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ABSTRACT

Working memory (WM) impairment is one of the most frequent cognitive deficits in Parkinson’s disease (PD).
However, it is not known how neural activity is altered and compensatory responses eventually fail during
progression. We aimed to elucidate neural correlates of WM and compensatory mechanisms in PD. Eighteen
cognitively normal PD patients (PD-CogNL), 16 with PD with mild cognitive impairment (PD-MCI), 11 with PD
with dementia (PDD), and 17 healthy controls (HCs) were evaluated. Subjects performed an n-back task.
Functional MRI data were analyzed by event-related analysis for correct responses. Brain activations were
evaluated by comparing them to fixation cross or 0O-back task, and correlated with n-back task performance.
When compared to fixation cross, PD-CogNL patients had more activation in WM areas than HCs for both the 2-
and 3-back tasks. PD-MCI and PDD patients had more activation in WM areas than HCs for the 0- and 1-back task.
2-back task performance was correlated with brain activations (vs. 0-back task) in the bilateral dorsolateral
prefrontal cortex and frontal eye field (FEF) and left rostral prefrontal cortex, caudate nucleus, inferior/superior
parietal lobule (IPL/SPL), and anterior insular cortex as well as anterior cingulate cortex. 3-back task perfor-
mance was correlated with brain activations (vs. 0-back task) in the left FEF, right caudate nucleus, and bilateral
IPL/SPL. Additional activations on top of the 0-back task, rather than fixation cross, are the neural correlates of
WM. Our results suggest PD patients have two types of compensatory mechanisms: (1) Hyperactivation for
different WM load tasks depending on their cognitive status. PD-CogNL have hyperactivation for moderate and
heavy working memory load tasks while maintaining normal working memory performance. In contrast, PD-MCI
and PDD have hyperactivation for control task and light working memory load task, leaving less neural resources
to further activate for more demanding tasks and resulting in impaired working memory performance. (2)
Bilateral recruitment of WM-related areas, in particular the DLPFC, FEF, IPL/SPL and caudate nucleus, to
improve WM performance.

1. Introduction

Weintraub et al., 2015). PDD was found in approximately 30 percent of
PD patients in a cross-sectional study (Aarsland et al., 2005, Sven-

Cognitive impairment is a common non-motor symptom in Parkin-
son’s disease (PD) patients, and it can severely hamper the daily lives of
patients as well as their caregivers. Cognitively normal PD (PD-CogNL)
patients often develop PD with mild cognitive impairment (PD-MCI) and
eventually progress to PD with dementia (PDD). PD-MCI is seen in
around 10 to 35 percent of early PD patients (Muslimovic et al., 2005,

ningsson et al., 2012). While many types of cognitive functions can be
impaired in PD patients, working memory (WM) is one of the most
frequently affected cognitive domains in these patients (Lewis et al.,
2003, Lewis et al., 2005, Beato et al., 2008, Goldman et al., 2014). WM is
an essential cognitive ability that is also used within other cognitive
processes to temporarily hold and manipulate information (Baddeley
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2010). It is known that multiple brain areas are involved in WM pro-
cessing, and each brain area is engaged in a specialized function such as
strategic control of WM, parallel processing, attentional control, and
WM storage (Owen et al., 2005).

Dopaminergic denervation plays a pivotal role in the pathogenesis of
PD (Antonelli and Strafella, 2014, Poewe et al., 2017). Dopaminergic
neurons in the substantia nigra project to the striatum via the nigros-
triatal pathway and the prefrontal cortex via the mesocortical pathway
(Klein et al., 2019). The dorsolateral prefrontal cortex (DLPFC) and the
rostral prefrontal cortex (RPFC) are parts of WM-related areas that are
directly affected from the impaired dopaminergic mesocortical pathway
originating from the ventral tegmentum area (Alexander et al., 1986,
Oades and Halliday, 1987). DLPFC and RPFC are also indirectly influ-
enced by the impaired dopaminergic nigrostriatal pathway via the
striatothalamocortical loops (Alexander et al., 1986). Dopaminergic
denervation underlies WM impairment and executive dysfunction in PD
patients (Dirnberger and Jahanshahi, 2013, Gratwicke et al., 2015). In
fact, dopaminergic replacement improves spatial WM, whereas
nonspatial WM is unaltered (Macdonald and Monchi, 2011, Baggio and
Junqué, 2019).

In functional magnetic resonance imaging (fMRI) analysis, neural
activity is represented by the blood oxygenation level-dependent
(BOLD) effect estimate (Ogawa et al., 1990). A BOLD effect estimate is
typically calculated by fitting the data to an idealized hemodynamic
response curve using a linear regression model. The latter quantifies the
extent of activation while performing the task compared to performing a
control task or starting at fixation cross. Here, we used the n-back task to
evaluate WM in PD patients (Kirchner 1958). The 0-back task is the
control task in which subjects respond to either a prespecified or a
different letter by pressing a button. The 1, 2 and 3-back task requires
subjects to respond whether the current letter is the same as the letter
presented n trials before or not. Both tasks require motor response,
attention, and decision making, but the 0-back task does not require a
typical “WM”. Thus, comparing 1, 2 or 3-back vs. 0-back reflects “WM”
proper. In contrast, staring at a fixation cross is more like a task-free
state that does not require a subject to respond. Comparing 0, 1, 2 or
3-back to a fixation cross reflects all task components including those
present in O-back. The BOLD effect estimates are different when
compared to either 0-back task or fixation cross (Fig. 1A). Therefore, we
evaluated two BOLD effect estimates to better understand the neural
correlates of WM and neural activity in PD patients.

This study used a novel fMRI denoising method, called multi-echo
independent component analysis (ME-ICA) (Kundu et al., 2017). While
the BOLD signal has echo-time dependence, noise such as motion,

BOLD effect estimate BOLD effect estimate
A (vs. fixation cross) (vs. 0-back task)
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physiological artifacts, and signal drifts due to heating of MRI over the
scanning does not have echo-time dependence. ME-ICA takes advantage
of this phenomenon and classifies ICA-components as either BOLD signal
or noise. ME-ICA is a robust denoising method in a data-driven way,
successfully improving signal to noise ratio (Kundu et al., 2017). It has
been shown that ME-ICA is effective for denoising not only resting-state
fMRI data, but also task-based fMRI data (Gonzalez-Castillo et al., 2016).

Several previous studies investigated brain activation patterns dur-
ing WM tasks in PD patients. PD-CogNL patients have compensatory
hyperactivation in the bilateral putamen when OFF medication; dopa-
minergic medication normalizes the hyperactivation (Poston et al.,
2016). Trujillo et al. (2015) reported that de novo PD patients have
hyperactivation in the bilateral DLPFC, left caudate nucleus (CdN), and
the left inferior parietal lobule (IPL) while performing a visuospatial WM
task. On the other hand, PD patients with executive dysfunction or MCI
have reduced activation in CdN (Lewis et al., 2003a,b) or the right dorsal
CdN and the bilateral anterior cingulate cortex (ACC) (Ekman et al.,
2012) during a WM task, respectively, compared with PD-CogNL pa-
tients. However, a recent meta-analysis showed that the current litera-
ture is not entirely consistent regarding neural correlates of executive or
WM impairment in PD (Giehl et al., 2019). Moreover, no studies
explored how brain activation patterns are altered and compensatory
mechanisms work and fail in PD patients, especially including PDD
patients that are underrepresented in the current literature.

Based on the previous studies, we hypothesized that PD patients have
malfunction in WM-related areas, especially left DLPFC, and in deacti-
vated areas such as the default mode network (DMN) (Shulman et al.,
1997, Raichle et al., 2001, Raichle 2015), especially the posterior
cingulate cortex (PCC), depending on cognitive status. We included all
those areas in region of interest (ROI) analysis. On the other hand, this is
the first study using ME-ICA for n-back task in PD patients, especially
including PDD patients. Therefore, we used exploratory design to
quantify all ROIs, rather than specifying limited ROIs.

Here, we aimed to elucidate neural correlates and compensatory
mechanisms for WM impairment among PD patients with different
levels of cognitive function using ME-ICA analysis for fMRI data during
an n-back task.

2. Methods
2.1. Participants

PD patients were recruited from the Human Motor Control clinic at
the National Institutes of Health (NIH) between April 2013 and May
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Fig. 1. Two BOLD effect estimates and structure of n-back task. (A) BOLD effect estimate (vs. fixation cross) is equivalent to activation during n-back task from
fixation cross. BOLD effect estimate (vs. 0-back task) is equivalent to additional activation during 1, 2 or 3-back task on top of 0-back task. (B) Structure of 1 run is
presented. All subjects performed 4 runs in pseudo-randomized order. (C) Structure of n-back task for 1 block is presented. A sequence of letters is presented on the
screen every 3 s and shown for 1.5 s followed by 1.5 s of a blank screen. A total of 20 trials is performed in 1 block. BOLD = blood oxygenation level-dependent.
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2014. Age- and sex-matched healthy controls (HCs) were recruited from
the NIH Clinical Research Volunteer Program database. PD was diag-
nosed by movement disorders neurologists, C.L. and M.H., in the NIH
Parkinson Clinic according to the clinical diagnostic criteria of the
Parkinson’s Disease United Kingdom Brain Bank (Hughes et al., 1992).
All subjects were right-handed and their first language was English.
Subjects abstained from caffeine and alcohol for 24 h before each visit.
All subjects were tested by the Beck Depression Inventory-II (BDI-II).
Subjects who met the following conditions were excluded: reported use
of illegal drugs within the past 6 months, >7 alcoholic drinks a week for
females or 14 alcoholic drinks a week for males, BDI-II > 29 (cut-off to
define severe depression (Wang and Gorenstein, 2013)) or history of a
neurologic disorder such as a brain tumor, stroke and head injury with
loss of consciousness. All PD patients took daily doses of anti-
Parkinsonian medications as scheduled. Parkinsonism was evaluated
by using the Movement Disorder Society-Sponsored Revision of the
Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) (Goetz et al.,
2008). Levodopa equivalent dose (LED) was calculated according to a
previous study (Tomlinson et al., 2010). All subjects were evaluated by
comprehensive cognitive assessment described below. All patients had a
clinical interview by a neurologist to identify whether the patient ful-
filled the core features of PDD according to published diagnostic criteria
(Emre et al., 2007): (1) there was a decline from premorbid level, and (2)
deficits were severe enough to impair daily life (social, occupational, or
personal care). In order to make a dignosis of PDD, we followed pub-
lished diagnostic procedures for PDD (Dubois et al., 2007) by consid-
ering the patient’s medical record, the interview with patient, and all
assessments. Patients not meeting criteria for PDD, were classified as
either PD-CogNL or PD-MCIL PD-MCI was diagnosed according to pub-
lished diagnostic criteria (Litvan et al., 2012). This requires at least 2
abnormal tests showing Z-score of > 2 or < -2. These deficits can be in
the same or different cognitive domains. Patients not meeting either
criteria were classified as PD-CogNL.

This study was approved by Institutional Review Board of National
Institute of Neurological Disorders and Stroke (NINDS), NIH. All the
participants who had consent capacity gave their written informed
consent to the study. For patients who did not have consent capacity, the
designated durable power of attorney delegate gave written informed
consent.

2.2. Neuropsychological assessments

Global cognition was evaluated by the Mini-Mental State Examina-
tion (MMSE) and Montreal Cognitive Assessment test (MoCA). Frontal
lobe function was evaluated by the Frontal Assessment Battery (FAB).

Comprehensive cognitive assessment was performed for all subjects
by neuropsychologists (E.W. and M.T.). Five cognitive domains were
evaluated using at least two sets of batteries for each cognitive domain
as follows: (1) Executive function: Wisconsin card sorting test and the
Trails, Verbal Fluency, Sorting, and Tower subtests of Delis-Kaplan Ex-
ecutive Function System; (2) Visuospatial function: the Visual Object
and Space Perception Battery; (3) Language: the Boston Naming Test
and sum of language subscores of the MMSE (maximum 8 points); (4)
Memory: total scores for trials 1-5 of The California Verbal Learning
Test - II and sum of registration and recall subscores of the MMSE
(maximum 6 points); and (5) Attention and Working Memory: digit span
and letter number sequencing subtests in the Wechsler Adult Intelli-
gence Scale - III. Each score was converted to a z-score by using age-
matched norms or scores of HCs in this study when there were no
available norms. An abnormal score of the test was defined by a z-score
which was>2 or smaller than —2.

2.3. MRI data acquisition

All subjects were scanned in a 3 Tesla MRI scanner (SIEMENS, Skyra)
using a 32-channel head coil. Subjects lay in the scanner in supine
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position with their head fixed using foam pads. A series of scans,
including arterial spin labelling, resting-state fMRI, task fMRI while
performing the n-back task, structural MRI, and diffusion tensor imaging
were obtained during 80 min of scanning. Here, we used task fMRI data
while performing n-back task and structural MRI for analysis. For task
fMRI we used a T2-weighted multi-echo planar imaging sequence (TE =
11, 22.4, 33.9 ms, TR = 2000 ms, flip angle = 70, FOV =210 x 210 mm,
voxel size = 3 x 3 x 3 mm, acceleration factor 3, number of slices = 34,
interleaved, bandwidth 2552 Hz/Px). For structural data, three-
dimensional-T1 weighted (3D-T1) MRI images were obtained by using
multi-echo time magnetization prepared rapid acquisition gradient echo
(MEMPRAGE) sequence (TE = 1.69, 3.55, 5.41, 7.27 ms, TR = 2530 ms,
TI = 1,100 ms, flip angle = 7, FOV = 256 x 256 mm, voxel size =1 x 1
x 1 mm, 1 mm sagittal slices, acceleration factor 2, number of slices =
176, acquisition time = 6 min 2 s).

2.4. n-back task

Before entering the MRI scanning room, subjects were shown how to
perform the n-back task by the same investigator, T.H. After in-
structions, subjects were asked to verbally explain how to perform the n-
back task. When the subjects could explain correctly, they were asked to
perform a practice test on paper. If a subject’s explanation was wrong or
a subject gave the wrong response from lack of understanding, the same
instruction was repeated until the subject could perform without
misunderstanding. Stimuli were generated using E-Prime software
(v2.0; Psychology Software Tools, Pittsburgh, PA; 2002) and presented
at the center of the screen with a magnet-compatible projection system.
Subjects viewed the screen via a mirror positioned in front of their eyes.
Subjects performed 4 runs of the n-back task, lasting 250 s each. Each
run included 3 blocks, consisting of 10 s fixation cross, 10 s instruction,
and 60 s of n-back task (Fig. 1B). Runs started with 10 s fixation cross
that were discarded for T1 equilibration. Runs ended with 10 s fixation
cross. During the instruction period, the next n-back task was displayed
on screen. In total, three blocks of each n-bask task were presented, in a
pseudo-randomized order, avoiding repetition of the same tasks within a
run. Total scanning time for task fMRI was 16 min and 40 s. During n-
back blocks, a sequence of letters was presented on the screen every 3 s
and shown for 1.5 s followed by 1.5 s of a blank screen (Fig. 1C). Subjects
were required to respond each time by pressing a right or left button to
indicate whether the current letter was the same as the previous n-back
letter or not. In the 0-back task, the target letter ‘X* was the correct letter
and other letters were wrong letters. In other n-back tasks (n = 1, 2 and
3), when a presented letter was the same as the letter presented n trials
back, the letter was correct. Responses were recorded for each trial.
Accuracy for the n-back task was evaluated with the d-prime index
(Haatveit et al., 2010). d-prime index is calculated from the formula d-
prime index = Zpjt — Zfalse alarm- Z represents a transformation of hit rate
or false-alarm rate. Thus, d-prime index quantifies the normalized dis-
tance between signal and noise and noise alone (Haatveit et al., 2010).

2.5. MRI data processing

MRI data processing was carried out using the Analysis of Functional
NeuroImages (AFNI) (Cox 1996). The MEMPRAGE images were aver-
aged across 4 echoes and used for registration. The first 5 volumes of
each run of fMRI data were discarded to allow for T1 equilibration. ME-
ICA was performed to denoise fMRI data using the AFNI program: meica.
py, as previously described (Kundu et al., 2012). In summary, 4 runs of
fMRI data were independently preprocessed by performing slice timing
correction, spatially normalization to the MNI_caez N27 template. The
preprocessed 4 runs were concatenated, and TE-dependence analysis
was performed by using the AFNI program: tedana.py. Then denoised
time course data were generated by removing non-BOLD signals. The
event-related fMRI analysis was performed for the denoised fMRI data
using the AFNI program afni proc.py. The fMRI data were smoothed
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with a 6.0-mm full-width-half-maximum Gaussian kernel and analyzed
with regressors for the sustained activity during instruction using a
command option “GAM (8.6, 0.547, 10)” and the transient activity such
as hit, miss, false alarm, correct rejection, and no responses during
performing n-back task using a command option “GAM (8.6, 0.547)".
Only the correct responses (hits and correct rejections) were included in
the group level analysis which generated 2 contrasts: (1) between 0-, 1-,
2- or 3-back task and fixation cross and (2) between 1-, 2- or 3-back task
and 0-back task (Fig. 1A).

2.6. Regions of interest analysis

To understand the neural correlates of working memory and
compensation at different stages of cognitive impairment in PD, we
defined the WM areas using the full dataset, irrespective of group or
cognitive status. ROIs were created by comparing n = 1-, 2- and 3-back
tasks with the 0-back task in all subjects. This allowed for including the
traditional WM areas, but also areas that might be related to the deficits.

In order to create ROI masks for WM-related areas, the cut-off cri-
terion was set at the corrected p value < 0.05 defined by 3dClustim (p <
2 x 10~* and voxel > 20). A smaller p-value was used to create separate
ROI masks for the areas whose borders overlap.

2.7. Voxel-based correlation analysis with d-prime index

To identify the anatomical regions whose extent of activation is
associated with performance of the n-back task in PD patients, voxel-
based correlation analysis was performed for two BOLD effect esti-
mates (vs. fixation cross or vs. 0-back task) and the d-prime index in all
PD patients by using AFNI program: 3dttest++. The voxel-based cor-
relation analysis was performed only within the cerebrum because the
field of view of fMRI did not cover either the entire brainstem or the
cerebellum.

2.8. Study size

A previous study showed that WM performance and brain activation
were correlated with a correlation coefficient of 0.47 in cognitively
unimpaired PD patients (Poston et al., 2016). To obtain 80% power to
test the null hypothesis of no correlation compared to a correlation co-
efficient of 0.48, with a significance level of 0.05, a total of 33 PD pa-
tients was required.

2.9. Statistical analysis

The assumption of normality was evaluated based on the residuals
using the Shapiro-Wilk test. The equality of variances was evaluated by
Levene’s test. Statistical analysis of demographic and clinical data was
performed using the Scientific Package for Social Sciences version 11
(SPSS, Chicago, IL): analysis of variance with post-hoc Turkey’s HSD test
for parametric test, Kruskal-Wallis test with post-hoc Mann-Whitney U-
tests for non-parametric test, or y? test for categorical data. The criterion
of statistical significance was p < 0.05.

BOLD effect estimates (vs. fixation cross or vs. 0-back task) in ROIs
were compared among 3 patient groups and HC group using a Bayesian
multilevel model that incorporated all the ROIs into a hierarchical
framework using the program “RBA” in AFNI (Chen et al., 2019). In
addition, inter-task difference were also assessed by comparing BOLD
effect estimates (vs. fixation cross) in ROIs among different loads of n-
back tasks. Specifically, with y;; as the BOLD effect of the ith ROI from
the jth subject, we formulated the Bayesian multilevel model with a

Gaussian likelihood,
yi v N(b+ 0 +71,0%),i=1,2, -,k j=1,2,,n,

where b is the overall intercept, 6; represents the effect at the ith ROI
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while 7; codes the effect from the jth subject, and ¢ is the distributional
variance. Two prior distributions were adopted for the cross-subject and
cross-region variability: 6, N(0,4?) and 7;~ N(0, #2). The population-
level inferences for each of the k ROIs were assessed per the overall
posterior distribution from Markov chain Monte Carlo simulations. In
contrast to the conventional modeling methodology of massively uni-
variate analysis in which each region is handled separately, the Bayesian
approach incorporates the data hierarchy with information efficiently
shared and regularized across regions in a single model; therefore, no
multiple testing adjustment is needed, avoiding excessive penalty (Chen
et al., 2021). For inter-group comparisons, we labelled the results with *
that indicate strong evidence for inter-group difference based on the
posterior probability of a positive or negative effect being<0.05. How-
ever, we emphasize such a criterion should not be rigorously taken as a
dichotomization process for two reasons. First, the statistical evidence is
a continuous spectrum, and any cutoff value is arbitrary and artificial.
Second, all results and evidence should be considered and shown
regardless of their strength to avoid potential biases (Chen et al., 2020).
For simplicity, all results were shown only for inter-task comparisons.

For voxel-based correlation analysis, the significance criterion was
set at corrected p value < 0.05 defined by 3dClustim (p < 0.003, t-value
= 3.14, correlation coefficient r = 0.43, and voxel > 82).

3. Results

We excluded 9 PD patients because of a data processing error (n = 2),
presence of abnormal brain lesions (n = 3), and the inability to perform
n-back task (n = 4). We also excluded 3 HCs because of a data processing
error (n = 1) and the presence of abnormal brain lesions (n = 2). De-
mographic and clinical data of enrolled patients in PD subgroups or HCs
are summarized in Table 1. There was no significant inter-group dif-
ference for age, sex, disease duration, and length of education. MDS-
UPDRS part II, III, and Hoehn-Yahr stage were significantly higher in
PDD than in PD-MCI. As quality control, we confirmed that the number
of BOLD components derived from ME-ICA preprocessing did not differ
among the 4 groups (Table 1). Results of neuropsychological assess-
ments are described in Table 2. BDI-II score was higher in all PD sub-
groups than HCs. There are many inter-group differences in accuracy
rate and d-prime index in n-back task and neuropsychological assess-
ments, as shown in Tables 1 and 2 and Fig. 7C. In summary, patients
with PDD or PD-MCI performed more poorly for most the cognitive tasks
than patients with PD-CogNL or HCs did. PD-CogNL patients showed
similar cognitive performance with HCs.

3.1. Region of interest for WM-related areas

The ROI masks for 16 WM-activated areas and 2 WM-deactivated
areas are shown in Fig. 2. Coordinates for peak or center of mass and
size of WM-related areas are described in Supplementary Table 1. Here,
the right DLPFC mask consists of two separate brain-activated areas.
They are described separately in Supplementary Table 1.

ROI masks for WM-activated areas included bilateral DLPFC, RPFC,
frontal eye field (FEF), IPL/superior parietal lobule (SPL), anterior
insular cortex (AIC), CdN/anterior lenticular nucleus (ALN), and middle
temporal gyrus (MTG) and ACC and right precuneus (PCu). WM-
deactivated areas included medial prefrontal cortex (MPFC) and PCC.
(Fig. 2).

As a result, ROI masks for deactivated areas and the CdN were
defined by p < 2 x 10" and voxel > 20. The cut-off was put onp < 2 x
10" and voxel > 20 in order to define separate ROI masks for WM-
activated areas except the ROI mask for MTG which was defined by p
< 2 x 10 and voxel > 20. BOLD effect estimates in each ROI for the two
contrasts were quantified by using AFNI program: 3dROlIstats. In the
ROI analysis, the two separate right DLPFC areas were used as one right
DLPFC ROI mask to estimate brain activation.
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Table 1
Demographic and clinical data and n-back task performance.
A B C D
Characteristics HC (n=17) PD-CogNL (n = 18) PD-MCI (n = 16) PDD (n=11) p-value Post-hoc significance
age 65.3 (6.5) 64.7 (5.1) 67.8 (5.1) 67.8 (7.6) 0.336
sex [M/F] 13/4 12/6 11/5 11/0 0.190
disease duration [years] NA 7.8 (6.2) 8.2(5.1) 10.1 (6.1) 0.573t
education [years] 17.4 (2.0) 16.4 (1.9) 16.6 (2.1) 16.4 (2.7) 0.483
MDS-UPDRS part I NA 9.5(5.2) 10.0 (4.7) 13.0 (5.7) 0.193}
MDS-UPDRS part II NA 10.4 (8.2) 8.4 (4.5) 15.5 (8.0) 0.042¢% C < D*
MDS-UPDRS part III NA 28.8 (20.1) 24.4 (12.5) 40.9 (8.3) 0.0241 C < D*
MDS-UPDRS part IV NA 2.7 (2.7) 2.4 (2.4) 3.8(3.3) 0.4071
Hoehn-Yahr stage NA 2.4 (0.5) 2.1 (0.5) 2.7 (0.8) 0.0387 C < D*
L-dopa equivalent dose NA 836 (719) 617 (376) 734 (584) 0.5551
MoCA score 28.2(1.4) 28.3 (1.6) 24.7 (1.9) 21.5(3.5) <0.001
n-back task performance
0-back accuracy rate [%] 99.3 (1.5) 99.2 (1.4) 97.0 (3.9) 95.7 (5.0) 0.007
1-back accuracy rate [%] 97.6 (3.9) 96.9 (3.6) 92.4 (8.7) 85.4 (10.7) <0.001 el
2-back accuracy rate [%)] 96.3 (4.6) 94.1 (5.6) 88.4 (7.7) 73.5 (22.9) <0.001 A,B > D*** C > D**
3-back accuracy rate [%] 86.3 (6.9) 84.5 (4.8) 80.0 (6.3) 68.6 (18.0) <0.001 A,B > D***
0-back d-prime index 4.0 (0.3) 4.0 (0.3) 3.6 (0.6) 3.4 (0.8) 0.017 B > D*
1-back d-prime index 3.8 (0.6) 3.6 (0.6) 3.1 (0.8) 2.3(0.8) <0.001 A,B > D***, C > D*
2-back d-prime index 3.6 (0.6) 3.1 (0.7) 2.4 (1.1) 1.5(1.3) <0.001
3-back d-prime index 2.1(0.7) 1.8 (0.5) 1.3 (0.6) 0.9 (0.7) <0.001
Number of BOLD components in ME-ICA analysis 18.1 (7.0) 17.8 (10.8) 19.1 (8.0) 19.4 (14.6) 0.97

Data are presented as mean (standard deviation). HC = healthy control, PD = Parkinson’s disease, PD-CogNL = cognitively normal PD, PD-MCI = PD with mild
cognitive impairment, PDD = PD with dementia, MDS-UPDRS = Movement Disorder Society-Sponsored Revision of the Unified Parkinson’s Disease Rating Scale,
MoCA = Montreal - Cognitive Assessment, NA = not applicable, BOLD = Blood oxygenation level dependent, ME-ICA = multi-echo independent component analysis, {
is inter-group comparison only in patient subgroups, *P < 0.05, **P < 0.01, *** P < 0.01 in post-hoc analysis.

Table 2
Neuropsychological properties.
A B C D
Characteristics HC (n=17) PD-CogNL (n = 18) PD-MCI (n = 16) PDD (n =11) p-value Post-hoc significance
Neuropsychological tests
BDI-II 2.2(3.3) 9.8 (4.9) 8.1 (4.9) 7.9 (5.9) <0.001 A <B*** A< C*, A<D*
MMSE score 29.5(0.7) 29.4 (0.8) 28.6 (1.3) 26.8 (2.7) <0.001 A,B > D*** C > D*
FAB score 17.8 (0.4) 17.4 (1.2) 16.3 (1.4) 14.1 (2.6) 0.001 A > C* AB > D¥*** C > D**
CVLT-II 1-5 (raw score) 59.4(9.1) 56.4(8.4) 50.3 (10.1) 42.5 (6.9) <0.001 A >C* A>D*** B> D**
memory subscores of MMSE 5.9 (0.2) 5.7 (0.5) 5.6 (0.5) 5.3(0.8) 0.011 A > D**
Boston Naming test (T score) 50.9 (11.9) 55.8 (11.9) 51.3(12.1) 43.7 (9.6) 0.072 B > D*
language subscores of MMSE 7.9 (0.2) 8.0 (0.0) 7.9 (0.2) 7.1(1.4) 0.001 A,B,C > D**
Digit Span (scaled score) 12.9 (3.7) 12.7 (3.8) 10.1 (2.1) 9.4 (2.3) 0.005 A,B > D*
Letter Number Sequence (scaled score) 12.2 (2.7) 11.8 (2.5) 10.9 (1.6) 8.2 (2.1) <0.001 A > D*** B > D** C > D*
VOSP 1(raw score) 19.5 (1.0) 19.4 (1.2) 19.2 (1.0) 17.9 (1.4) 0.003 A,B > D**, C > D*
VOSP 2 (raw score) 20.2 (4.6) 21.4 (3.5) 19.8 (4.7) 16.7 (2.8) 0.032 B > D*
VOSP 3 (raw score) 17.5(1.8) 17.5(1.5) 17.2 (2.6) 14.6 (2.8) 0.004 A,B > D**, C > D*
VOSP 4 (raw score) 10.5 (3.8) 7.9 (2.4) 10.2 (2.3) 10.6 (3.1) 0.031
VOSP 5 (raw score) 10.0 (0.0) 9.8 (0.4) 9.8 (0.4) 9.6 (0.7) 0.149
VOSP 6 (raw score) 19.8 (1.0) 20.0 (0.0) 18.1 (4.8) 19.0 (1.5) 0.142
VOSP 7 (raw score) 9.5(1.2) 9.7 (0.6) 8.4 (1.8) 8.1 (2.0) 0.008 B > D*
VOSP 8 (raw score) 9.6 (1.2) 9.7 (0.5) 9.6 (0.6) 8.6 (1.2) 0.015 A,B > D*
WCST category 5.2 (1.6) 49@1.9 4.1 (2.1) 0.6 (0.7) <0.001  AB,C > D***
D-KEFS letter F (scaled score) 13.9(3.7) 13.9(3.8) 12.2 (3.4) 8.3 (3.6) 0.001 A,B > D**, C > D*
D-KEFS Category Fluency (scaled score) 13.4 (3.2) 13.9 (3.7) 12.0 (2.6) 7.5 (3.6) <0.001 A,B > D***, C > D**
D-KEFS switch total (scaled score) 11.1 (3.4 12.2 (3.6) 9.9 (2.8) 7.1 (3.4) 0.002 A > D*, B > D**
D-KEFS switch accuracy (scaled score) 10.6 (3.5) 11.0 (3.7) 10.4 (2.5) 6.8 (3.3) 0.01 A,C > D*, B > D**
D-KEFS Sorting test (scaled score) 13.2 (2.4) 13.8(1.8) 11.1 (2.3) 7.8 (2.1) <0.001 A >C* AB > D*
D-KEFS Sorting test description (scaled score) 12.7 (2.6) 12.9 (2.4) 10.3 (2.4) 6.4 (2.4) <0.001 A > C*, AB > D*
D-KEFS Tower (scaled score) 11.5 (3.6) 11.9 (3.4) 9.8 (2.2) 6.5 (3.0) <0.001 A > D**, B > D*** C > D*
TMT-A (T score) 50.7 (11.8) 50.3 (11.3) 45.6 (8.9) 31.6 (11.2) <0.001 ek
TMT-B (T score) 51.4 (9.6) 51.8 (12.3) 46.9 (6.3) 32.4(7.9) <0.001
TMT-C (T score) 53.5 (8.0) 50.8 (11.3) 43.9 (9.9) 33.0 (12.6) <0.001

BDI-II = Beck Depression Inventory-II, MMSE = Mini-Mental State Examination, FAB = Frontal Assessment Battery, CVLT-II = The California Verbal Learning Test - II,
VOSP = Visuospatial function: the Visual Object and Space Perception Battery, WCST = Wisconsin card sorting test, D-KEF = Delis-Kaplan Executive Function System,

TMT = Trail making test, *P < 0.05, **P < 0.01, *** P < 0.01 in post-hoc analysis. See Fig. 1 legend for other abbreviations.

3.2. Inter-group comparisons of BOLD effect estimates vs. Fixation cross

In ROI analysis, BOLD effect estimates (vs. fixation cross) are shown
in Fig. 3 and Supplementary Figs. 1 and 2. Bayesian multilevel model

showed strong evidence in the following results. Here, “A had more
activation than B” is expressed as A > B for simplicity. In summary, PD-
CogNL > HCs or PD-MCI in most WM-activated areas in both the 2- and
3-back tasks. PD-CogNL > PDD in most WM-activated areas in the 3-
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Fig. 2. Regions of interest (ROIs) for working memory-related areas. (A) lateral and medial view. (B) axial view. ACC = anterior cingulate cortex, AIC = anterior
insular cortex, ALN = anterior lenticular nucleus, CAN = caudate nucleus, DLPFC = dorsolateral prefrontal cortex, FEF = frontal eye field, IPL = inferior parietal
lobule, MFG = middle frontal gyrus, MTG = middle temporal gyrus, MPFC = medial prefrontal cortex, PCu = Precuneus, PCC = posterior cingulate cortex, RPFC =

rostral prefrontal cortex, SPL = superior parietal lobule.

back task. PD-MCI > HCs in most WM-activated areas in both the 0- and
1-back tasks. PDD > HCs in all WM-activated areas in the 0- and 1-back
tasks. PDD > PD-CogNL in most WM-activated areas in the 0-back task.
In contrast, PCC was more deactivated in HCs or PD-CogNL patients than
PDD patients in the 1-back task (Fig. 3).

3.3. Inter-group comparisons of BOLD effect estimates vs. 0-back task

In the ROI analysis, BOLD effect estimates (vs. O-back task) are
shown in Fig. 4 and Supplementary Figs. 3 and 4. In summary, HCs or
PD-CogNL > PDD in most WM-activated areas in both the 2- and 3-back
tasks. PD-CogNL > PDD in left FEF in the 1-back task. HCs > PDD in the
left DLPFC and FEF in the 1-back task. On the other hand, MPFC and PCC
were more deactivated in HCs than PD-CogNL in 2- and 3-back tasks
(Fig. 4 and Supplementary Fig. 4).

3.4. Inter-task comparisons of BOLD effect estimates in each group

Inter-task comparisons between during 1-, 2- and 3-back task and
during 0-back task are shown in Fig. 5. All WM-activated areas are more
activated in HCs, PD-CogNL and PD-MCI (except left CAN/ALN in 3-back
vs. 0-back). Only some WM-activated areas are more activated in PDD.
PCC and MPFC are more deactivated in HCs and PD-MCI, but not PD-
CogNL (except MPFC in 2-back vs. 0-back) or PDD. Inter-task compari-
sons between during 2- and 3-back task and during 1-back task are
shown in Fig. 6. All WM-activated areas are more activated in HCs and
PD-CogNL (except right mTL in 2- and 3-back vs. 1-back). Some (2-back)
or limited (3-back) WM-activated areas are more activated in PD-MCI.
No WM-activated areas are more activated in PDD. No areas are more
activated during 3-back task than during 2-back task in all groups
(Fig. 6).

3.5. Patterns of brain activations and deactivations for different loads

BOLD effect estimates were plotted for each n-back task in each
group. Those for left DLPFC (Fig. 7A) and PCC (Fig. 7B) are shown.
Based on inter-group comparisons (3.2 and 3.3 in Results) and inter-task
comparisons (3.4), patterns of activation and deactivation are summa-
rized as follows. HCs and PD-CogNL show a similar pattern of activation
in most of WM-activated areas, including left DLPFC: 0-back < 1-back <
2- and 3-back. PDD shows a different pattern of activation: some of WM-
activated areas, including left DLPFC, shows 0-back < 1-, 2- and 3-back,
but other WM-activated areas are not different among 0-, 1-, 2-, and 3-

back task. PD-MCI shows an intermediate pattern: left WM-activated
areas, including left DLPFC, show a similar pattern with HCs and PD-
CogNL, but other areas show a similar pattern with PDD. PDD have
the highest activation during 0-back task. PD-CogNL have the highest
activation during 2- and 3-back task. HCs tend to have the strongest
deactivation at PCC during 3-back. PDD have less deactivation in PCC
than other groups during 1-back and 3-back. d-prime index for each n-
back task is shown in Fig. 7C.

3.6. Voxel-based correlation analysis for BOLD effect estimates and d-
prime index

The voxel-based correlation analysis for all PD patients showed no
significant correlation between BOLD effect estimates, when compared
to the fixation cross, and the d-prime index. In contrast, BOLD effect
estimates when compared to the 0-back task were correlated with the d-
prime index in the following areas: bilateral DLPFC, left RPFC, left FEF/
MFG, left AIC, left IPL/SPL, left CdN, right FEF/SFG and ACC for the 2-
back task (Fig. 8A, see coordinates in Table 3), and left FEF/MFG, left
PCu/IPL/SPL, right IPL/SPL, right PCu and right CdN/thalamus for the
3-back task (Fig. 8B, Table 3).

4. Discussion

This study evaluated the activation or deactivation in WM-related
areas using ME-ICA analysis while performing the n-back task among
PD patients with different levels of cognitive function. Our results
showed that PD-CogNL patients have hyperactivation in WM-activated
areas while performing moderate (2-back) and heavy WM (3-back)
tasks, achieving normal WM. In contrast, PD-MCI and PDD patients have
hyperactivation for the control (0-back) and light WM (1-back) tasks.
Moreover, bilateral recruitment of WM-activated areas is associated
with better performance in moderate and heavy WM load tasks in PD
patients.

4.1. Altered brain activation patterns and neural correlates of WM deficit

We quantified BOLD effect estimates by comparing to either cross
fixation or the 0-back task (Fig. 1A). The baseline in a general linear
model when subjects were staring at a fixation cross was used as a task-
free state. Performing O-back task requires both cognitive and motor
operations: i.e., paying attention to upcoming letters and pressing either
the right or left button by responding to a prespecified letter or not,
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Fig. 3. Inter-group comparisons of BOLD effect estimate (vs. fixation cross). The results labeled with * are considered to have strong evidence for group difference in

which the posterior probability of group difference being positive or negative is<0.05 under the Bayesian multilevel model. Lt =

Figs. 1 and 2 legends.

respectively. Thus, two BOLD effect estimates (vs. fixation cross or vs. 0-
back task) indicate different neural activity. BOLD effect estimates
against fixation cross represent total activation from the baseline. On the
other hand, BOLD effect estimates (vs. 0-back task) represent additional

left. See other abbreviations in

activation for WM on top of performing the control task (0-back task)
(Fig. 1A). In the ROI analysis for BOLD effect estimates (vs. fixation
cross) during 0-back task, patients with PD-MCI or PDD had more acti-
vation in most WM-activated areas than HCs. These results suggest that
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Fig. 4. Inter-group comparisons of BOLD effect estimate (vs. 0-back task). See explanation of * in Fig. 3 legend. See other abbreviations in Figs. 1, 2 and 3 legends.

the 0-back task is cognitively more demanding for PD-MCI or PDD pa-
tients than for HCs and requires more neural resources to perform. In
other words, patients with PD-MCI or PDD have less neural resources to
further activate for more demanding tasks (1-, 2-, 3-back task) on top of
the control task (0-back). In the voxel-based correlation analysis, BOLD

effect estimates (vs. fixation cross) are not correlated with the d-prime
index in any n-back tasks. In contrast, when compared to 0-back task,
BOLD effect estimates in specific WM-activated areas are correlated with
the d-prime index in 2-back tasks (bilateral DLPFC, left RPFC, left FEEF/
MEFG, left IPL, left SPL, left AIC, left CdN, right FEF/SFG, and ACC) and
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Fig. 5. Ridge plots for inter-task comparisons of BOLD effect estimate in each group. BOLD effect estimates in 1-, 2-, or 3-back were compared with those of 0-back.
Each density shows the posterior distribution based on Bayesian multilevel modeling. Colors represent values of P+: the posterior probability of positive effect. The x-
axis indicates effect magnitude in percent signal change. Rt = right. See abbreviations in Figs. 2 and 3 legends. More inter-task comparisons are showed in Fig. 6.

3-back task (left FEF/MFG, left PCu/IPL/SPL, right IPL/SPL, right CAN/
thalamus and right PCu). Taken together, BOLD effect estimates (vs. 0-
back task, not vs. fixation cross) are the neural correlates of WM in PD
patients.

4.2. Roles of WM-activated areas

Multiple brain areas play different roles for performing WM. Here,
BOLD effect estimates (vs. 0-back task) in bilateral DLPFC and left RPFC
are related to 2-back task performance in PD patients. DLPFC plays an
essential role in strategic control of WM, such as selecting appropriate
high-level organizational chunks which reduces the overall cognitive
load, enhancing task performance (Bor et al., 2004). RPFC may engage
in parallel processing of multiple cognitive operations to achieve a goal
(Ramnani and Owen, 2004). In fact, the N-back task is a typical task
which requires complex and parallel processes. FEF is involved in eye
movement as well as cognitive processes, reflecting the mental spotlight
of attention (Thompson et al., 2005, Vernet et al., 2014). FEF and SPL
form the dorsal attention network, which plays a role in goal-directed
attentional orienting (Shomstein et al., 2010). In this study, BOLD ef-
fect estimates (vs. 0-back task) in left FEF are correlated with both 2- and
3-back task performances in PD patients, suggesting that left FEF is
important for paying attention during a task. Right FEF is correlated
with the 2-back task performance and may play a supplementary role to
the left FEF. Left and right IPL store verbal WM (Jonides et al., 1998) and
spatial WM (Smith and Jonides, 1998), respectively. Here, BOLD effect
estimates (vs. O-back task) in left IPL/SPL are correlated with the d-
prime index in both 2- and 3-back tasks. However, the effect in right IPL/
SPL is correlated with the d-prime index only in the 3-back task. Our
results suggest that WM storage capacity in left IPL is critical for per-
formance in 2-back and 3-back tasks. Right IPL may play a

supplementary role for adding more storage capacity on top of left IPL,
especially for 3-back task. Bilateral AIC and ACC form the salience
network. This network is associated with detecting the stimuli which are
salient to current goals (Seeley et al., 2007). ACC plays a role in
detecting error (Carter et al., 1998). Here, left AIC and ACC are corre-
lated with 2-back performance, possibly by keeping the subject alert for
salient signal and detecting errors in WM processing. The CdN is a
strategic region in which a single stroke causes dementia (Lanna et al.,
2012). The CdN receives dense projections from the prefrontal cortex,
forming a part of the striatothalamocortical loops (Shipp 2017). More-
over, the CdN is affected by dopaminergic denervation in PD patients.
Here, activation in the left and right CdN is associated with performance
in 2-back task and 3-back task, respectively. Thus, bilateral activation of
the CAN may be a compensatory process to achieve better WM perfor-
mance under the dopaminergic denervation in PD patients.

4.3. Compensatory mechanism for degenerating brain

Here, bilateral CAN/ALN (vs. fixation cross) were more activated in
PD-CogNL patients than HCs during 2- and 3-back tasks, in PD-MCI
patients than HCs during the 1-back task, and in PDD patients than
HCs during 0- and 1-back tasks. Poston et al., (Poston et al., 2016)
showed that PD-CogNL patients have hyperactivation of the bilateral
putamen when off medication and dopaminergic medication down-
regulates this hyperactivation. Thus, dopaminergic medication status
may modulate neural activations at least in some parts of brain in PD
patients. In the current study, all PD patients took daily doses of anti-
Parkinsonian medications as scheduled, and their medications might
have partially normalized activation in CAN/ALN. A future study with
dopaminergic medication ON/OFF is warranted to see how brain acti-
vations differ depending on medication status and cognitive status.



T. Hattori et al.

2-back vs 1-back HC

Lt DLPFC

Lt Cd N/ALN.
Rt CAN/ALN—~
Lt MTG _
Rt MTG

ACC
Rt PCu
PCC
MPFC

-0.5 0
3-back vs 1-back

Lt DLPFC
Rt
ack HC

0.5
HC

DLPFC

3 back Vs 2
Lt DLPFC

_n'u

Lt Cd N/ALN
Rt CdN/ALN

Rt MTG
Rt PCu
MPFC

3-back vs 1—back D -CogNL

: g

PD-CogNL

Rt AIC

Lt CAN/ALN
Rt CAN/ALN
Lt MTG

Rt MTG
ACC

Rt PCu
PCC

MPFC

3 back Vs 2 back
Lt DLPFC

Rt Al

Lt CAN/ALN

Rt CAN/ALN

LtMTG

Rt MTG

ACC

Rt PCu

PCC

MPFC

0.5

2-back vs 1-back PD-CogNL 2-back vs 1-back

Lt DLPFC Lt DLPFC

Rt DLPFC RtDLPFC —

Lt RPFC Lt RPFC

Rt RPFC Rt RPFC —

Lt FEF Lt FEF

Rt FEF Rt FEF

Lt IPL/SPL LtIPL/SPL  —

Bt /I\FI’ICISPL RUPLSPL  ——
RUAIG —

ALY LtCAN/ALN ——

Rt CAN/ALN_— Rt CAN/ALIN —/

Lt MTG Lt MTG —

RIMTG Rt MTG —

ACC —

RtPCu RtPCu

PCC pPCC

MPEC MPEC 0

3-back vs 1-back

Lt DLPFC

Rt AIC

Lt CAN/ALN
Rt CAN/ALN
Lt MTG

Rt MTG
ACC

Rt PCu
PCC

MPFC

3-back vs 2-back

Lt DLPF

C

Lt RPFC
Rt RPFC
Lt FEF
Rt FEF
Lt IPL/SPL
Rt IPL/SPL
Lt AIC
Rt AIC
Lt CAN/ALN
Rt CAN/ALN
Lt MTG
RtMTG
ACC
Rt PCu

PCC
MPFC

PD-MCI 2-back vs 1-back

0.5

0.5

PD-MCI

%

PD-MCI

RtF

Lt IPL/SPI
Rt IPL/SP
Lt AIC

Rt AIC
Lt CAN/AL

3-back vs 1-back
Lt DLPFC

AI
Lt CdN/AL
Rt CdN/AL
Lt MTG

Rt MTG
ACC

Rt PCu
PCC
MPFC

3-back vs 2-back
Lt DLPFC

Rt

Lt IPL/SPL
Rt IPL/SPL
Lt AIC

Rt AIC

Lt CAN/ALN
Rt CdN/ALN
Lt MTG
RtMTG
ACC

Rt PCu
PCC

MPFC

Neurolmage: Clinical 35 (2022) 103100

PDD
|
~—
P+
1
0 0.5 0.95
PDD 0.9
0 0.5
PDD 01
0.05
0
0 0.5
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abbreviations in Figs. 2, 3 and 5 legends.
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Fig. 8. The areas where BOLD effect estimates (vs. 0-back task) are significantly correlated with d-prime index in 2-back task (A) or in 3-back task (B). Correlation

coefficients are shown by color, thresholded by r = 0.43.

Table 3
Coordinates where BOLD effect estimates (vs 0-back) are correlated with d-prime index.
Coordinates
Center of Mass Peak

Region side Number of voxels X y z X y z Correlation Coefficient
2-back task
Left anterior complex 1771 -30 15 38
DLPFC L —45 29 28 0.581
DLPFC L —49 4 42 0.661
RPFC L -39 48 11 0.622
FEF/MFG L —26 8 50 0.632
AIC L -30 31 6 0.570
ACC M —6 16 52 0.661
CdN L —-12 7 4 0.571
DLPFC R 114 40 37 28 42 25 28 0.535
Left posterior complex 993 -29 —55 52
IPL L —53 —41 49 0.663
SPL L —24 -70 58 0.665
FEF/SFG R 234 25 1 58 24 6.7 58 0.622
3-back task
Left/Right posterior complex 474 -21 -59 48
IPL/SPL L —-27 -59 49 0.590
Pcu R 12 —65 61 0.545
IPL/SPL R 270 36 —49 44 48 —41 43 0.595
CdN/Thalamus R 94 11 -8 14 9 5 11 0.548
FEF/MFG L 83 -30 5 51 —-36 1 61 0.539

L = left, R = right, M = middle, See legend of Fig. 1 for other abbreviations. Coordinates are reported in Montreal Neurological Institute (MNI) space.

Healthy elderly subjects hyperactivate the brain and recruit addi-
tional areas than young adults to perform less demanding tasks with
similar performances to young adults, but underactivate the brain to
perform more demanding tasks with impaired performances. This is
known as the compensation-related utilization of neural circuits hy-
pothesis (CRUNCH) (Reuter-Lorenz and Lustig, 2005, Reuter-Lorenz and
Cappell, 2008). Here, PD patients have hyperactivation in WM-related
areas for different WM loads depending on their cognitive status.
Response curves for BOLD effect estimate and task demand are shown in

11

Fig. 7. PD-CogNL patients have hyperactivation during 2- and 3-back
tasks, maintaining normal WM performance (Table 1, Fig. 7C). On the
other hand, PDD patients have hyperactivation during 0-back task with
normal performance, but activation reaches almost plateau during 1-, 2-
and 3-back tasks with impaired performance (Table 1, Fig. 7C). PD-MCI
patients show intermediate pattern of PD-CogNL patients/HCs and PDD
patients with impaired performance (Table 1, Fig. 7C). These patterns
are similar to CRUNCH since hyperactivation is linked to maintaining
normal WM performance.
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Cabeza (2002) reported reduced functional hemispheric lateraliza-
tion in the prefrontal cortex in healthy elderly adults compared to
healthy young adults. This is called hemispheric asymmetry reduction in
older adults (HAROLD). Here, bilateral recruitment of the brain is
related to better WM performance; i.e., DLPFC and FEF for 2-back task
and SPL/IPL for 3-back task. In addition, activations in the left CAN and
right CdN are associated with better performance in 2-back and 3-back
tasks, respectively. These patterns are similar to HAROLD since bilateral
recruitments are related to better performance.

Cabeza et al. (2018) proposed two criteria to define compensation:
First, it should be clear what is being compensated for. Second, it should
be demonstrated that the enhanced activation is related to a beneficial
effect on cognitive performance. For the first criterion, PD patients have
deficits in multiple neurotransmitter systems such as dopamine
(nigrostrial/mesocortical projections), acetylcholine, and norepineph-
rine (Gratwicke et al., 2015) as well as alpha-synuclein accumulation in
diffuse brain areas, depending on the stage of disease (Braak et al.,
2003). These neurodegenerations affect the WM-related areas as well
(Gratwicke et al., 2015). Therefore, the hyperactivation likely com-
pensates for the malfunctions of the degenerated brain regions in PD. In
fact, the putamen has dopaminergic denervation in PD, and the hyper-
activation in the putamen can be ameliorated by dopaminergic medi-
cation (Poston et al., 2016). For the second criterion, more activations
and bilateral recruitment of certain areas, such as bilateral DLPFC, FEF,
SPL/IPL, and CdN, are related to better WM performance in the corre-
lation analysis (Fig. 8). Therefore, we interpret that PD patients use a
CRUNCH/HAROLD-like compensatory mechanism to achieve better
WM performance to deal with their degenerating brain.

Trujillo et al. (2015) demonstrated that de novo PD patients had
hyperactivation in the bilateral DLPFC, left CdN, and left IPC while
performing a visuospatial WM task compared to HCs. Furthermore, they
also found that the DLPFC had reduced functional connectivity with
other task-related regions in PD patients and altered effective connec-
tivity within the frontoparietal network. They interpreted that the
hyperactivation in WM-related areas is a compensatory mechanism to
maintain behavioral performance in the presence of network deficits in
PD patients. Here, PD patients had hyperactivation in WM-activated
areas for different WM load tasks depending on their cognitive status.
We speculate that PD patients have broad network deficits, including
WDM-activated areas, The different hyperactivation patterns at different
stages of disease may be compensatory responses for progressing
network abnormalities in PD patients. Future comparative analysis be-
tween activation and connectivity is warranted for PD patients with
various cognitive deficits.

4.4. Altered deactivation pattern in default mode network

There are the anatomical areas that are deactivated while performing
goal-directed activities such as the n-back task but are activated at rest.
These areas are referred to as DMN (Shulman et al., 1997, Raichle et al.,
2001, Raichle 2015). PCC and MPFC are two major nodes in DMN
(Buckner et al., 2008). DMN exerts great influence on its anticorrelated
networks, including WM-related areas (Uddin et al., 2009). Moreover,
WM performance is associated with the functional interaction between
the frontoparietal network; i.e., WM-related areas and DMN (Murphy
etal., 2020). van Eimeren et al. (2009) reported that PD patients without
dementia show comparable deactivation in MPFC, but less deactivation
in PCC and the precuneus when performing executive tasks compared to
HCs. However, no previous study explored patterns of deactivation in
PCC or MPFC during n-back task among PD patients with different levels
of cognitive function. Here, PDD patients have less deactivation in PCC
than HCs or PD-CogNL patients during the 1-back task (Fig. 3). In
addition, PD-CogNL patients have less deactivation (vs. 0-back task) in
PCC and MPFC during 2- and 3-back tasks than HCs (Fig. 4 and Sup-
plementary Fig. 4, respectively). Thus, PD-CogNL and PDD patients may
have some functional abnormality in DMN. Hattori et al. (2012) showed
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that patients with PD-CogNL or PD-MCI have moderate hypoperfusion in
PCC at rest, and PDD patients have remarkable hypoperfusion in PCC
and moderate hypoperfusion in MPFC. However, both BOLD effect es-
timates (vs. fixation cross or 0-back task) in PCC and MPFC are not
correlated with d-prime index in any n-back tasks in this study. Taken
together, there is certain functional abnormality in DMN in PD patients
that exacerbates over disease progression, but the extent of deactivation
in DMN is not necessarily associated with WM performance.

4.5. Limitations

The study has several limitations. First, while it is known that WM
function is affected by dopaminergic stimulation, all PD patients were
evaluated on their daily anti-Parkinsonian medications to minimize
motor symptoms and to let patients comfortably perform the n-back
task. Although LED was not different among patient subgroups, different
medications, in particular dopamine agonists, might modulate WM
function differently. Evaluation for drug-naive patients or during
medication “OFF” state may be valuable to assess neural activation
without or by minimizing therapeutic modification. Second, there are
more male subjects in all groups. Thus, sex imbalance might affect our
results. Third, we have limited sample size for each group. That might
underestimate inter-group differences. Fourth, we used language and
memory subscores of the MMSE to evaluate language and memory
function. Since they are concise assessments, they might affect a pa-
tient’s classification. Fifth, we did not perform connectivity analysis
during the n-back task. Activation and connectivity in WM-activated
areas and WM-deactivated areas may play a supplementary role for
each other, determining WM performance in PD patients. Future
comparative studies of activation and connectivity are warranted. Sixth,
while cognitive status was not used for ROI definition, a separate cohort
would have been desirable. Seventh, we used fixation cross to quantify
BOLD effect estimate during 0-, 1-, 2- and 3-back tasks. However, neural
activities during fixation cross may be different among subjects and
groups due to confounding effects of aging and neurodegeneration
among others. On the other hand, differences of neural activity during
the 0-back task among patients with different cognitive function has
been typically neglected. Therefore, we aimed to explore BOLD effect
estimate of O-back task using fixation cross. fMRI can evaluate only
relative extent of activation. This is limitation of all fMRI studies. In
order to overcome this limitation, studies with other imaging modalities
are warranted. Finally, since this is a cross-sectional study, we did not
prove that PD patients actually develop the compensatory hyper-
activation for different WM load tasks during disease progression.
Future longitudinal studies are needed.

5. Conclusions

Our results suggest that additional activations in WM-activated areas
on top of the 0-back task, rather than fixation cross, are neural correlates
of WM performance in PD patients. Moreover, these patients have two
types of compensatory mechanisms: (1) hyperactivation for different
WM load tasks depending on their cognitive status, and (2) bilateral
recruitment of WM-activated areas to improve WM performance.
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