal PD (PDND), 8
PDMCI, and 15 PDD subjects and examined the associations
between these structures and Unified Parkinson’s Disease
Rating Scale (UPDRS) Part III:motor subscale and Mini-
Mental State Examination (MMSE) performance. There were
no hippocampal differences between the groups. 3D caudate
statistical maps demonstrated significant left medial and lat-
eral and right medial atrophy in the PDD vs. NC, and right
medial and lateral caudate atrophy in PDD vs. PDND.
PDMCI showed trend-level significant left lateral caudate

atrophy vs. NC. Both left and right ventricles were signifi-
cantly larger in PDD relative to the NC and PDND with pos-
terior (body/occipital horn) predominance. The magnitude of
regionally significant between-group differences in radial dis-
tance ranged between 20–30% for caudate and 5–20% for
ventricles. UPDRS Part III:motor subscale score correlated
with ventricular enlargement. MMSE showed significant cor-
relation with expansion of the posterior lateral ventricles and
trend-level significant correlation with caudate head atrophy.
Cognitive decline in PD is associated with anterior caudate
atrophy and ventricular enlargement. � 2010 Movement
Disorder Society
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BACKGROUND

Cognitive decline is common in patients with Par-

kinson’s disease (PD). Several postmortem studies

have examined the substrate underlying dementia in

PD (PDD).1 However, the anatomical changes underly-

ing the initial stages of cognitive impairment in PD are

not well understood.

Imaging studies have demonstrated cortical atrophy

associated with dementia and in mild cognitive impair-

ment in PD (PDMCI).2,3 However, inconsistent findings

have been reported for the hippocampus and the caudate

nucleus. In non-demented PD (PDND), two studies

using the region of interest (ROI) technique4,5 and two

using a visual scale reported hippocampal atrophy,6,7

whereas one ROI technique8 and several voxel-based

morphometry (VBM) technique9–11 studies did not. Sim-

ilarly, inconsistent reports of caudate atrophy in PD

have been published.12,13 One study estimating the width

of the frontal horns of the lateral ventricles reported

frontal horn enlargement in PD.14

We applied several advanced neuroimaging techni-

ques to a dataset consisting of PDND, PDMCI, PDD,
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and cognitively normal elderly (NC). We hypothesized

that cognitive decline would be associated with hippo-

campal and caudate atrophy and ventricular enlarge-

ment. We applied the radial distance technique to cre-

ate 3D statistical and correlation maps of the structures

of interest that allow us to visualize regionally specific

differences in PDND, PD-MCI, and PDD.

SUBJECTS AND METHODS

Subjects

The study was approved by the Regional Committee

for Medical Research Ethics at the University of Ber-

gen, Norway. The patient sample has been described in

detail previously.3 Briefly, the cohort consisted of 12

PDND, 8 PDMCI, and 15 PDD patients and 20 NC

from the same region. Diagnosis of clinically definite

PD required at least two of the three cardinal symp-

toms: tremor, rigidity, and akinesia, and at least a mod-

erate response to dopaminergic agents based on clinical

judgment (for more details see Ref. 15). Diagnosis of

dementia was made according to the Diagnostic and

Statistical Manual of Mental Disorders, 4th edition

(DSM-IV) as described previously.3,16 MCI diagnosis

was rendered when individual cognitive scores on at

least one of three cognitive domains fell 1.5 SD below

the mean of a NC group matched on the basis of age-,

sex- and education to our PDND subjects (see Ref. 17

for more details). PD motor symptom severity was

assessed with the Unified PD Rating Scale (UPDRS)

Part III:motor subscale18 during the ‘‘on’’-phase in sub-

jects with motor fluctuations.

Image Preprocessing

All subjects were scanned on a 1.5T Phillips Gyro-

scan NT intra release 8.1 (Phillips Medical Systems,

Best, The Netherlands) at Stavanger University Hospi-

tal in Norway. 3D T1-weighted spoiled gradient

recalled echo images were obtained with time to repe-

tition (TR) 12.4 ms, time to echo (TE) 4.2 ms, acquisi-

tion matrix 256 3 192, and slice thickness 1.6 mm.

T1-weighted, T2-weighted, and fluid-attenuated inver-

sion recovery sequences were also obtained and

examined for significant white or gray matter pathol-

ogy precluding enrollment in this study. The images

were subjected to intensity19 and spatial normalization

to the International Consortium for Brain Mapping

ICBM53 brain atlas as previously described.20 The

mean interval between clinical evaluation and MRI

imaging was 37 days (range 0–93 days).

Hippocampal Segmentation

The hippocampal formations were manually seg-

mented on gapless coronal slices by one experienced

rater (AEG, intra-rater reliability Cronbach’s Alpha 5
0.98) blinded to subjects’ age, gender and diagnosis

following a detailed well-established protocol.21 The

hippocampal traces included the hippocampus proper,

dentate gyrus, and subiculum.

Caudate Segmentation

The caudate nuclei were segmented with a new

automated machine-learning approach. The technique,

based on a statistical method called adaptive boosting

or AdaBoost, has been described in detail in Morra

et al., 2008.22 Briefly, this machine-learning algorithm

applies a pattern recognition approach for image seg-

mentation. It tests iteratively various combinations of

imaging features such as image intensity, x, y, and z

positions, image curvature, image gradients, and the

outputs of several other local image filters of various

sizes, and determines the combination of features that

most reliably segments a small training dataset from

the study cohort (in this case 20 subjects) that have

been segmented manually by an expert (AEG, intra-

rater reliability Cronbach’s Alpha 5 0.948). The auto-

mated traces are then compared to the manual traces

for accuracy. The final AdaBoost algorithm was applied

to the full study cohort. For more details on AdaBoost

and its reliability please see Morra et al., 2008.22

Caudate tracing commenced in the coronal plane,

but all three views (coronal, axial, and sagital) were

used for anatomic guidance. The first trace was drawn

on the most frontal coronal slice, where caudate gray

matter was clearly visible on the inferolateral side of

the superior horn of the lateral ventricle. The last trace

was drawn on the most posterior slice, where the body/

tail of the caudate was clearly visible in the superolat-

eral side of the body of the lateral ventricle. As the

body of the caudate thinned out and transitioned into

the caudate tail, the differentiation of the caudate

nucleus became difficult and traces were no longer

drawn. The last trace coincided with the border of the

anterior and middle third of the thalamus as visualized

axially. The medial caudate border was comprised of

the cerebrospinal fluid in the lateral ventricle and the

lateral border by the frontal white matter anteriorly and

the internal capsule more posteriorly. The separation

from nucleus accumbens was generally not possible

based on visual inspection. The inferior border of the

caudate at the level of nucleus accumbens was drawn
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on the imaginary line connecting the most inferior

points of the lateral ventricle and the putamen.

Ventricular Segmentation

The ventricular segmentation approach has been

described previously.23 Briefly, a human rater (AEG,

intra-rater reliability Cronbach’s Alpha 5 0.995) first

traced the lateral ventricles of several (2–6, in this case

4) subjects and these traces were then converted into

3D parametric ventricular mesh models, termed atlases.

Using fluid registration techniques, each atlas was sep-

arately warped to match and, thereby, extract the shape

of the lateral ventricle of each new subject’s scan

resulting in four lateral ventricle segmentations per

subject, which were then averaged to create one final

ventricular model that most accurately captures indi-

vidual anatomy. Averaging four separate segmentations

minimizes as much as possible automated labeling

errors that occur when only one atlas is used.

Radial Distance Mapping

After modeling the segmented hippocampi, caudate

nuclei and lateral ventricles as 3D parametric meshes,

we computed the medial core (a medial curve thread-

ing down the center of each structure) and the radial

distance from the medial core to each surface point for

each structure in each subject.24,25 This provides an in-

tuitive measure of the thickness of the structure at each

point on the boundary. We then derived 3D group av-

erage maps and subjected these to between-group sta-

tistical comparisons. The Mini-Mental State Examina-

tion (MMSE) and UPDRS Part III:motor subscale

scores were entered as covariates in a general linear

model predicting the radial distance at each surface

point of the mesh models. All significance maps were

corrected for multiple comparisons using permutation

testing with the predefined threshold of P < 0.01.

Statistical Methods

One-way ANOVA with post-hoc Bonferroni correc-

tion for multiple comparisons and chi-squared test

were used to test for between-group differences in age,

education, age at PD diagnosis, PD duration, Hoehn &

Yahr stage,26 UPDRS Part III:motor subscale score,

and MMSE score (Table 1). Pearson correlation analy-

ses were used to investigate for possible associations

between the volume of our structures of interest, and

age, age at disease onset, PD duration and educational

level. We used quadratic regression to model potential

linear and nonlinear age and education effects on our

radial distance maps for each structure of interest and

adjusted the radial distance measure, accordingly, if

significant effect was present. We used linear regres-

sion models to map the association between MMSE

and UPDRS Part III:motor subscale and radial distance

and in our between-group comparisons. The 3D statis-

tical maps were further subjected to multiple compari-

sons correction by permutation analyses with the strin-

gent threshold of P < 0.01. This statistical method first

defines the area of the map with suprathreshold values

(i.e., P < 0.01) and then compares it in 100,000 itera-

tions to the suprathreshold area of 100,000 statistical

null distributions, where the pool of predictor variables

(e.g. clinical diagnosis, cognitive scores, etc.) is ran-

domly assigned to the study subjects and the signifi-

cance of the experiment is then defined. The final per-

mutation corrected P-value reflects the likelihood that

one’s experimental findings can occur by chance alone.

TABLE 1. Demographic and volumetric variables

Variable NC PDND PDMCI PDD
One-Way

ANOVA, P-value

Age, yr 73.6 (6.0) 68.4 (6.8) 78 (7.8) 73.4 (7.6) 0.068
Gender (M:F) 10:10 6:6 5:3 10:5 0.6
Education, yr 12.1 (4.3) 11.6 (3.6) 8.0 (1.5) 9.8 (4.0) 0.032
Age at PD presentation, yr N/A 55.5 (11.8) 66.9 (8.6) 60.1 (12.7) 0.1
PD duration, yr N/A 14.3 (5.1) 10.5 (4.3) 13.1 (7.8) 0.7
Hoehn & Yahr N/A 2.3 (0.4) 2.6 (0.7) 3.2 (0.7) 0.007
UPDRS Part III: motor subscale N/A 22.7 (5.9) 34.4 (13.1) 40.6 (13.2) 0.006
MMSE 29.6 (0.7) 29.4 (0.5) 26.4 (2.6) 19.2 (5.1) <0.001
Left hippocampus, mm3 2802 (436) 2898 (376) 3127 (442) 2710 (403) 0.2
Right hippocampus, mm3 2840 (380) 2855 (653) 3096 (653) 2633 (498) 0.2
Left caudate, mm3 2927 (456) 2987 (523) 2808 (677) 2760 (677) 0.7
Right caudate, mm3 2751 (561) 2812 (374) 2857 (463) 2658 (565) 0.8
Left lateral ventricle, mm3 14142 (2329) 14194 (1939) 14670 (2728) 14845 (2341) 0.8
Right lateral ventricle, mm3 15591 (2675) 15655 (1760) 16715 (3593) 17346 (2692) 0.2
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See Thompson et al.27 and Nichols and Holmes28 for

more details on the permutation methods.

RESULTS

The demographics of each group are shown in Ta-

ble 1. There was a trend-level significant age differ-

ence between the PDND and PDMCI groups (P 5
0.054). Significant UPDRS Part III:motor subscale (P
5 0.006) and Hoehn & Yahr differences (P 5 0.007)

between the PDND and the PDD groups were also

present. We observed the expected differences in

MMSE (see Table 1).

Hippocampal Between-group Comparisons

Hippocampal volumetric data (mean, SD) are pro-

vided in Table 1. Hippocampal volume correlated with

age (left r 5 20.34, P 5 0.012; right r 5 20.37, P 5
0.006) but not with age at disease onset, disease dura-

tion, or education. The hippocampal quadratic regres-

sion models revealed significant age but no education

effect. While the uncorrected for age hippocampal

between-group 3D comparisons showed significant hip-

pocampal differences between PDND vs. PDMCI in

the expected direction, this effect disappeared after con-

trolling for age.

Caudate Between-group Comparisons

Caudate volumetric data (mean, SD) are provided in

Table 1. There were no correlations between caudate

volumes and age, age of disease onset, disease dura-

tion, or educational level. Even so, the 3D quadratic

regression models revealed focal areas of significant

age effects. Education did not show an effect on the

3D caudate models. The 3D age-adjusted between-

group caudate statistical maps are presented in Figure

1. After multiple comparison correction with permuta-

tion testing, significant differences were detected in the

left lateral (Pcorrected 5 0.034) and medial (Pcorrected 5
0.034) and right medial (Pcorrected 5 0.023) caudate

between NC and PDD and right medial caudate

between PDND and PDD subjects (pcorrected 5 0.034).

Trend-level significant differences were seen in the

left lateral caudate in the NC vs. PDMCI comparison

(Pcorrected 5 0.07) and the right lateral caudate in the

NC vs. PDND comparison (Pcorrected 5 0.09). The

quantitative maps shown in the bottom portion of Fig-

ure 1 demonstrate that those areas where significant

between-group differences were seen show 10–40%

smaller caudate radial distance, on average, in the

PDD group versus the PDND and the NC groups,

respectively. A few caudate areas showed between-

group differences in a direction opposite to our prede-

fined hypotheses (green and blue regions in the percent

difference caudate maps in the bottom portion of Fig.

1). However, these effects were not significant after

stringent multiple comparison correction with permuta-

tion testing.

FIG. 1. 3D statistical and quantitative between-group caudate maps.
The statistical maps (top) show regions where statistically significant
between-group differences are seen. The red and white colors denote
areas where the P-value is equal to or less than 0.05 and the dark
blue colors denote P-values of 0.1 or higher. The quantitative maps
(bottom) show the magnitude of between-group differences (in %).
[Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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FIG. 2. 3D statistical and quantitative between-group ventricular maps. The statistical maps (top) show regions where statistically significant
between-group differences are seen. The red and white colors denote areas where the P-value is equal to or less than 0.05 and the dark blue colors
denote P-values of 0.1 or higher. The quantitative maps (bottom) show the magnitude of between-group differences (in %). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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Ventricular Between-group Comparisons

Ventricular volumetric data (mean, SD) are provided
in Table 1. There were no correlations between ven-
tricular volumes and age, age of disease onset, disease
duration, or education. Even so, the 3D quadratic
regression models revealed focal areas of significant
age effects. Education did not show an effect on the
3D ventricular models. The 3D age-adjusted between-
group ventricular statistical maps are presented in Fig-
ure 2. Following correction for multiple comparisons
via permutation testing the PDD group showed
significantly larger left (Pcorrected 5 0.011) and right
(Pcorrected 5 0.004) ventricles, compared to the NC
group. The group differences had greatest effect sizes
in the posterior parts of the lateral ventricles (body/
occipital horn left Pcorrected 5 0.00016, right Pcorrected

5 0.00053; superior horn left Pcorrected 5 0.023, right

Pcorrected 5 0.012; inferior horn left Pcorrected 5 0.012,

right Pcorrected 5 0.0024). When compared to the

PDND group, the PDD group showed significant right

and trend-level left ventricular enlargement (left Pcor-

rected 5 0.076, right Pcorrected 5 0.05), where the results

were driven by differences in the posterior portions of

the lateral ventricles (body/occipital horn left Pcorrected

5 0.031, right Pcorrected 5 0.014). The PDD group

showed significant differences in the right and trend-

level significant changes in the left posterior ventricu-

lar portions (body/occipital horn left Pcorrected 5
0.0061, right Pcorrected 5 0.045), compared to PDMCI.

There were no significant differences in the PDMCI

vs. NC and PDMCI vs. PDND comparisons. The quan-

titative maps shown in the bottom portion of Figure 2

demonstrate that the areas with significant between-

FIG. 3. 3D caudate clinical covariate maps. For the significance maps (top two rows) the red and white colors denote areas where the P-value is
equal to or less than 0.05 and the dark blue colors denote P-values of 0.1 or higher. The correlation maps (bottom two rows) show the strength of
the correlations between radial distance (or caudate thickness) and MMSE or UPDRS Part III:motor subscale at each surface point of the caudate
model. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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group differences show 7–25% greater ventricular

enlargement in the PDD group versus the PDND and the

NC control groups, respectively. There were no areas

with effects in a direction opposite to our hypothesis.

Cognitive and Motor Correlations

Using linear regression, we investigated the strength

of the association between two disease-associated

measures—the MMSE (measuring global cognitive

decline) and the UPDRS Part III: motor subscale

(measuring motor symptom severity)—and caudate and

hippocampal atrophy and ventricular enlargement.

MMSE and UPDRS Part III: motor subscale scores did

not show significant correlations with hippocampal at-

rophy. The caudate and ventricular clinical correlation

maps are shown in Figures 3 and 4, respectively.

We found regionally pronounced positive correlations

between MMSE and the head of the caudate nucleus, how-

ever these differences showed only trend-level signifi-

cance (P 5 0.098) after multiple comparison correction

with permutation testing at P < 0.01 threshold (Fig. 3, left

top and bottom panels). UPDRS Part III:motor subscale

scores did not show significant associations with caudate

radial distance (Fig. 3, right top and bottom panel).

We found significant/trend-level significant positive

associations between MMSE and enlargement of the

inferior and posterior lateral ventricle horns (body/occi-

pital horn on the left Pcorrected 5 0.0027, right Pcorrected

5 0.053; inferior horn, left Pcorrected 5 0.062, right

Pcorrected 5 0.018; Fig. 4, left top and bottom panels).

Although local correlations between UPDRS Part III:-

motor subscale and ventricular radial distance also were

observed, these did not remain significant after correc-

tion for multiple comparisons (Fig. 4, right top and bot-

tom panels).

DISCUSSION

This is the first 3D mapping study to examine the

structural alterations of the caudate nuclei, hippocampi,

and lateral ventricles in PD subjects with and without

dementia. PD subjects with cognitive decline show pref-

FIG. 4. 3D ventricular clinical covariate maps. For the significance maps (top two rows), the red and white colors denote areas where the P-value
is equal to or less than 0.05 and the dark blue colors denote P-values of 0.1 or higher. The correlation maps (bottom two rows) show the strength
of the correlations between radial distance (or ventricular expansion) and MMSE or UPDRS Part III:motor subscale scores at each surface point
of the caudate model. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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erential atrophy of the head of the caudate nuclei (Fig.

1) and enlargement in the posterior regions of the lateral

ventricles (Fig. 2). The head of the caudate nucleus is

part of the dorsolateral prefrontal circuit (DLPFC).29

Disruption of the DLPFC could lead to prefrontal cogni-

tive deficits and impaired memory. Lesions of the head

of the caudate nucleus can cause a dysexecutive syn-

drome, disturbance of attention, and impaired recent and

remote memory.30,31 One group reported an association

between caudate atrophy and executive dysfunction in

PD.32 Figure 3 suggests that cognitive decline correlates

with atrophy of the caudate head, although these effects

showed only trend-level significance following the prede-

fined stringent correction for multiple comparisons and

should only be interpreted with caution.

Ventricular expansion has received considerable

attention in the AD literature.33,34 Ventricular volume33

and its rate of change34 have been associated with

future cognitive decline to AD-type MCI and dementia

in NC. Our 3D analyses suggest that PDD is likewise

associated with lateral ventricle enlargement, and that

these changes are most prominent posteriorly (Fig. 2).

The expansion of the posterior portions of the lateral

ventricles is likely due to structural changes in the pa-

rietal and occipital lobes and/or their connections with

other brain regions. In contrast the expansion of the

frontal horns likely reflects atrophy of the basal ganglia

including the caudate nuclei, as well as gray and white

matter changes of the frontal lobe. Further evaluation

for potential gray and white matter atrophy of the fron-

tal, occipital and parietal lobes, as well as the globus

pallidus and putamen will be necessary to fully evalu-

ate these findings. The observed strong association of

MMSE and the posterior portions of the lateral ven-

tricles (Fig. 4) further supports this conclusion.

We hypothesized that we would find hippocampal

atrophy but did not detect it. There may be subtle dis-

ease-associated hippocampal differences that require a

larger sample to identify. In addition, only a global

measure of cognition was used. A more detailed

assessment of memory and other cognitive domains

using more sensitive neuropsychological tools may

increase our power to detect disease-related associa-

tions between cognition and hippocampal atrophy.

Several strengths and limitations of our study should

be recognized. Major strengths of the study include the

well-characterized PD patient cohort. The state-of-the-

art imaging technique is another strength, as it can

identify focal regionally specific disease-associated

changes that are more difficult to identify with more

conventional analytic techniques. In addition, surface

mapping techniques have proven more sensitive to

subtle disease-associated effects relative to ROI-based

volumetric analyses.35–38 One limitation of our study is

its small sample size, which restricted our power to

achieve statistical significance in several of the analy-

ses. However, larger studies, presently underway, will

provide the necessary statistical power to detect or

refute potential between group differences. Subjects

did not receive an identical neuropsychological battery

which limited our ability to assess more specific asso-

ciations between structural alterations and cognitive

decline. The age and education mismatch observed

between the groups is another relative limitation that

we addressed by scrutinizing the age and education

effects on each structure of interest and including the

variable showing statistically significant associations

(i.e., age) as a confounder in all statistical compari-

sons. We did not observe statistically significant

between-group sex differences in our study (P 5 0.6),

but we acknowledge that if sufficiently large samples

were available, all imaging studies would ideally

model gender effects. In view of our small group sam-

ple sizes, and to avoid unnecessarily losing a degree of

freedom of the statistical models, we chose not to

include adjustment for sex. Future studies will be

needed to investigate possible associations between

visuospatial performance and ventricular enlargement,

memory and hippocampal atrophy, or executive dys-

function and anterior caudate atrophy.
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