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ABSTRACT

BACKGROUND AND PURPOSE: Patients with vascular parkinsonism have higher cognitive decline and more basal ganglia lesions. We
aimed to evaluate the relationship of cognitive impairment with functional connectivity between the basal ganglia and cingulate cortex in
vascular parkinsonism.

MATERIALS AND METHODS: Thirty patients (8 with vascular parkinsonism and 22 with Parkinson disease) and 23 controls were enrolled.
The Mattis Dementia Rating Scale and the Stroop Task were used to assess cognitive decline. MR imaging examinations included T1-
MPRAGE, FLAIR, and resting-state fMRI sequences. MPRAGE was segmented to obtain basal ganglia and cingulate cortex volumes. FLAIR
was segmented to obtain white matter hyperintensity lesion volume. Resting-state fMRI sequences were used to compare basal ganglia
functional connectivity with the cingulate cortex between patients and controls.

RESULTS: Patients with vascular parkinsonism exhibited impaired attention, resistance to interference, and inhibitory control and an
increased number of errors on the Stroop Task. They also had higher caudate nucleus and white matter hyperintensity lesion volumes,
which were positively correlated (p = 0.75, P < .0001). Caudate nucleus functional connectivity with the perigenual anterior cingulate
cortex was increased in patients with vascular parkinsonism compared with controls and patients with Parkinson disease, and it was
positively correlated with the caudate nucleus volume (p = 0.44, P = .016). Caudate nucleus functional connectivity with the posterior
cingulate cortex was decreased in patients with vascular parkinsonism compared with controls and negatively correlated with the number
of errors on the Stroop test (p = —0.51, P = .0003).

CONCLUSIONS: In patients with vascular parkinsonism, cognitive decline could be related to changes of caudate nucleus functional
connectivity with the cingulate cortex at resting-state, which may be induced by ischemia-related remodelling.

ABBREVIATIONS: BOLD = blood oxygen level-dependent; MNI = Montreal Neurological Institute; PD = Parkinson disease; VP = vascular parkinsonism; rsfMRI =

resting-state fMRI; WMHL = white matter hyperintensity lesions

rain lesions related to small-vessel disease may affect the white
matter and basal ganglia and can lead to parkinsonism fea-
tures.' Vascular parkinsonism (VP) has thus emerged as a second-
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ary parkinsonism subtype that occurs in 3.2/100,000 individuals
per year and 2 times more frequently in men than in women.”
Clinically, patients with VP more frequently present with lower
body parkinsonism, urinary incontinence, and abnormal pyrami-
dal response.” Compared with age-matched patients with Parkin-
son disease (PD) and healthy controls, they also have significantly
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higher cognitive decline with impaired attention and resistance to
interference and reduced inhibitory control.” Regarding brain
morphology, patients with VP are characterized by more frequent
basal ganglia lesions®” compared with patients with PD and con-
trols. Because attention, resistance to interference, and inhibitory
control were related to cingulate cortex function, we hypothesized
that basal ganglia functional connectivity with the cingulate cor-
tex could be modified in patients with VP.

Resting-state fMRI (rsfMRI) provides information regarding
the functional connectivity of brain structures. This relies on tem-
poral correlation of activity estimated by measuring the blood
oxygen level-dependent (BOLD) signal. Seed-driven functional
connectivity MR imaging allows determining correlation coeffi-
cients between the time course of a seed ROI and the time course
of others voxels (seed-to-voxel analysis) or determining correla-
tions between each pair of seed areas (ROI-to-ROI analysis).

We thus aimed to determine whether alteration of basal gan-
glia functional connectivity with the cingulate cortex could be
involved in the cognitive impairment of patients with VP com-
pared with those with PD and healthy controls by using both
seed-to-voxel and ROI-to-ROI analyses of rsfMRI sequences.

MATERIALS AND METHODS

Study Population

Between December 2011 and December 2014, 35 patients (mean
age, 79 * 5 years; male/female ratio, 25:10) with parkinsonism
and 27 healthy age-matched controls (mean age, 78 * 3 years;
male/female ratio, 19:8) were prospectively enrolled and under-
went brain MR imaging. Inclusion criteria for patients were the
following: between 70 and 90 years of age, symptoms of parkin-
sonism starting after 70 years of age, and a diagnosis of VP or PD.
Controls were chosen to match the age distribution of the pa-
tients. Exclusion criteria were the same for all subjects (controls
and patients) and included the following: a history of head injury,
stroke, intracranial bleeding, exposure to neuroleptic drugs, psy-
chiatric comorbidity, and contraindications to MR imaging. A
neuroradiologist who was not involved in MR imaging data pro-
cessing analyzed previous brain MR imaging or CT examinations
available on the institutional PACS system before inclusion as well
as MR images obtained during the study to rule out stroke and
intracranial bleeding sequelae.

Ethics Approval

The institutional review board gave its approval for this study.
The experiments were undertaken with the understanding and
written informed consent of each subject, and the study complied
with the World Medical Association Declaration of Helsinki.

Clinical Assessment

All patients underwent a neurologic evaluation the day of the
brain MR imaging examination. Diagnoses were established by an
experienced neurologist according to the UK Parkinson’s Disease
Society Brain Bank criteria® for idiopathic PD. For VP, the clinical
criteria of Zijlmans et al® (hypokinesia/bradykinesia predomi-
nantly affecting the lower body with frontal gait disorder; muscu-
lar rigidity; postural instability not caused by visual, vestibular,
cerebellar or proprioceptive dysfunction; and resting tremor)

were used along with minimal or absent levodopa response and
multiple vascular risk factors. Patients were thus classified in 2
groups: 8 patients met the criteria for VP (mean age, 78 = 2 years;
male/female ratio, 7:1) and 27 patients met those of idiopathic PD
(mean age, 80 * 5 years; male/female ratio, 18:9).

The severity of the parkinsonian symptoms was assessed by
using the Hoehn and Yahr scale (range, 0-5), the Schwab and
England Activities of Daily Living scale (range, 0%—100%), the
Movement Disorder Society Unified Parkinson’s Disease Rating
Scale (range, 0-199),'° and the Short Motor Disability Scale!!
(range, 0—17). The educational attainment was also recorded.

Global cognitive efficiency was assessed by the Mini-Mental
State Examination score (range, 0-30) and the Mattis Dementia
Rating Scale (range, 0—144), involving 5 items (attention, initia-
tion, construction, conceptualization, and memory). To assess
executive function, we performed a Victoria Stroop Task.'” It
involved 3 conditions: color naming, word reading, and interfer-
ence, in which a color name is written in a different color. Four
colors, red, yellow, blue, and green, were used. Z scores of color
naming; word reading; interference; weak interference index
(word reading time/color-naming time), which reflects inhibitory
abilities when the interference produced by an inappropriate an-
swer is weak; and strong interference index (interference time/
color naming time), which reflects inhibitory abilities when the
interference produced by an inappropriate answer is strong (ie,
classic “Stroop effect”); and the number of errors were recorded.

MR Imaging Protocol

The morning after the clinical assessment, all participants under-
went a brain MR imaging on a 3T scanner (Magnetom Skyra;
Siemens, Erlangen, Germany). The protocol included a T1-
weighted MPRAGE sequence (TR = 1690 ms, TE = 2.54 ms, flip
angle = 9°, section thickness = 1 mm, 176 sections, isotropic
voxel size = 1 mm?), a FLAIR sequence (TR = 5000 ms, TE = 384
ms, TI = 1800 ms, flip angle = 120°, section thickness = 0.9 mm,
160 sections, voxel size = 0.4 X 0.4 X 0.9 mm?>), and a BOLD
sensitive functional sequence (TR = 2660 ms, TE = 30 ms, echo-
train length = 36, flip angle = 90°, section thickness = 3 mm,
in-plane resolution = 2.39 X 2.39 mm, 44 sections, no intersec-
tion gap, interleaved acquisition, 200 volumes, acquisition time =
8 minutes). For rsfMRI, acquisitions were started 10 minutes after
participants were asked to lie still and awake with their eyes closed.

Structural Data Processing
A neuroradiologist blinded to the patients’ clinical diagnoses pro-
cessed structural TI-MPRAGE data by using SPM8 (http://www.
filion.ucl.ac.uk/spm/) running on Matlab 2014a (MathWorks,
Natick, Massachusetts). The preprocessing pipeline included the
following steps: realignment, segmentation (gray matter, white
matter, CSF), normalization in Montreal Neurological Institute
(MNI) space, and smoothing with default settings. ROIs around
the basal ganglia (caudate nucleus, putamen, and pallidum) were
automatically delineated on the average normalized T1-MPRAGE
template of all subjects by using the Anatomical Automatic Label-
ing (SPM8) atlas in MNI space.

At the patient level, we also extracted normalized volume
[Normalized Volume in Percentages = 100 X (Brain Structure
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Absolute Volume in Milliliters/Total Intracranial Volume in
Milliliters)] of the caudate nucleus, putamen, pallidum, and cin-
gulate cortex from native T1-MPRAGE by using the algorithm
MorphoBox."” White matter hyperintensity lesions (WMHL)
were also semiautomatically delineated on FLAIR images by using
MRIcron software (https://www.nitrc.org/projects/mricron) to
obtain WMHL volume, which was also normalized according to
total intracranial volume.

Resting-State Data Processing

All rsftMRI (n = 53) was preprocessed by a neuroradiologist,
blinded to the patients’ clinical diagnoses, with SPM8 running on
Matlab 2014a. For each participant, the first 5 volumes were dis-
carded to allow equilibration of the magnetic field and the partic-
ipants’ adaptation to the scanning noise.'* The preprocessing
pipeline included the following steps: section timing, realign-
ment, coregistration, normalization in MNI-space, and smooth-
ing by using a Gaussian filter with a full width at half maximum of
8 mm. Preprocessed rsfMRI data, structural T1-MPRAGE data,
and predefined ROIs were imported in the toolbox Conn
(www.nitrc.org/projects/conn). Additional preprocessing in-
cluded de-noising with voxelwise removal of linear trends over
each patient’s rsfMRI dataset and temporal low-pass filtering
(0.009 Hz < f < 0.08 Hz) to retain low-frequency fluctuations.
The BOLD signal of white matter and CSF and movement param-
eters were used as covariates to remove unwanted physiologic and
motion artifact effects.'> First-level analyses (within subjects)
then used a weighted General Linear Model for estimation of the
Fisher-transformed bivariate correlation coefficients between the
seed time-series and each voxel time-series. Functional connec-
tivity measures were tested at the second level (between subjects)
by using random effects analyses on a seed-to-voxel basis by using
the ROIs defined above. Contrasts among groups (controls, VP,
and PD) were generated as 2-tailed ¢ tests with a combination of a
voxelwise threshold (uncorrected P < .001) and a cluster-extent
threshold (family-wise error rate—corrected P < .05), while con-
trolling for age.'® To explore the potential effect of basal ganglia
volumes on functional connectivity, we used normalized basal
ganglia volumes secondarily as covariates.

Because Stroop Task performance was related to activity of the
anterior cingulate cortex,'” we also performed an ROI-to-ROI
analysis between the basal ganglia and the anterior cingulate cor-
tex subregions (subgenual, perigenual, and supragenual). Subre-
gions were segmented on the anterior cingulate cortex AAL atlas
region on the basis of the parcellation proposed by Vogt.'® Con-
trasts between groups were generated as 2-tailed ¢ tests with a
combination of a voxelwise threshold (uncorrected P < .001) and
a cluster-extent threshold (false-discovery rate—corrected P <
.05), while controlling for age."®

Statistical Analysis

Continuous variables are presented as mean = SD. Three groups
were defined according to clinical evaluation: VP, PD, and con-
trols. Patient characteristics were compared by using a nonpara-
metric Kruskal-Wallis test for continuous variables and a Fisher
exact test for categoric variables. The Wilcoxon signed rank test
was used for post hoc analysis. A P value < .05 was considered
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statistically significant. The potential relation between clinical
scores and MR volumetry or rsfMRI results was assessed by a
2-sided Spearman correlation coefficient (p). All statistics were
performed with STATA 13.1 software (StataCorp, College Sta-
tion, Texas).

RESULTS

Study Population Clinical and Volumetric Characteristics
None of the participants were reported to have fallen asleep dur-
ing the rsfMRI sequence. Of the 62 participants, 4 controls and 5
patients with PD did not remain lying down during the whole
rsfMRI sequence due to back pain and/or uncontrolled head mo-
tion and were thus excluded from the analysis. In total, we ana-
lyzed 53 individual datasets: 23 controls (mean age, 78 = 2 years;
male/female ratio, 17:6), 8 patients with VP (mean age, 78 * 2
years; male/female ratio, 7:1), and 22 patients with PD (mean age,
80 * 5 years; male/female ratio, 15:7).

Clinical and MR imaging volumetric characteristics of subjects
included in the rsfMRI analysis (1 = 53) are reported in the On-
line Table. Regarding the Mattis Dementia Rating Scale, patients
with VP had significantly lower scores for attention and a lower
total score than controls. Regarding the Victoria Stroop Task,
patients with VP had significantly lower scores for color naming
and word reading and a higher number of errors than controls.
Patients with VP also had lower scores for color naming than
patients with PD. MR imaging volumetry demonstrated caudate
nucleus hypertrophy and higher WMHL volumes in patients with
VP, but similar cingulate cortex volumes compared with patients
with PD and controls. Caudate nucleus and WMHL volumes were
highly correlated (n = 53, p = 0.75, P < .0001). There was no
significant correlation between the caudate nucleus volume and
neuropsychological metrics.

Increased Functional Connectivity in Patients with
Vascular Parkinsonism

MNI coordinates of regions with increased functional connectiv-
ity from the basal ganglia to the cingulate cortex in patients with
VP, on seed-to-voxel analysis, are reported in the Table. Func-
tional connectivity of both the left and right caudate nuclei to the
anterior cingulate cortex was increased in patients with VP com-
pared with controls as well as functional connectivity of the right
caudate nucleus to the anterior cingulate cortex compared with
patients with PD (Fig 1A—C). On ROI-to-ROI analysis, only right
caudate nucleus functional connectivity with the bilateral peri-
genual but not the supragenual anterior cingulate cortex was in-
creased in patients with VP compared with those with PD. Both
on seed-to-voxel and ROI-to-ROI analyses, the increased func-
tional connectivity of the right caudate nucleus disappeared when
controlling for caudate volume. Indeed, the caudate nucleus
volume positively correlated (p = 0.44, P = .016) with the
functional connectivity between the right caudate nucleus and
the perigenual anterior cingulate cortex (Fig 1D).

We did not find any significant correlation between neuro-
psychological metrics and the right caudate nucleus to peri-
genual anterior cingulate cortex functional connectivity (all P
values > .11).
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Basal ganglia functional connectivity with the cingulate cortex in patients with VP

Cluster MNI

. Cluster Cluster  Cluster FWE-
_Coordinates  gj;e  yUncorrected Corrected
Seeds Regions X Y Z (Voxels) P Value P Value
Functional connectivity significantly
increased in patients with VP
Comparison with controls
Right caudate Anterior cingulate gyrus 6 22 12 54 <.0001 <.0001
Left caudate Anterior cingulate gyrus —18 10 32 15 .000003 .00004
Comparison with patients with PD
Right caudate Anterior cingulate gyrus, right paracingulate 2 44 2 226 .0019 026
gyrus, left paracingulate gyrus
Functional connectivity significantly
decreased in patients with VP
Comparison with controls
Right caudate Posterior cingulate gyrus, precuneus cortex 2 —42 36 658 .000004 .00006
Left caudate Posterior cingulate gyrus, precuneus cortex 2 —60 52 520 .00002 .0002

Note:—FWE indicates family-wise error.
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FIG 1. Comparison of the functional connectivity of the right caudate nucleus between patients
with vascular parkinsonism and those with Parkinson disease. Contrast is generated as a 2-tailed t
test (scale: t = 0.1-5) with a combination of a voxelwise threshold (uncorrected P < .001) and a
cluster-extent threshold (family-wise error rate—corrected P < .05), while controlling for age.
Increased functional connectivity of the right caudate nucleus to the perigenual anterior cingu-
late cortex (MNI coordinates: x = 2,y = 44, z = 2) in axial (A), sagittal (B), and coronal (C) planes
is observed. Functional connectivity of the right caudate nucleus to the perigenual anterior
cingulate cortex positively correlates with normalized caudate nucleus volumes (D).

eral precuneus cortex was decreased in
patients with VP compared with con-
trols (Fig 2A—C). The difference did not
disappear when controlling for caudate
volume. Caudate nucleus functional
connectivity with the posterior cingulate
cortex was not correlated with the cau-
date volume (p = —0.12, P = .50).
Right caudate nucleus functional
connectivity with the posterior cingulate
cortex was negatively correlated with the
number of errors on the Victoria Stroop
Task (p = —0.51, P = .0003) (Fig 2D).

DISCUSSION

The main findings in patients with VP
may be summarized as follows: 1) They
have impaired attention, resistance to
interference, and inhibitory control and
an increased number of errors on the
Stroop Task; 2) caudate nucleus func-
tional connectivity with the perigenual
anterior cingulate cortex was increased,
and caudate nucleus functional connec-
tivity with the posterior cingulate cortex
was decreased; and 3) caudate nucleus
functional connectivity with the peri-
genual anterior cingulate cortex posi-
tively correlated with caudate nucleus
volume.

Cognitive Impairment in Vascular
Parkinsonism

Vascular parkinsonism is commonly de-
scribed as a secondary parkinsonism
subtype, morphologically characterized

Decreased Functional Connectivity in Patients with
Vascular Parkinsonism

MNI coordinates of regions with decreased functional connectiv-
ity from the basal ganglia to the cingulate cortex in patients with
VP are reported in the Table. Right and left caudate nuclei func-
tional connectivity with the posterior cingulate cortex and ipsilat-

by more white matter and basal ganglia lesions than age-matched
patients with Parkinson disease.” However, these unspecific brain
lesions may also be encountered in patients with no parkinsonian
syndrome, especially in the elderly population. Whether these le-
sions contribute to parkinsonism or are only concomitant is still
unclear; this uncertainty leads to persistent controversy on the
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Right caudate to PCC connectivity (r)

FIG 2. Comparison of the functional connectivity of the right caudate nucleus between patients
with vascular parkinsonism and controls. Contrast is generated as a 2-tailed t test (scale: t = 0.1-5)
with a combination of a voxelwise threshold (uncorrected P < .001) and a cluster-extent thresh-
old (family-wise error rate—corrected P << .05), while controlling for age. Decreased functional
connectivity of the right caudate nucleus to the posterior cingulate cortex (MNI coordinates: x =
2,y = —42,z = 36) in the axial (A), sagittal (B), and coronal (C) planes is observed. Functional
connectivity of the right caudate nucleus to the posterior cingulate cortex negatively correlates

with the number of errors during the Stroop Task (D).

reality of this syndrome."” Clinically, severe cognitive decline has
been described as a hallmark in patients with so-called vascular
parkinsonism.”°* In agreement, we observed that patients with
VP had lower total scores on the Mattis Dementia Rating Scale
than healthy controls of similar educational attainment level, re-
flecting global cognitive impairment. On the Victoria Stroop
Task, they specifically had impaired attention and resistance to
interference, reduced inhibitory control, and an increased
number of errors, findings also concordant with recent stud-
ies.”* The number of patients receiving levodopa, the dose of
levodopa, and the time between last intake and clinical assess-
ment were similar between patients with VP and those with
PD. This finding suggests that levodopa medication did not
influence cognitive status, as previously reported,z"”25 and that
it may not account for functional imaging differences in our
study.

Caudate Nucleus Functional Connectivity and Relation to
Volume

Caudate nucleus functional connectivity with the anterior cingu-

late cortex has been reported,'®***® especially with the peri-
*¢2% In the present study, we

genual anterior cingulate cortex.
found that caudate nuclei functional connectivity with the peri-

genual anterior cingulate cortex was increased in patients with VP
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compared with controls and patients
with PD. Caudate nucleus functional
connectivity with the posterior cingulate
cortex was also decreased in patients
with VP compared with controls. While
cingulate cortex volumes were similar
across study groups, patients with VP
exhibited higher caudate volumes. The
increased functional connectivity be-
tween the caudate nucleus and the peri-
genual anterior cingulate cortex, more-
over, disappeared when controlling for
caudate nucleus volume. Rauch et al®
demonstrated that lesions of the ante-
rior cingulate cortex created for treat-
ment of obsessive-compulsive disor-
der induced caudate nucleus atrophy,
which confirmed structural interac-
tion. Inversely, caudate hypertrophy
was observed in patients during the
subacute phase of ischemic corticos-
triatal stroke.” Thus, we observed that
the caudate volume was positively cor-
related with the WMHL volume, a
marker of the severity of brain small-

0 2

vessel disease.' This correlation seems
to indicate that repeat ischemic events
observed in patients with VP could in-
duce caudate hypertrophy, which may
lead to
functional connectivity with the peri-

increased caudate nucleus

genual anterior cingulate cortex at
resting-state. The time course of cau-
date hypertrophy and resting-state
functional connectivity increase following ischemic events,
however, remains unknown and could be evaluated by longi-
tudinal morphologic and rsfMRI studies.

Relation between Cognitive Impairment and Functional
Connectivity Changes

At resting-state, in patients with VP, caudate nucleus functional
connectivity with the perigenual anterior cingulate cortex and
posterior cingulate cortex was altered, with both the peri-
genual anterior cingulate cortex and posterior cingulate cortex
being part of the default mode network.?” Patients with VP also
had concomitant impaired attention on the Mattis Dementia
Rating Scale and impaired resistance to interference and inhib-
itory control as well as an increased number of errors on the
Stroop Task.

Concerning attention, increased perigenual anterior cingulate
cortex activation has been associated with attentional lapses in
healthy subjects.”> Moreover, in normal aging, reduced resting-
state connectivity of the posterior cingulate cortex has been cor-
related with less effective executive function and processing

speed.” Lin et al’*

also recently reported that high resting-state
posterior cingulate cortex connectivity within the default mode

network was associated with low reaction time during atten-



tional tasks. In agreement, we observed that resting-state cau-
date nucleus functional connectivity with the perigenual ante-
rior cingulate cortex was increased and resting-state caudate
nucleus functional connectivity with the posterior cingulate
cortex was decreased in patients with VP, both of which could
contribute to impaired attention on the Mattis Dementia Rat-
ing Scale.

With regard to resistance to interference and inhibitory con-
trol, the perigenual anterior cingulate cortex has also been de-
scribed as a task-negative region in which a deactivation is ob-
served in response to a specific cognitive task. During the Stroop
Task,'” a negative BOLD response in the perigenual anterior cin-
gulate region is induced with concomitant increased activity in
the supragenual anterior cingulate region.’® Stroop performance
was thus negatively correlated with BOLD signal-intensity change
in the perigenual anterior cingulate cortex. In patients with VP,
increased functional connectivity between the caudate nucleus
and the perigenual anterior cingulate cortex at resting-state was
observed with concomitant impaired inhibitory control and re-
sistance to interference on the Stroop Task. This finding may sug-
gest incomplete deactivation of the perigenual anterior cingulate
cortex during the Stroop Task. Abnormally increased resting-
state activity may thus not be sufficiently suppressed during the
task, which could result in impaired inhibitory control and resis-
tance to interference.

With regard to response errors, we observed an increased
number of errors on the Stroop Task in patients with VP. In-
creased resting-state default mode network activation was de-
scribed before response errors.”® Two studies also showed that
stop-signal errors are preceded by greater resting-state activity
in the perigenual anterior cingulate cortex.”” Although we ob-
served a concomitant increased number of errors on the
Stroop Task and increased caudate nucleus functional connec-
tivity to the perigenual anterior cingulate cortex, we did not
find any significant correlation between them and could thus
not confirm any causal link in patients with VP. However, the
number of errors on the Stroop task was negatively correlated
with functional connectivity of the caudate nucleus to the poste-
rior cingulate cortex. As discussed above, resting-state connectiv-
ity of the posterior cingulate cortex was positively correlated with
attentional task performance.”* This correlation suggests that the
higher number of errors could be due rather to attention impair-
ment in patients with VP, but it needs confirmatory studies.

Study Limitations

We have to address some limitations in our study. First, we report
results in a small population of patients with VP due to the low
incidence of the disease, the focus on an elderly population, and
the application of restrictive inclusion criteria to limit confound-
ing factors such as exposure to neuroleptic drugs, brain traumatic
injury, or stroke. While the observed functional connectivity dif-
ferences were highly significant and are concordant with brain
spatial distribution of cognitive function reported in the litera-
ture, correlations with clinical scores were weak. This outcome
might be due to underpowered analysis, but cognitive decline
could also result from impairment of functional connectivity be-
tween structures other than the basal ganglia and cingulate cortex.
Second, because we focused on subjects older than 70 years of age,

similar study should be performed to confirm these results in
younger patients. Third, the correlation between caudate volume
and caudate nucleus functional connectivity with the posterior
cingulate cortex was insignificant. The posterior cingulate cortex
sits at the crossing of multiple connectivity networks,”® with a
relatively low contribution from the caudate nucleus.>” Beyond
analysis underpowering, low connectivity with the caudate nu-
cleus and interference from other networks could explain why
the impact of the caudate nucleus hypertrophy was insignifi-
cant or masked. Fourth, we found concomitant increased cau-
date nucleus functional connectivity with the perigenual ante-
rior cingulate cortex at resting-state and impaired resistance to
interference and inhibitory control in patients with VP, which
suggest abnormal deactivation during the Stroop Task. This
finding should be confirmed by a task fMRI study including
pre-, per-, and post-task acquisitions. Finally, we demon-
strated that increased caudate nucleus functional connectivity
with the perigenual anterior cingulate cortex was related to
caudate nucleus hypertrophy in patients with VP. The time
course of caudate hypertrophy and increased resting-state con-
nectivity after ischemic events should be evaluated by longitu-
dinal studies.

CONCLUSIONS

In patients with VP, cognitive impairment could be related to
increased caudate nucleus functional connectivity with the peri-
genual anterior cingulate cortex and decreased caudate nucleus
functional connectivity with the posterior cingulate cortex at rest-
ing-state. Increased caudate nucleus—perigenual anterior cingu-
late cortex functional connectivity positively correlated with cau-
date nucleus hypertrophy, which was related to WMHL volume, a
marker of small-vessel disease. These findings suggest that isch-
emia-related remodelling may contribute to cognitive decline in
patients with VP.

REFERENCES

1. van der Holst HM, van Uden IW, Tuladhar AM, et al. Cerebral small
vessel disease and incident parkinsonism: the RUN DMC study.
Neurology 2015;85:1569—77 CrossRef Medline

2. Caslake R, Taylor K, Scott N, et al. Age-, and gender-specific inci-
dence of vascular parkinsonism, progressive supranuclear palsy,
and parkinsonian-type multiple system atrophy in North East
Scotland: the PINE study. Parkinsonism Relat Disord 2014;20:834 -39
CrossRef Medline

3. Vale TC, Caramelli P, Cardoso F. Clinicoradiological comparison
between vascular parkinsonism and Parkinson’s disease. ] Neurol
Neurosurg Psychiatry 2015;86:547-53 CrossRef Medline

4. Benitez-Rivero S, Lama MJ, Huertas-Fernandez I, et al. Clinical fea-
tures and neuropsychological profile in vascular parkinsonism.
J Neurol Sci 2014;345:193-97 CrossRef Medline

5. Demirkiran M, Bozdemir H, Sarica Y. Vascular parkinsonism: a dis-
tinct, heterogeneous clinical entity. Acta Neurol Scand 2001;104:
63—67 CrossRef Medline

6. Rampello L, Alvano A, Battaglia G, et al. Different clinical and evo-
lutional patterns in late idiopathic and vascular parkinsonism.
J Neurol 2005;252:1045—49 CrossRef Medline

7. Zijlmans JC, Thijssen HO, Vogels O], et al. MRI in patients with
suspected vascular parkinsonism. Neurology 1995;45:2183—88
CrossRef Medline

8. Gibb WR, Lees AJ. The significance of the Lewy body in the diagno-

AINR Am J Neuroradiol 37:2310-16  Dec 2016  www.ajnr.org 2315


http://dx.doi.org/10.1212/WNL.0000000000002082
http://www.ncbi.nlm.nih.gov/pubmed/26446068
http://dx.doi.org/10.1016/j.parkreldis.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24814713
http://dx.doi.org/10.1136/jnnp-2014-307867
http://www.ncbi.nlm.nih.gov/pubmed/25006209
http://dx.doi.org/10.1016/j.jns.2014.07.046
http://www.ncbi.nlm.nih.gov/pubmed/25108818
http://dx.doi.org/10.1034/j.1600-0404.2001.104002063.x
http://www.ncbi.nlm.nih.gov/pubmed/11493219
http://dx.doi.org/10.1007/s00415-005-0811-2
http://www.ncbi.nlm.nih.gov/pubmed/15940389
http://dx.doi.org/10.1212/WNL.45.12.2183
http://www.ncbi.nlm.nih.gov/pubmed/8848190

20.

21.

22.

23.

2316

sis of idiopathic Parkinson’s disease. Neuropathol Appl Neurobiol
1989;15:27—44 CrossRef Medline

. Zijlmans JC, Daniel SE, Hughes AJ, et al. Clinicopathological inves-

tigation of vascular parkinsonism, including clinical criteria for di-
agnosis. Mov Disord 2004;19:630—40 CrossRef Medline

. Goetz CG, Tilley BC, Shaftman SR, et al; Movement Disorder Society

UPDRS Revision Task Force. Movement Disorder Society-spon-
sored revision of the Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS): scale presentation and clinimetric testing results.
Mov Disord 2008;23:2129-70 CrossRef Medline

. Bensimon G, Ludolph A, Agid Y, et al. Riluzole treatment, survival

and diagnostic criteria in Parkinson plus disorders: the NNIPPS
study. Brain 2009;132:156—71 CrossRef Medline

. Spreen O, Strauss E, eds. A Compendium of Neuropsychological Tests:

Administration, Norms, and Commentary. New York: Oxford Univer-
sity Press; 1991

. Schmitter D, Roche A, Maréchal B, et al; Alzheimer’s Disease Neuro-

imaging Initiative. An evaluation of volume-based morphometry
for prediction of mild cognitive impairment and Alzheimer’s dis-
ease. Neuroimage Clin 2015;7:7-17 CrossRef Medline

. WangL,Zang Y, HeY, etal. Changes in hippocampal connectivity in

the early stages of Alzheimer’s disease: evidence from resting state
fMRI. Neuroimage 2006;31:496-504 CrossRef Medline

. Behzadi Y, Restom K, Liau J, et al. A component based noise correc-

tion method (CompCor) for BOLD and perfusion based fMRI. Neu-
roimage 2007;37:90—-101 CrossRef Medline

. Manza P, Zhang S, Hu S, et al. The effects of age on resting state

functional connectivity of the basal ganglia from young to middle
adulthood. Neuroimage 2015;107:311-22 CrossRef Medline

. Gruber SA, Rogowska J, Holcomb P, et al. Stroop performance in

normal control subjects: an fMRI study. Neuroimage 2002;16:
349-60 CrossRef Medline

. Vogt BA. Pain and emotion interactions in subregions of the cingu-

late gyrus. Nat Rev Neurosci 2005;6:533—44 CrossRef Medline

. Vizcarra JA, Lang AE, Sethi KD, et al. Vascular Parkinsonism: de-

constructing a syndrome. Mov Disord 2015;30:886—94 CrossRef
Medline

Korczyn AD. Vascular contribution to dementia in Parkinson’s dis-
ease. Neurodegener Dis 2010;7:127-30 CrossRef Medline

Chen YF, Tseng YL, Lan MY, et al. The relationship of leukoaraiosis
and the clinical severity of vascular Parkinsonism. ] Neurol Sci 2014;
346:255-59 CrossRef Medline

Santangelo G, Vitale C, Trojano L, et al. Differential neuropsycho-
logical profiles in Parkinsonian patients with or without vascular
lesions. Mov Disord 2010;25:50-56 CrossRef Medline

Poletti M, Bonuccelli U. Acute and chronic cognitive effects of
levodopa and dopamine agonists on patients with Parkinson’s
disease: a review. Ther Adv Psychopharmacol 2013;3:101-13 CrossRef
Medline

Dunet Dec 2016 www.ajnr.org

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Molloy SA, Rowan EN, O’Brien JT, et al. Effect of levodopa on cog-
nitive function in Parkinson’s disease with and without dementia
and dementia with Lewy bodies. ] Neurol Neurosurg Psychiatry 2006;
77:1323-28 CrossRef Medline

Kulisevsky J, Garcia-Sdnchez C, Berthier ML, et al. Chronic effects of
dopaminergic replacement on cognitive function in Parkinson’s
disease: a two-year follow-up study of previously untreated pa-
tients. Mov Disord 2000;15:613—-26 Medline

Torta DM, Cauda F. Different functions in the cingulate cortex, a
meta-analytic connectivity modeling study. Neuroimage 2011;56:
2157-72 CrossRef Medline

Beckmann M, Johansen-Berg H, Rushworth MF. Connectivity-
based parcellation of human cingulate cortex and its relation to
functional specialization. | Neurosci 2009;29:1175-90 CrossRef
Medline

Hacker CD, Perlmutter JS, Criswell SR, et al. Resting state functional
connectivity of the striatum in Parkinson’s disease. Brain 2012;135:
3699-711 CrossRef Medline

Margulies DS, Kelly AM, Uddin LQ, et al. Mapping the functional
connectivity of anterior cingulate cortex. Neuroimage 2007;37:
579-88 CrossRef Medline

Rauch SL, Kim H, Makris N, et al. Volume reduction in the caudate
nucleus following stereotactic placement of lesions in the anterior
cingulate cortex in humans: a morphometric magnetic resonance
imaging study. ] Neurosurg 2000;93:1019-25 CrossRef Medline
AbelaE, Seiler A, Missimer JH, et al. Grey matter volumetric changes
related to recovery from hand paresis after cortical sensorimotor
stroke. Brain Struct Funct 2015;220:2533-50 CrossRef Medline
Weissman DH, Roberts KC, Visscher KM, et al. The neural bases of
momentary lapses in attention. Nat Neurosci 2006;9:971-78
CrossRef Medline

Damoiseaux JS, Beckmann CF, Arigita EJ, et al. Reduced resting-
state brain activity in the “default network” in normal aging. Cereb
Cortex 2008;18:1856—64 CrossRef Medline

Lin P, Yang Y, Jovicich J, et al. Static and dynamic posterior cingu-
late cortex nodal topology of default mode network predicts atten-
tion task performance. Brain Imaging Behav 2016;10:212-25
CrossRef Medline

Leung HC, Skudlarski P, Gatenby JC, et al. An event-related func-
tional MRI study of the Stroop color word interference task. Cereb
Cortex 2000;10:552—60 CrossRef Medline

Eichele T, Debener S, Calhoun VD, et al. Prediction of human errors
by maladaptive changes in event-related brain networks. Proc Natl
Acad Sci U S A 2008;105:6173—78 CrossRef Medline

Li CS, Yan P, Bergquist KL, et al. Greater activation of the “default”
brain regions predicts stop signal errors. Neuroimage 2007;38:
640-48 CrossRef Medline

Leech R, Sharp DJ. The role of the posterior cingulate cortex in cog-
nition and disease. Brain 2014;137:12-32 CrossRef Medline


http://dx.doi.org/10.1111/j.1365-2990.1989.tb01147.x
http://www.ncbi.nlm.nih.gov/pubmed/2542825
http://dx.doi.org/10.1002/mds.20083
http://www.ncbi.nlm.nih.gov/pubmed/15197700
http://dx.doi.org/10.1002/mds.22340
http://www.ncbi.nlm.nih.gov/pubmed/19025984
http://dx.doi.org/10.1093/brain/awn291
http://www.ncbi.nlm.nih.gov/pubmed/19029129
http://dx.doi.org/10.1016/j.nicl.2014.11.001
http://www.ncbi.nlm.nih.gov/pubmed/25429357
http://dx.doi.org/10.1016/j.neuroimage.2005.12.033
http://www.ncbi.nlm.nih.gov/pubmed/16473024
http://dx.doi.org/10.1016/j.neuroimage.2007.04.042
http://www.ncbi.nlm.nih.gov/pubmed/17560126
http://dx.doi.org/10.1016/j.neuroimage.2014.12.016
http://www.ncbi.nlm.nih.gov/pubmed/25514518
http://dx.doi.org/10.1006/nimg.2002.1089
http://www.ncbi.nlm.nih.gov/pubmed/12030821
http://dx.doi.org/10.1038/nrn1704
http://www.ncbi.nlm.nih.gov/pubmed/15995724
http://dx.doi.org/10.1002/mds.26263
http://www.ncbi.nlm.nih.gov/pubmed/25997420
http://dx.doi.org/10.1159/000285522
http://www.ncbi.nlm.nih.gov/pubmed/20173342
http://dx.doi.org/10.1016/j.jns.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25240444
http://dx.doi.org/10.1002/mds.22893
http://www.ncbi.nlm.nih.gov/pubmed/20014112
http://dx.doi.org/10.1177/2045125312470130
http://www.ncbi.nlm.nih.gov/pubmed/24167681
http://dx.doi.org/10.1136/jnnp.2006.098079
http://www.ncbi.nlm.nih.gov/pubmed/16952917
http://www.ncbi.nlm.nih.gov/pubmed/10928571
http://dx.doi.org/10.1016/j.neuroimage.2011.03.066
http://www.ncbi.nlm.nih.gov/pubmed/21459151
http://dx.doi.org/10.1523/JNEUROSCI.3328-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19176826
http://dx.doi.org/10.1093/brain/aws281
http://www.ncbi.nlm.nih.gov/pubmed/23195207
http://dx.doi.org/10.1016/j.neuroimage.2007.05.019
http://www.ncbi.nlm.nih.gov/pubmed/17604651
http://dx.doi.org/10.3171/jns.2000.93.6.1019
http://www.ncbi.nlm.nih.gov/pubmed/11117844
http://dx.doi.org/10.1007/s00429-014-0804-y
http://www.ncbi.nlm.nih.gov/pubmed/24906703
http://dx.doi.org/10.1038/nn1727
http://www.ncbi.nlm.nih.gov/pubmed/16767087
http://dx.doi.org/10.1093/cercor/bhm207
http://www.ncbi.nlm.nih.gov/pubmed/18063564
http://dx.doi.org/10.1007/s11682-015-9384-6
http://www.ncbi.nlm.nih.gov/pubmed/25904156
http://dx.doi.org/10.1093/cercor/10.6.552
http://www.ncbi.nlm.nih.gov/pubmed/10859133
http://dx.doi.org/10.1073/pnas.0708965105
http://www.ncbi.nlm.nih.gov/pubmed/18427123
http://dx.doi.org/10.1016/j.neuroimage.2007.07.021
http://www.ncbi.nlm.nih.gov/pubmed/17884586
http://dx.doi.org/10.1093/brain/awt162
http://www.ncbi.nlm.nih.gov/pubmed/23869106

	Cognitive Impairment and Basal Ganglia Functional Connectivity in Vascular Parkinsonism
	MATERIALS AND METHODS
	Study Population
	Ethics Approval
	Clinical Assessment
	MR Imaging Protocol
	Structural Data Processing
	Resting-State Data Processing
	Statistical Analysis

	RESULTS
	Study Population Clinical and Volumetric Characteristics
	Increased Functional Connectivity in Patients with Vascular Parkinsonism
	Decreased Functional Connectivity in Patients with Vascular Parkinsonism

	DISCUSSION
	Cognitive Impairment in Vascular Parkinsonism
	Caudate Nucleus Functional Connectivity and Relation to Volume
	Relation between Cognitive Impairment and Functional Connectivity Changes
	Study Limitations

	CONCLUSIONS
	REFERENCES


