
r Human Brain Mapping 33:2521–2534 (2012) r

Assessment of Cortical Degeneration in Patients
With Parkinson’s Disease by Voxel-Based

Morphometry, Cortical Folding, and
Cortical Thickness

Joana Braga Pereira,1,2,3 Naroa Ibarretxe-Bilbao,1,2,3 Maria-Jose Marti,2,3,4

Yaroslau Compta,2,3,4 Carme Junqué,1,2,3* Nuria Bargallo,5
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Abstract: Noninvasive brain imaging methods provide useful information on cerebral involution and
degenerative processes. Here we assessed cortical degeneration in 20 nondemented patients with Par-
kinson’s disease (PD) and 20 healthy controls using three quantitative neuroanatomical approaches:
voxel-based morphometry (VBM), cortical folding (BrainVisa), and cortical thickness (FreeSurfer). We
examined the relationship between global and regional gray matter (GM) volumes, sulcal indices, and
thickness measures derived from the previous methods as well as their association with cognitive per-
formance, age, severity of motor symptoms, and disease stage. VBM analyses showed GM volume
reductions in the left temporal gyrus in patients compared with controls. Cortical folding measures
revealed significant decreases in the left frontal and right collateral sulci in patients. Finally, analysis of
cortical thickness showed widespread cortical thinning in right lateral occipital, parietal and left tem-
poral, frontal, and premotor regions. We found that, in patients, all global anatomical measures corre-
lated with age, while GM volume and cortical thickness significantly correlated with disease stage. In
controls, a significant association was found between global GM volume and cortical folding with age.
Overall these results suggest that the three different methods provide complementary and related in-
formation on neurodegenerative changes occurring in PD, however, surface-based measures of cortical
folding and especially cortical thickness seem to be more sensitive than VBM to identify regional GM
changes associated to PD. Hum Brain Mapp 33:2521–2534, 2012. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Magnetic resonance imaging (MRI) has been used in the
study in vivo of cerebral degeneration occurring in Parkin-
son’s disease (PD) [Whitwell and Josephs, 2007]. There are
several methods based on this technique that allow the
analysis of global or local volumetric degeneration of the
brain. For whole brain volumetric analysis, voxel-based
morphometry (VBM) studies have shown gray matter
(GM) reductions in frontal, limbic, and paralimbic areas of
nondemented PD patients as well as in temporal associa-
tive regions [Beyer et al., 2007; Burton et al., 2004; Nagano-
Saito et al., 2005; Ramirez-Ruiz et al., 2005; Summerfield
et al., 2005]. Moreover, these GM decreases have been
related to cognitive impairment in these patients such as
visuospatial and visuoperceptual deficits [Pereira et al.,
2009].

With the development of powerful three-dimensional-
based image-processing techniques, recent studies have
proposed sulcal area and cortical folding, a measure that
relies on gross anatomical landmarks of the cortical sur-
face describing the burying of the cortex [Cachia et al.,
2003, 2008], as new indicators of brain degeneration. Previ-
ous studies have shown that widening of cortical sulci and
decreases of sulcal depth are associated with normal aging
[Kochunov et al., 2005, 2008], mild cognitive impairment
(MCI) [Im et al., 2008a], and Alzheimer’s disease (AD)
[Bastos-Leite et al., 2006; Im et al., 2008a]. Specifically, the
collateral fissure and parieto-occipital sulcus suffer the
most significant changes during healthy aging [Kochunov
et al., 2005], while in MCI patients, these abnormalities
particularly affect the frontal, temporal and parietal lobes
and in AD spread through the entire cortex [Im et al.,
2008a]. Measures of sulcal widening in the anterior cingu-
late and superior frontal sulci have been related to execu-
tive dysfunction in senescing subjects [Kochunov et al.,
2009]. Sulcal indices of the cingulate and calcarine sulci
have shown to correlate with deficits on verbal fluency
and visuospatial tasks respectively in patients with AD
[Mega et al., 1998]. In PD, only one study has analyzed
sulcal morphological changes using a visually guided
method to measure the depth of the olfactory sulcus and
its relationship with olfactory deficits [Kim et al., 2007]. In
that study no evidences of sulcal alterations were found.

Recently, the width of the cortical GM layer that covers
the surface of the brain, referred to as cortical thickness,
has been assessed in a variety of disorders. Most consist-
ing findings point to cortical thinning in the lateral and
medial temporal lobe of MCI patients [Seo et al., 2007] and
to general cortical thinning of the frontal, temporal, parie-
tal and occipital regions in patients with AD [Singh et al.,

2006]. Some studies have shown that cortical thickness is
able to detect early stages of preclinical AD [Fennema-
Notestine et al., 2009] and is a potential marker to dis-
criminate different clinical diagnosis such as AD and
frontotemporal dementia [Du et al., 2007]. Like voxel-
based and sulcal morphological measures, cortical
thickness has also been associated with performance in
neuropsychological tests. In AD patients, cortical thinning
of the perirhinal and parahippocampal cortices was related
to episodic memory deficits [Dickerson et al., 2009], while
in elderly subjects measures of neuroticism and extraver-
sion correlated with prefrontal thickness [Wright et al.,
2007]. To our knowledge, only one study has assessed
cortical thickness in a sample of PD patients showing cort-
ical thinning of the inferior parietal, frontal and temporal
cortices compared with healthy controls [Lyoo et al., 2010].

All together, these studies indicate that GM volume,
cortical folding and thickness are useful measures to assess
the neuroanatomical patterns associated with aging, neuro-
degerative diseases such as AD, and very possibly PD.
According to neuropathological studies of PD [Braak and
Braak, 2000; Braak et al., 2003, 2004], in the earliest disease
stages neural degeneration occurs in motor nuclei and lim-
bic areas that propagate to the inferior temporal and para-
limbic cortex and further reach associative areas like the
prefrontal lobes. At this stage, patients become sympto-
matic, expressing the typical features of PD. Taking into
consideration these studies, we hypothesized that nonde-
mented patients with PD would present GM volume
decreases in limbic, temporal, paralimbic, and prefrontal
areas of the cortex. Similarly, significant reductions of sul-
cal indices and cortical thickness within the previous areas
were expected, showing a regional correspondence of
pathological alterations between volume-based and sur-
face-based measures.

METHODS

Participants

Twenty patients with PD and 20 normal controls were
included. This sample was selected from a pool of subjects
recruited in an outpatient Movement Disorders Clinic
(Parkinson’s Disease and Movement Disorders Unit,
Department of Neurology, Hospital Clinic, Barcelona,
Spain) during a 6-month period. Only subjects with MRI
scans that could be preprocessed and analyzed using the
three methods employed in this study (VBM, cortical fold-
ing, and cortical thickness) were included. In line with
this, 12 subjects had to be excluded due to masking,
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segmentation or sulcus labeling errors during the cortical
folding image analysis (see Cortical Folding section).

For PD patients the following inclusion criteria were set:
diagnosis of idiopathic PD according to the UK Parkin-
son’s disease Society Brain Bank criteria [Daniel and Lees,
1993], namely bradykinesia and at least one of the three
cardinal signs (resting tremor, muscular rigidity, postural
instability); a good initial response to L-dopa or dopamine
agonists; unilateral onset; persistent asymmetry affecting
mostly the side of onset; lack of evidence of other medical
conditions associated with atypical parkinsonism (i.e. pro-
gressive supranuclear palsy or multiple-system atrophy);
lack of diagnostic criteria for dementia associated with
Parkinson’s disease [Emre et al., 2007]; and absence of clin-
ical depression.

The exclusion criteria for the patient group consisted of:
other brain disorders apart from PD; parkinsonism due to
antipsychotics or other drugs; suspected dementia with
Lewy bodies (signs of cognitive impairment during the first
year, transient loss of consciousness, neuroleptic sensitivity);
delirium; confusion; amnestic disorder; neuropsychiatric dis-
eases; severe vascular risk factors (heart failure, hyperten-
sion, or diabetes); vascular lesions; and past traumatic brain
injury on MRI. Written informed consent was obtained from
patients and controls after full explanation of the procedures.
This investigation was approved by the ethics committee of
Hospital Clinic, Barcelona.

Patients were clinically assessed by the motor subsection
of the Unified Parkinson’s Disease Rating Scale (UPDRS)
[Fahn and Elton, 1987] and the Hoehn and Yahr scale
[1967]. They were further screened for dementia and
depression using the mini-mental state examination
(MMSE) [Folstein et al., 1975] and the Beck’s Depression
Inventory (BDI) [Beck et al., 1996], respectively. Five
patients from our sample had visual hallucinations.

Demographic information including age and gender was
collected from the entire sample. Furthermore, all partici-
pants underwent a neuropsychological test battery that com-
prised: Semantic and Phonemic Fluency tests, the Rey’s
Auditory Verbal Learning Test (RAVLT), the Stroop test and
the forward and backward Digits subtests from WAIS-III.
The procedures for neuropsychological assessment are
described in Lezak et al. [2004]. PD patients were evaluated
on the clinical and neuropsychological tests while on medica-
tion. Antiparkinsonian treatments were recorded and the
total daily equivalent dose of levodopa was calculated for
each patient. All subjects underwent neuropsychological test-
ing in first place and MRI scanning in the same week.

Image Acquisition

Anatomical MRI scans were obtained on a 3.0T Magne-
tom Trio Tim Siemens (Erlangen, Germany) at the Center
of Imaging Diagnosis Clinic (CDIC) of Hospital Clinic,
Barcelona. MRI parameters of the three-dimensional
MPRAGE Saggital ISO sequence were as follows: repeti-

tion time (TR) ¼ 2300 ms; echo time (TE) ¼ 2.98/3.01 ms;
inversion time (TI) ¼ 900 ms; 1 mm thickness; field of
view (FOV) ¼ 24 � 24 mm; 256 � 256 matrix. Inspection
of anatomical abnormalities on MRI scans was carried out
by an expert neuroradiologist (N.B.).

Brain Structural Analyses

Voxel-based morphometry

Image preprocessing was conducted using the VBM8
toolbox (available at: http://dbm.neuro.uni-jena.de/vbm)
implemented in SPM8 (available at: http://www.fil.ion.u-
cl.ac.uk/spm/). In brief, images were classified into GM,
white matter (WM) and cerebrospinal fluid (CSF) [Ash-
burner and Friston, 2005; Cuadra et al., 2005; Rajapaske
et al., 1997; Tohka et al., 2004], the tissue classified GM
maps were applied a high-dimensional DARTEL normal-
ization [Ashburner et al., 2007] modulating for nonlinear
effects only and finally smoothed using a Gaussian
smoothing kernel of 12-mm full width at half-maximum.
The resulting final voxel size was 1.5 mm3.

At the second statistical level, smoothed GM images
were compared between PD patients and controls using a
two-sample t test, in which age and gender were included
as nuisance variables. Because normalization of nonlinear
effects only had been applied during VBM8 preprocessing,
which corrects for differences in GM, WM, and intracra-
nial volumes (ITV) [Buckner et al., 2004], there was no fur-
ther need to control for these variables in the statistical
model. Additionally, an absolute threshold mask of 0.1
was used. The final results were corrected for multiple
comparisons using a family wise error (FWE) rate correc-
tion set at P < 0.05. The MNI coordinates of significant
clusters were converted into Talairach coordinates using
an automated nonlinear match method that adjusts for dif-
ferences between the two atlases (available at: http://
imaging.mrc-cbu.cam.ac.uk/). The Marsbar toolbox [Brett
et al., 2002] was used to extract the mean GM values from
significant clusters. Differences between groups in local
volume reductions identified in patients compared with
controls were further assessed using analyses of variance
(ANOVA), with age, gender and ITV as covariates.

Description of VBM methods, statistical analyses and
results were performed following the rules for reporting
VBM studies by Ridgway et al. [2008].

Cortical folding

We removed 12 MRI scans (23%) from this study, seven
of which belonged to patients with PD and five to healthy
controls due to failure in computing a brain mask for each
hemisphere (three), segmentation problems (two), errors in
computation of cortical fold graphs (three), and sulcal
labeling errors (four). The final MRI images from 20
patients and 20 controls were imported into the BrainVisa
database (available at: http://brainvisa.info/) [Mangin
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et al., 2004]. Briefly, image preprocessing included: regis-
tration to the Talairach frame; inhomogeneity bias correc-
tion [Mangin, 2000]; segmentation into GM, WM, and CSF
[Mangin et al., 2004]; extraction and labeling of brain sulci
[Mangin et al., 1995; Riviere et al., 2002]; and calculating
global and local sulcal indices [Cachia et al., 2008; Penttila
et al., 2009]. Global sulcal index was estimated for each
hemisphere as the percentage ratio between total sulcal
area and the outer cortex area, while local sulcal indices
were calculated as the percentage ratio between the area
of a labeled sulcus and the outer cortical area. For local
sulcal measurements, we selected six sulci based on our
study’s hypothesis that PD patients would present GM
reductions in temporal, limbic, paralimbic, and prefrontal
areas: the inferior temporal sulcus, the collateral fissure,
the occipitotemporal sulcus, the anterior cingulate sulcus,
the anterior sylvian fissure, and the superior frontal sulcus
(see Fig. 1). Differences in global and local sulcal indices
from the selected sulci were assessed separately using
multivariate ANOVA with sulcal measures as intrasubjects
factors, group (PD patients, controls) as an intersubject fac-
tor and age, gender, and brain volume as covariates. The
choice of including brain volume as a covariate was based
on a previous report by Toro et al. [2008], in which a
strong relationship was found between cortical surface
area and brain volume and so we wanted to control for
the confounding effects of this variable. In order to correct
for multiple comparisons, a significance level of P < 0.004
(0.05/12 sulci) was applied to the previous analyses.

Cortical thickness

Measurements of cortical thickness were performed
using the FreeSurfer software package (version 4.3.1, avail-
able at: http://surfer.nmr.harvard.edu), [Fischl and Dale,
2000; Fischl et al., 1999b]. The implemented processing
stream involved: removal of nonbrain tissue; transforma-
tion to the Talairach reference space; segmentation into
GM and WM [Dale et al., 1999]; correction of topological
defects [Fischl et al., 2001]; intensity normalization [Dale
et al., 1999]; and subvoxel representation of the GM/WM
boundary and pial surfaces [Dale et al., 1999; Fischl et al.,
1999a]. Cortical thickness was calculated as the shortest
distance between the previous surfaces at each vertex
across the cortical mantle. Maps were smoothed using a
circularly symmetric Gaussian kernel across the surface
with a FWHM of 15 mm and averaged across subjects.
Moreover, estimated total intracranial volume (eTIV) was
calculated from the Freesurfer processing stream. To assess
cortical thickness differences between the two groups at
each vertex of the surface we performed a general linear
model controlling for the effects of age, gender, and intra-
cranial volume. In order to correct for multiple compari-
sons, Monte Carlo simulations were performed to identify
significant vertex-wise group cluster differences. Further-
more, in order to quantify brain alterations, regional corti-
cal thickness values were extracted from significant

clusters of the previous analysis for each subject and
between group differences were assessed by means of
ANOVA with age, gender and ITV as covariates.

Regional WM volumes

Using FreeSurfer (available at: http://surfer.nmr.harvar-
d.edu), additional measurements were performed to assess
the potential role of regional WM volumes underlying GM
volumes, brain sulci and cortical thickness changes occur-
ring in PD. Following the software’s processing stream, af-
ter topological corrections, the cortical surface was
parcellated according to procedures described by Fischl
et al. [2004]. Each vertex was assigned a neuroanatomical
label based on: (a) the probability of each label at each
location in a surface-based atlas, based on a manually par-
cellated training set; (b) local curvature information; and
(c) contextual information, encoding spatial neighborhood
relationships between labels. Using this automated label-
ing system [Desikan et al., 2006; Fischl et al., 2004] the
cortical surface was divided in 33 gyral-based areas in
each hemisphere, which were manually inspected for ac-
curacy. By means of a recently developed algorithm [Fjell
et al., 2008; Salat et al., 2009] the WM volume in the gyri
underneath each cortical label was calculated. Based on
our study’s hypotheses, the following WM labels were
included for analysis: medial frontal, superior frontal,
superior temporal, inferior temporal and insula. Differen-
ces in WM volume between patients and controls were
assessed using ANOVA with volumes as intrasubjects fac-
tors, group (PD patients, controls) as an intersubject factor
and age, gender, and ITV as covariates.

Statistical Analyses

To assess the relationship between whole brain indices
derived from each method we performed correlation analy-
ses using whole-brain GM volumes (VBM), global sulcal
index and average cortical thickness in the following groups
separately: whole sample, controls, and PD patients.

Correlation analyses were also carried out to examine the
association between the previous global indices and stage of
the disease, severity of motor symptoms, global cognitive
performance, and age in the three groups, when appropri-
ate. Severity of motor symptoms was indexed by the motor
section (part III) of the UPDRS and the patient’s disease
stage was assessed by the HY rating scale. According to
these scales, higher scores represent greater motor deficits
and more advanced disease stage, respectively. Regarding
cognitive performance, scores from all neuropsychological
tests were subjected to a factor analysis to produce noncol-
linear estimates of global cognitive performance.

Additional analyses were performed to assess the corre-
lation between regional changes detected by the three
methods in each brain hemisphere, their relationship with
demographic and clinical variables and the role of WM
reductions in local GM, sulcal, and thickness changes in
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Figure 1.

Sulcal structures selected for measuring local cortical folding: the superior frontal sulcus, anterior

sylvian fissure, inferior temporal sulcus, occipitotemporal sulcus, collateral fissure, and anterior

cingulate sulcus. On the left: outer cortical surface of a PD patient. On the right: outer cortical

surface of a control subject.

Figure 2.

Group VBM differences. Results from the analysis of VBM8 showing gray matter volume reduc-

tions in PD patients compared with healthy elderly controls are displayed in the form of statisti-

cal maps superimposed on the surface of a standardized brain and on the sample’s template

created during Dartel normalization with peak intensity located at the global maxima.
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controls and PD patients. Correlations in the whole sample
were also carried out and have been included as Support-
ing Information.

For correlation analyses associated with disease stage as
indexed by the HY rating scale, which is an ordinal vari-
able, Spearman correlations were used while the rest of
correlation analyses were based on Pearson coefficients.
Moreover, in order to compare correlation coefficients
from the previous analyses between controls and PD
patients we applied Fisher’s Z transformation and the dif-
ference between coefficients was computed following: z ¼
(Zr1 � Zr2)/H(1/(20 � 3) þ 1(20 � 3)).

Importantly, all the analyses performed in the PD
patient’s group included age and gender as nuisance vari-
ables or covariates in order to exclude their potential con-
founding effects from disease-related processes.

A Bonferroni-adjusted significance level of P < 0.001
was applied in order to correct for multiple comparisons.
Statistical analyses were carried out using SPSS 16.0 (SPSS
for Windows, Version 16.0.1, 2008, SPSS Inc., 1989–2007).

RESULTS

Clinical and neuropsychological data of the whole sam-
ple are presented and were analyzed as raw scores (Table
I). There were no significant differences in age or gender
between groups. PD patients had a lower MMSE score
than controls, although none scored less than 26. Further-
more, they performed significantly worse than controls in
all neuropsychological tests.

TABLE I. Clinical and neuropsychological data of the sample

PD patients Controls x2/t P

Subjects 20 20 — —
Gender (male/female) 13/7 14/6 0.11 0.739
Mean age (yr) 64 (9.53) 59.1 (10.9) �1.52 0.136
MMSE score 28.5 (1.9) 29.8 (0.7) 2.90 0.008
HY stage 2.4 (0.9) — — —
UPDRS III 24.9 (15.5) — — —
Duration of disease (yr) 6.8 (5.8) — — —
Dopaminergic dosis (mg) 627 (487.7) — — —
Semantic fluency 15 (6.7) 20.4 (5.3) 2.80 0.008
Phonemic fluency 11.9 (6.1) 18.1 (5.8) 3.30 0.002
Rey’s auditory verbal learning test

Learning score 34.3 (11.7) 48.4 (10) 4.10 0.0002
Delayed recall score 6.7 (3.8) 10.3 (1.9) 3.73 0.001
Recognition score 17 (10.6) 25.8 (6.3) 3.18 0.003

STROOP
Word reading 79.9 (31.7) 107.6 (17) 3.36 0.002
Colour naming 48.7 (18.1) 69 (12.4) 4.03 0.0003
Words þ colours 24.8 (10.5) 41.3 (9.8) 5.04 0.00001
Interference score �5.5 (8.5) 0.4 (7.8) 2.24 0.032

Digits
Forward 7.5 (1.5) 8.7 (1.6) 2.40 0.022
Backward 4.2 (1.9) 6.9 (1.8) 4.53 0.00007

Values are given in means followed by (standard deviations).
MMSE score, mini-mental state examination score; HY stage, Hoehn and Yahr stage; UPDRS III, unified Parkinson’s disease rating scale
III (motor subscale).

TABLE II. Significant gray matter volume reductions in PD patients compared with controls

Brain region (Brodmann area)
Cluster size

(mm3)

Coordinates

PD patients,
mean (SD)

Controls,
mean (SD)

Main effect,
F (P value) tx y z

L superior temporal gyrus (BA 41) 1,752 �34.7 �34.5 10 0.36 (0.04) 0.44 (0.04) 27.397 (<0.001) 4.28
�50.5 �17.6 �1.6 4.27

The reported cluster is corrected at P < 0.05 FWE. The coordinates x, y, and z refer to the anatomical location, indicating standard ste-
reotactic space as defined by Talairach and Tournoux [1988].
L, left.
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Regional VBM Differences

For the VBM analyses, PD patients showed significant
GM volume reductions in the left superior temporal gyrus
(BA 41) while controlling for age and gender effects (Fig. 2,
Table II). No GM decreases were observed in controls com-
pared with PD patients.

Regional Cortical Folding Differences

Concerning sulcal indices, ANOVA analyses showed
significant local reductions in the left superior frontal
sulcus (left: F(1,39) ¼ 9.493, P < 0.004) and the right col-
lateral fissure (F(1,39) ¼ 10.399, P < 0.003) in patients
compared with controls, controlling for multiple com-
parisons (Fig. 3, Table III). No significant differences
were found for the other brain sulci or global sulcal
indices.

Regional Cortical Thickness Differences

PD patients showed significant cortical thinning in the
left lateral occipital cortex (maxima) that extended to infe-
rior and superior parietal areas, with respect to controls.
In addition, significant cortical thinning was also found in
the right hemisphere, concretely in the inferior parietal
cortex, extending into various regions of the lateral occipi-
tal, supramarginal, inferior, middle, and superior temporal
cortex. Finally, cortical thinning was also observed in the
right frontal cortex, comprising the pars opercularis, trian-
gularis, precentral, and postcentral areas in PD patients

Figure 3.

Graphic presenting data distribution with average means and

standard errors of local sulcal indices of PD patients and con-

trols. (*) Indicates significant results after correction for multiple

comparisons.

TABLE III. Results from the ANOVA analysis of global and local sulcal indices differences between PD

patients and controls

PD patients, mean (SD) Controls, mean (SD) Main effect, F (P value)

Left hemisphere
Global sulcal index 1.29 (0.2) 1.39 (0.1) 1.571 (0.219)
Local sulcal indices

Sup. frontal sulcus 0.006 (0.003) 0.009 (0.001) 9.493 (0.004)a

Inf. ant. temporal sulcus 0.025 (0.01) 0.034 (0.01) 6.763 (0.013)
Collateral fissure 0.033 (0.01) 0.043 (0.01) 2.187 (0.148)
Ant. cingulate sulcus 0.029 (0.01) 0.038 (0.01) 7.756 (0.008)
Ant. sylvian fissure 0.029 (0.008) 0.035 (0.008) 2.557 (0.119)
Occipitotemporal sulcus 0.033 (0.01) 0.035 (0.01) 0.116 (0.735)

Right hemisphere
Global sulcal index 1.25 (0.2) 1.36 (0.1) 0.763 (0.389)
Local sulcal indices

Sup. frontal sulcus 0.006 (0.002) 0.009 (0.004) 4.910 (0.033)
Inf. ant. temporal sulcus 0.027 (0.01) 0.033 (0.01) 5.147 (0.029)
Collateral fissure 0.031 (0.01) 0.044 (0.01) 10.399 (0.003)a

Ant. cingulate sulcus 0.031 (0.01) 0.032 (0.01) 0.021 (0.885)
Ant. sylvian fissure 0.032 (0.01) 0.04 (0.01) 3.272 (0.079)
Occipitotemporal sulcus 0.029 (0.01) 0.037 (0.01) 3.667 (0.063)

Ant., anterior; Sup., superior; Inf., inferior.
aCorrected for multiple comparisons.
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Figure 4.

Group cortical thickness differences. Results from the analysis of cortical thickness showing cort-

ical thinning in PD patients compared with healthy elderly controls are displayed at each vertex

of the surface of a standardized brain (averaged over all subjects) in terms of t statistical maps.

Figure 5.

Correlations between whole-brain GM volume, global sulcal index and average cortical thickness

plotted versus patient’s age and disease stage as indexed by the Hoehn & Yahr scale. Correla-

tions with Hoehn & Yahr stage have not been corrected for age and gender effects only for pic-

ture purposes; the corrected values can be found in the text. All correlations were statistically

significant except the one between cortical folding and Hoehn & Yahr stage.



(Fig. 4, Table IV). No cortical thickness reductions were
found in controls compared with patients.

Regional WM Volume Differences

No statistically significant differences were found
between PD patients and controls in regional or global
WM volumes (Supporting Information, Table I).

Correlations Between Global Cerebral Indices

Analyses performed separately in controls and PD
patients did not show any significant correlations between
global anatomical indices in these groups. In healthy con-
trols, GM volumes and global sulcal index significantly cor-
related with age (r ¼ �0.714, P < 0.001; r ¼ �0.708, P <
0.001, respectively). On the other hand, in PD patients, GM
volumes and cortical thickness correlated with disease stage
(r ¼ �0.684, P < 0.001; r ¼ �0.627, P < 0.001) (Fig. 5), while
controlling for age and gender effects. Moreover, correla-
tions with age were also assessed in patients and, as
opposed to controls, were found to be significant for all
global indices in the following order: brain sulci (r ¼
�0.752, P < 0.001), GM volumes (r ¼ �0.692, P < 0.001)
and cortical thickness (r ¼ �0.680, P < 0.001) (Fig. 5). Differ-
ences in correlation coefficients between controls and PD
patients were not significant for the correlation between age
and GM volume (P < 0.899) or between age and brain sulci
(P < 0.783). No significant correlations were found between
global indices and cognitive performance or severity of
motor symptoms. Correlations in the whole sample have
been included as Supporting Information.

Correlations Between Regional Cerebral Indices

No significant correlations were found between local
changes in GM volume, brain sulci, and thickness in PD
patients or controls. Concerning the relationship

between local changes and demographic/clinical varia-
bles, only the patient’s age was found to correlate with
reductions of the left collateral fissure (r ¼ �0.741, P <
0.001).

We also performed additional analyses to assess the
potential influence of regional WM reductions in local
changes of GM volume, sulci, and mean thickness. We
observed significant correlations in PD patients between
the left anterior cingulate sulcus and right medial frontal
(r ¼ 0.754, P < 0.001), as well as right superior frontal
WM regions (r ¼ 0.719, P < 0.001) while controlling for
age and gender effects.

No significant correlations were found between any
local measures in the control’s group. Correlations
between regional anatomical measures in the whole sam-
ple are provided as Supporting Information.

DISCUSSION

In this study we compared voxel-based morphometry,
cortical folding and cortical thickness in order to deter-
mine specific measures contributing to brain degeneration
in patients with PD. Our findings suggest that these three
different methods detect alterations of the GM layer in PD
patients compared with healthy controls and furthermore
correlate with disease stage and age, providing both com-
plementary and related information.

To our knowledge, this is the first study to analyze pat-
terns of regional neuroanatomical changes in PD using
three widely used technical approaches. Studies using
VBM have identified GM reductions in the superior tem-
poral gyrus in nondemented PD patients [Beyer et al.,
2006; Ramirez-Ruiz et al., 2007; Summerfield et al., 2005].
Our results are in accordance with these studies in that
GM decreases of superior temporal areas were found as
well in our sample. Moreover, compared with previous
VBM studies, which have mainly used uncorrected levels
of statistical significance, our study has the advantage of

TABLE IV. Significant clusters for the left and right hemispheres, mean cortical thickness, and P values

from the Monte Carlo simulation resulting from the vertex-wise comparison of cortical thickness between PD

patients and controls

Cortical area
Cluster size

(mm2)

Coordinates

PD patients,
mean (SD)

Controls,
mean (SD)

Main effect,
F (P value) CWPx y z

Left hemisphere
Lateral occipital 4,136.89 �24.7 �92.9 4.5 2.23 (0.13) 2.42 (0.08) 28.892 (<0.001) 0.0027

Right hemisphere
Inferior parietal 6,513.06 45.8 �53.2 21.5 2.42 (0.14) 2.61 (0.11) 18.880 (<0.001) 0.0001
Frontal pars opercularis 2,306.74 40 17.7 7.9 2.14 (0.15) 2.29 (0.1) 9.298 (0.004) 0.0153

The reported clusters have been corrected for multiple comparisons. The coordinates x, y, and z refer to the anatomical location, indicat-
ing standard stereotactic space as defined by Talairach and Tournoux [1988].
CWP: Cluster-wise P value. P value: significant between group differences.

r GM Volume, Cortical Folding, and Thickness in PD r

r 2529 r



including a Family Wise Error (FWE) rate correction to
control for multiple comparisons, reducing the rate of false
positives and thus providing true information on the com-
parisons that were tested.

Analyses of cortical folding showed that, in this study,
PD patients presented lower sulcal indices in the left supe-
rior frontal and right collateral fissure compared with con-
trols. To date, the only study assessing sulcal morphology
in PD used a visually guided method to measure the
depth of the olfactory sulcus, failing to find significant dif-
ferences between patients and controls or a correlation
between olfactory deficits and sulcal depth [Kim et al.,
2007]. Our study has the advantage of using a method
with robust computer-based identification algorithms that
allows for a precise automatic labeling of brain sulci and
avoiding biases introduced by visual identification meth-
ods. Moreover, it has been previously suggested that corti-
cal complexity is more related to cortical folding and
convolutions of sulcal shape than sulcal depth [Im et al.,
2006, 2008b].

Concerning cortical thickness, our study showed that
PD patients presented significant cortical thinning in lat-
eral occipital and inferior parietal regions of the right
hemisphere as well as left parietal, occipital, frontal, tem-
poral and premotor areas. To our knowledge, only one
study has assessed cortical thickness in PD [Lyoo et al.,
2010] showing thinning of inferior parietal, latero-occipital,
middle temporal, supramarginal, and frontal regions like
we found in our study, but also in fusiform and lingual
areas. However, the authors from the previous study con-
sidered cortical areas with an uncorrected significance
level, while in our study Monte Carlo simulations were
performed to control for multiple comparisons, which are
far more restrictive. Hence, the differences in the results
from both studies are most likely related to the applied
statistical corrections.

When comparing regional cortical changes identified by
the different methods, analyses of VBM seemed to be the
most conservative, followed by cortical folding and cortical
thickness. These differences between methods could be
related to several issues. For instance, cortical folding and
thickness are fundamentally surface-based methods meas-
uring differences in the GM layer based on cortical surface
geometry. On the contrary, VBM performs whole-brain
voxel-based comparisons of the local GM between groups
of subjects [Ashburner and Friston, 2000, 2001]. Previous
studies combining VBM with cortical thickness show that
these techniques tend to lead to different findings. For
instance, in a study performed in adults with autism,
Hyde et al. [2010] found cortical thickness increases in sev-
eral bilateral areas of frontal, temporal, parietal and occipi-
tal lobes compared with controls. However, when VBM
analyses were performed in the same data set, GM
increases were only identified in the midbrain and frontal
gyrus. In another study with autistic subjects, Jiao et al.
[2010] constructed diagnostic models based on cortical
thickness and compared them with diagnostic models rely-

ing on volumetric neurodegeneration. The authors from
this study found that, similarly to our study, thickness-
based diagnostic models were superior to those based on
VBM, achieving the best classification performance
between autistic subjects and controls. Finally, it has been
reported that cortical thickness methods detect more
changes in the GM layer in normal aging compared with
VBM [Hutton et al., 2009]. This difference in sensitivity
between these two techniques has been related to limita-
tions of cortical GM assessment by VBM in that it merges
information about morphology, size, and position [Ash-
burner and Friston, 2001] and the final measures include a
mixture of thickness and cortical folding [Park et al., 2009;
Voets et al., 2008], being therefore less specific. Moreover,
VBM analyses are particularly sensitive to misregistration
errors across different brains and incorrect classification of
tissue classes during the segmentation process, which can
be misinterpreted as cortical folding or thickness reduc-
tions, ultimately providing essentially false results [Ash-
burner, 2009]. By contrast, cortical thickness provides a
more direct index of cortical morphology that is less sus-
ceptible to positional variance given that the extraction of
the cortex follows the GM surface despite local variations
in its position [Kim et al., 2005; MacDonald et al., 2001].
This method differentiates between cortices of opposing
sulcal walls within the same sulcal bed, enabling more
precise measurement in deep sulci [Lerch and Evans,
2005]. Moreover, one of the main advantages of cortical
thickness measures is that they allow for subvoxel preci-
sion because thickness values are assigned to individual
vertices instead of voxels [Fischl and Dale, 2000]. Finally,
an additional issue that could be related to the differences
in our results is that these different techniques require dif-
ferent levels of smoothing to increase the validity of the
final statistical results. For instance, in VBM analyses a 12-
mm smoothing kernel was selected as it has been
described as the ideal compromise to improve the validity
of statistical inferences, reduce interindividual variation
and to obtain good spatial resolution in VBM [Salmond
et al., 2002]. On the contrary, cortical folding analyses with
BrainVisa do not apply smoothing during image prepro-
cessing [Cachia et al., 2008; Kochunov et al., 2005, 2008,
2009; Liu et al., 2010; Pentilla et al., 2009]. Finally, in corti-
cal thickness analysis, FreeSurfer calculates the level of
smoothing that must be applied during the Monte Carlo
simulation, which is necessary in order to correct for
multiple comparisons and in the case of this study was
15 mm.

What are our results reflecting with respect to PD? Our
study’s hypotheses were based on the well-established
staging of brain pathology by Braak et al. [2000, 2003,
2004], according to which PD patients become sympto-
matic in the last disease stages 4, 5, and 6. Briefly, in stage
4, neural damage occurs in temporal and paralimbic corti-
ces while in stage 5 the lesions extend to the superior tem-
poral gyrus, parietal cortex, and prefrontal areas. Finally,
in stage 6, cortical pathology spreads into first order
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association areas, premotor fields and even, occasionally,
to primary sensory and motor regions. Patients that par-
ticipated in this study were all in the symptomatic stages
of PD, however, our main question regarded in which of
the previously described stages they could be placed. On
one hand, VBM results showed GM reductions in superior
temporal areas, which is fairly consistent with pathological
changes occurring in stage 5. Analyses of cortical folding
revealed sulcal decreases in medial inferior temporal and
frontal regions, which are usually affected during stages 4
and 5. Finally, cortical thickness analyses showed thinning
of regions consistent with stages 4 and 5 and furthermore,
first order areas and premotor fields, which are only com-
promised in the last stage of brain pathology of the dis-
ease. Overall, these findings seem to suggest that cortical
thickness might be more sensitive to pathological damage
occurring in PD compared with cortical folding and finally
VBM. This result is interesting and shows agreement with
previous reports of cortical thickness in AD in that cortical
thinning mirrors pathological changes identified with his-
tology [Lerch et al., 2005; Singh et al., 2006; Seo et al.,
2007]. For instance, in a study by Lerch et al. [2005], AD
patients presented greater thinning in the medial temporal
lobes as well as the posterior cingulate region, parietal and
orbitofrontal cortex, showing agreement with progression
of senile plaques and neurofibrillary tangles according to
Braak’s staging for AD [Braak et al., 1991, 1996]. Cortical
thickness is related to neuronal structural complexity fea-
tures such as neuronal size, presynaptic terminals, and
complexity of dendritic arborizations. In postmortem stud-
ies, frontal and temporal neocortical regions show evi-
dence of cortical thinning with increasing age in the
absence of neuronal number or density loss [Freeman
et al., 2008]. Hence, changes in cortical thickness could be
occurring much before than neuronal death takes place,
indicating preclinical stages of a disease as suggested by
Fennema-Notestine et al. [2009]. In line with this, and sim-
ilarly to our study, the only previous study assessing corti-
cal thickness in PD [Lyoo et al., 2010] also showed cortical
thinning consistent with later stages of brain pathology in
these patients, suggesting that cortical thickness changes
could occur early in the clinical course of PD. However,
future longitudinal studies with wider sample sizes of
patients as well as pathological postmortem confirmation
would be required to assess the relationship between corti-
cal thickness and Braak’s staging.

Although no significant relationships were found
between global cerebral indices, both GM volumes and
cortical thickness correlated with disease stage in PD
patients, indicating they are sensitive to disease progres-
sion. Moreover, all global anatomical measures were sig-
nificantly related to age and specifically local reductions of
the left collateral fissure correlated with age in the
patient’s group. It is well known that age is a strong pre-
dictive factor for development of dementia [Hobson and
Meara, 2004] and is associated with greater neurodegener-
ative and pathological changes in PD [Bouchard et al.,

2007; Emre et al., 2003]. Thus, our findings seem to con-
firm the importance of this variable in PD-related
progression.

Interestingly, even though no significant WM decreases
were found in PD patients with respect to controls, WM
volume was generally reduced in most regions in patients
and in particular, medial and superior frontal WM showed
to be significantly related to one particular brain sulcus,
the left anterior cingulate. Recent studies have shown that
widening of cortical sulci has been primarily associated
with decreased gyral WM volume in MCI, AD [Im et al.,
2008a] and normal aging [Kochunov et al., 2009]. Accord-
ing to the well known tension-based theory of morphogen-
esis [Hilgetag and Barbas, 2006; Van Essen, 1997], cortical
folding processes and development of brain sulci are the
result of mechanical tension produced by WM fibers that
pull anatomical regions that are strongly connected
towards one another. In our study, we did not find a sig-
nificant relationship between WM volumes with any other
anatomical measures but brain sulci, suggesting that, in
agreement with the tension-based theory, regional WM
volume reductions could be playing a role in the genesis
of cortical folding alterations in PD, similarly to previous
reports in other diseases [Im et al., 2008a]. However,
future studies including more sensitive measures of WM
such as WM connectivity with FA would be required to
understand better the relationship between folding indices
and gyral WM volumes in PD.

Overall, our results suggest that surface-based methods
of cortical folding and especially of cortical thickness are
sensitive to PD-related neural degeneration. According to
Panizzon et al. [2009], in genetic studies, using GM vol-
ume as an endophenotype for a disorder may actually
confound the underlying architecture of brain structure
given that it conflates the contributions of thickness and
surface area and therefore may not capture the basic struc-
tural elements of the cortex. Our results seem to confirm
these findings and strongly encourage the use of folding
and thickness analyses in future studies assessing cortical
atrophy in PD.

One of the limitations of this study was the small sam-
ple size, which reduced the statistical power of our find-
ings. This factor also limits the interpretation of our results
in the wider context of the neuropathology of Parkinson’s
disease, since we did not include newly diagnosed
patients or advanced patients with Parkinson’s disease
and dementia (PDD). Moreover, although cortical thick-
ness, folding and VBM detected changes in the cortical
GM layer of PD patients with respect to controls, one
would need pathological postmortem confirmation of our
findings to know the true GM changes occurring in PD.
Therefore, future studies assessing wider samples of PD
patients in the different stages of the disease and involving
postmortem pathological confirmation, would be essential
to further assess the progression of the anatomical reduc-
tions and relationship between the methods used in this
study with pathological changes.
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CONCLUSIONS

We found that, compared with healthy controls, PD
patients presented significant reductions of GM volume,
sulcal indices and cortical thickness that correlated with
the disease stage and age. However, surface-based meth-
ods of cortical folding and especially cortical thickness
seemed to be more sensitive to GM changes occurring in
PD compared with VBM, indicating that these methods
provide relevant information on cortical degeneration
in PD.
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Ansón B, Marti MJ, Pastor P, Ramirez-Ruiz B, Mercader J
(2005): Structural brain changes in Parkinson disease with de-
mentia. Arch Neurol 62:281–285.

Talairach J, Tournoux P (1988): Co-planar Stereotaxic Atlas of the
Human Brain. Thieme, NY.

Tohka J, Zijdenbos A, Evans A (2004): Fast and robust parameter
estimation for statistical partial volumes models in brain MRI.
Neuroimage 23:84–97.

Toro R, Perron M, Pike B, Richer L, Veillette S, Pausova Z, Paus T
(2008): Brain size and folding of the human cerebral cortex.
Cereb Cortex 18:2352–2357.

Van Essen D (1997): A tension-based theory of morphogenesis
and compact wiring in the central nervous system. Nature
385:313–318.

Voets NL, Hough MG, Douaud G, Mattthews PM, James A, Win-
mill L, Webster P, Smith S (2008): Evidence for abnormalities
of cortical development in adolescent-onset schizophrenia.
Neuroimage 43:665–675.

Whitwell JL, Josephs KA (2007): Voxel-based morphometry and
its application to movement disorders. Parkinsonism Relat Dis-
ord 13:S406–S416.

Wright CI, Feczko E, Dickerson B, Williams D (2007): Neuroana-
tomical correlates of personality in the elderly. Neuroimage
35:263–272.

r 2534 r

r Pereira et al. r


