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Purpose: In Parkinson’s disease with mild cognitive impairment (PD-MCI), we
investigated the clinical significance of salience network (SN) in depression and cognitive
performance.

Methods: Seventy seven PD-MCI patients that fulfilled multi-domain and non-amnestic
subtype were included. Gray matter structural covariance networks were constructed
by 3D T1-magnetic resonance imaging and seed based analysis. The patients were
divided into two groups by psychiatric interviews and screening of Geriatric Depression
Scale (GDS): PD-MCI with depression (PD-MCI-D) or without depression (PD-MCI-ND).
The seed or peak cluster volume, or the significant differences in the regression slopes
in each seed-peak cluster correlation, were used to evaluate the significance with the
neurobehavioral scores.

Results: This study is the first to demonstrate that the PD-MCI-ND group presented
a larger number of voxels of structural covariance in SN than the PD-MCI-D group.
The right fronto-insular seed volumes and the peak cluster of left lingual gyrus showed
significant inverse correlation with the Geriatric Depression Scale (GDS; r = −0.231,
P = 0.046).

Conclusions: This study is the first to validate the clinical significance of the SN in PD-
MCI-D. The right insular seed value and the SN correlated with the severity of depression
in PD-MCI.

Keywords: brain imaging, cognition, depression, mood disorders, neuroimaging

INTRODUCTION

Although Parkinson’s disease with mild cognitive impairment (PD-MCI) is conceptualized as a
transitional state between normal cognition and dementia, it is a major predictor for the conversion
of dementia (Domellof et al., 2015). The quality of life in patients with PD-MCI is limited (Reginold
et al., 2013), and the presence of depression is one of the most common non-motor symptoms
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(Burn, 2002; Aarsland et al., 2012). PD-MCI with depression (PD-
MCI-D) has also been identified as a risk factor for dementia
(Modrego and Ferrandez, 2004; Janvin et al., 2006), and the
use of cholinesterase inhibitors has been reported to delay the
cognitive progression (Lu et al., 2009). For PD-MCI, the natural
history of PD-MCI-D does not parallel that of motor symptoms,
suggesting the distinctive pathophysiological mechanism (Brown
and Jahanshahi, 1995). In this context, it is of clinical relevance to
explore the neural basis of PD-MCI-D.

In Parkinson’s disease, the salience network (SN) has been
implicated in emotional processing and depression (Remy et al.,
2005). Several limbic structures were reported in SN that included
the insula and anterior cingulate cortex (ACC) (Seeley et al., 2007;
Bressler and Menon, 2010). The reduced Blood oxygenation level
dependent (BOLD) response and reduced gray matter (GM)
volume within the SN in Parkinson’s disease have been reported
to mediate the emotional valence (Cardoso et al., 2009; Kostic
et al., 2010). In PD-MCI, the GM atrophy of SN (Beyer et al.,
2007; Song et al., 2011) showed mixed evidence for predicting
the conversion to dementia (Aybek et al., 2009; Jokinen et al.,
2009; Martin et al., 2009). Despite the solid evidence of SN in PD
with depression (Beyer et al., 2007; Kostic et al., 2010; Song et al.,
2011), whether the changes in the SN also mediate the depression
state in PD-MCI is not fully investigated.

The current neuronal scaffold of neurodegenerative diseases
emphasizes the pathological protein accumulation within the
large-scale networks that are anatomically distinctive (Seeley
et al., 2009). The application of structural covariance networks
(SCNs) has been supported by recent research in that
highly related regions may show covariance in morphometric
characteristics. SCN patterns have been shown to be associated
with structural or functional connectivity while the structural
covariance strength often reflects how close two interconnected
hubs interact (Alexander-Bloch et al., 2013). The SCN of SN
included the insular seed and peak clusters in the prefrontal
cortex, ACC, left angular gyrus, and medial and lateral temporal
cortex (Clos et al., 2014). The covariance strength between seed
and peak clusters has been found to associated with social
cognition, reward, explicit memory, and negative emotion (Zaki
et al., 2007; Jabbi and Keysers, 2008; Clos et al., 2014). The SCN
might serve as a potential model for understanding whether the
SN was involved in depressive state or severity in PD-MCI.

To date, there is no literature for depressive network analysis
in PD-MCI. This study explored whether the SN may signify PD-
MCI-D. Meanwhile, we explored whether the seed or peak cluster
volume or the seed-peak covariance strength may determine
the cognitive performance or depressive scores in patients with
PD-MCI.

MATERIALS AND METHODS

Subjects
The study patients were treated at the Department of Neurology,
Kaohsiung Chang Gung Memorial Hospital. This study was
approved by the Chang Gung Memorial Hospital Ethics
Committee. A total of 89 subjects with PD-MCI (48 male

and 41 female subjects) were included after the consensus
of a panel composed of neurologists, neuropsychologists,
neuroradiologists, psychiatrists, and experts in nuclear medicine
(Huang et al., 2015). PD-MCI is diagnosed according to
Movement Disorder Society Task Force criteria (Litvan et al.,
2012) and the result of formal neuropsychological testing (Chang
et al., 2008, 2009) that the cognitive impairment is not sufficient
to interfere with functional independence (Litvan et al., 2012). As
there were clinical heterogeneities among patients with PD-MCI,
only those with multiple domains non-amnestic presentations
were included (n = 77). The diagnosis of depression was carried
out by means of a half-hour structured interview by a psychiatrist
according to the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (DSM-IV) criteria (Zimmerman et al.,
2011). A total of 35 patients were in the PD-MCI-D group, and 42
were in the PD-MCI without depression (PD-MCI-ND) group.
All participants were matched for age and years of education
and patients were matched for disease severity as measured
by the Unified Parkinson Disease Rating Scale III (UPDRS-III)
and Hoehn and Yahr scale. A voluntary comparison normal
control (NC) group, who had no underlying neurological or
psychiatric disorders, was recruited from outpatient neurological
and geriatrics clinics.

Clinical and Neurobehavioral
Assessments
We used a comprehensive battery of tests to assess the cognitive
ability of all participants. The Mini-Mental State Examination
(MMSE) assesses the general intellectual function. The episodic
memory was assessed by the Chinese version verbal learning test
(CVVLT) using a 9-word list with fixed order over 4 learning
trials (Chang et al., 2016). The scores after a 30-s (CVVLT-
30 s) and 10-min delay (CVVLT-10 m) were recorded. The
semantic verbal fluency tests included the free generations of
four categories (animal, fruit, town, and transportation), each for
1 min. The Visual Object and Space Perception Battery (VOSP)
and the copy of modified Rey–Osterrieth complex figure and
pentagons were used to assess the visual-spatial abilities (Rapport
et al., 1998). The subjects’ frontal lobe function was assessed using
digit-forward, digit-backward, Stroop interference (Amieva et al.,
2004), and modified Trails B tests (Reitan, 1955).

All the patients with PD-MCI completed the Chinese version
of the 15-item Geriatric Depression Scales (GDS-15) (Spreen
and Strauss, 1998). For illiterate subjects, the scale was read by
the interviewers without any comment, and the subjects were
asked to choose one of the answers. All patients with PD-MCI-
D, previously confirmed by the psychiatrist, showed a higher GDS
screening score (Table 1) and all were higher than the cutoff value
(Marc et al., 2008).

Magnetic Resonance Imaging (MRI)
Acquisition
The T1-weighted sequence, inversion-recovery-prepared, three-
dimensional, spoiled, gradient-recalled acquisition in steady-
state sequences were acquired using the GE 3T Signa Excite
scanner (GE Medical System, Milwaukee, WI, United States)
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with the following parameters: repetition time/inversion time of
8,600 ms/450 ms, 240 mm × 240 mm field of view, and 1-mm
slice thickness.

MRI Preprocessing
Structural images were preprocessed using voxel-based
morphometry (VBM) implemented with Statistical Parametric
Mapping 8 software1 running under MATLAB 7.9 (MathWorks,
Natick, MA, United States). VBM is a whole-brain, unbiased,
and semi-automated technique. First, structural images
were normalized to the Montreal Neurological Institute
stereotactic space and then segmented to extract the GM. Using
diffeomorphic anatomical registration via the exponentiated
lie algebra approach, related tissue segments were used to
create a custom template. The resulting GM images were finally
smoothed with an 8-mm isotropic Gaussian kernel (Mechelli
et al., 2004).

Statistical Analysis
Voxel-based morphometry was used to investigate the atrophic
patterns among the three clinical groups with specific T contrasts
as follows: NC > PD-MCI-ND, NC > PD-MCI-D, PD-MCI-
D > PD-MCI-ND or PD-MCI-D < PD-MCI-ND. The threshold
for the t-test parametric maps was corrected for multiple

1http://www.fil.ion.ucl.ac.uk/spm/

comparisons using the family-wise error (FWE) correction and
with the significance threshold at P < 0.001 and cluster size > 100
voxels.

We used seed-based analysis (Lin et al., 2016) to construct
the SCN. Regional densities were extracted from the 4-mm
radius sphere of the right fronto-insula seed (x = 36, y = 18,
z = 4) (Seeley et al., 2007; Menon, 2015) and used to
model the regional densities in all voxels of the preprocessed
GM segments. The PD-MCI-D and PD-MCI-ND groups were
separately modeled. For each group, the specific contrast was
set to identify voxels (peak clusters) that showed significant
positive correlations between the right insular seed, represented
physiologically as “structural associations” (Montembeault et al.,
2016). Significant clusters were selected with Family-Wise Error
rate (FWE) correction in Bonferroni method and a P-value
less than 0.001. Only clusters with more than 100 voxels were
chosen.

For the group interaction test between the PD-MCI-D and
PD-MCI-ND groups in the SN structural associations, statistical
contrasts were set to identify seed-peak cluster voxels that
expressed differences in the regression slopes. For the difference
in the structural association, T contrasts were established to map
the voxels that expressed stronger structural associations in the
PD-MCI-ND group. The threshold for the resulting statistical
parametric maps was established as FWE-corrected for multiple
comparisons at P < 0.05. Furthermore, voxels showing significant

TABLE 1 | Demographic data of patients with PD-MCI and normal controls.

Normal controls PD-MCI PD-MCI-ND PD-MCI-D

Male/Female 14/13 41/36 20/22 21/14

Age (year-old) 63.4 ± 8.1 64.4 ± 10.8 65.8 ± 9.8 62.7 ± 11.8

Education (year) 9.6 ± 2.7 8.9 ± 4.1 8.6 ± 4.0 9.3 ± 4.3

Hoehn and Yahr scale – 1.8 ± 0.9 1.6 ± 0.7

UPDRS – 30.8 ± 20.0 27.1 ± 14.7

MMSE 27.9 ± 2.5 25.9 ± 3.8a 25.9 ± 3.7a 25.8 ± 3.9a

Memory test

CVVLT-30 s 7.3 ± 1.5 6.52 ± 1.8 6.6 ± 1.7 6.5 ± 2.1

CVVLT-10 min 6.7 ± 1.8 6.1 ± 2.0 6.3 ± 2.0 5.9 ± 1.9

Visuospatial function

Modified R-O copy 16.5 ± 2.2 16.0 ± 2.5 15.8 ± 3.0 16.3 ± 1.7

VOSP 7.9 ± 2.7 7.4 ± 2.8 7.3 ± 1.1 7.1 ± 1.6

Frontal lobe function

Digital forward 7.9 ± 1.1 7.3 ± 1.4a 7.4 ± 1.1 7.1 ± 1.6a

Digital backward 4.7 ± 1.3 3.9 ± 1.5a 3.8 ± 1.5a 4.0 ± 1.4

Stroop test 36.3 ± 13.7 30.2 ± 13.8 31.1 ± 15.0 29.1 ± 12.5a

Trail making test 12.3 ± 3.4 10.6 ± 4.4 11.4 ± 4.1 9.7 ± 4.6a

Semantic verbal fluency test

Animal 15.7 ± 4.9 13.5 ± 4.6a 14.2 ± 4.8 12.7 ± 4.3a

Fruit 12.7 ± 3.4 11.3 ± 4.6 11.2 ± 2.6a 11.4 ± 6.3

Town 16.0 ± 7.2 11.7 ± 6.3a 11.4 ± 6.1a 12.1 ± 6.7a

Transportation 9.5 ± 3.2 7.6 ± 2.7a 7.8 ± 2.3a 7.3 ± 3.2a

GDS 2.9 ± 3.2 5.1 ± 3.9a 2.1 ± 1.3 8.6 ± 3.0ab

aP < 0.05, compared to normal controls. bP < 0.05, compared to PD-MCI-ND. CVVLT, Chinese version of the Verbal Learning Test; GDS, Geriatric Depression Scale;
MMSE, Mini-Mental State Examination; PD-MCI, Parkinson’s Disease with mild cognitive impairment; PD-MCI-ND, PD-MCI without depression; PD-MCI-D, PD-MCI with
depression; R-O, Rey–Osterrieth; UPDRS, Unified Parkinson’s Disease Rating Scale; VOSP, Visual Object and Space Perception Battery.
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differences in the regression slopes in each seed-peak cluster
correlation were compared. Then, a 4-mm radius sphere was
placed on these peak voxels, and the GM volume was used to
evaluate the clinical significance of these regions. Neurocognitive
test scores were the dependent variable in the linear regression
model with the seed or peak voxel volume as the predictor,
and possible covariates such as GDS scores, age, and education
were adjusted. GDS scores were also a dependent variable in
the linear regression model with the seed or peak voxel volume
as the predictor, and covariates of age and education were
adjusted.

Clinical and laboratory data were expressed as
mean± standard deviation. Analysis of variance with Bonferroni
correction for multiple comparisons was used to compare
continuous variables among the NC, PD-MCI-D and PD-
MCI-ND. All statistical analyses were conducted using SPSS
software (SPSS version 22 for Windows R©, SPSS Inc., Chicago, IL,
United States). Statistical significance was set at p < 0.05.

RESULTS

Demographic and Clinical
Characteristics
Seventy seven patients with PD-MCI (35 with PD-MCI-D and
42 with PD-MCI-ND) and 27 NC matched for age, gender, and
educational levels completed the study (Table 1). The PD-MCI
was lower than the NC in MMSE scores (p = 0.003), scores
in digital forward and backward, lower semantic verbal fluency

scores and higher GDS than NC (P < 0.05). Meanwhile, the PD-
MCI-D subgroup showed significantly lower scores in the frontal
lobe function and semantic verbal fluency tests than NC group
(P < 0.05). Except for the GDS scores, the comparisons of PD-
MCI-D and PD-MCI-ND groups, however, were not significant
(P > 0.05).

Brain Volume Atrophic Patterns
Compared with controls, both the PD-MCI-ND and
PD-MCI-ND (Figure 1A) groups showed atrophy in the
bilateral temporal, frontal, and occipital lobes, and the right
cerebellum. The right superior occipital and frontal gyri and
the left supramarginal gyrus were highlighted for the difference
in regional brain volume observed in the PD-MCI-D and
PD-MCI-ND groups when compared with the NC group
(p < 0.001). The differences in the brain volumes between the
PD-MCI-ND and PD-MCI-D groups were observed in the
right fusiform gyrus, right hippocampus, and bilateral superior
parietal gyri (p < 0.001; Figures 1B,C). The details of the
brain areas with significant volumetric differences are listed in
Table 2.

The relationship between more atrophic clusters in the PD-
MCI-ND group with the selected cognitive test was further
explored. After controlling for age and education, the GDS was
positively correlated with volume in the right fusiform gyrus
(r = 0.351, P = 0.002) and the left superior parietal lobe
(r = 0.368, P = 0.001). The VOSP was positively correlated with
volume in right hippocampus (r= 0.305, P= 0.008) and the right
superior parietal lobe (r = 0.332, P = 0.004).

FIGURE 1 | (A) Contrast maps of volume changes depicting the brain areas with a significant difference in the gray matter volume in normal controls (NC) vs.
patients with Parkinson’s disease-mild cognitive impairment without depression (PD-MCI-ND) and vs. PD-MCI with depression (PD-MCI-D), using voxel-based
morphometric methods. (B) Contrast maps between PD-MCI-ND and PD-MCI-D. Z-statistic maps [P < 0.001, corrected for a family-wise error (FWE) and extended
cluster voxels > 100]. (C) Plot of significant difference between PD-MCI-D and PD-MCI-ND in cluster volume.
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Patterns of Structural Associations in the
PD-MCI-ND and PD-MCI-D Groups
The representative right insular seed is shown in Figure 2A,
and the seed volume was significantly higher in the PD-MCI-
ND group (Figure 2B). Using the seed and correlation analysis,
the spatial patterns of SN in the PD-MCI-ND (Figure 2C) and
PD-MCI-D (Figure 2D) groups share similar patterns (Table 3).
However, the PD-MCI-ND group presented a larger number
of voxels (the insula, hippocampus, and ACC: 44934 voxels)
than PD-MCI-D (the insula, hippocampus, and ACC: 6421
voxels).

Covariance Strength Interactions
between the Two PD-MCI Groups
There were eight clusters that showed covariance strength
interactions between the two PD-MCI groups (Figures 3A–H),
all showing stronger covariance coefficients in the PD-MCI-ND
group. These included the left ACC, left calcarine, left caudate,
right fronto-insula cortex, right hippocampus, right inferior

frontal gyrus, left lingual gyrus volume, left rolandic operculum,
and right superior frontal lobe (Figure 3).

Seed or Peak Cluster Volumes and
Relationships with Neurobehavioral
Scores
The peak clusters showing differences in the brain volumes
between the PD-MCI-ND and PD-MCI-D groups (Figure 4A)
were positive correlated with GDS in right fusiform gyrus and
left superior parietal gyrus, and positive correlated with VOSP in
right hippocampus and right superior parietal gyrus (p < 0.05)
(Figure 4B). Other neurobehavioral scores did not correlate with
the peak clusters volume (P > 0.05).

For SN seed and peak clusters, we first explored whether
the seed region volume was correlated with the selected
cognitive test. Since age showed inverse correlation with GDS
(r = −0.249, P = 0.029), verbal fluency scores in the fruit
category (r = −0.294, P = 0.009) and VOSP scores (r = −0.367,
P = 0.001) correlation was analyzed after controlling for age.

TABLE 2 | Voxel-based morphometry (VBM) difference among normal controls and patients with PD-MCI-ND and PD-MCI-D.

x y z T-score Voxels

NC > PD-MCI-ND

Right temporal lobe 37.5 −13.5 −12 29.1729 25398

Right cerebellum 30 −27 −31.5 15.0927 7230

Left frontal lobe −21 48 −21 9.7238 120

Right middle temporal gyrus 58.5 −6 −15 7.4086 146

Left middle occipital gyrus −34.5 −73.5 25.5 12.7509 268

Right calcarine gyrus 16.5 −70.5 15 11.2434 166

Right middle occipital gyrus 37.5 −67.5 31.5 12.0893 253

Right superior occipital gyrus 22.5 −64.5 31.5 11.8185 169

Left supramarginal gyrus −49.5 −34.5 33 13.149 100

Right supramarginal gyrus 51 −30 36 13.0843 135

Left middle frontal gyrus −24 31.5 42 9.1489 143

Right middle frontal gyrus 25.5 19.5 52.5 7.6016 142

NC > PD-MCI-D

Right temporal lobe 37.5 −13.5 −12 28.6554 25033

Right cerebellum 30 −27 −31.5 14.794 6511

Left frontal lobe −21 48 −21 9.4818 121

Right middle temporal gyrus 58.5 −6 −15 7.2187 127

Right middle frontal gyrus 34.5 40.5 15 7.4607 100

Left middle occipital gyrus −34.5 −73.5 25.5 12.4705 247

Right calcarine gyrus 16.5 −70.5 15 11.0682 163

Right middle occipital gyrus 37.5 −67.5 31.5 11.8221 217

Right superior occipital gyrus 22.5 −64.5 31.5 11.5668 163

Right supramarginal gyrus 51 −30 36 12.7912 131

Left middle frontal gyrus −24 31.5 42 8.9764 141

Right superior frontal gyrus 25.5 21 51 7.502 142

PD-MCI-D > PD-MCI-ND

Right fusiform gyrus 33 −31.5 −21 3.9212 103

Right hippocampus gyrus 27 −27 −10.5 3.7796 108

Left superior parietal gyrus −24 −54 49.5 4.3339 122

Right superior parietal gyrus 19.5 −61.5 55.5 4.6819 138

All Z-scores are significant difference at P < 0.001 and cluster > 100 voxels. NC, normal controls; PD-MCI-ND, Parkinson’s Disease with mild cognitive impairment with
depression; PD-MCI-ND, Parkinson’s Disease with mild cognitive impairment without depression; VBM, voxel-based morphometry.
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FIGURE 2 | Statistical maps depicting brain areas in which the gray matter intensity covaried with the frontoinsular seed (A), seed volume (B), and structural
covariance networks in the PD-MCI-ND and PD-MCI-D groups (C,D). There was significant decrease in the seed volume in the PD-MCI-D group compared with the
PD-MCI-ND group (P = 0.032). Z-statistic maps (P < 0.001, corrected with an FWE and extended cluster voxels > 100). The images are displayed on a standard
brain render.

After adequately controlling the possible covariate, the right
fronto-insula seed (Figure 4C) volumes showed significant
inverse correlation with the GDS (r = −0.231, P = 0.046)
(Figure 4D). For the peak clusters showing differences in
covariance strength between the 2 PD-MCI groups (Figure 4C),
the left lingual gyrus volume was inversely correlated with the
GDS (r = −0.266, P = 0.021), the right hippocampal volume
was significantly correlated with the verbal fluency scores in
the fruit category (r = 0.270, P = 0.010), and the left caudate
volume was significantly correlated with VOSP scores (r = 0.233,
P = 0.046) (Figure 4D). Other clusters volume did not correlate
with neurobehavioral scores (P > 0.05).

DISCUSSION

Main Findings
By constructing the SCN, this study provides data on the
influence of SN on depressive state and severity in PD-MCI.
There are three major findings. First, smaller insular seed volumes
were found in the PD-MCI-D group that also correlated with
the GDS. Stronger seed-peak covariance strength was observed
in the PD-MCI-ND group emphasizing the importance of SN.
Second, the regression model suggests that the seed or peak
cluster volume depicts specific cognitive scores, especially in
the insula, left lingual gyrus, left caudate, and hippocampus.
Lastly, the VBM analysis reveals the differences and similarities
of atrophic patterns in PD-MCI-ND and PD-MCI-D groups.
However, increased atrophy in the PD-MCI-ND group and
structure-neurobehavioral correlation with GDS and VOSP
cognitive test suggest compensatory mechanism in PD-MCI-
D. This study forges a link between SN and PD-MCI-D and
also validates the data by previous PD-MCI studies (Beyer
et al., 2007; Aybek et al., 2009; Jokinen et al., 2009; Martin

et al., 2009; Song et al., 2011) between SN and neurobehavioral
function.

The Role of Insular Seed in PD-MCI-D
Lower insular seed was found in our PD-MCI-D patients,
compared with the PD-MCI-ND. According to Braak’s staging
hypothesis of PD (Braak et al., 2006), the insula is one of the
vulnerable regions by alpha-synuclein deposition. Changes in the
activity and volume of insula in depression suggest a critical role
of this region in modulating emotional perception. Depression
in patients with PD is found to correlate with reduced serotonin
1A receptor availability of the right insula in a positron emission
tomography imaging study (Ballanger et al., 2012). All these
evidence support the link between the right insular cortex with
subjective feeling states and emotional self-awareness, which is
relevant to depression (Farb et al., 2013). The novelty of the
present study lies in the fact that we used the insular seed volume
to depict the depression severity in patients with PD-MCI,
supporting possible trajectory of alpha-synucleinopathy-related
neurodegenerative processes in emotional controls. Similar to
our patients with PD-MCI-D, decreased frontoinsular GM
volume was found in patients with major depressive disorder
(Takahashi et al., 2010).

SN and Depressive State in PD-MCI
The structural covariance data might be considered as an indirect
measurement of connectivity effectiveness. In addition to the
insular seed, decreased structural association within the SN
in our PD-MCI-D group provides a possible neural bridge
linking key cortical hubs to depressive state in PD-MCI. Reduced
BOLD between the anterior insula and ACC in patients with
major depressive disorder has been reported (Veer et al., 2010).
Stronger correlations may suggest greater regional connectivity
and synchronized GM loss in the regions targeted by the
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TABLE 3 | Seed-based structural covariance network.

x y z Z-score Voxels

PD-MCI-ND

Right Insula 36 18 4.5 39.1912 44934

Left inferior parietal −31.5 −73.5 40.5 7.0032 2060

Left middle cingulate cortex −1.5 −34.5 39 5.5926 369

Right middle cingulate cortex 10.5 3 43.5 4.6547 127

Right inferior temporal 48 3 −36 4.6695 147

Right middle temporal 52.5 −64.5 3 7.0035 2524

Left superior temporal −52.5 −9 1.5 4.3635 179

Left inferior frontal −42 6 25.5 4.7499 204

PD-MCI-D

Left medial orbitofrontal −7.5 52.5 −3 6.2846 2901

Right middle temporal 57 4.5 −22.5 6.468 126

Left inferior temporal −60 −25.5 −19.5 6.1856 266

Left hippocampus −15 −9 −15 5.37 152

Right insula 36 18 6 23.5801 3886

Right hippocampus 37.5 −21 −16.5 4.232 105

Left insula −37.5 9 3 9.1382 2164

Right anterior cingulate cortex 9 39 18 4.8467 114

Left precuneus −10.5 −54 34.5 6.1958 1100

Right middle cingulate cortex 6 22.5 31.5 4.8313 496

Left middle cingulate cortex −6 −22.5 37.5 5.2058 136

All Z-scores are significantly correlated with seed volume at P < 0.001 and cluster > 100 voxels. PD-MCI-D, Parkinson’s Disease with mild cognitive impairment with
depression; PD-MCI-ND, PD-MCI without depression.

pathological process. The findings of the PD-MCI-D group may
reflect segregated and less integrated components, compared
with PD-MCI-ND group in the SN that could predict depressive
scores. The peak clusters showing differences in covariance
strength between the two PD-MCI groups in this study included
the left lingual gyrus, the right hippocampal and the left caudate.

Role of Lingual Gyrus Region and
Depression
Our result showed a clear association between the right insular
seed volume and depressive severity. However, the pattern of
volumetric correlation was not restricted to the insula. The cluster
volume of the lingual gyrus also showed an inverse correlation
with the GDS, with worse depressive scores being specifically
associated with smaller cluster volume. How might larger cluster
volume in the lingual gyrus contribute to better performance
of depressive scores? One possibility is that individuals with
larger lingual gyrus cluster volume are able to process happy
faces normally. This mechanism might be supported by the
functional imaging studies in patients with depression that
revealed abnormal processing of happy faces in the lingual gyrus
in patients with depression (Fu et al., 2007). Another possibility
is that larger cluster lingual gyrus volume would have more
abundant 5-HT2 receptors, supporting better neurochemical
stimulation for a less depressive mood. A previous study has
found that diminished 5-HT2 receptors in the lingual gyrus are
correlated with depressive symptoms (Yatham et al., 2010). The
lingual gyrus plays an important role in the connection between
the visual pathway and limbic system (Conrad and Stumpf, 1975).

Besides, a larger volume of lingual gyrus can be a predictor of
early antidepressant response in patients with major depressive
disorder (Jung et al., 2014). These studies suggest that functional
and structural abnormality in the lingual gyrus can be a predictor
of depressive severity. Taken together, our data for the first
time demonstrated that both the insula and lingual seed volume
were associated with depressive severity. Therefore, our finding
suggests the link between the insula and lingual gyrus within the
SN might be a potential network basis for depression in PD-MCI.

Role of Other Peak Cluster – the Right
Hippocampus and Left Caudate
In PD, correlations between MMSE and the density of Lewy
neurites in the hippocampus and amygdala were reported
(Churchyard and Lees, 1997). In this study, significant
relationships between the right hippocampal volume with
the generation of fruit category and the left caudate volume
with VOSP were found. The finding of the relationship between
fruit verbal fluency with the hippocampus has received attention
before (Gleissner and Elger, 2001), and notably, is concordant
with a recent study where the hippocampus was implicated in the
late phase of semantic verbal fluency (Catheline et al., 2015). As
our patients with PD-MCI did not perform worse than the NC
on the verbal fluency test in the fruit category, the better scores
are possibly dependent on the hippocampal network integrity, in
contrast to the fact that early speech production is dependent on
executive networks. The decreased dopamine transporter in the
caudate has been reported to confer impairment of visuospatial
skills (Marquie et al., 2014).
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FIGURE 3 | Peak voxels that expressed decreased structural association in the PD-MCI-D group compared with the PD-MCI-ND group, and correlations between
the gray matter volumes extracted from a 4-mm radius sphere centered on the frontoinsular seed and a 4-mm radius sphere centered on these peak voxels,
including the left lingual gyrus (A), the right hippocampus (B), the left calcarine (C), the left caudate (D), the right inferior frontal cortex (E), the left rolandic operculum
(F), the left anterior cingulate cortex, (G) and the right superior frontal cortex (H). Red dots represent PD-MCI-ND, and white crosses represent PD-MCI-D.

Atrophic Patterns in PD-MCI
In VBM analysis, we found significant GM alterations in the
bilateral frontotemporal and bilateral occipital regions in the PD-
MCI group. The involvement of the frontotemporal cortex in
PD-MCI is supported by a recent study that is related to the
prediction of cognitive function (Xu et al., 2016). The significant

decrease in the volume of right cerebellum in patients with PD-
MCI is consistent with the literature observation that the lower
GM volume in the cerebellum contributes to gait difficulty in
Parkinson’s disease (Rosenberg-Katz et al., 2013). Larger GM
reduction in the PD-MCI-ND group was observed in the right
fusiform, right hippocampus, and bilateral superior parietal gyrus

Frontiers in Aging Neuroscience | www.frontiersin.org 8 January 2018 | Volume 9 | Article 417

https://www.frontiersin.org/journals/aging-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-09-00417 January 8, 2018 Time: 17:45 # 9

Chang et al. Salience Network in Parkinson’s Depression

FIGURE 4 | Peak voxels of significant difference in the gray matter volume between PD-MCI-ND and PD-MCI with depression (PD-MCI-D) (A). Peak voxels that
expressed decreased structural association in the PD-MCI-D group compared with the PD-MCI-ND group (C). The seed or voxels are significantly correlated with
neurobehavioral scores. (B,D) Partial regression plots with 95% confidence interval (dashed line) showing the relationships among the neurobehavioral scores,
fronto-insula seed volume, and volume of peak clusters with statistical significance. GDS, Geriatric Depression Scales; VOSP, Visual Object and Space Perception
Battery. Residuals are plotted for each variable to adjust for the effects of age, gender, and education.

compared with the PD-MCI-D group. Studies have found that
regional volume changes appear to be dynamic throughout the
course of illness, with the structures being enlarged in the
first period and reduced as the illness progresses. In previous
studies using MRI findings, it has been showed that patients
with major depressive disorder had increased GM volume in the
posterior cingulate cortex, inferior frontal gyrus, and amygdala
(Lorenzetti et al., 2009; Yang et al., 2015). The increased volume
of the inferior frontal gyrus in major depressive disorder is
positively correlated with sustained attention (Yang et al., 2015).
As depression severity was relatively mild in our patients with
PD-MCI, our results might suggest that the initial enlargement
of the right fusiform gyrus, right hippocampus, and bilateral
superior parietal gyri in the early phase of PD-MCI-D. The
volume of the right hippocampus and superior parietal gyrus are
positively correlated with the sustained visuospatial function of
VOSP.

Limitation
Some limitations of our study need to be addressed.
First, this is a cross-sectional investigation; longitudinal

follow-up is needed to observe the temporal relationship
between structural association and clinical symptoms and
whether the observed differences reflect transient or long-term
changes, as well as the effect of larger regional volume in
PD-MCI-D on longitudinal cognitive change. Second, our
study relies on clinical, rather than autopsy-proven diagnosis.
However, our diagnosis follows standard diagnostic criteria that
have a good diagnosis accuracy based on a clinicopathological
study (Hughes et al., 1992). Third, in this study, we used
seed-based analysis with an emphasis on SN. Using independent
component analysis or resting state function MRI data in
the future may further elucidate other networks involving
depression in PD-MCI. It is important to note that only
very specific set of regions, selected on the basis of their
demonstrating an abnormal structural association relationship,
were used to evaluate correlation with our neuropsychological
assessments. In other words, in the absence of concurrent
structural abnormality, our clinical-pathological relation is not
a retest of previous work investigating relationships among
fruit verbal fluency, visuospatial function, and regional GM
atrophy.
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CONCLUSION

Overall, this study is the first to present a picture of the structural
covariance of SN in patients with PD-MCI-D and PD-MCI-
ND. The results of this study suggest that the frontoinsular seed
volume within the SN influences the presence and severity of
depression in patients with PD-MCI. The SN might be one of the
possible mechanisms underlying the neural basis of depression in
patients with PD-MCI while there is strength gradient between
the seed and peak clusters from non-depressive to depressive PD-
MCI, thus supporting the importance of SN network alterations
in PD degenerative network.
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