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ABSTRACT

Objective: To assess whether functional neural connectivity is disrupted between the regions of the
default mode network (DMN) in Parkinson's disease (PD) and how this connectivity is related to
cognition, brain gray matter structure and white matter integrity and diffusivity.
Methods: Thirty-seven PD patients and 16 healthy controls were evaluated, using resting-state functional
magnetic resonance imaging (MRI), T1-weighted MRI, diffusion-weighted imaging and a battery of
cognitive tests. Functional connectivity between the regions of the DMN, specifically in the precuneus,
anterior and posterior cingulate, medial prefrontal and temporal and inferior parietal cortices was
assessed with seed-to-voxel connectivity; gray matter volume and white matter values were determined
using voxel-based morphometry and tract-based spatial statistics.
Results: Reduced functional connectivity was observed between the posterior cingulate and medial
temporal lobe in PD. Lower cognitive performance, gray matter loss in posterior, medial temporal and
parietal areas, and fractional anisotropy reduction in the white matter adjacent to DMN regions were also
observed in PD patients compared with healthy controls. Lower DMN functional connectivity correlated
with lower verbal and visual memory and visual abilities performance in PD. In addition, lower DMN
functional connectivity correlated with lower gray matter volume in the posterior cingulate and pre-
cuneus, and with lower white matter fractional anisotropy of the inferior longitudinal and posterior
cingulate fasciculi in PD.
Conclusions: By combining different neuroimaging techniques and cognitive data, results showed that
functional connectivity alteration between the regions of the DMN is associated with lower cognitive
performance and gray and white matter abnormalities in PD.

© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

executive functions, attention and visuospatial abilities but recent
studies also showed that memory is a relevant cognitive deficit in

Parkinson's disease (PD) is a neurodegenerative disorder char-
acterized by the progressive development of motor symptoms and
cognitive decline, with dementia often occurring in advanced
stages of PD [1]. Previously, PD has been related to deficits in
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this disease [2]. Previous studies have demonstrated brain
anatomical changes [3], cognition task-related functional magnetic
resonance imaging (fMRI) changes [4,5] and cognitive impairment
in PD [G]. Recently, there has been growing interest in resting-state
fMRI studies, as this approach allows the study of the brain's
functional networks without requiring participants to perform any
task. Moreover, high reproducibility of the findings supports the
validity of resting-state fMRI outcome measures as biomarkers [7].
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The default mode network (DMN) is the most studied network
in the resting-state and is derived from observations that specific
brain regions are more active when the brain is in a wakeful
resting-state than during the performance of external tasks. The
areas that have been identified as part of the DMN are the medial
prefrontal cortex (MPFC), anterior cingulate cortex (ACC), posterior
cingulate cortex (PCC), precuneus, medial temporal lobe (MTL) and
inferior parietal cortex (IPC) [8]. The relevance of the DMN has been
emphasized in several neuropsychiatric diseases [8], but only a few
studies have investigated the DMN in the context of PD [9—14].
FMRI studies have confirmed the crucial role played by the DMN in
cognitive processing both in normal aging and neurodegenerative
disorders [15,16]. In fact, the impairment of PCC and precuneus
could be an important marker to distinguish amnestic mild
cognitive impairment from healthy aging in the resting-state [17].
However, most neuroimaging studies assessing the DMN only had
one single imaging modality making it difficult to investigate
structural and functional changes in PD patients. Moreover, studies
only assess global cognitive measure instead of extensive cognitive
battery. To our knowledge, this is the first study assessing DMN
disturbances and its cognitive and brain gray matter (GM) volume
and white matter (WM) indexes correlates. Therefore, the first
objective of this study was to investigate the resting-state func-
tional connectivity (FC) between the regions of the DMN in PD
patients, compared with healthy controls (HC). At the same time,
we investigated cognitive differences, and GM volume and WM
tracts differences in the DMN areas. The second objective was to
explore the cognitive, GM volume and WM correlates of the DMN
disturbances in PD. For the first objective, we hypothesized that PD
patients would have lower FC, cognitive performance, GM volume
and WM. For the second objective, we hypothesized that decreased
FC in the DMN would be related to GM atrophy, lower WM, and
diminished cognitive performance in PD.

2. Methods
2.1. Participants

The study included 37 PD patients recruited from the Depart-
ment of Neurology at the Galdakao Hospital and from the PD Biscay
Association (ASPARBI). We also included 16 HC who were ac-
quaintances of the patients, matched with the patients by age,
gender and years of education. PD patients were enrolled in the
study if they fulfilled the UK PD Society Brain Bank diagnostic
criteria, as assessed by a neurologist specialized in movement
disorders. Other inclusion criteria were as follows: (i) age between
45 and 75 years; (ii) Hoehn and Yahr disease stage < 3; and (iii)
Unified PD Rating Scale (UPDRS) evaluated by the neurologist. The
exclusion criteria were as follows: (i) the presence of dementia, as
defined by the DSM-IV-R and the Movement Disorders Society
clinical criteria for PD dementia; (ii) scores of <24 on the Mini
Mental State Examination; (iii) the presence of other neurological
illness or injury or atypical parkinsonism; (iv) unstable psychiatric
disorders; (v) PD patients with visual hallucinations, as assessed by
the Neuropsychiatric Inventory Questionnaire; and (vi) diagnosis of
depression or a depression score of >5, as evaluated with the
Geriatric Depression Scale. WM hyperintensity ratings were
calculated twice by the same neuroradiologist using the Fazekas
Scale based on T1-weighted images. One patient was taking no
medication, and 36 were on anti-Parkinsonian treatment as fol-
lows: Levodopa (L-dopa) monotherapy (n = 4); combination of L-
dopa and a dopamine agonist (n = 5); monoamine oxidase type B
(MAO-B) inhibitors monotherapy (n = 1); combination of L-dopa
and MAO-B (n = 5); combination of L.-dopa, a dopamine agonist and
MAO-B (n = 9); combination of dopamine agonist and MAO-B

(n = 4); combination of a dopamine agonist and anticholinergics
(n = 2); combination of glutamate agonists in combination with
others (n = 4); and catechol-O-methyltransferase (COMT) in-
hibitors in combination with others (n = 2). Participants were
symptomatically stable and evaluated during the “ON” period.
Their Levodopa equivalent daily dose (LEDD) was registered. The
clinical and sociodemographic characteristics of the study sample
are shown in Table 1.

2.2. Ethics statement

The study protocol was approved by the Ethics Committee at the
Health Department of the Basque Mental Health System in Spain.
All subjects were volunteers and provided written informed con-
sent prior to their participation in the study.

2.3. Cognitive evaluation

The cognitive battery included tests to evaluate processing
speed, verbal fluency, verbal and visual learning and memory, vi-
sual abilities and executive functioning. All cognitive measures
were converted into z scores, based on the pooled PD group, and all
composite cognitive domains maintained satisfactory internal
consistency. Processing speed (Cronbach o = 0.86) was quantified,
based on the Trail Making Test—A and Salthouse Letter Comparison
Test. For verbal fluency (o = 0.89), semantic and phonetic fluency
tests were used. For verbal learning and memory (o = 0.92),
learning and long-term recall performance on the Hopkins Verbal
Learning Test (version 2) was utilized. For visual learning and
memory (o = 0.97), learning and long-term recall performance on
the Brief Visual Memory Test (version 1) was used. For visual
abilities, the Drawing Test (order and copy) and Visual Objects and
Space Perception Battery (incomplete letters and cubes) were used
(o = 0.76). Executive functioning (o = 0.73) was determined, based
on the WAIS-III Indirect digits and the Stroop test, using the word
color and interference scores.

Table 1
Sociodemographic, clinical and neurological characteristics of the study sample.

PD (n = 37) HC (n = 16) Statistics p

Age (years) 67.97 (6.18) 65.13(6.78) t=145 0.141
Gender (male) 22 (59.50%) 12 (75.00%) 2 =117 0.279
Years of education 10.24 (4.81) 12.27 (4.30) t=-1.85 0.069
Fazekas Scale 0.51 (0.69) 0.67 (0.90) %?>=2.89 0.235

Fazekas 0 22 (59.46%) 10 (62.50%)

Fazekas 1 11 (29.73%) 2(12.50%)

Fazekas 2 4(10.81%) 4 (25.00%)
UPDRS

Mental State 1.86 (1.47) - - -

Daily living activities 10.28 (6.27) - - -

Motor exam 21.72 (10.29) — — -

Treatment complications  2.75 (2.88) - — -

Total score 36.61(17.27) — — -
LEDD 808.59 (536.81) — - -
Years of disease evolution  6.96 (5.61) - - -

Age of disease onset (years) 61.01 (8.44) — — -

Hoehn and Yahr Scale 1.89 (.45) — — —
Stage 1 5 — — —
Stage 1.5 3 - - —
Stage 2 26 — - —
Stage 2.5 1 - - -
Stage 3 2 — — —

Note: Values are expressed as the mean (Standard deviation), unless otherwise
stated.

Abbreviations: PD = Parkinson's disease; HC = Healthy controls; UPDRS = Unified
Parkinson Disease Rating Scale; LEDD = Levodopa Equivalent Daily Dose.
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2.4. Image acquisition

Functional and structural imaging data were acquired on a 3-
Tesla MRI machine (Philips-Achieva) at OSATEK, Hospital of Gal-
dakao. All sequences were acquired during a single session. The
resting-state fMRI was obtained in an axial orientation in an
anterior-posterior phase direction, using a sequence sensitive to
blood oxygen level-dependent (BOLD) contrast and a multislice
gradient echo EPI sequence (TR = 2100 ms, TE = 16 ms, matrix
size = 80 x 78 mm, flip angle = 80°, FOV = 240 x 240 x 130 mm,
slice thickness = 3 mm, 214 slices, voxel
size = 3.00 x 3.00 x 3.00 mm, acquisition time =7 min 40s). AT1-
weighted images acquisition was obtained in a sagittal orientation
(TR = 74 ms, TE = 3.4 ms, matrix size = 228 x 218 mm; flip
angle = 9°, FOV = 250 x 250 x 180 mm, slice thickness = 1.1 mm,
300 slices, voxel size = 098 x 0.98 x 0.60 mm, acquisition
time = 4 min 55 s). Diffusion-weighted images were obtained, in an
axial orientation in an anterior—posterior phase direction, using a
single-shot EPI sequence (TR = 7540 ms, TE = 76 ms, matrix
size = 120 x 117 mm; flip angle = 90°, FOV = 240 x 240 x 132 mm,
slice thickness = 2 mm, no gap, 66 slices, voxel
size = 1.67 x 1.67 x 2.0 mm, acquisition time = 9 min 31 s) with
two identical repetitions (32 uniformly distributed directions
[b = 1000 s/mm2] and 1 b = 0 s/mm2).

2.5. Image pre-processing and analysis

2.5.1. Resting-state FC

Subjects were instructed not to engage in any particular
cognitive or motor activity, to keep their eyes closed and not to fall
asleep. Foam padding and earplugs were used to limit head
movement and reduce scanner noise for the subjects. FC analysis
were carried out using CONN Functional Connectivity Toolbox
version 14.p [18]. First, functional images from each subject were
realigned and unwarped, slice-timing corrected (interleaved
bottom-up), coregistered with structural data, spatially normalized
into the standard MNI space (Montreal Neurological Institute,
Canada), outlier detected (ART-based scrubbing) and smoothed
using a Gaussian kernel of 8 mm FWHM. All preprocessing steps
were conducted using default preprocessing pipeline for volume-
based analysis (to MNI-space). Structural data were segmented in
GM, WM and cerebrospinal fluid (CSF), and normalized in the same
default preprocessing pipeline. One major point is reducing the
noise via the anatomical CompCor approach. This method extracts
principal components (5 each) from WM and CSF time series. WM
and CSF voxels are identified via a segmentation of the anatomical
images. These components are added as confounds in the denoising
step of the CONN toolbox [18]. The six head motion parameters
derived from spatial motion correction were also added as con-
founds. As recommended band-pass filtering was performed with a
frequency window of 0.008—0.09 Hz [19]. This preprocessing step
was found to increase the retest reliability. Seed-to-voxel group
comparisons were assessed using cluster-level inference at
p(FWE) < 0.05 at a height threshold of p(uncorrected) < 0.001, as
described in similar previous studies [13]. Seed-based analysis is
the most commonly used approach in resting-state fMRI field when
authors have a prior assumption. LEDD data was used as covariate
in the analysis based on previous findings [13]. Seeds selected ac-
cording to areas of the DMN [8] and based on Harvard-Oxford
Structures Atlas (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) were:
(a) PCC, (b) ACC, (c) MPFC, (d) bilateral MTL, (e) bilateral IPC, and (f)
precuneus. Post-hoc analyses were carried out to test whether FC
differences and correlates were related to structural GM abnor-
malities. FC values of significant differences were obtained to
perform statistical analyses in SPSS.

2.5.2. GM volume

Voxel-based morphometry (VBM) [20] analyses were carried
out using the FMRIB Software Library (FSL) [21] tools (http://fsl.
fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM). First, a study-specific template
was created, in order to register all images in the same stereotactic
space (spatial normalization). To this aim, brain-extracted struc-
tural images were segmented into GM, WM and CSF. Then, GM
images were affine registered to the GM ICBM-152 template and
averaged to create an affine GM template. Next, GM images were
re-registered to this affine GM template, using a non-linear regis-
tration, and averaged to create the study-specific nonlinear GM
template in standard space. Second, individual GM images were
registered nonlinearly to the study-specific template. After the
normalization, the resulting GM images were modulated by
multiplying with Jacobian determinants to correct for the volume
change induced by the nonlinear spatial normalization. Finally, the
images were smoothed with a sigma of 3.5 mm (8 mm FWHM). The
DMN regions selected were described in resting-state FC section.
Mean volume values of the regions of interest (ROI) were obtained
to perform statistical analyses in SPSS.

2.5.3. WM indexes

Integrity and diffusivity data were preprocessed and analyzed
using FSL [21]. First, images from each subject were concatenated
and radiologically oriented. Then, the data were corrected for mo-
tion and eddy currents, the brain extraction tool (BET) was used and
the diffusion gradients (bvecs) rotated to be corrected, thus
providing a more accurate estimate of tensor orientations [22].
Then, all fractional anisotropy (FA) images were obtained by fitting
a tensor model to the raw diffusion data, using FDT (DTIFIT). After,
tract-based spatial statistics (TBSS) [23]| was used for group com-
parisons. Using TBSS, the data were prepared to apply a nonlinear
registration of all FA images into standard space. The mean FA
image was created using a threshold of 0.2 and thinned to create a
“mean FA skeleton” which represents the centres of all tracts
common to the group. Axial diffusivity (AD) data were analyzed
using “tbss non FA” script from TBSS, which applies the original non
lineal registration to the AD data, merges all subjects warped AD
data into a 4D file, then project this onto the original mean FA
skeleton, and creates the 4D projected data. The same process was
repeated for mean diffusivity (MD) and radial diffusivity (RD).
Specific predefined WM ROIs associated with the DMN [24] were
selected, based on the JHU White-Matter Tractography Atlas, as
follows: (1) corpus callosum body, (2) anterior cingulate fasciculus,
(3) posterior cingulate fasciculus, (4) inferior longitudinal fascic-
ulus, and (5) inferior fronto-occipital fasciculus. Mean indexes
values of the predefined ROIs were obtained to perform statistical
analyses in SPSS.

2.6. Statistical analysis

Normality of data was tested, using the Kolmogorov—Smirnov
test. Between-group differences were compared, using the two-
tailed t-test or % test including as covariates age, gender and ed-
ucation. Pearson's partial correlations, including as covariates age,
gender, education, LEDD, UPDRS III, Hoehn and Yahr stage and
disease duration were performed in PD. Pearson's partial correla-
tions, including as covariates age, gender and education were per-
formed in HC. Two outliers were excluded for correlation analyses
in PD group using boxplots to avoid false correlations. Finally, a
hierarchical multiple regression analysis was conducted to examine
if the age, GM atrophy, as well as WM alteration predicted the FC
differences between the regions of the DMN in PD patients. The
predictor variable of age was entered in the first block because
disrupted connectivity in aging persists even controlling for brain
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atrophy or age-related structural changes [25] and because age
demonstrated the importance in DMN alterations and its impact on
memory [15]; the predictor variables of GM atrophy correlates were
entered in the second step, the final predictor variables of WM
alteration correlates were entered in the third block. The criterion
variable was FC differences. To obtain adjusted mean differences in
change scores and correlations, we used bootstrapping. Effect size
(Cohen's d and 95% confidence interval [CI]) was calculated, based
on the change in the score differences between groups. Cohen's
d values of 0.20, 0.50 and 0.80 were considered small, medium and
large, respectively. Bonferroni's correction for multiple compari-
sons was not applied because of the exploratory nature of the study
and the low sample size. Statistical analyses were performed, using
the statistical package SPSS program (IBM SPSS Statistics 23).

3. Results
3.1. Resting-state, cognitive and brain anatomical differences

3.1.1. Resting-state FC

The seed-based FC with a seed in the PCC was significantly
decreased in the left and right MTL in PD patients compared with
HC (Fig. 1). No differences were found in the other located seeds.
The same analysis without LEDD as covariate only revealed signif-
icant decreased between PCC and right MTL (p = 0.042).

3.1.2. Cognition

PD patients showed significantly decreased processing speed,
verbal fluency, verbal and visual memory, visual abilities and ex-
ecutive function performance, compared with HC [see Table S1 in
Supplementary Materials (SM)].

3.1.3. GM volume

PD patients showed significantly decreased volume in the ACC,
PCC, precuneus, left MTL and bilateral IPC, compared with HC (see
Table S2 in SM).

3.1.4. WM indexes

PD patients showed significantly reduced FA in the corpus cal-
losum body, anterior cingulate fasciculus, inferior fronto-occipital
fasciculus, inferior longitudinal fasciculus and right posterior
cingulate fasciculus, compared with HC (see Table S3 in SM). No
significant differences were found between groups in AD, MD and
RD indexes.

3.2. Cognitive and brain anatomical correlates between the regions
of the DMN

FC between the PCC and left MTL correlated with verbal and
visual memory, whereas FC between the PCC and right MTL
correlated with visual abilities (see Table S4 in SM, Fig. 2).
Regarding GM volume correlates, FC between the PCC and left MTL
correlated with the GM volume of the PCC and precuneus in PD
patients (see Table S4 in SM, Fig. 3). Finally, FC between the PCC and
MTL correlated with WM FA of the right inferior longitudinal
fasciculus and right posterior cingulate fasciculus in PD patients
(see Table S4 in SM, Fig. 3). No significant correlations were found in
HC group between FC differences and cognition, GM or WM data
(see S5 in SM).

3.3. Post-hoc analyses in PD patients

3.3.1. FC differences controlling for GM

After controlling for GM atrophy, the FC differences between
PCC and left MTL (cluster size = 161, p = 0.020) and right MTL
(cluster size = 136, p = 0.020) remained significant.

3.3.2. Cognitive correlates of GM and WM

Visual memory correlated with GM of posterior cingulate cortex
(r =0.450, p = 0.014), precuneus (r = 0.524, p = 0.004), left medial
temporal lobe (r = 0.371, p = 0.047) and right parietal (r = 0.374,
p = 0.046). Verbal memory correlated with anterior (r = 0.475,
p = 0.009) and posterior cingulate cortex (r = 0.687, p < 0.001) and

Between-group differences in resting-state FC

PCC & Left MTL

PCC & Right MTL

Cluster ~ Size  Region  T(beta) p-FDR corrected
[-62+00-22) 215 LeftMTL 5.15(.22) 002
(+58402-22) 183 RightMTL 561(22) 002

Fig. 1. Between-groups differences in resting-state FC between the regions of the DMN. Legend: DMN functional connectivity (FC) differences between PD patients and HC. PD
patients showed significantly reduced FC between the PCC and bilateral MTL, compared with HC. Cluster-level inference at p(FWE) < 0.05 at a height threshold of p(uncor) < 0.001.
Seed located in the PCC. PD = Parkinson's disease; HC = Healthy controls; FC = Functional connectivity; DMN = Default mode network; PCC = Posterior cingulate cortex;

MTL = Medial temporal lobe.
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Fig. 2. Significant cognitive correlates of the DMN in PD patients. Legend: PD = Parkinson's disease; DMN = Default mode network; PCC = Posterior cingulate cortex; MTL = Medial

temporal lobe.

precuneus (r = 0.659, p < 0.001). Finally, visual abilities correlated
with GM of posterior cingulate cortex (r = 0.427, p = 0.023) and
precuneus (r = 0.394, p = 0.038). No correlations were found be-
tween cognitive measures and WM FA differences.

3.3.3. Cognitive correlates of FC controlling for GM

Controlling for the GM regions which correlated with cognitive
composites, cognitive correlates of FC differences also remained
significant in verbal memory (r = 0.446, p = 0.023), visual memory
(r = 0.481, p = 0.017) and visual abilities (r = 0.441, p = 0.024).

3.3.4. Hierarchical regression of brain atrophy and FC differences
between the regions of DMN in PD

No strong relationships were observed between the predictor
variables. VIF values (<10) and tolerance values (>0.1) for all pre-
dictor variables were also adequate, thereby demonstrating that
there was no issue with multicollinearity. Age failed to add signif-
icantly to the FC differences. The result of this analysis showed that
the overall model was significant explaining 21% of the variance in
FC differences in PD patients (F (4, 32) = 3.35, p = 0.021) being WM
FA alterations the strongest predictor of FC in PD.

4. Discussion

The present study aimed to investigate resting-state FC between
the regions of the DMN and explored the cognitive and brain
anatomical correlates of the DMN disruption in PD, by combining
cognitive data and a multimodal neuroimaging approach. Two
main findings were obtained. First, this study revealed significant
FC reduction between the regions of the DMN (PCC and bilateral
MTL) in PD. Second, the observed DMN disruption was associated
with decreased cognitive performance, GM volume and WM FA in
PD.

Previous studies suggested dysfunction in several areas of the
DMN regions in PD by detecting alterations in posterior midline
areas [9,11]. In addition, other studies reported decreased DMN
connectivity specifically in the MTL and IPC [10,11]. In relation to
our first objective, our imaging data indicated a decreased FC be-
tween the PCC and bilateral MTL regions in PD which disappeared
without LEDD as covariate. Although there are different published
approaches to analyzing resting-state fMRI in PD [26], it is clear that
dopamine plays a critical role in the functional reorganization of
the brain [27], therefore, we used LEDD as a covariate. In our study,
in addition to alterations in the posterior—temporal FC, PD patients
exhibited GM volume loss in DMN areas, mainly in posterior
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Fig. 3. Significant brain GM volume and WM FA correlates of the DMN in PD patients. Legend: PD = Parkinson's disease; GM = Gray matter; WM = White matter; FA = Fractional
anisotropy; DMN = Default mode network; PCC = Posterior cingulate cortex; MTL = Medial temporal lobe.

midline areas, and WM FA degeneration adjacent to those DMN
areas. Although PD patients exhibited GM atrophy, the FC differ-
ences between the regions of the DMN remained significant even
after controlling for GM atrophy, suggesting that FC differences
between the regions of the DMN were not GM volume dependent.

For our second objective, we investigated whether the DMN
alteration was associated with cognitive and brain anatomical data.
Although previous studies of the DMN resting-state have corre-
lated FC with cognitive performance and GM volume [11,12], little
is known about WM correlates. We found that the FC disruption
between the PCC and left MTL was associated with verbal and vi-
sual memory impairment, whereas the FC disruption between the
PCC and right MTL was associated with deterioration in visual
abilities. These two findings are in line with previous works which
also demonstrated a relationship between DMN connectivity and
cognitive functions such as memory and visuospatial processing
[4,11,12,14]. Furthermore, dysfunctions of the DMN predict cogni-
tion in PD [28], are associated with memory and visuospatial
abilities in PD [11,12] and precede recognition memory deficits in
early PD [14]. In terms of GM volume correlates, we found that the
FC disruption between the PCC and left MTL was associated with
GM atrophy of the PCC and precuneus. Our results revealed lower
FC between these regions of the DMN and lower GM volume in the

posterior regions, suggesting that the posterior DMN is the most
affected area in PD. These results are also supported by some
studies that revealed that the PCC, included in the DMN, is con-
nected to the temporal cortex and linked to memory functions
[29]. Finally, and as a novel approach, in relation to WM correlates,
the DMN disruption between the PCC and right MTL was associ-
ated with a decrease in WM FA of the right posterior cingulate
fasciculus in PD. A previous study showed that the pattern of DMN
FC was significantly associated with the WM microstructure in the
cingulate bundle [24]. Moreover, a positive association was also
found between DMN disruption of the PCC and left MTL and WM
FA of the right inferior longitudinal fasciculus, a fiber bundle that
has been previously associated with the connection between the
PCC and MTL [30]. These results suggested that posterior cingulate
alteration is present also in WM microstructure and is associated
with disruption of the FC in PD.

To further interpret the DMN FC correlates in PD patients a hi-
erarchical regression was used. The overall model combining brain
GM and WM correlates was the best predictor of FC differences
between PCC and left MTL in PD patients. The analysis suggested
that the FC alteration between the regions of the DMN is not only
related to GM atrophy but also to alterations in WM adjacent re-
gions. This model confirms that DMN FC disruption was related to



64 O. Lucas-Jiménez et al. / Parkinsonism and Related Disorders 33 (2016) 58—64

GM and WM brain atrophy in cognitively impaired PD patients.

Our study has some limitations that would need to be consid-
ered. First, our results are based on cross-sectional data. Therefore,
further longitudinal studies are required to confirm our findings.
Second, the sample size is relatively small, and, as such, our results
have to be considered as preliminary; nevertheless, our results
survived for bootstrapping and reached a high effect size demon-
strating the clinically relevance of the results. Third, our results
need to be interpreted with caution, since we did not compare “ON/
OFF” conditions.

Finally, the strength of this study was that we assessed resting-
state fMRI DMN in combination with T1-weighted and diffusion-
weighted images and with a cognitive battery. Thus, this com-
bined approach allowed us to examine all aspects of the DMN
simultaneously. To the best of our knowledge, our study is the first
to demonstrate that DMN alteration in PD is associated with a
defined and focal pattern of brain GM volume and WM FA abnor-
malities centered on the PCC and subsequent connections to the
MTL, which revealed a lower performance in memory and visual
abilities. This study highlights the close relationship between
functional and anatomical changes and its effect on cognitive per-
formance. In conclusion, the study supports that the FC alteration
between the regions of the DMN is not only related to GM atrophy
but also to alterations in WM adjacent regions and highlights the
importance of investigating PD using a multimodal approach.
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