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Abstract: This study aimed to investigate the structural covariance between the striatum and large-
scale brain regions in patients with vascular parkinsonism (VP) compared to Parkinson’s disease
(PD) and control subjects, and then explore the relationship between brain connectivity and the
clinical features of our patients. Forty subjects (13 VP, 15 PD, and 12 age-and-sex-matched healthy
controls) were enrolled in this study. They each underwent a careful clinical and neuropsychological
evaluation, DAT-SPECT scintigraphy and 3T MRI scan. While there were no differences between PD
and VP in the disease duration and severity, nor in terms of the DAT-SPECT evaluations, VP patients
had a reduction in structural covariance between the bilateral corpus striatum (both putamen and
caudate) and several brain regions, including the insula, thalamus, hippocampus, anterior cingulate
cortex and orbito-frontal cortex compared to PD and controls. VP patients also showed lower scores
on several neuropsychological tests. Interestingly, in the VP group, structural connectivity alterations
were significantly related to cognitive evaluations exploring executive functions, memory, anxiety
and depression. This compelling evidence suggests that structural disconnection in the basal ganglia
circuits spreading in critical cortical regions may be involved in the pathophysiology of cognitive
impairment in VP.

Keywords: Parkinson’s disease; vascular parkinsonism; MRI; structural covariance; cognitive impairment

1. Introduction

Vascular parkinsonism (VP) is a heterogeneous condition presenting the clinical pic-
ture of a multifaceted parkinsonian syndrome, characterized by a neuroimaging spectrum
of lesions visually appreciable on conventional magnetic resonance imaging (MRI) scans.
Brain lesions may include extensive white matter lesions (WML), multiple cerebral infarc-
tions in basal ganglia, or both [1]. In particular, WM damage is crucial in VP for both the
development of specific clinical features and the severity of the disease [1,2]. Moreover, it
has also been reported that normal-appearing white matter (NAWM) damage may occur in
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these patients but not in patients with Parkinson’s disease (PD). Finally, NAWM alterations
may be related to the clinical picture and it has been suggested that non-clearly visible
WM alterations may contribute to the pathophysiology of this vascular disease [3]. Not
only structural but also functional alterations have been described in VP patients. Nuclear
medicine techniques such as dopamine transporter single-photon emission computed
tomography (DAT-SPECT) have been tested to investigate the integrity of presynaptic
dopaminergic neurons. DAT-SPECT may be abnormal or normal in VP patients, thus
identifying different clinical subtypes [4].

In recent years, emerging neuroimaging techniques have been developed. It is the
case of structural covariance, a recent MRI analysis approach that allows investigating the
anatomic organization of the brain in terms of co-variation of gray matter morphology
between brain regions [5]. This approach is based on the presumption that regions with
related atrophy are part of the same functional network, and consequently, it provides
information on structural brain connectivity. Investigations of structural covariance pat-
terns have primarily focused on neurodegenerative diseases, demonstrating abnormal
structural connections of brain areas potentially liable to the clinical manifestations of these
diseases [5]. In PD patients, structural covariance studies have demonstrated extensive
alterations in cortical connectivity in many brain regions in the mid-stage of the disease [6],
and structural changes occurring in the corticolimbic network represent an early predictive
biomarker of cognitive impairment [7]. Moreover, the structural covariance analyses were
applied to the basal ganglia circuitry, identifying abnormalities in the caudate-associated
network and demonstrating the interactions between basal ganglia atrophy and progressive
structural network alterations [8].

To date, no study has investigated structural covariance in patients with VP. We hypoth-
esized that the structural covariance analysis might highlight peculiar characteristics of the
cerebral topographical organization in VP, different from idiopathic PD. In particular, VP
patients with the status cribrosus of basal ganglia and the dopaminergic striatal deficit could
have altered structural connections between the striatum and the brain. Thus, in the current
study, using a neuroimaging approach, we performed a structural covariance analysis to
investigate brain connectivity between corpus striatum and overall brain regions in patients
with VP compared to those with PD and controls. Furthermore, we tested the hypothesis that
altered brain connectivity may be related to the clinical features of our patients.

2. Materials and Methods
2.1. Participants

Forty subjects (13 patients with VP, 15 patients with PD and 12 age-and-sex-matched
controls) were included in this study.

VP patients fulfilled previously published clinical criteria for VP [9] and all PD patients
for Parkinson’s disease [10]. In detail, we defined VP in the presence of the following
criteria: (i) clinical parkinsonism; (ii) evidence of relevant cerebrovascular disease on MRI
scan; (iii) evidence of a relationship between the above two disorders [9]. Parkinsonism is
characterized by slowness of initiation of voluntary movement with progressive reduction
in speed and amplitude of repetitive actions in either upper limb or lower limb with at
least one of the following symptoms: rest tremor; muscular rigidity [9]. Moreover, we
defined PD as probable PD when having at least 3 of 4 core clinical symptoms (resting
tremor, bradykinesia, rigidity, and asymmetric onset) [10].

All patients underwent a complete neurological examination. Neurological exami-
nations were performed using the Unified Parkinson’s Disease Rating Scale motor score
(UPDRS-ME) [11] and Hoehn and Yahr (H&Y) rating scale. Response to acute levodopa
administration was evaluated in all patients, and these were classified as responsive if the
motor improvement was equal or higher than 30%. Cognitive functions and performance
were evaluated in all patients: (i) global cognitive status (Mini-Mental State Examination
(MMSE) [12]; (ii) executive functions (Frontal Assessment Battery (FAB) [13], Modified Card
Sorting Test (MCST) [14], Weigl’s Sorting Test (WEIGL) [15]); (iii) attention and working
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memory (Digit Span Backward and Forward) [16]; (iv) verbal short and long term memory,
episodic memory (Rey Auditory Verbal Learning Test — Immediate Recall (RAVLT-IR)
and Delayed Recall (RAVLT-DR) [17]); (v) visuo-spatial functions (Judgments of Line Ori-
entation test form V (JLO-V) [18]); (vi) phonemic verbal fluency (Controlled Oral Word
Association Test (COWAT) [19]); (vii) language comprehension (Token test (TOKEN) [20]);
(viii) anxiety and depression (the Hamilton Anxiety Rating Scale (HAMA) [21] and the
Beck Depression Inventory (BDI) [22]).

Controls were defined as no history of neurological or severe general medical diseases,
no vascular lesions on MRI scan and a UPDRS-ME = 0. According to the Helsinki Decla-
ration, all participants gave written informed consent to study participation. The Ethical
Committee of the University “Magna Graecia” of Catanzaro approved the study.

2.2. MRI Protocol, Data Processing and Analysis

Structural T1-weighted images were analyzed using the Computational Anatomy Tool-
box (CAT12) [23] implemented in SPM12 (www.fil.ion.ucl.ac.uk, accessed on November
2021) in the MATLAB environment (www.mathworks.com, accessed on November 2021).
The images acquired for each participant were normalized by employing an affine followed
by non-linear registration and then corrected for bias field in homogeneities. Subsequently,
images were segmented into GM, WM and CSF elements. The DARTEL algorithm (Diffeo-
morphic Anatomic Registration Through Exponentiated Lie algebra algorithm) was used
to normalize the segmented scans into a standard Montreal Neurological Institute space.
The modulation process was carried out, which corrects individual differences in the brain
size, consisting of a non-linear deformation realized on the normalized segmented images.
A smoothing process was applied to all segmented, modulated and normalized GM images
using 8 mm full-width-half-maximum Gaussian smoothing.

The GM volume of each region of interest (ROI) was then calculated and extracted from
the smoothed GM images using specific masks for the Left and Right Caudate and Left and
Right Putamen extracted from the AAL template. Voxel-based multiple regression models
were performed on the smoothed GM images to investigate the structural covariance
between each seed region and the rest of brain voxels in each group. More specifically,
four separate general linear models (GLMs) were computed by entering the extracted GM
volumes from each ROI as a covariate of interest. Each statistical model was corrected
for brain size using values of TIV. In all of these analyses, subject groups (HCs, PD and
VP) were modelled separately. Statistical F-contrasts were set to identify, for each ROI,
voxels that expressed differences in the structural associations among the three groups.
Furthermore, specific T-contrasts were computed to run post hoc comparisons between
each pair of groups (HC versus PD, HC versus VP, and PD versus VP). Resulting correlation
maps were explored using two correction thresholds: first, a more stringent threshold of
p ≤ 0.05, whole-brain family-wise error rate (FWE) correction; second, a cluster-level
inference using a cluster forming threshold of p < 0.001 and cluster reported as significant
at p < 0.05 using FWE correction in SPM.

2.3. Modulation Analysis of Structural Covariance

Modulation analysis of structural covariance connectivity was used to detect the
influence of clinical variables onto the structural covariance connectivity [24–26]. In our
case, to test whether the reduced structural covariance connectivity found in the VP group
was explained by the lower scores in cognitive domains, a post hoc modulation analysis
was run. This analysis was performed using the JASP software (https://jasp-stats.org/,
accessed on November 2021) and was based on GLM using the formula as follows:

Y = β1X + β2ScoreOfCognitiveTest + β3X ∗ ScoreOfCognitiveTest.

Here, * indicates an interaction between terms, Y is the volume of target ROI, and
X is the volume of seed ROI. The volume of the target ROI was the regional gray matter
volume extracted from a 4 mm-radius sphere centered on the peak voxels of the significant
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clusters in the ANOVA comparisons. A significance of β3 less than 0.05 could represent
the power of modulation effect of the scores in cognitive tests on the structural covariance
connectivity between seed and target regions.

The workflow of the analysis process is reported in Figure 1.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 4 of 18 
 

Here, * indicates an interaction between terms, Y is the volume of target ROI, and X 
is the volume of seed ROI. The volume of the target ROI was the regional gray matter 
volume extracted from a 4 mm-radius sphere centered on the peak voxels of the significant 
clusters in the ANOVA comparisons. A significance of β3 less than 0.05 could represent 
the power of modulation effect of the scores in cognitive tests on the structural covariance 
connectivity between seed and target regions. 

The workflow of the analysis process is reported in Figure 1. 

 
Figure 1. Workflow of the analyses. Subject-specific T1-weighted images were preprocessed using 
CAT12 toolbox and gray matter (GM) maps were generated. GM values of specific ROIs were ex-
tracted and entered as covariate of interest in separate GLMs to test for differences in the structural 
covariance connectivity among the three groups. T-contrasts were then used to compare each couple 
of groups. Finally, to test whether the reduced structural covariance connectivity in the VP group 
was explained by the lower scores in cognitive domains, a post hoc modulation analysis was run. 
GM: gray matter; VP: vascular parkinsonism; GLM: general linear model. 

2.4. DAT-SPECT Imaging 
The acquisition technique of DAT-SPECT scintigraphy was described elsewhere pre-

viously by our group [27]. Images were evaluated by an investigator who was blind to the 
patient’s diagnosis. Briefly, for DAT-SPECT qualitative and semi-quantitative analyses 
were performed by selecting three consecutive slices with the highest striatal uptakes. ROI 
with fixed sizes were bilaterally drawn over the striatum (caudate nucleus and putamen) 
and the occipital cortex was used as a reference region. Qualitative analysis was per-
formed by an experienced physician of nuclear medicine who was blind to the patients’ 
clinical data. The definition of “abnormal” was made on the basis of the visual inspection 
according to previously published studies: (a) asymmetrical uptake with reduced 

Figure 1. Workflow of the analyses. Subject-specific T1-weighted images were preprocessed using
CAT12 toolbox and gray matter (GM) maps were generated. GM values of specific ROIs were
extracted and entered as covariate of interest in separate GLMs to test for differences in the structural
covariance connectivity among the three groups. T-contrasts were then used to compare each couple
of groups. Finally, to test whether the reduced structural covariance connectivity in the VP group
was explained by the lower scores in cognitive domains, a post hoc modulation analysis was run.
GM: gray matter; VP: vascular parkinsonism; GLM: general linear model.

2.4. DAT-SPECT Imaging

The acquisition technique of DAT-SPECT scintigraphy was described elsewhere previ-
ously by our group [27]. Images were evaluated by an investigator who was blind to the
patient’s diagnosis. Briefly, for DAT-SPECT qualitative and semi-quantitative analyses were
performed by selecting three consecutive slices with the highest striatal uptakes. ROI with
fixed sizes were bilaterally drawn over the striatum (caudate nucleus and putamen) and
the occipital cortex was used as a reference region. Qualitative analysis was performed by
an experienced physician of nuclear medicine who was blind to the patients’ clinical data.
The definition of “abnormal” was made on the basis of the visual inspection according to
previously published studies: (a) asymmetrical uptake with reduced putamen activity in
one hemisphere (abnormal type 1); (b) clear symmetrical reduction in putamen uptake in
both hemispheres (abnormal type 2); (c) virtual absence of uptake in both putamen and
caudate nuclei on each brain side (abnormal type 3).
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2.5. Statistical Analysis

Fifteen patients with PD, 13 patients with vascular parkinsonism and 12 healthy con-
trols were included in the analyses. Mean values and standard deviation of demographic
and clinical variables were calculated. To test whether the sample was well matched, the
following statistical tests were performed: (i) the ANOVA test was used to evaluate differ-
ences in gender distribution and age among the three groups; (ii) the two-sample t-test was
used to evaluate differences in disease duration, UPDRS (total score), UPDRS-ME, MMSE
and DAT scores between PD and VP; (iii) chi-square test was used to assess differences in
levodopa response between PD an VP groups. The three groups were matched for gender
distribution and age.

3. Results

Demographic and clinical characteristics of participants are summarized in Table 1.
Patients groups were not statistically different regarding onset, disease duration, and
disease severity (Table 1). All PD patients (1/15, 100%) and six VP patients (5/13, 46%)
had a good response to levodopa administration (p < 0.04). VP patients had a clinical
subtype more frequently characterized by a combination of clinical symptoms, such as
lower body progressive parkinsonism, poor levodopa responsiveness, postural instability
and gait difficulties, rigidity and cognitive impairment. Significant differences were found
in neuropsychological variables. More details are reported in Table 1. Status cribrosus of
basal ganglia was present in VP but not in PD and controls on conventional MRI (Figure 2).
Although DAT-SPECT uptake was markedly reduced in PD patients as compared to those
with VP, no significant statistical differences emerged between these two groups (Table 1).
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Table 1. Demographic, clinical and scintigraphic features of the sample.

Healthy Controls
(N = 12)

PD Patients
(N = 15)

VP Patients
(N = 13) Group Differences

Mean ± SD Mean ± SD Mean ± SD F, T, p Values

Gender distribution 9 m, 3 f 9 m, 6 f 9 m, 4 f F = 0.33, p = 0.72

Age 73.9 ± 5.7 70.2 ± 4.3 75.4 ± 7.3 F = 2.93, p = 0.07

MMSE 28.33 ± 1.58 25.9 ± 2.6 25.2 ± 2.7 F = 5.44, p = 0.009

TOKEN 31.05 ± 1.71 30.15 ± 2.33 21.94 ± 11.69 F = 4.82, p = 0.01

COWAT 26.95 ± 9.17 24.53 ± 9.98 14.55 ± 6.36 F = 5.46, p = 0.04

RAVLT-I.R. 41.78 ± 6.67 36.41 ± 9.80 28.40 ± 8.61 F = 7.52, p = 0.002

RAVLT-D.R. 7.98 ± 2.90 7.48 ± 4.10 4.5 ± 3.36 F = 1.48, p = 0.24

Digit Span fw 5.5 ± 1.07 5.29 ± 0.74 4.25 ± 1.00 F = 6.08, p = 0.006

Digit Span bw 3.67 ± 0.49 4 ± 0.82 2.92 ± 0.79 F = 7.35, p = 0.002

JLO-V 23 ± 4.57 21.77 ± 4.81 17.67 ± 4.42 F = 4.42, p = 0.02

MCST 5.33 ± 1.23 4.31 ± 1.31 2.33 ± 1.15 F = 18.24, p < 0.001

WEIGL 13.58 ± 2.27 10.99 ± 2.13 5.74 ± 3.55 F = 26.03, p < 0.001

FAB 14.98 ± 2.16 13.63 ± 2.24 11.08 ± 2.68 F = 8.42, p = 0.001

BDI 8.41 ± 5.73 8.77 ± 4.13 9.67 ± 4.48 F = 0.12, p = 0.88

HAMA 8.83 ± 4.19 7.77 ± 3.56 9.92 ± 4.38 F = 1.96, p = 0.16

Disease Duration - 5.5 ± 3.6 4.7 ± 3.6 T = 0.57, p = 0.57

UPDRS (Total Score) - 34.7 ± 9.3 33.3 ± 9.11 T = 0.42, p = 0.68

UPDRS-ME - 21.9 ± 8.7 24.4 ± 5.6 T = −0.88, p = 0.39

DAT-SPECT (Putamen/Caudate—Right) - 1.01 ± 0.39 1.43 ± 0.88 T = −1.40, p = 0.17

DAT-SPECT (Putamen/Caudate—Left) - 1.06 ± 0.52 1.35 ± 0.58 T = −1.22, p = 0.24

PD: Parkinson’s disease; VP: vascular parkinsonism; m: male; f: female; SD: Standard Deviation; F: F-value;
T: T-value; p: p value; MMSE: Mini-Mental State Examination; TOKEN: Token Test; COWAT: Controlled Oral
Word Association Test; RAVLT (I.R. and D.R.): Rey Auditory–Verbal Learning Test (Immediate Recall and Delayed
Recall); Digit Span fw and bw: Digit Span forward and backward; JLOV: Judgement of Lines Orientation-V;
MCST: Modified Card Sorting Test; WEIGL: Weigl’s Sorting Test; FAB: Frontal Assessment Battery; BDI: Beck
Depression Inventory; HAMA: Hamilton Anxiety Rating Scale; UPDRS: Unified Parkinson’s Disease Rating Scale;
UPDRS-ME: Unified Parkinson’s Disease Rating Scale-Motor Examination.

3.1. Structural Covariance Analysis
3.1.1. Seed Region: Left Caudate

The results of the structural covariance analysis from the Left Caudate (seed region)
are reported in Table 2. Comparing the three groups (Figure 3), differences in structural
associations between the Left Caudate and the rest of the brain were found in the Left
Thalamus (x: −8, y = −9, z: 15, p = 0.001 fwe cluster-level corrected) and in the Right
Insula (x: 41, y = −11, z: 14, p = 0.027 fwe cluster-level corrected). Post hoc comparisons
revealed that the difference in the Left Thalamus was driven by reduced connectivity in
the VP group compared to the PD group (x: −8, y = −9, z: 15, p = 0.034 fwe cluster-level
corrected). Moreover, VP patients showed reduced connectivity between the Left Caudate
and the Left Hippocampus (x: −15, y = −36, z: 3, p = 0.02 fwe cluster-level corrected)
compared to PD patients. Furthermore, when compared to HCs, VP patients displayed a
reduced structural association between the Left Caudate and the Right Insula (x: 41, y = −11,
z: 14, p < 0.001 fwe cluster-level corrected), the Right Thalamus (x: 23, y = −30, z: −3, p = 0.026
fwe cluster-level corrected) and the right Anterior Cingulate Cortex (x: 9, y = 45, z: 8, p = 0.004
fwe cluster-level corrected). Nothing was found in the other post hoc comparisons (HCs more
than PD, HCs less than PD, VP more than HCs, and VP more than PD).
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Table 2. Structural covariance analysis. Seed region: Left Caudate.

ANOVA Comparisons among the Three Groups

Brain Region
MNI Coordinates

F value Z-value p value Cluster extent
x y z

Left Thalamus −8 −9 15 16.40 4.28 0.001 ** 1460
Right Insula 41 −11 14 13.82 3.96 0.027 ** 711

Post hoc comparisons
PD > VP

Brain Region
MNI Coordinates

T value Z-value p value Cluster extent
x y z

Left Thalamus −8 −9 15 5.48 4.62 0.034 * 2993
Left Hippocampus −15 −36 3 5.07 4.36 0.02 ** 1049

HC > VP

Brain Region
MNI Coordinates

T value Z-value p value Cluster extent
x y z

Right Insula 41 −11 14 5.13 4.40 <0.001 ** 2918
Right Thalamus 23 −30 −3 4.73 4.13 0.026 ** 975

* p < 0.05 fwe, whole-brain corrected. ** p < 0.05 fwe cluster level correction using an exploratory threshold of p <
0.001 uncorrected. Nothing was found for the other post hoc comparisons.
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structural association across the three groups. Panel (B): Correlations between the mean gray matter
volume of the Left Caudate and the regional gray matter volume extracted from a 4 mm-radius sphere
centered on the peak voxels of the significant cluster (x: 41, y = −11, z: 14). Panel (C): Voxels of the Left
Thalamus that expressed differences in the structural association across the three groups. Panel (D):
Correlations between the mean gray matter volume of the Left Caudate and the regional gray matter
volume extracted from a 4 mm-radius sphere centered on the peak voxels of the significant cluster
(x: −8, y = −9, z: 15). Blue diamonds represent HCs, red circles represent PD patients and black
crosses represent VP patients. GMV: gray matter volume; HCs: healthy controls; PD: Parkinson’s
disease; VP: vascular parkinsonism.

3.1.2. Seed Region: Left Putamen

The results of the structural covariance analysis from the Left Putamen (seed region)
are reported in Table 3. Comparing the three groups (Figure 4), differences in structural
associations between the Left Putamen and the rest of the brain were found in the Right
Hippocampus (x: 21, y = −26, z: −9, p = 0.001 fwe cluster-level corrected) and in the Left
Hippocampus (x: −12, y = −36, z: 3, p = 0.049 fwe cluster-level corrected). Compared to PD
patients, VP patients showed fewer structural associations between the Left Putamen and
the Left and Right Hippocampus (x: −12, y = −36, z: 3, p = 0.028 fwe cluster-level corrected,
and x: 21, y = −26, z: −9, p = 0.05 fwe whole-brain corrected, respectively). Furthermore,
when compared to HCs, VP patients displayed a reduced structural association between the
Left Putamen and the Right Hippocampus (x: 27, y = −11, z: −11, p = 0.02 fwe whole-brain
corrected), the Right Insula (x: 41, y = −11, z: 14, p < 0.001 fwe cluster-level corrected),
the Left Rectus (x: −9, y = 23, z: −14, p = 0.016 fwe cluster-level corrected) and the Right
Cerebellum Crus 2 (x: 17, y = −78, z: −36, p = 0.019 fwe cluster-level corrected). Nothing
was found in the other post hoc comparisons (HCs more than PD, HCs less than PD, VP
more than HCs and VP more than PD).

Table 3. Structural covariance analysis. Seed region: Left Putamen.

ANOVA Comparisons among the Three Groups

Brain Region
MNI Coordinates

F value Z-value p value Cluster extent
x y z

Right Hippocampus 21 −26 −9 16.98 4.34 0.001 ** 1426
Left Hippocampus −12 −36 3 15.81 4.21 0.049 ** 590

Post hoc comparisons

PD > VP

Brain Region
MNI Coordinates

T value Z-value p value Cluster extent
x y z

Left Hippocampus −12 −36 3 5.55 4.67 0.028 * 4318
Right Hippocampus 21 −26 −9 5.50 4.64 0.05 *

HC > VP

Brain Region
MNI Coordinates

T value Z-value p value Cluster extent
x y z

Right Hippocampus 27 −11 −11 5.66 4.57 0.02 * 2132
Right Insula 41 −11 14 4.95 4.28 0.001 ** 1895
Left Rectus −9 23 −14 4.64 4.07 0.016 ** 1102
Right Cerebellum Crus 2 17 −78 −36 3.97 3.58 0.019 ** 1053

* p < 0.05 fwe, whole-brain corrected. ** p < 0.05 fwe cluster level correction using an exploratory threshold of
p < 0.001 uncorrected. Nothing was found for the other post hoc comparisons.
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Figure 4. Group differences in the structural covariance of the Left Putamen. Brain maps are
displayed using the neurological view. Panel (A): Voxels of the Right Hippocampus that expressed
differences in the structural association across the three groups. Panel (B): Correlations between the
mean gray matter volume of the Left Putamen and the regional gray matter volume extracted from
a 4 mm-radius sphere centered on the peak voxels of the significant cluster (x: 21, y = −26, z: −9).
Panel (C): Voxels of the Left Hippocampus that expressed differences in the structural association
across the three groups. Panel (D): Correlations between the mean gray matter volume of the Left
Putamen and the regional gray matter volume extracted from a 4 mm-radius sphere centered on
the peak voxels of the significant cluster (x: −12, y = −36, z: 3). Blue diamonds represent HCs, red
circles represent PD patients and black crosses represent VP patients. GMV: Gray Matter Volume;
HCs: Healthy Controls; PD: Parkinson’s Disease; VP: Vascular Parkinsonism.

3.1.3. Seed Region: Right Caudate

The results of the structural covariance analysis from the Right Caudate (seed region)
are reported in Table 4. ANOVA contrast (Figure 5), including the three groups, revealed
differences in structural associations between the Right Caudate and the Left Thalamus
(x: −6, y = −11, z: 15, p = 0.004 fwe cluster-level corrected) and the Right Insula (x: 41,
y = −12, z: 14, p = 0.032 fwe cluster-level corrected). Compared to PD patients, VP patients
showed less structural associations between the Right Caudate and the Left Thalamus
(x: −6, y = −11, z: 15, p = 0.038 fwe whole-brain corrected), the left Para Hippocampal
region (x: −18, y = −33, z: −11, p = 0.032 fwe cluster-level corrected) and the Right
Cerebellum Crus 2 (x: 14, y = −81, z: −36, p = 0.037 fwe cluster-level corrected). Moreover,
relative to HCs, VP patients displayed a reduced structural association between the Right
Caudate and the Right Insula (x: 41, y = −12, z: 14, p < 0.001 fwe cluster-level corrected),
the Left Medial-orbital prefrontal cortex (x: −5, y = 47, z: −8, p = 0.004 fwe cluster-level
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corrected) and the Right Cerebellum Crus 2 (x: 12, y = −78, z: −36, p = 0.02 fwe cluster-level
corrected). Nothing was found in the other post hoc comparisons (HCs more than PD, HCs
less than PD, VP more than HCs and VP more than PD).
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Figure 5. Group differences in the structural covariance of the Right Caudate. Brain maps are
displayed using the neurological view. Panel (A): Voxels of the Left Thalamus that expressed
differences in the structural association across the three groups. Panel (B): Correlations between the
mean gray matter volume of the Right Caudate and the regional gray matter volume extracted from a
4 mm-radius sphere centered on the peak voxels of the significant cluster (x: −6, y= −11, z: 15). Panel
(C): Voxels of the Right Insula that expressed differences in the structural association across the three
groups. Panel (D): Correlations between the mean gray matter volume of the Right Caudate and the
regional gray matter volume extracted from a 4 mm-radius sphere centered on the peak voxels of
the significant cluster (x: 41, y= −12, z: 14). Blue diamonds represent HCs, red circles represent PD
patients and black crosses represent VP patients. GMV: gray matter volume; HCs: healthy controls;
PD: Parkinson disease; VP: vascular parkinsonism.
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Table 4. Structural covariance analysis. Seed region: Right Caudate.

ANOVA Comparisons among the Three Groups

Brain Region
MNI Coordinates

F value Z-value p value Cluster extent
x y z

Left Thalamus −6 −11 15 16.13 4.25 0.004 ** 1110
Right Insula 41 −12 14 13.34 3.89 0.032 ** 681

Post hoc comparisons
PD > VP

Brain Region
MNI Coordinates

T value Z-value p value Cluster extent
x y z

Left Thalamus −6 −11 15 5.43 4.59 0.038 * 2801
Left Para Hippocampus −18 −33 −11 4.62 4.05 0.032 ** 919
Right Cerebellum Crus 2 14 −81 −36 4.14 3.71 0.037 ** 883
HC > VP

Brain Region
MNI Coordinates

T value Z-value p value Cluster extent
x y z

Right Insula 41 −12 14 5.07 4.36 <0.001 ** 2702
Left Frontal- med-orb (BA 10) −5 47 −8 4.74 4.14 0.004 1560
Right Cerebellum Crus 2 12 −78 −36 4.11 3.69 0.02 ** 1054

* p < 0.05 fwe, whole-brain corrected. ** p < 0.05 fwe cluster level correction using an exploratory threshold of
p < 0.001 uncorrected. Nothing was found for the other post hoc comparisons.

3.1.4. Seed Region: Right Putamen

The results of the structural covariance analysis from the Right Caudate (seed region)
are reported in Table 5. ANOVA contrast (see Figure 6), including the three groups, revealed
differences in structural associations between the Right Putamen and the Right and Left
Thalamus (x: 23, y = −30, z: −3, p = 0.001 fwe cluster-level corrected and x: −14, y = −35,
z: 5, p = 0.004 fwe cluster-level corrected, respectively). VP patients showed fewer structural
associations than PD patients between the Right Putamen and a huge cluster including
the Right Hippocampus (x: 23, y: −27, z: −9) and the Left Thalamus (x: −14, y: −35,
z: 5). Moreover, compared to HCs, VP patients displayed a reduced structural association
between the Right Putamen and the Right Hippocampus (x: 29, y: −12, z = −11 p = 0.04
fwe whole-brain corrected), the Right Para-Hippocampal Region (x: 23, y: −29, z: −17,
p = 0.004 fwe cluster-level corrected), the Left Medial-orbital prefrontal cortex (x: −9,
y = 35, z: −12, p = 0.009 fwe cluster-level corrected) and the Right Insula (x: 41, y = −11,
z: 14, p = 0.001 fwe cluster-level corrected). Nothing was found in the other post hoc compar-
isons (HCs more than PD, HCs less than PD, VP more than HCs and VP more than PD).

Table 5. Structural covariance analysis. Seed region: Right Putamen.

ANOVA Comparisons among the Three Groups

Brain Region
MNI Coordinates

F value Z-value p value Cluster extent
x y z

Right Thalamus 23 −30 −3 16.55 4.29 0.001** 1566
Left Thalamus −14 −35 5 14.44 4.04 0.004** 631
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Table 5. Cont.

ANOVA Comparisons among the Three Groups

Post hoc comparisons
PD> VP

Brain Region
MNI Coordinates T value Z-value p value Cluster extent

x y z

Right Hippocampus
Left Thalamus

23
−14

−27
−35

−9
5 5.36 4.55 0.04 * 4370

HC> VP

Brain Region
MNI Coordinates

T value Z-value p value Cluster extent
x y z

Right Hippocampus 29 −12 −11 5.40 4.57 0.04 * 253
Right Para Hippocampal region 23 −29 −17 5.24 4.47 0.004 ** 1523
Left Frontal -Med- Orb −9 35 −12 4.86 4.22 0.009 ** 1299
Right Insula 41 −11 14 4.84 4.21 0.001 ** 1959

* p < 0.05 fwe, whole-brain corrected. ** p < 0.05 fwe cluster level correction using an exploratory threshold of
p < 0.001 uncorrected. Nothing was found for the other post hoc comparisons.
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Figure 6. Group differences in the structural covariance of the Right Putamen. Brain maps are
displayed using the neurological view. Panel (A): Voxels of the Right Thalamus that expressed
differences in the structural association across the three groups. Panel (B): Correlations between the
mean gray matter volume of the Right Putamen and the regional gray matter volume extracted from
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a 4 mm-radius sphere centered on the peak voxels of the significant cluster (x: 23, y = −30,
z: −3). Panel (C): Voxels of the Left Thalamus that expressed differences in the structural asso-
ciation across the three groups. Panel (D): Correlations between the mean gray matter volume of the
Right Putamen and the regional gray matter volume extracted from a 4 mm-radius sphere centered
on the peak voxels of the significant cluster (x: −14, y = −35, z: 5). Blue diamonds represent HCs,
red circles represent PD patients and black crosses represent VP patients. GMV: gray matter volume;
HCs: healthy controls; PD: Parkinson’s disease; VP: vascular parkinsonism.

3.2. Modulation Analysis of Structural Covariance

The results of the modulation analysis between the structural covariance connectivity
and the scores of cognitive tests in the VP group are reported in Table 6. Modulation
effects of COWAT, RAVLT-RD, MCST, BDI and HAMA scores were found in the structural
connectivity between Right Caudate and Right Insula (Table 6A). A significant interaction
between BDI scores and the Right Caudate–Left Thalamus connectivity as well as between
MCST scores and Right Putamen–Left Thalamus connectivity was found (Table 6B,C). No
other significant modulation effects were found (p > 0.06).

Table 6. Modulation Analysis of Structural Covariance.

A. Seed region: Right Caudate; Target Region: Right Insula
Cognitive variable Significance of the interaction term

COWAT T = −2.26; p = 0.029
RAVLT- DR T = −2.33; p = 0.045

MCST T = −2.59; p = 0.029
BDI T = −3.09; p = 0.013

HAMA T = −2.64; p = 0.027
B. Seed region: Right Caudate; Target Region: Left Thalamus

BDI T = −2.64; p = 0.027
C. Seed region: Right Putamen; Target Region: Left Thalamus

MCST T = −2.28; p = 0.048
T: T-value; p: p value; COWAT: Controlled Oral Word Association Test; RAVLT-DR: Rey Auditory–Verbal Learning
Test Delayed Recall; MCST: Modified Card Sorting Test; BDI: Beck Depression Inventory.

4. Discussion

To the best of our knowledge, this is the first study investigating structural covariance
in VP patients compared to PD and controls. We found that VP patients had a significant
reduction in structural connectivity between the corpus striatum (bilateral caudate and
putamen nuclei) and a variety of brain regions, including cortical (insula, hippocampi,
anterior cingulate cortex, gyrus rectus, fronto-orbital cortex) and subcortical (thalami) struc-
tures, compared to both PD patients and controls. Furthermore, the structural connectivity
reduction between Right Caudate–Right Insula, Right Caudate—Left Thalamus and Right
Putamen–Left Thalamus was significantly modulated by cognitive performances, in partic-
ular, executive functions, memory, anxiety and depression. Our findings demonstrate that
altered connectivity in the basal ganglia circuits may contribute to the pathophysiology of
cognitive impairment in VP.

The results of the present study add significant insight to supporting the hypothesis
that the structural vulnerability of basal ganglia is reflected in the breakdown of the
structural association with large-scale circuits. Indeed, in our study cohort, VP patients
showed a decrease in structural association between the bilateral striatum and several
regions, including the thalamus, insula, parahippocampus, hippocampus, orbitofrontal and
anterior cingulate cortices. The reduction in structural covariance was a finding consistently
repeated among all the different seeds we explored, independently of the region (caudate
and putamen) and the hemisphere (right and left). Furthermore, in all comparisons, the
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reduced covariance in the VP group has clearly emerged in comparison with both PD and
control subjects. More in detail, it is interesting to note that VP patients showed a decreased
structural covariance between the caudate and the thalamus, insula, orbitofrontal and
anterior cingulate cortices. A similar situation was also evident when we evaluated the
Right Putamen as a seed. VP showed reduced structural covariance with almost the same
regions (thalamus, insula, and orbitofrontal cortex).

Interestingly, considered as a whole, many of the structures involved in our results are
fundamental nodes that are part of the salience network.

The salience network is a key pathway in the human brain [28,29] and is considered
the core brain system involved in identifying biologically and cognitively relevant events
to guide flexible behavior and emotional information processing. Moreover, it acts as an
internal switch supporting the brain to decrease default mode network activity (associated
with heed to internal stimuli) and increase central executive network activity (associated
with external processing stimuli) [30].

In addition, our VP patients displayed reduced structural covariance between striatum,
mainly the Left Putamen and hippocampus. In the mesolimbic pathway, neurons in
the ventral striatum obtain converging excitatory afferents from the hippocampus and
thalamus. The combined elaboration of these afferent signals is crucial for the correct
configuration of goal-directed behaviors. Recent data reveal that the ventral striatum
modulates the hippocampal activity, and this interaction may enable the prefrontal cortex
to influence basal ganglia loops during decision-making instances [31].

Interestingly, recent evidence highlighted a strong relationship between limbic dopamine
function and salience network functional connectivity in humans. Anatomical and func-
tional overlap between these systems exist and dysfunctions in any one of the network
nodes likely produce impairment across both systems [32]. Both the salience and the
mesolimbic systems are involved in neurodegenerative and psychiatric disorders [33–37].

Even though structural covariance results are not a direct measure of connectivity, a
correspondence between connectivity and structural covariance has been described [38].
Therefore, we can reasonably interpret our result as the evidence of structural connectivity
disruption in VP within the salience and mesolimbic networks, both playing a crucial role
in the cognitive frontal and executive control and emotional processing. However, why
structural disconnections occur in the brain of our VP patients remains unknown. One
possibility is that vascular lesions in the VP brain may produce critical changes within the
cortico–striato–pallidal, thalamo–frontal and other loops [39], thus resulting in a progressive
disconnection syndrome.

The abnormalities within these networks raise some critical questions.
First, VP and cognitive impairment. This is an interesting point since unlike PD, cogni-

tive decline in VP patients often occurs early at the presentation of the disease [40]. Thus, in
our study, we questioned whether VP patients might have neurocognitive dysfunctions in
the core clinical picture. Interestingly, we found that VP patients had worse cognitive abili-
ties than PD and controls. In particular, although these patients had equal/slightly lower
MMSE scores, they reported significant impairment in overall neurocognitive performance
than those with PD and controls.

Of note, compared to PD and controls, significantly lower performances have been
observed on FAB, COWAT and MCST tests. In detail, FAB is a neuropsychological battery
consisting of six tasks to investigate the frontal lobe functions (abstract reasoning, mental
flexibility, motor programming, inhibitory control, sensitivity to interference and environ-
mental autonomy). It is a useful tool widely used in clinical practice for detecting executive
dysfunctions with high sensitivity in patients with PD and parkinsonism [41,42]. COWAT
test assesses phonemic verbal fluency, thus evaluating language and executive function do-
mains [43]. Decreased COWAT values are considered a predictor of phenoconversion from
normal cognition to preclinical AD [44,45]. Finally, MCST can assess “set-shifting” ability
and detect the early change in cognitive function in patients with movement disorders [46].
Thus, the convergently decreased scores on FAB, COWAT and MCST found in our VP
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patients could be suggestive of cognitive impairment manifesting as frontal lobe syndrome.
However, frontal lobe syndrome is not an expected result in VP since the dementia picture
in these patients is characterized by dysexecutive syndrome with impairment of attention,
planning, abstract thinking, and verbal fluency, in association with late-onset behavioral
disorders [47–49].

In addition to frontal lobe syndrome, we also found reduced scores on RAVLT R-IR
(Immediate Recall) and RAVLT-DR (Delayed Recall) in our VP patients as compared to the
controls. This is not surprising since these patients showed a reduced structural covariance
alteration between the striatum and hippocampus. RAVLT is a neuropsychological tool
widely used for neurocognitive assessment in patients with dementia [43]. It is sensitive
to assessing verbal memory deficits [50,51] and is considered an effective marker for
discriminating normal aging subjects from patients with dementia [52]. Moreover, RAVLT
Immediate and Delayed are frequently used in the clinical setting, highlighting different
aspects of episodic memory (learning and delayed memory, respectively) [43]. On this basis,
we can speculate that reduced RAVLT performances observed in our VP patients could
reflect verbal episodic memory deficit. We align with previous evidence demonstrating
that isolated short-term memory impairment may occur in this vascular disease, especially
in the early stages [9]. Moreover, in the an Italian cross-sectional longitudinal observational
PRIAMO study [48], attention and memory impairment were found in about 70% of VP
with short disease duration. Finally, the disconnection between the striatum and mesolimbic
system may be the structural substrate of reduced BDI scores reported in our VP patients.

Taken together, our evidence, although preliminary, suggests that our VP patients with
reduced structural connectivity between the striatum and several brain regions/structures
may have an initial cognitive impairment.

Second, imaging and clinical correlations in VP patients are important to mention.
Indeed, another important question in this study was to test whether the disruption of
structural covariance connectivity in the VP group was in relation to the lower scores in
cognitive performances we found in this group. Interestingly, the connectivity between
the Right Caudate and Right Insula was modulated by the scores of COWAT, RAVLT-
RD, MCST, BDI and HAMA tests. While novel in this particular scenario, our results
agree with the vision of the insula as a key player in several cognitive and emotional
processes. Indeed, the insula manages the inter-relationship between the salience of the
selective attention focused on reaching a task (dorsal attention system) and the salience of
arousal established to maintain direction on the significant environmental elements (ventral
attention system) [53]. This modulation of the salience might be particularly relevant during
tasks requiring attention to identify an effective strategy, such as MCST and COWAT tests,
or require the ability to focus on the information recall, such as RAVLT-RD [54].

With regard to laterality, the Right Insula, together with other areas of the region
of the right ventrolateral prefrontal cortex and right striatum, has been associated with
the self-awareness of memory and other high order cognitive performances, as well as
with conscious detection of errors [55]. This pivotal role of monitoring feedback on task
execution and self-evaluative processes appears to rely preferentially on the right hemi-
sphere regions [56]. Moreover, regarding the correlation between Right Caudate–Right
Insula covariance and BDI and HAMA scores, the central role that the insula plays in the
control of emotivity and in the pathophysiology of anxious-depressive disorders is well
known [57]. BDI scores also significantly modulated the poor connectivity between the
Right Caudate and Left Thalamus, thus confirming the key role of limbic–striatal–thalamic
connections in mood disorders [58]. Finally, MCST scores had a significant interaction with
Right Putamen–Left Thalamus connectivity, which can be explained by considering the
importance that the basal ganglia circuits have in executive functions [59].

Taken together, these findings further strengthened the results of this study, demon-
strating that the structural covariance alterations we found in the VP patients are effectively
related to their cognitive performances.
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There were some limitations to the study. Firstly, the sample size of our cohort is
small. Thus, the results from the correlation analysis could have only a descriptive nature.
However, VP remains a rare and heterogeneous entity that is difficult to diagnose clinically.
A large cohort of VP patients is needed to confirm our results. Secondly, in the absence
of histopathological data, it is not possible to determine whether there was a vascular or
degenerative origin of their parkinsonism in VP patients. This could be crucial to distinguish
whether brain vascular lesions may cause brain connectivity changes. Thirdly, the lack of a
group of subjects with similar vascular conditions but without parkinsonism prevents us
from exploring the pure effect that the lesions themselves have on structural covariance.

5. Conclusions

In conclusion, our study demonstrates for the first time that structural covariance
between the striatum and several regions in the brain may be altered in VP patients, whereas
it seemed to be preserved in those with PD and controls. Moreover, structural connectivity
alterations correlated with deficits in several neuropsychological tests. This intriguing
imaging–clinical association suggests that progressive structural disconnection may be
involved in the development of vascular cognitive impairment. Longitudinal studies
investigating whether and how the brain vascular lesions may concur to this structural
disconnection are needed to monitor the disease progression in VP.
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