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Cognitive impairment is a common non-motor symptom in Parkinson’s disease (PD),
with executive dysfunction being an initial manifestation. We aimed to investigate
whether and how longitudinal changes in the prefrontal perfusion correlate with mild
cognitive impairment (MCI) in patients with PD. We recruited 49 patients with PD with
normal cognition and 37 matched healthy control subjects (HCs). Patients with PD
completed arterial spin labeling MRI (ASL-MRI) scans and a comprehensive battery
of neuropsychological assessments at baseline (VO) and 2-year follow-up (V1). HCs
completed similar ASL-MRI scans and neuropsychological assessments at baseline.
At V1, 10 patients with PD progressed to MCI (converters) and 39 patients remained
cognitively normal (non-converters). We examined differences in the cerebral blood flow
(CBF) derived from ASL-MRI and neuropsychological measures (a) between patients with
PD and HCs at VO (effect of the disease), (b) between V1 and VO in patients with PD (effect
of the disease progression), and (c) between converters and non-converters (effect of the
MCI progression) using t-tests or ANOVAs with false discovery rate correction. We further
analyzed the relationship between longitudinal CBF and neuropsychological changes
using multivariate regression models with false discovery rate correction, focusing on
executive functions. At VO, no group difference was found in prefrontal CBF between
patients with PD and HCs, although patients with PD showed worse performances on
executive function. At V1, patients with PD showed significantly reduced CBF in multiple
prefrontal regions, including the bilateral lateral orbitofrontal, medial orbitofrontal, middle
frontal, inferior frontal, superior frontal, caudal anterior cingulate, and rostral anterior
cingulate. More importantly, converters showed a more significant CBF reduction in
the left lateral orbitofrontal cortex than non-converters. From VO to V1, the prolonged
completion time of Trail Making Test-B (TMT-B) negatively correlated with longitudinal
CBF reduction in the right caudal anterior cingulate cortex. The decreased accuracy of
the Stroop Color-Word Test positively correlated with longitudinal CBF reduction in the
left medial orbitofrontal cortex. In addition, at V1, the completion time of TMT-B negatively
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correlated with CBF in the left caudal anterior cingulate cortex. Our findings suggest
that longitudinal CBF reduction in the prefrontal cortex might impact cognitive functions
(especially executive functions) at the early stages of PD.

Keywords: Parkinson’s disease, mild cognitive impairment, arterial spin labeling, longitudinal, prefrontal cortex

INTRODUCTION

Cognitive impairment occurs at the early stages of Parkinson’s
disease (PD) and impacts the quality of life (Aarsland
et al, 2017). The spectrum of cognitive impairment in
PD encompasses subjective cognitive decline, mild cognitive
impairment (PD-MCI), and dementia (PDD) (Aarsland et al.,
2021). Approximately one-third of the newly diagnosed patients
with PD exhibit PD-MCI (Broeders et al., 2013). About 38% of
patients with PD with normal cognition convert to PD-MCI or
PDD over 3 years (Nicoletti et al., 2019). Executive dysfunction
is an initial manifestation of PD-MCI, including deficits in
cognitive flexibility and inhibitory control (Svenningsson et al.,
2012). The prefrontal cortex encompasses the lateral prefrontal
cortex, medial prefrontal cortex, and orbitofrontal cortex, which
play a key role in executive cognitive functions (Jones and
Graff-Radford, 2021). Dopaminergically mediated fronto-striatal
executive impairment is to be considered partly accountable for
cognitive deficit in PD (Kehagia et al., 2013). In this study, we
aimed to investigate whether and how longitudinal changes in the
prefrontal perfusion correlate with the progression of PD-MCI
and executive dysfunction.

Cognitive impairment in PD is associated with cortical
hypoperfusion, in addition to other cortical structure and
function changes (Melzer et al., 2012; Al-Bachari et al., 2014;
Wang et al., 2018). Cortical perfusion is often measured as
cerebral blood flow (CBF) derived from the arterial spin labeling
(ASL) MRI (Williams et al., 1992). CBF is thought to reflect
neural activity and brain glucose metabolism at the capillary
level (Musiek et al., 2012). Widespread CBF reduction in the
prefrontal cortex, hippocampus, parietal cortex, and precuneus
has been linked to global cognitive decline in PD (Fernandez-
Seara et al., 2012; Al-Bachari et al., 2014). The frontal lobe has
been reported to be associated with executive functions (Fuster,
2000). Patients with PDD showed reduced left inferior frontal
CBE, compared with patients with PD with MCI or normal
cognition (Azamat et al., 2021). CBF reductions in the right
superior frontal gyrus, right middle frontal gyrus, and right
anterior and medial orbitofrontal cortex are associated with
global cognitive impairment in patients with PD (Liu et al,
2021). Moreover, CBF reduction in the left middle frontal gyrus is
associated with executive dysfunction (Suo et al., 2019). Although
many cross-sectional studies have demonstrated that lower CBF
in patients with PD (relative to healthy adults) is associated with
cognitive impairment, longitudinal studies allow us to look at
cognitive decline over time in patients with PD. Confounding
factors such as age, education, and socioeconomic status can be
better controlled in longitudinal studies. In addition, frontal CBF
predicts cognitive decline in a healthy aging cohort with 4-year
follow-up (De Vis et al., 2018). Hence, the changes in frontal CBF

associated with cognitive status alternations in patients with PD
is worth verifying.

Therefore, in the longitudinal study herein, we aimed to
investigate whether and how prefrontal CBF changes correlate
with mild cognitive decline in patients with PD over 2 years.
Patients with PD with normal cognition completed ASL-
MRI scans and a comprehensive battery of neuropsychological
assessments (executive functions, attention/working memory,
visuospatial functions, memory, and language) at baseline (V0)
and 2-year follow-up (V1). Matched healthy control subjects
(HCs) were assessed once at baseline. First, we wanted to detect
group differences in prefrontal CBF and neuropsychological
measures between patients with PD and HCs at VO (effect of the
disease). Second, we wanted to examine whether prefrontal CBF
decreased between V1 and VO (effect of the disease progression).
Third, we separated patients with PD who were converted to
MCI (converters) and those who stayed cognitively normal at
V1 (non-converters). We aimed to examine whether prefrontal
CBF decreased more in converters than non-converters (effect of
the MCI progression). Finally, we sought to identify relationships
between prefrontal CBF reduction and executive dysfunction. In
particular, we asked whether prefrontal CBF changes correlated
with changes in the neuropsychological measures of cognitive
flexibility or inhibitory control.

METHODS AND MATERIALS

This study was approved by the ethics committee of the Fudan
University Zhongshan Hospital, according to the Declaration
of Helsinki. Before participating in this study, each participant
signed a written informed consent.

Study Design

It is a longitudinal study. In total, 49 patients with PD with
normal cognition were recruited and measured at baseline (V0).
All the patients completed ASL-MRI scans and a comprehensive
battery of neuropsychological assessments. After 2 years (V1),
10 patients with PD converted to MCI (converters), and 39
patients stayed cognitively normal (non-converters). In total, 37
HCs completed similar ASL-MRI scans and neuropsychological
assessments at V0.

Patients and Clinical Assessments

In total 49 patients with PD were recruited from the movement
disorders clinically at the Zhongshan Hospital from September
2016 to October 2018. Inclusion criteria included the following:
(1) PD diagnosis, according to the Movement Disorder Society
clinical diagnostic criteria for PD (Postuma et al., 2015); (2)
cognitively normal at VO, not meeting the diagnostic criteria of
PDD (Emre et al., 2007) or level 2 criteria of PD-MCI (i.e., 1.5
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SDs below the normative score) (Litvan et al., 2012); (3) Hoehn
and Yahr stages 1-2; (4) age 40-80 years; and (5) education >6
years. Exclusion criteria included the following: (1) a history
of other neurologic or psychiatric diseases; (2) alcohol or drug
abuse; or (3) contraindication to MRI. Six additional patients
were excluded from data analysis because of excessive head
motion during scanning (n = 1), MRI artifacts (n = 3), or poor
MRI co-registration (n = 2).

Healthy Control Subjects

In total, 37 HCs were recruited from the local community.
Inclusion criteria included the following: (1) age 40-80 years
and (2) education >6 years. Exclusion criteria included the
following: (1) a history of significant neurologic or psychiatric
disorders; (2) a family history of PD, essential tremor, or other
movement disorders; or (3) contraindication to MRI. In total,
three additional HCs were excluded from data analysis due to
MRI artifacts.

Neuropsychological Assessments
Neuropsychological tests measured executive functions (Stroop
Color and Word Test, Trail Making Test-B), attention/working
memory (Symbol Digit Modalities Test, Trail Making Test-
A), visuospatial functions (Rey-Osterrieth Complex Figure Test,
Clock-Drawing Test), memory (Auditory Verbal Learning Test,
delayed recall of the Rey-Osterrieth Complex Figure Test), and
language (Animal Fluency Test, Boston Naming Test).

First, we detected group differences between patients with
PD and HCs at VO using two-sample ¢-tests or the Mann-
Whitney U tests, if the data were not normally distributed (p
< 0.05 false-discovery-rate-corrected, FDR-corrected). Second,
we detected differences between V0 and V1 in patients with PD
using paired t-tests or the Wilcoxon signed-rank tests, if the data
were not normally distributed (p < 0.05 FDR-corrected). Third,
we detected subgroup differences between converters and non-
converters using two-sample f-tests or the Mann-Whitney U
tests, if the data were not normally distributed (p < 0.05, FDR-
corrected).

Acquisition of T1-MRI and ASL-MRI Data

Brain imaging data were acquired on a GE Discovery MR750
3T MR scanner. High-resolution T1-weighted images used a
3D brain volume imaging (BRAVO) sequence (136 axial slices;
time of repetition, 8.2 ms; time of echo, 3.2 ms; inversion time,
450 ms; field-of-view, 240 x 240 mmy; slice thickness, 1.0 mm; no
intersection gap; matrix, 256 x 256; number of excitations, 1; flip
angle, 12°; bandwidth, 31.25 kHz).

Arterial spin labeling images used a three-dimensional
pseudo-continuous ASL (3D pCASL) technique (Ding et al,
2014) with background suppression and outward-direction spiral
readout (time of repetition, 4,830 ms; time of echo, 10.5ms;
labeling duration, 1,500 ms; post labeling delay, 2,025 ms; field-
of-view, 240 x 240 mm; slice thickness, 4 mm; matrix, 128 x
128; number of excitations, 3; flip angle, 155°; eight spiral arms
with 512 points in each arm; bandwidth, 62.5 kHz; the resolution,
1.9 x 1.9mm). An additional proton density-weighted image
of absolute CBF quantification used the same acquisition
parameters. Then, ASL images were transferred to the Advantage
Workstation for Diagnostic Imaging 4.6 (GE Medical Systems,
Milwaukee, W1, USA), and the quantitative CBF maps, in units
of ml/100 g/min, were calculated using vender provided toolbox.
There were no user-modifiable parameters for generating CBF
maps in the toolbox for ASL images.

Preprocessing and Analysis of MRI Data

MRI data were preprocessed and analyzed using Freesurfer
v7.1.0 (Dale et al., 1999; Fischl et al., 2002; Reuter et al., 2012)
and FMRIB Software Library v6.0 (Parker Jones et al., 2018)
with a standard pipeline. T1 images were corrected for head
motion, normalized to reduce signal intensity, non-uniformity,
and fluctuation, and transformed into the Talairach space. Non-
brain tissues (e.g., skull and neck) were removed. White matter
and deep grey matter nuclei were segmented using an automated
algorithm. Regions of interest were parcellated according to the
Desikan-Killiany atlas, and their tissue volumes were computed.
We monitored the potential effects of tissue volume. First, we
examined whether patients with PD showed smaller prefrontal
volumes than HCs at V0 and whether converters showed smaller
prefrontal volumes than non-converters at V1 using two-sample

FIGURE 1 | ROlIs distribution on brain model.
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t-tests (FDR-corrected). Second, we examined whether patients
with PD showed smaller prefrontal volumes at V1 than V0 using
paired t-tests (FDR-corrected). Third, we examined whether
longitudinal changes in the prefrontal volume correlated with
those in the prefrontal CBF (FDR-corrected).

Analysis of Cortical CBF and Statistical

Analyses
Cerebral blood flow images were skull-stripped and automatically
co-registered with reconstructed T1 images. Co-registration
results were visually inspected and manually adjusted to
ensure quality. Regional CBF was calculated according to the
parcellation of T1 images. The regions of interest for this study
included the lateral orbitofrontal cortex, medial orbitofrontal
cortex, superior frontal cortex, middle frontal cortex, inferior
frontal cortex, caudal anterior cingulate cortex, and rostral
anterior cingulate cortex of both the hemispheres (Figure 1).
First, we examined whether patients with PD showed
lower prefrontal CBF than HCs at VO using two-sample
t-tests or the Mann-Whitney U tests, if the data were not
normally distributed (p < 0.05, FDR-corrected). Second,

we examined whether patients with PD showed lower
prefrontal CBF at V1 than VO using paired t-tests or the
Wilcoxon signed-rank tests if the data were not normally
distributed (p < 0.05, FDR-corrected). Third, we explored
whether converters showed a more significant prefrontal
CBF reduction than non-converters using repeated-measures
ANOVAs (p < 0.05) with two factors, subgroups (converters
and non-converters) and visit (VO and V1). Forth, we
identified the relationship between prefrontal CBF and
neuropsychological measures of executive functions using
stepwise linear regressions (p < 0.05, FDR-corrected). In
particular, we asked whether longitudinal changes in the
completion time of TMT-B or accuracy of Stroop Test between
V1 and VO correlated with prefrontal CBF changes, prefrontal
volume changes, UPDRS motor score changes, depression
score changes, cortical volume changes, age changes, or
education. In addition, we asked whether the completion
time of TMT-B or accuracy of Stroop Test at VO or V1
correlated with prefrontal CBE when prefrontal volume,
UPDRS motor scores, depression scores, age, and education
were controlled.

TABLE 1 | Demographic, clinical, and neuropsychological data of PD patients and HCs (means, SDs, and statistic differences).

Features/Measures HC (n = 37) PD (n = 49) Statistic differences (p values)
Vo vi PD at VO vs. HC PD at V1 vs. VO

Male/Female 15/22 26/23 26/23 0.157 -
Age (years) 62.2 (6.9) 63.8 (9.0) 65.8 (9.0) 0.373 -
Education (years) 12.2(2.6) 12.0(3.9) 12.0(3.9) 0.430 -
Disease duration (months) 42.7 (69.0) 66.9 (68.4) - -
Motor symptoms

Hoehn and Yahr stage 1.3 (0.5) 1.6 (0.6) - 0.005*

UPDRS Il 16.7 (7.5) 18.7 (8.4) - 0.011*
Non-motor symptoms

REM Sleep Behavior Disorder Screening Questionnaire score 6 (3.4) 4.6 (3.0) - 0.028

Geriatric Depression Scale score (30-items) 10.9 (5.4) - 0.002*
Executive functions

Stroop (completion time) 66.7 (17.2) 76.7 (19.0) 77.6 (22.0) 0.013* 0.604

Stroop (number of correct answers) 48.0 (2.3) 47.2 (3.1) 46.5 (3.4) 0.297 0.114

TMT-B (completion time) 111.3 (39.9) 138.8 (37.9) 1441 (41.9) 0.002* 0.309
Attention/working memory

Symbol Digit Modalities Test score 47.7 (10.3) 40.5(10.9) 38.3(10.2) 0.002* 0.040

TMT-A (completion time) 52.2(20.2) 60.4 (17.1) 58.9 (19.5) 0.043 0.379
Visuospatial functions

Rey-Osterrieth Complex Figure Test score 32.9(2.3) 32.4 (2.5) 31.9(3.0) 0.441 0.126

Clock Drawing Test score 9.3(0.7) 9.4 (0.8) 9.1 (1.5 0.644 0.292
Memory

Auditory Verbal Learning Test total score 32.4(7.9) 31.2(9.5) 32.5(12.3) 0.540 0.283

Rey-Osterrieth Complex Figure Test delayed recall score 16.8 (6.5) 16.7 (7.0) 15.6 (6.9) 0.901 0.094
Language

Animal Fluency Test score 18.6 (4.9) 19.9 (6.3) 18.8 (5.7) 0.267 0.150

Boston Naming Test score (30-items) 25.7 (2.9) 25.8 (2.4) 25.6 (2.8) 0.965 0.564

Statistic differences, p values of two-sample t-tests, paired-sample t-tests, Mann-Whitney U tests or Wilcoxon signed-rank tests as appropriate; asterisks, p < 0.05 false-discovery-

rate-corrected.
UPDRS, Unified Parkinson’s Disease Rating Scale; TMT, Trail Making Test.
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RESULTS

Group Differences and Longitudinal

Changes in Neuropsychological Measures

Table 1 shows neuropsychological data of patients with PD
and HCs. At VO, patients with PD performed worse than HCs
on executive functions and working memory. However, no
significant longitudinal changes were found between VO and
V1. Table2 illustrates neuropsychological data of converters
and non-converters. Converters performed worse than non-
converters on executive functions, visuospatial functions, and
language at V1 but not V0. Converters performed worse than
non-converters on working memory and memory at both visits.

Prefrontal CBF Difference Between
Patients With PD at VO and V1

No significant difference was found between PD and HC at V0
(p > 0.36 for all the ROIs). Figure 2A, Table 3 show decreased
prefrontal CBF in patients with PD at V1. Patients with PD

showed significantly lower CBF at V1 than V0 in multiple ROIs
(p < 0.05).

Prefrontal CBF Differences Between

Converters and Non-converters

In patients with PD, converters showed a more significant CBF
reduction (25.8%) than non-converters at V1(7.8%) in the left
lateral orbitofrontal cortex (Figure 2B). A marginal subgroup
difference was found in the left lateral orbitofrontal cortex, an
interaction between subgroup and visit was found [F(1,96) =
4.66, p = 0.036, partial n> = 0.90] in addition to an effect of visit
[F(1) = 16.0, p < 0.001, partial n*> = 0.254]. No main effect of the
subgroup was found (p = 0.256). No effect of the subgroup was
found in any other prefrontal ROIs (ps > 0.145).

Relationships Between Longitudinal CBF
Reduction and Cognitive Decline

Figures 2C,D  shows relationships between longitudinal
CBF reduction and executive dysfunction. The stepwise
regression model for cognitive flexibility (ie., TMT-B

TABLE 2 | Demographic, clinical, and neuropsychological data of converters and non-converters (means, SDs, and statistic differences).

Features/Measures VO (n = 49) V1 (n = 49) Subgroup differences (p values)
Non-converters Converters Non-converters Converters Vo \'Al

Male/Female 21/18 5/5 21/18 5/5 0.157 0.157
Age (years) 63.1(9.6) 66.4 (5.8) 65.1(9.6) 68.5 (5.8) 0.301 0.301
Education (years) 12.6 (3.2) 9.3(1.9 12.6 (3.2) 9.3(1.9 0.005* 0.005*
Disease duration (months) 45.3 (75.2) 32.5 (36.4) 69.8 (75.4) 58.0 (35.5) 0.634 0.634
Motor symptoms

Hoehn and Yahr stage 1.3(0.4) 1.6 (0.5) 1.5(0.6) 1.8 (0.6) 0.039 0.163

UPDRS Il 15.4 (6.1) 21.5(10.5) 17.9(7.6) 21.8(11.0) 0.117 0.194
Non-motor symptoms

REM Sleep Behavior Disorder Screening Questionnaire score 3.6 (3.5) 3.8(3.0) 4.5 (3.1) 4.8 (3.1) 0.862 0.792

Geriatric Depression Scale score (30-items) 10.1 (7.9) 10.3 (6.1) 13.1 (6.4) 0.197 0.144
Executive functions

Stroop (completion time) 74.3 (19.1) 86.2 (15.8) 74.0 (20.5) 98.9 (21.5) 0.076 0.001*

Stroop (number of correct answers) 47.2 (3.3) 47.3 (2.4) 47.3 (2.6) 42.6 (4.2) 0.914 <0.001*

TMT-B (completion time) 133.7(37.7)  168.9(35.1)  133.2(35.6) 186.0(37.9) 0.060 <0.001*
Attention/working memory

Symbol Digit Modalities Test score 42.6 (10.0) 32.1(6.2) 40.5 (9.8) 29.9 (6.9) 0.003* 0.003*

TMT-A (completion time) 59.4 (17.8) 64.3 (14.1) 54.1(15.9) 77.7 (21.5) 0.427 <0.001*
Visuospatial functions

Complex Figure Test score 32.8 (2.1) 30.7 (3.2) 17.4 (6.2) 28.8 (3.7) 0.018 0.002*

Clock Drawing Test score 9.5(0.6) 8.9(1.2) 9.2(1.4) 8.7 (1.8 0.041 0.308
Memory

Auditory Verbal Learning Test total score 32.4(10.0) 26.2 (4.9) 35.1(11.5) 22.1(9.9) 0.039 0.002*

Rey-Osterrieth Complex Figure Test delayed recall score 18.5 (6.1) 9.6 (6.2) 17.4 (6.2) 8.2 (3.9) <0.001* <0.001*
Language

Animal Fluency Test score 16.7 (3.5) 20.8 (5.4) 20.3 (5.1) 13.1(4.2) 0.030 <0.001*

Boston Naming Test score (30-items) 26.0 (2.4) 24.7 (2.2) 26.3 (2.4) 23.0 (2.8) 0.114 <0.001*

Subgroup differences, p values of two-sample t-tests, paired-sample t-tests, Mann-Whitney U tests or Wilcoxon signed-rank tests as appropriate; asterisks, p < 0.05 false-discovery-

rate-corrected.
UPDRS, Unified Parkinson’s Disease Rating Scale; TMT, Trail Making Test.
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FIGURE 2 | Reduced prefrontal cerebral blood flow and executive dysfunction over time in PD patients. (A) Significant CBF reduction in the lateral orbitofrontal cortex,
medial orbitofrontal cortex, middle frontal cortex, inferior frontal cortex, superior frontal cortex, caudal anterior cingulate cortex and rostral anterior cingulate cortex of
both hemispheres over 2 years. Asterisks indicate significant group difference (*: p < 0.05, **: p < 0.01, **: p < 0.001). (B) Converters showed a more significant
perfusion reduction in the left lateral orbitofrontal cortex than non-converters over 2 years. (C) The prolonged completion time of Trail Making Test-B (TMT-B) was
negatively correlated with longitudinal CBF reduction in the right caudal anterior cingulate cortex. (D) Longitudinal CBF reduction in right caudal anterior cingulate
cortex was significantly related to the progressive worse accuracy of Stroop test over time. (E) At V1, completion time of TMT-B had a significantly negative correlation
with the CBF in left caudal anterior cingulate cortex.

completion time difference between V1 and VO0) was
significant [F(1,47) = 6.27, R> = 0.118, p = 0.016]. The
model included longitudinal CBF changes in the right
caudal anterior cingulate cortex (t = —2.50, p = 0.016)
but no other factors (ps > 0.875). The stepwise regression
model for inhibitory control (i.e., Stroop accuracy difference
between V1 and V0) was also significant [F(1,47) = 5.52,
R? = 0.105, p = 0.023]. The model included longitudinal
CBF changes in the left medial orbitofrontal cortex (t =
2.35, p = 0.023) but no other factors (ps > 0.737). No such
correlation was obtained for the TMT-A completion time
difference (p = 0.569).

Figure 2E shows relationships between prefrontal CBF and
cognitive flexibility at V1. The stepwise regression model for the
TMT-B completion time was significant [F(4,44) = 17.3, R? =
0.536, p < 0.001]. The model included CBF in the left caudal
anterior cingulate cortex (t = —3.71, p = 0.001), education (t =
—3.07, p = 0.004), and age (t = 4.23, p < 0.001) but no other
factors (ps > 0.052). No such correlation was obtained for the

TMT-A completion time. No significant correlation was found
for either the TMT-A or TMT-B completion time at V0.

Effects of Tissue Volume

Finally, we excluded potential effects of tissue volume. Patients
with PD were similar as HCs at VO in the total intracranial
volume (p = 0.856), total cortical grey matter volume (p = 0.885),
the volume of prefrontal ROIs (ps > 0.173). Converters were
similar to non-converters at V1 in the total intracranial volume
(p = 0.452), total cortical grey matter volume (p = 0.737), and
the volume of prefrontal ROIs (ps > 0.150). However, from VO
to V1, subjects with PD showed a significantly cortical atrophy
in the bilateral lateral orbitofrontal cortex (left: #(48) = 2.91, p
= 0.005; right: £(48) = 2.98, p = 0.005), left medial orbitofrontal
cortex (#(48) = 2.65, p = 0.011), left superior frontal cortex (#(48)
= 2.97, p = 0.005), bilateral middle frontal cortex (left: £(48) =
2.98, p = 0.005; right: #(48) = 3.19, p = 0.002), bilateral inferior
frontal cortex (left: £(48) = 2.48, p = 0.017; right: #(48) = 3.62, p
< 0.001), and bilateral rostral anterior cingulate cortex (left: #(48)
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TABLE 3 | The prefrontal perfusion significantly different between VO and V1 in PD
patients.

Region t-value p-value

Left lateral orbitofrontal cortex 3.52 p = 0.002
Right lateral orbitofrontal cortex 4.52 p < 0.001
Left medial orbitofrontal cortex 3.57 p =0.001
Right medial orbitofrontal cortex 3.88 p < 0.001
Left middle frontal cortex 2.85 p = 0.006
Right middle frontal cortex 3.01 p = 0.004
Left inferior frontal cortex 3.72 p = 0.001
Right inferior frontal cortex 4.55 p < 0.001
Left superior frontal cortex 3.16 p =0.003
Right superior frontal cortex 3.11 p =0.003
Left caudal anterior cingulate cortex 2.22 p =0.031
Right caudal anterior cingulate cortex 2.53 p=0.015
Left rostral anterior cingulate cortex 2.53 p=0.015
Right rostral anterior cingulate cortex 3.32 p = 0.002

= 2.63, p = 0.011; right: #(48) = 2.82, p = 0.007). Importantly,
longitudinal changes in the prefrontal CBF did not correlate with
those in the prefrontal volume (ps > 0.369).

DISCUSSION

Mild cognitive impairment is a common non-motor symptom
in PD. Approximately 28% of patients with PD converted to
PD-MCI and 6% converted to PDD over 1-16 years (Saredakis
et al., 2019). However, biological mechanisms underlying the
progression of cognitive impairment are still unclear. This
longitudinal study investigated whether and how prefrontal
perfusion changes correlate with mild cognitive decline in
patients with PD using ASL-MRI. Patients with PD with
normal cognition showed normal prefrontal perfusion at baseline
but worse performance on executive functions than healthy
controls. As the disease progressed, patients with PD showed
decreased perfusion in multiple prefrontal regions over 2 years
(effect of the disease progression). More importantly, patients
with PD who converted to MCI showed a more significant
perfusion reduction in the left lateral orbitofrontal cortex
than those who stayed cognitively normal at 2-year follow-up
(effect of the MCI progression). In particular, the impairment
of cognitive flexibility (reflected as the prolonged completion
time of TMT-B) correlated with perfusion reduction in the
right caudal anterior cingulate cortex, and the impairment of
inhibitory control (reflected as the fewer correct responses of
the Stroop Test) correlated with perfusion reduction in the left
medial orbitofrontal cortex. Although patients with PD showed
additional cortical atrophy in the prefrontal cortex, prefrontal
volumetric reduction did not significantly contribute to the
progression of MCI or executive dysfunction. These findings
suggest that longitudinal prefrontal perfusion reduction may be
underlying the progression of cognitive impairment at the early
stages of PD.

Parkinson’s disease is a neurodegenerative and progressive
disorder. However, autopsy studies are not sufficient to discover
the underlying causes of the progression of PD-related pathology,
especially in the early stages. Neuroimaging studies provide an
alternative way that might help to reveal the pathophysiology
of disease progression. In the present study, at baseline, no
group difference was found in prefrontal CBF between patients
with PD and HCs, while reduced CBF was shown in the
bilateral lateral and medial orbitofrontal cortex, bilateral inferior,
middle, and superior cortex and caudal, rostral anterior cingulate
cortex over 2 years in patients with PD via ASL-MRI. A
primary novel finding is that the converters showed progressive
hypoperfusion in the left lateral orbitofrontal gyrus, compared
with the non-converters between VO and V1. In addition,
there were subtle differences between converters and non-
converters at VO in attention/working memory and memory.
Our result was also consistent with Wilsen et al., which
showed severer motor symptoms and poor performance on
cognitive tests were associated with cognitive decline at the
early stages of PD (Wilson et al., 2020). Overall, our results
indicated the serial reduction of frontal perfusion along with
disease progression and partly contribute to cognitive decline
in the early stage of PD. The mechanisms/pathophysiology of
cognitive decline in PD is not fully clear, and it is generally
considered that multiple degenerations of neurotransmitter
systems were associated with cognitive impairment (Aarsland
et al, 2021). In addition to the fundamental pathological
changes associated with cognitive impairment, some previous
studies report cerebral perfusion deficiencies in PD (Fernandez-
Seara et al, 2012; Al-Bachari et al, 2014), including our
study. It is not known how CBF influences cognitive function.
Several reviews summarize that hypoperfusion leads to cognitive
impairment partly because of the neurovascular unit dysfunction,
disrupted neurotransmitter circuits, and mitochondrial energy
deficiency (Iadecola, 2017; de la Torre et al, 2020). One
review demonstrated cerebral hypoperfusion, and glucose
hypometabolism trigger neuroinflammation and oxidative stress
that in turn decrease nitric oxide, upregulating amyloid,
and tau in AD (Daulatzai, 2017). Brain perfusion was
correlated with cerebrospinal fluid Ap42 levels which reflected
neurodegeneration in patients with amnestic MCI (Quattrini
et al, 2021). Moreover, chronic cerebral hypoperfusion via
stenosis of the bilateral common carotid arteries may exacerbate
cognitive impairment in a mouse model of PD (Tang et al.,
2017). To some extent, the current study might aid our
understanding of the pathophysiology of cognitive conversion
in PD.

In addition, neuroimaging features that can track changes in
brain structure and functions and associate with neurobiological
processes might be applied as longitudinal progression markers
in clinical use in PD. Using dopamine transporter imaging,
Kaasinen et al. reported progressive striatal dopamine loss
(Kaasinen and Vahlberg, 2017). However, the cost, availability,
and ceiling effect of dopaminergic deficit limited the use
of dopamine transporter imaging in the follow-up study.
In total, two recent longitudinal studies demonstrated serial
neuromelanin signal loss in substantia nigra (SN), and associated
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were with changes in motor severity in patients with PD (Gaurav
etal,, 2021; Xing et al., 2022). Even so, SN neuronal loss might not
play a key role in the pathophysiology of non-motor symptoms
in PD. To date, several studies using voxel-based morphometry
analyses have reported alternation of gray volume and thickness
with follow-up period, but inconsistent results indicated that
this biomarker was not sensitive to reflect small changes in the
disease progression (Yang et al,, 2018). Our longitudinal data
suggested prefrontal CBF reduction over time and related to
cognitive decline in PD, which might be a potential imaging
marker associated with cognitive impairment. Along with the
neuroimaging biomarker, we note that some neuropsychological
tests were reported to be a predictor of developing PDD
in the longitudinal cohort (Kim et al, 2019; Lawson et al,
2021). Byeon H also reported a random forest model including
MMSE total score, MoCA total score, UPDRS motor score,
and Clinical Dementia Rating (CDR) sum of boxes that can
predict PD-MCI with an overall accuracy of 65.6% (Byeon,
2020). Since ASL-MRI is relatively low-cost neuroimaging and
can be repeated many times for its non-invasion to quantify
CBF objectively and quickly, we thought neuropsychological
tests, together with an imaging marker or blood/ CSF-based
marker might be more sensitive and accurate to predict PD-
MCI and PDD in the future study. On the contrary, our
results inferred that patients with PD should avoid cerebral
hypoperfusion which might in turn cause disease progression in
the clinical practice.

Executive dysfunction occurs at a relatively higher frequency
in PD-MCI (Zalonis et al., 2008; Baiano et al., 2020). Our
longitudinal analyses revealed that over 2 years, reduction
of prefrontal CBF in the medial orbitofrontal cortex and
caudal anterior cingulate cortex have a significant correlation
with poorer performance on inhibitory control and cognitive
flexibility, bypassing the potential confounding effects of tissue
volume. This could suggest that the prefrontal hypoperfusion
might partly be involved in executive dysfunction. High-
level cognitive abilities involve cortical regions. TMT-B
tests provide a measure of cognitive function associated
with the working memory, sequencing, and set-shifting
(Sanchez-Cubillo et al., 2009), while Stroop measures executive
inhibition of irrelevant responses (Treisman and Fearnley,
1969). Consistently, Briick et al. revealed performance in
the Stroop test negatively correlated with the Fdopa uptake
in the medial frontal cortex of early PD using positron
emission tomography scanning (Briick et al., 2005). Moreover,
in an animal study, impaired cognitive flexibility may be
partly because of the disruption of the anterior cingulate
cortex and its neuromodulation with thalamic nuclei (Bubb
et al., 2021). Further studies would be required to detect
the role of the prefrontal cortex in large-scale networks or
neural circuits.

A previous report by Zhou et al. showed progressive bilateral
superior frontal lobe atrophy was found in the converters (Zhou
et al,, 2020). In the present study, significant prefrontal cortical
atrophy was not found compared with the HCs at baseline, and
significantly decreased between V1 and V0 in some prefrontal
regions. However, we also found significant CBF reduction in the

right medial orbitofrontal, right superior frontal, and bilateral
caudal anterior cingulate cortex, while no cortical atrophy was
observed. Furthermore, there were no correlations between the
changes in cortical CBF and volume. Some cross-sectional studies
report that the patients with PD showed hypoperfusion in the
parietal lobule or occipital lobe with the absence of gray matter
volume loss (Pelizzari et al., 2020). Combining our results and
the abovementioned studies, it might suggest that functional
changes may potentially be involved in neurodegeneration,
independent of gray matter atrophy. Notably, there is evidence
that insufficient CBF made a chronic and cumulative effect on
brain atrophy (de la Torre, 2012). It would be interesting to
test in future studies whether CBF reduction contributes to
brain atrophy or synchronize with volume loss in the early stage
of PD.

Moreover, our data suggested that CBF was not significantly
different between HCs and early-stage PD at baseline. This
result is consistent with Al-Bachari et al. (2014), but differs
from the majority of studies (Derejko et al, 2006; Arslan
et al, 2020; Liu et al., 2021), which showed decreased
cortical perfusion in the early-stage PD cohort, compared
with the healthy controls. This discrepancy may be partly
due to the subjects recruited in the studies, as only patients
with PD with the normal condition were recruited in our
study. In addition, differences in the scanning sequence
and measurement methods might be the reasons for
inconsistent results.

Several limitations should be recognized in our study. First,
the small patient pool subsequently led to fewer patients in
the converter subgroup, thus, probably resulting in bias. The
intrinsic difference of converter in both CBF and cognitive
function may be revealed with a larger sample group, and
the data from the PD-MCI cohort may also help to explain
the differences. In addition, there seems to be a reasonable
chance of types 1 and 2 errors in a small sample size. However,
since this is a pilot longitudinal exploration studying the
association between changes in CBF and cognition decline,
we focused on sample quality rather than the sample size.
Future studies, ideally from multiple centers and with more
patients recruited, might help to confirm the results of our
study and generalize to individuals. Second, a time-match
follow-up data acquisition was not performed in HCs, which
may provide information on the CBF and cognitive function
changes under the effect of aging. Further study should
recruit healthy controls, along with the data on patients
with PD.

In conclusion, this study demonstrated that longitudinal
changes in the prefrontal perfusion underlay the progression
of cognitive impairment at the early stages of PD. Patients
with PD with normal cognition did not show prefrontal
hypoperfusion at baseline, but significant perfusion reductions
as the disease progressed over 2 years. More importantly,
patients with PD who were converted to MCI showed a more
significant perfusion reduction in the left lateral orbitofrontal
cortex than those who stayed cognitively normal over 2 years.
In particular, declines in cognitive flexibility and inhibitory
control were associated with perfusion reductions in the
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right caudal anterior cortex and the left medial orbitofrontal
cortex, respectively.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by Ethics Committee of Fudan University Zhongshan
Hospital. The patients/participants provided their written
informed consent to participate in this study. Written informed
consent was obtained from the individual(s) for the publication
of any potentially identifiable images or data included in
this article.

REFERENCES

Aarsland, D., Batzu, L., Halliday, G. M., Geurtsen, G. ]., Ballard, C., Ray Chaudhuri,
K., et al. (2021). Parkinson disease-associated cognitive impairment. Nat. Rev.
Dis. Primers 7, 47. doi: 10.1038/s41572-021-00280-3

Aarsland, D., Creese, B., Politis, M., Chaudhuri, K. R., Ffytche, D. H., Weintraub,
D., et al. (2017). Cognitive decline in Parkinson disease. Nat. Rev. Neurol. 13,
217-231. doi: 10.1038/nrneurol.2017.27

Al-Bachari, S., Parkes, L. M., Vidyasagar, R., Hanby, M. F., Tharaken, V.,
Leroi, I, et al. (2014). Arterial spin labelling reveals prolonged arterial
arrival time in idiopathic Parkinson’s disease. NeuroImage. Clin. 6, 1-8.
doi: 10.1016/j.nicl.2014.07.014

Arslan, D. B., Gurvit, H., Genc, O., Kicik, A., Eryurek, K., Cengiz, S., et al. (2020).
The cerebral blood flow deficits in Parkinson’s disease with mild cognitive
impairment using arterial spin labeling MRI. J. Neural Transm. 127, 1285-1294.
doi: 10.1007/s00702-020-02227-6

Azamat, S., Betul Arslan, D., Erdogdu, E., Kicik, A., Cengiz, S., Eryiirek,
K., et al. (2021). Detection of visual and frontoparietal network perfusion
deficits in Parkinson’s disease dementia. Eur. J. Radiol. 144, 109985.
doi: 10.1016/j.ejrad.2021.109985

Baiano, C., Barone, P., Trojano, L., and Santangelo, G. (2020). Prevalence and
clinical aspects of mild cognitive impairment in Parkinson’s disease: a meta-
analysis. Mov. Disord. 35, 45-54. doi: 10.1002/mds.27902

Broeders, M., de Bie, R. M. A,, Velseboer, D. C., Speelman, J. D., Muslimovic, D.,
and Schmand, B. (2013). Evolution of mild cognitive impairment in Parkinson
disease. Neurology 81, 346-352. doi: 10.1212/wnl.0b013e31829c5c86

Briick, A., Aalto, S, Nurmi, E., Bergman, J, and Rinne, J. O.
(2005). 6-[18F]fluoro-L-dopa uptake and frontal cognitive
functions in early Parkinson’s disease. Neurobiol. Aging 26, 891-898.
doi: 10.1016/j.neurobiolaging.2004.07.014

Bubb, E. J., Aggleton, J. P, O’'Mara, S. M., and Nelson, A. J. D. (2021).
Chemogenetics anterior cingulate-thalamic pathway for
attending to task-relevant information. Cereb. Cortex 31, 2169-2186.
doi: 10.1093/cercor/bhaa353

Byeon, H. (2020). Is the random forest algorithm suitable for predicting
Parkinson’s disease with mild cognitive impairment out of Parkinson’s
disease with normal cognition? Int. J. Environ. Res. Public Health 17, 2594.
doi: 10.3390/ijerph17072594

Dale, A. M., Fischl, B, and Sereno, M. L. (1999). Cortical surface-based
analysis. I. Segmentation and surface reconstruction. Neurolmage 9, 179-194.
doi: 10.1006/nimg.1998.0395

Daulatzai, M. A. (2017). Cerebral hypoperfusion and glucose hypometabolism:
key pathophysiological modulators promote neurodegeneration, cognitive

Cortical

reveal an

AUTHOR CONTRIBUTIONS

LJ: conceptualized and designed the study. JW, YZ, JJ, YL, KL,
and LJ: collected data. WZ and LJ: analyzed the data. WZ, ZY, and
L]J: wrote the original draft of the manuscript. JW, YZ,J], YL, and
KL: edited and reviewed the manuscript. All authors approved
the submitted version.

FUNDING

This work was supported by the National Natural Science
Foundation of China (31961133025). L] was supported by the
State Key Laboratory of Neuroscience (SKLN-202107).

ACKNOWLEDGMENTS

We would thank GE Healthcare technologist Dr. Yong Zhang for
his help on ASL-MRI optimization.

impairment, and Alzheimers disease. J. Neurosci. Res. 95, 943-972.
doi: 10.1002/jnr.23777

de la Torre, J. C. (2012). Cardiovascular risk factors promote brain hypoperfusion
leading to cognitive decline and dementia. Cardiovasc. Psychiatry Neurol. 2012,
367516. doi: 10.1155/2012/367516

de la Torre, J. C, Olmo, A. D., and Valles, S. (2020). Can mild cognitive
impairment be stabilized by showering brain mitochondria with laser photons?
Neuropharmacology 171, 107841. doi: 10.1016/j.neuropharm.2019.107841

De Vis, J. B,, Peng, S. L., Chen, X, Li, Y., Liu, P., Sur, S, et al. (2018). Arterial-
spin-labeling (ASL) perfusion MRI predicts cognitive function in elderly
individuals: a 4-year longitudinal study. J. Magn. Reson. Imaging 48, 449-458.
doi: 10.1002/jmri.25938

Derejko, M., Stawek, J., Wieczorek, D., Brockhuis, B., Dubaniewicz, M., and
Lass, P. (2006). Regional cerebral blood flow in Parkinson’s disease as
an indicator of cognitive impairment. Nucl. Med. Commun. 27, 945-951.
doi: 10.1097/01.mnm.0000243370.18883.62

Ding, B., Ling, H. W., Zhang, Y., Huang, J., Zhang, H.,, Wang, T., et al
(2014). Pattern of cerebral hyperperfusion in Alzheimer’s disease and
amnestic mild cognitive impairment using voxel-based analysis of 3D arterial
spin-labeling imaging: initial experience. Clin. Interv. Aging 9, 493-500.
doi: 10.2147/cia.s58879

Emre, M., Aarsland, D., Brown, R., Burn, D. J., Duyckaerts, C., Mizuno, Y., et al.
(2007). Clinical diagnostic criteria for dementia associated with Parkinson’s
disease. Mov. Disord. 22, 1689-1707. quiz 1837. doi: 10.1002/mds.21507

Fernandez-Seara, M., Mengual, E., Vidorreta, M., Azndrez-Sanado, M., Loayza,
F., Villagra, F., et al. (2012). Cortical hypoperfusion in Parkinson’s disease
assessed using arterial spin labeled perfusion MRI. NeuroImage 59, 2743-2750.
doi: 10.1016/j.neuroimage.2011.10.033

Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove,
C., et al. (2002). Whole brain segmentation: automated labeling of
neuroanatomical structures in the human brain. Neuron 33, 341-355.
doi: 10.1016/50896-6273(02)00569-x

Fuster, J. M. (2000). Executive frontal functions. Exp. Brain Res. 133, 66-70.
doi: 10.1007/5002210000401

Gaurav, R, Yahia-Cherif, L., Pyatigorskaya, N., Mangone, G., Biondetti, E.,
Valabregue, R., et al. (2021). Longitudinal changes in neuromelanin MRI signal
in Parkinson’s disease: a progression marker. Mov. Disord. 36, 1592-1602.
doi: 10.1002/mds.28531

Iadecola, C. (2017). The neurovascular unit coming of age: a journey
through neurovascular coupling in health and disease. Neuron 96, 17-42.
doi: 10.1016/j.neuron.2017.07.030

Jones, D. T., and Graff-Radford, J. (2021). Executive dysfunction and the prefrontal
cortex. Continuum 27, 1586-1601. doi: 10.1212/con.0000000000001009

Frontiers in Aging Neuroscience | www.frontiersin.org

July 2022 | Volume 14 | Article 896191


https://doi.org/10.1038/s41572-021-00280-3
https://doi.org/10.1038/nrneurol.2017.27
https://doi.org/10.1016/j.nicl.2014.07.014
https://doi.org/10.1007/s00702-020-02227-6
https://doi.org/10.1016/j.ejrad.2021.109985
https://doi.org/10.1002/mds.27902
https://doi.org/10.1212/wnl.0b013e31829c5c86
https://doi.org/10.1016/j.neurobiolaging.2004.07.014
https://doi.org/10.1093/cercor/bhaa353
https://doi.org/10.3390/ijerph17072594
https://doi.org/10.1006/nimg.1998.0395
https://doi.org/10.1002/jnr.23777
https://doi.org/10.1155/2012/367516
https://doi.org/10.1016/j.neuropharm.2019.107841
https://doi.org/10.1002/jmri.25938
https://doi.org/10.1097/01.mnm.0000243370.18883.62
https://doi.org/10.2147/cia.s58879
https://doi.org/10.1002/mds.21507
https://doi.org/10.1016/j.neuroimage.2011.10.033
https://doi.org/10.1016/s0896-6273(02)00569-x
https://doi.org/10.1007/s002210000401
https://doi.org/10.1002/mds.28531
https://doi.org/10.1016/j.neuron.2017.07.030
https://doi.org/10.1212/con.0000000000001009
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

Wang et al.

Prefrontal Hypoperfusion and Executive Dysfunction

Kaasinen, V., and Vahlberg, T. (2017). Striatal dopamine in Parkinson
disease: a meta-analysis of imaging studies. Ann. Neurol. 82, 873-882.
doi: 10.1002/ana.25103

Kehagia, A. A., Barker, R. A., and Robbins, T. W. (2013). Cognitive impairment
in Parkinson’s disease: the dual syndrome hypothesis. Neurodegener. Dis. 11,
79-92. doi: 10.1159/000341998

Kim, H. M., Nazor, C., Zabetian, C. P., Quinn, J. F., Chung, K. A, Hiller, A. L,,
et al. (2019). Prediction of cognitive progression in Parkinson’s disease using
three cognitive screening measures. Clin. Parkinson. Relat. Disord. 1, 91-97.
doi: 10.1016/j.prdoa.2019.08.006

Lawson, R. A., Williams-Gray, C. H., Camacho, M., Duncan, G. W., Khoo, T. K,,
Breen, D. P., etal. (2021). Which neuropsychological tests? Predicting cognitive
decline and dementia in Parkinson’s disease in the ICICLE-PD cohort. |
Parkinsons Dis. 11, 1297-1308. doi: 10.3233/JPD-212581

Litvan, I., Goldman, J. G., Tréster, A. 1., Schmand, B. A., Weintraub, D., Petersen,
R. C, et al. (2012). Diagnostic criteria for mild cognitive impairment in
Parkinson’s disease: Movement Disorder Society Task Force guidelines. Mov.
Disord. 27, 349-356. doi: 10.1002/mds.24893

Liu, Z., Zhang, Y., Wang, H. Xu, D., You, H., Zuo, Z., et al. (2021).
Altered cerebral perfusion and microstructure in advanced Parkinson’s
disease and their associations with clinical features. Neurol. Res. 44, 47-56.
doi: 10.1080/01616412.2021.1954842

Melzer, T. R, Watts, R., MacAskill, M. R,, Pitcher, T. L., Livingston, L., Keenan, R.
J., etal. (2012). Grey matter atrophy in cognitively impaired Parkinson’s disease.
J Neurol. Neurosurg. Psychiatry 83, 188-194. doi: 10.1136/jnnp-2011-300828

Musiek, E. S., Chen, Y., Korczykowski, M., Saboury, B., Martinez, P. M.,
Reddin, J. S., et al. (2012). Direct comparison of fluorodeoxyglucose
positron emission tomography and arterial spin labeling magnetic
resonance imaging in Alzheimer’s disease. Alzheimers Dement. 8, 51-59.
doi: 10.1016/j.jalz.2011.06.003

Nicoletti, A., Luca, A., Baschi, R., Cicero, C. E., Mostile, G., Davi, M, et al. (2019).
Incidence of mild cognitive impairment and dementia in Parkinson’s disease:
the Parkinson’s disease cognitive impairment study. Front. Aging Neurosci.
11:21. doi: 10.3389/fnagi.2019.00021

Parker Jones, O. Alfaro-Almagro, F., and Jbabdi, S. (2018). An
empirical, 21st century evaluation of phrenology. Cortex 106, 26-35.
doi: 10.1016/j.cortex.2018.04.011

Pelizzari, L., Di Tella, S., Rossetto, F., Lagana, M. M., Bergsland, N., Pirastru,
A, et al. (2020). Parietal perfusion alterations in Parkinson’s disease patients
without dementia. Front. Neurol. 11:562. doi: 10.3389/fneur.2020.00562

Postuma, R. B., Berg, D., Stern, M., Poewe, W., Olanow, C. W., Oertel, W., et al.
(2015). MDS clinical diagnostic criteria for Parkinson’s disease. Mov. Disord.
30, 1591-1601. doi: 10.1002/mds.26424

Quattrini, G., Marizzoni, M., Pizzini, F. B., Galazzo, 1. B., Aiello, M., Didic, M.,
et al. (2021). Convergent and discriminant validity of default mode network
and limbic network perfusion in amnestic mild cognitive impairment patients.
J. Alzheimers Dis. 82, 1797-1808. doi: 10.3233/JAD-210531

Reuter, M., Schmansky, N. J., Rosas, H. D., and Fischl, B. (2012). Within-subject
template estimation for unbiased longitudinal image analysis. Neurolmage 61,
1402-1418. doi: 10.1016/j.neuroimage.2012.02.084

Séanchez-Cubillo, I, Peridfez, J. A., Adrover-Roig, D., Rodriguez-Sénchez, J.
M., Rios-Lago, M., Tirapu, J., et al. (2009). Construct validity of the Trail
Making Test: role of task-switching, working memory, inhibition/interference
control, and visuomotor abilities. J. Int. Neuropsychol. Soc. 15, 438-450.
doi: 10.1017/s1355617709090626

Saredakis, D., Collins-Praino, L. E., Gutteridge, D. S., Stephan, B. C. M., and Keage,
H. A. D. (2019). Conversion to MCI and dementia in Parkinson’s disease:
a systematic review and meta-analysis. Parkinson. Relat. Disord. 65, 20-31.
doi: 10.1016/j.parkreldis.2019.04.020

Suo, X., Lei, D., Cheng, L., Li, N., Zuo, P, Wang, D. J. J, et al. (2019).
Multidelay multiparametric arterial spin labeling perfusion MRI and mild
cognitive impairment in early stage Parkinson’s disease. Hum. Brain Mapp. 40,
1317-1327. doi: 10.1002/hbm.24451

Svenningsson, P., Westman, E., Ballard, C., and Aarsland, D. (2012). Cognitive
impairment in patients with Parkinson’s disease: diagnosis, biomarkers,
and treatment. Lancet Neurol. 11, 697-707. doi: 10.1016/S1474-4422
(12)70152-7

Tang, H., Gao, Y., Zhang, Q., Nie, K., Zhu, R,, Gao, L., et al. (2017). Chronic
cerebral hypoperfusion independently exacerbates cognitive impairment
within the pathopoiesis of Parkinson’s disease via microvascular pathologys.
Behav. Brain Res. 333, 286-294. doi: 10.1016/j.bbr.2017.05.061

Treisman, A., and Fearnley, S. (1969). The Stroop test: selective attention to colours
and words. Nature 222, 437-439. doi: 10.1038/222437a0

Wang, Z., Jia, X.,, Chen, H., Feng, T, and Wang, H. (2018). Abnormal
spontaneous brain activity in early Parkinson’s disease with mild cognitive
impairment: a resting-state fMRI study. Front. Physiol. 9:1093. doi: 10.3389/
fphys.2018.01093

Williams, D. S., Detre, J. A., Leigh, J. S., and Koretsky, A. P. (1992). Magnetic
resonance imaging of perfusion using spin inversion of arterial water. Proc.
Natl. Acad. Sci. U. S. A. 89, 212-216. doi: 10.1073/pnas.89.1.212

Wilson, H., Pagano, G., Yousaf, T., Polychronis, S., De Micco, R., Giordano,
B., et al. (2020). Predict cognitive decline with clinical markers in
Parkinson’s disease (PRECODE-1). J. Neural Transm. 127, 51-59.
doi: 10.1007/s00702-019-02125-6

Xing, Y., Sapuan, A. H., Martin-Bastida, A., Naidu, S., Tench, C., Evans, J., et al.
(2022). Neuromelanin-MRI to quantify and track nigral depigmentation in
Parkinson’s disease: a multicenter longitudinal study using template-based
standardized analysis. Mov. Disord. 37, 1028-1039. doi: 10.1002/mds.28934

Yang, J., Burciu, R. G., and Vaillancourt, D. E. (2018). Longitudinal progression
markers of Parkinson’s disease: current view on structural imaging. Curr.
Neurol. Neurosci. Rep. 18, 83-83. doi: 10.1007/s11910-018-0894-7

Zalonis, I, Sgouropoulos, P., Kapaki, E., Papageorgiou, S., Kolovou, D., Paraskevas,
G., et al. (2008). Neuropsychological evidence of conversion from mild
cognitive impairment (MCI) to dementia. Ann. Gen. Psychiatry 7, S134.
doi: 10.1186/1744-859X-7-S1-S134

Zhou, C., Guan, X. J., Guo, T., Zeng, Q. L., Gao, T., Huang, P. Y., et al. (2020).
Progressive brain atrophy in Parkinson’s disease patients who convert to mild
cognitive impairment. CNS Neurosci. Ther. 26,117-125. doi: 10.1111/cns.13188

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Zhang, Zhou, Jia, Li, Liu, Ye and Jin. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Aging Neuroscience | www.frontiersin.org

July 2022 | Volume 14 | Article 896191


https://doi.org/10.1002/ana.25103
https://doi.org/10.1159/000341998
https://doi.org/10.1016/j.prdoa.2019.08.006
https://doi.org/10.3233/JPD-212581
https://doi.org/10.1002/mds.24893
https://doi.org/10.1080/01616412.2021.1954842
https://doi.org/10.1136/jnnp-2011-300828
https://doi.org/10.1016/j.jalz.2011.06.003
https://doi.org/10.3389/fnagi.2019.00021
https://doi.org/10.1016/j.cortex.2018.04.011
https://doi.org/10.3389/fneur.2020.00562
https://doi.org/10.1002/mds.26424
https://doi.org/10.3233/JAD-210531
https://doi.org/10.1016/j.neuroimage.2012.02.084
https://doi.org/10.1017/s1355617709090626
https://doi.org/10.1016/j.parkreldis.2019.04.020
https://doi.org/10.1002/hbm.24451
https://doi.org/10.1016/S1474-4422(12)70152-7
https://doi.org/10.1016/j.bbr.2017.05.061
https://doi.org/10.1038/222437a0
https://doi.org/10.3389/fphys.2018.01093
https://doi.org/10.1073/pnas.89.1.212
https://doi.org/10.1007/s00702-019-02125-6
https://doi.org/10.1002/mds.28934
https://doi.org/10.1007/s11910-018-0894-7
https://doi.org/10.1186/1744-859X-7-S1-S134
https://doi.org/10.1111/cns.13188
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Altered Prefrontal Blood Flow Related With Mild Cognitive Impairment in Parkinson's Disease: A Longitudinal Study
	Introduction
	Methods and Materials
	Study Design
	Patients and Clinical Assessments
	Healthy Control Subjects
	Neuropsychological Assessments
	Acquisition of T1-MRI and ASL–MRI Data
	Preprocessing and Analysis of MRI Data
	Analysis of Cortical CBF and Statistical Analyses

	Results
	Group Differences and Longitudinal Changes in Neuropsychological Measures
	Prefrontal CBF Difference Between Patients With PD at V0 and V1
	Prefrontal CBF Differences Between Converters and Non-converters
	Relationships Between Longitudinal CBF Reduction and Cognitive Decline
	Effects of Tissue Volume

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


