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Early and moderate Parkinson’s disease patients seem to have attention dysfunctions manifested
differentially in separate attention streams: top-down and bottom-up. With a focus on the
neurophysiological underpinnings of such differences, this study evaluated source-localized regional
activity and functional connectivity of regions in the top-down and bottom-up streams as well as

any discordance between the two streams. Resting state electroencephalography was used for 36
Parkinson’s disease patients and 36 healthy controls matched for age and gender. Parkinson’s disease
patients showed disproportionally higher bilateral gamma activity in the bottom-up stream and
higher left alpha2 connectivity in the top-down stream when compared to age-matched controls. An
additional cross-frequency coupling analysis showed that Parkinson’s patients have higher alpha2-
gamma coupling in the right posterior parietal cortex, which is part of the top-down stream. Higher
coupling in this region was also associated with lower severity of motor symptoms in Parkinson’s
disease. This study provides evidence that in Parkinson’s disease, the activity in gamma frequency band
and connectivity in alpha2 frequency band is discordant between top-down and bottom-up attention
streams.

Parkinson’s disease (PD) is a chronic neurodegenerative disorder characterized by symptoms of motor dysfunc-
tion such as rigidity, tremors, postural imbalance, slowness in movement (bradykinesia), and dysfunctions in vol-
untary movement (akinesia)2. PD also involves cognitive impairment that appears in the early, often premotor,
phase of the disease** and significantly diminishes the quality of life for approximately 50-60% of PD patients.
Cognitive impairments associated with PD are mainly related to executive functions, such as working memory
and attention®’. Attentional dysfunction, in particular, is an important predictor of both a decreased quality of
life? and the later onset of dementia’® in PD.

Attention can be divided into two separate streams: a dorsal, top-down network and a ventral, bottom-up
network!?. The top-down network is associated with the voluntary, goal-directed allocation of attention to cer-
tain features, objects, or regions in space. The bottom-up network is primarily stimulus-driven and is activated
when salient stimuli attract attention, and is, therefore, considered a circuit breaker!!. Top-down regions include

: the posterior parietal cortices and the frontal eye fields, while bottom-up regions include the temporoparietal
* junctions and the ventrolateral prefrontal cortices!!. These networks are identified in both task-based'! and rest-
: ing state neuroimaging paradigms'? and are related to attentional functions', even in resting state conditions'*.
Top-down control appears to be selectively impaired in early and moderate stages of PD, whereas bottom-up
attentional control processes remain mostly intact'>!6, indicating a functional discordance between the two
streams. Furthermore, a recent study led to the hypothesis that PD patients have problems with internal atten-
tional control, which leads to the excessive guidance of behavior by external cues, laying dependency on these
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cues to a larger extent than healthy subjects!”. However, the neurophysiological mechanism underlying these
differences in attentional controls is not yet clear.

In electroencephalography (EEG), alpha (8-12Hz) and gamma (>30 Hz) frequency bands seem to play dis-
tinct roles in attention'®-%. Alpha band oscillations selectively deactivate task-irrelevant functions to re-allocate
attention towards goal-directed behavior?*-*? and inhibit the intrusion of bottom-up information??. In the
resting state, alpha band maintains the alert state by better directing one to an attention-demanding cue?*.
Specifically, the lower alpha frequency range (alphal: 8-10 Hz) appears to be associated with the broad-focused
demand of attention when handling the input of information, while the higher alpha frequency range (alpha2:
10-12 Hz) is narrow-focused and more important for a specific demand in processing task-related informa-
tion*¥-2, A recent review suggests that broad- and narrow-focused attention in top-down control stream are
distinguished from each other and affect different psychiatric disorders®, exemplifying the need to analyze alphal
and alpha2 bands separately. On the other hand, an increase in gamma band oscillations is likely to represent
enhanced attention®*2. Gamma band activity appears to be dependent on the orientation of attention to external
stimuli**-*. Alpha and gamma seem to interact upon attentional demand to provide selective top-down atten-
tion®*-38, Modulation of alpha oscillatory activity is also accompanied by an increase in gamma band activity,
which has been associated with the deployment of attention®****. From these previous studies, we hypothesize
that alterations in alpha and gamma frequency bands underlie the discordance between top-down and bottom-up
attention streams in PD.

This study aimed to understand the neurophysiological underpinnings of top-down attention in early to mod-
erate medicated PD using source-localized EEG, focusing on alpha and gamma frequency bands. As an overview,
we performed a whole-brain activity analysis for alphal, alpha2, and gamma bands to identify changes without
applying a priori hypotheses. In subsequent analyses, we utilized regions of interest in the frontoparietal resting
state network implicated in top-down and bottom-up attention streams'!'. Coordinates were selected based on
previous literature that investigated the recruitment of top-down and bottom-up attention during a surprise stim-
ulus task*. Although these regions were based on functional magnetic resonance imaging, previous studies noted
that such resting state networks can also be identified using neurophysiological signals*"#?, citing the spatial sim-
ilarity of attention streams in EEG*. The discordance between top-down and bottom-up attention streams were
investigated in terms of the regional activity level and the functional connectivity weights. It is hypothesized that
in PD, alpha connectivity within top-down attention stream would increase, resulting in an excess of inhibitory
modulation*. Consequently, gamma activity level would likely decrease in the top-down stream, indicating that
PD patients have less activated top-down attention than healthy controls’.

Based on our analyses of functional discordance, this study further investigated the cross-frequency coupling
between alpha and gamma to discern the implications of changes in the functional connectivity. Cross-frequency
coupling quantifies the degree of effective signal transmission®. It may represent the active modulation of atten-
tion across frequency bands, and higher coupling would likely be beneficial for PD patients.

Methods

The graphical representation of data processing is shown in Fig. 1.

Study participants. The local ethical committee of the University Hospital Antwerp, Belgium, approved
the study protocol. All research was performed in accordance with the approved guidelines and regulations.
Experimenters informed all participants about the purpose and the procedure of the study and received signed
consent from subjects, in accordance with the Declaration of Helsinki (2000). The control group consisted of
36 participants without any neurological or psychiatric conditions, who were also free of neurological and psy-
chiatric pharmaceuticals. The same number of PD outpatients were recruited from the Neurology Clinic of the
University Hospital Antwerp, Belgium. The PD participants were all on a stable dose of all medications, which
was unchanged for at least 30 days prior to the EEG, in order to avoid any tremors during the recordings that
could induce motion-related artifacts or interfere with the theta band recording* and potentially compromise the
imaging analyses. We included participants in accordance with the following criteria: (1) diagnosed as PD accord-
ing to the UK Brain Bank Criteria; (2) diagnosed with Hoehn and Yahr (H-Y) stages 1-3; (3) lack of features
suggestive of atypical parkinsonism; (4) no records of using drugs that may induce parkinsonism 60 days prior to
inclusion; (5) lack of cognitive dysfunction measured by Montreal Cognitive Assessment Test (that is score >26);
(6) lack of known unstable or life-threatening concomitant diseases.

Behavioral measures. The participants were assessed by a neurologist specialized in movement disorders
on the Unified PD Rating Scale (UPDRS)*, while they were in a stably medicated state. There were four subscales
in the UPDRS counted separately: (1) Mentation, behavior and mood (1-4); (2) Activities of daily living (5-17);
(3) Motor examination (18-31); (4 A) Complications of therapy — dyskinesia (32-35); (4B) Complications - clin-
ical fluctuations (36-39); (4 C) Complications — others (40-42). Among these, the scores in the UPDRS subscales
1-3 were analyzed for correlation to neurophysiological measures. The demographics and the behavioral infor-
mation of all subjects is shown in Table 1.

EEG recording. Participants were instructed not to drink alcohol 24 hours prior to the EEG recording to
avoid alcohol-induced changes in the EEG results*, and caffeinated beverages on the day of the recording to avoid
caffeine-induced alpha and beta power decreases***. The vigilance of participants was checked by monitoring
EEG streams on the screen and watching for patterns such as slowing of alpha rhythm or the appearance of spin-
dles, in order to prevent possible enhancement of the theta power due to drowsiness®'. No participants included
in the current study showed such drowsiness-related EEG changes.
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Age 62.00£9.03 62.17+9.09
Gender (F %) 50% (18 in 36) 50% (18 in 36)
PD assessments

H-Y n/a 2.2940.38
UPDRS 1 (1-4)

Mentation, Behavior and Mood n/a 2.33£2.53
UPDRS 2 (5-17)

Activities of Daily Living n/a 10.22:4£5.39
UPDRS 3 (18-31)

Motor Examination nfa 27.42410.22
UPDRS 4 A (32-35)

Complication — Dyskinesia n/a 1284173
UPDRS 4B (36-39)

Complication - Fluctuations n/a 1444163
UPDRS 4 C (40-42)

Complication - Others n/a 0.75+0.94
UPDRS Total n/a 43.44+15.53

Table 1. Demographic information. Abbreviations: H-Y = Hoehn-Yahr scale, UPDRS = Unified Parkinson’s
Disease Rating Scale.
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Figure 1. Graphical demonstration of the methods applied in this study. The voxel-based whole-brain analysis
firstly confirmed the increased activity near the attention networks. Secondly, regions of interest analysis

was performed for regional activity and functional connectivity. For the further analyses, regional activity
values were summed together for each attention stream, and hemisphere. Functional connectivity measured a
bidirectional coherence between the time series of two regions involved in each attention stream of one side.

The resting state EEGs were recorded for at least 5 minutes at 19 scalp sites of a Tin-electrode cap (ElectroCap,
Ohio, United States), using a Mitsar amplifier (EEG-201) and the WinEEG software version 2.84.44 (Mitsar,
St. Petersberg, Russia, http://www.mitsar-medical.com). The functional image was acquired in a lighted room,
shielded from sound and stray electric fields, with each participant sitting upright with eyes closed. The raw
EEG was collected for 100 2-second epochs, and the sampling rate was 1024 Hz. The data was acquired using 19
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Region Side MNI (x, y, z) Functions
Posterior Parietal Cortex Left —26.2, —59.05,49.89 | Top-down
Posterior Parietal Cortex Right 28.84, —58.21, 44.38 Top-down
Frontal Eye Field Left —30.69, 3.14,49.41 Top-down
Frontal Eye Field Right | 34.11, —0.03, 46.38 Top-down
Temporoparietal Junction Left —51.41, —51.96,23.84 | Bottom-up
Temporoparietal Junction Right | 54.5, —49.15,25.12 Bottom-up
Ventrolateral Prefrontal Cortex | Left —39.67,11.56,25.2 Bottom-up
Ventrolateral Prefrontal Cortex | Right | 42.45,9.72,23.98 Bottom-up

Table 2. Regions of interest in connectivity analysis. Abbreviations: MNI = Montreal Neurological Institute
template.

electrodes in the standard 10/20 International placement referenced to linked ears, and impedances were main-
tained below 5 kQ on all electrodes throughout the EEG recording. Data was band-pass filtered at the higher
boundary of 200 Hz and the lower boundary of 0.15 Hz. The data was then resampled to 128 Hz and a further
band-pass filter (fast Fourier transform filter applying Hanning window) within the 2-44 Hz window was applied.
Data was then imported into the Eureka! Software®?, plotted, and carefully inspected manually for any artifacts.
All episodic artifacts including eye blinks, eye movements, teeth clenching, and muscle movements were manu-
ally removed.

Source reconstruction. Standardized low-resolution brain electromagnetic tomography (sSLORETA), a
functional imaging method that yields standardized current density (A/m?), based on certain electrophysiolog-
ical and neuroanatomical constraints, was utilized for the analysis of EEG signals. It estimated the intracerebral
sources generating the scalp-recorded electrical activity in each of the three decomposed frequency bands of
interest: alphal (8-10 Hz), alpha2 (10-12 Hz), and gamma (30.5-44 Hz). In the statistical analysis, SLORETA
corrected for multiple comparisons regarding the number of electrodes, voxels, time samples, and the discrete
frequency bands®>*.

SLORETA estimates the exact three-dimensional source of the band-pass filtered signals that come from the
electrodes spread over an EEG cap. The positions of the electrodes are calculated in Cartesian coordinates on the
MNI brain, which are derived from the normalization of the international 10/5 system®. Other than this infor-
mation, sSLORETA utilizes two major clues for solving the ill-posed problem: standard positions of the fiducial
points of the head using a realistic head model, with spatial restriction onto cortical gray matter and hippocampi
as defined by digitized MNI152 template®®, and minimum-norm least squares constraints for the current distri-
bution on the brain®. Further, SLORETA applies weight to the signal depending on the depth of the estimated
source and the constraints it is given53. It accounts for two sources of variance, which are from actual sources
and noisy measurements and are independent of each other, and distinguishes the actual one. Its solution space
consists of 6,239 voxels (voxel size: 5 * 5 5mm?) for the whole brain.

Regions of interest. Regions were selected based on the frontoparietal resting state network, which is
well-implicated in attention functions!’. This study, utilized the bilateral posterior parietal cortex and the fron-
tal eye field for top-down regions, and the temporoparietal junction and the ventrolateral prefrontal cortex
for bottom-up regions, chosen based on previous literature that investigated the recruitment of top-down and
bottom-up attention streams during a surprise stimulus task*’. MNI coordinates for the regions of interest (ROIs)
were defined based on areas corresponding to the regions identified in a surprise stimulus task that activated
both bottom-up and top-down attention streams in a previous study*’. Regarding the spatial resolution of recon-
structed EEG signals, all ROIs were placed in distances that surpass the maximum margin of error, which is 2 % 5%
V3=17.3025mm.

In the source solution space of the whole brain, the activity was evaluated by taking the decimal
logarithm-transformed electric current density per voxel (log(A/m?)). ROI-based activity level was calculated by
averaging the current density across all voxels that belong to predefined ROIs (Table 2). For the further analyses,
activity levels of ROIs in each attention stream were added to represent the activity of the stream.

Functional connectivity. Functional connectivity was measured as the linear dependence between time
series of ROIs, using the connectivity toolbox of SLORETA across all frequency bands. In order to minimize the
physiological influence of volume conduction®®, only the lagged linear coherence between ROIs was quantified,
excluding zero-lag contributions®”®. The connectivity values were zero only when the signals were independent
of each other.

Statistical analysis of whole-brain activity. For the analysis of source-reconstructed EEG signals, sta-
tistical non-parametric mapping with a permutations test was used to differentiate the current density between
the groups (independent ¢-test)**. The statistical test counted for 5,000 permutations for each test and corrected
for multiple comparisons for all voxels in all frequency bands of interest (alphal, alpha2, gamma). The statistics
were shown in decimal logarithm of F-ratio values, and the significance threshold was defined to be corrected
P <0.050 in the voxel level. All the statistical comparison results were visualized using the BrainNet Viewer tool-
box for MATLAB®.
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Statistical analysis of discordance in activity and connectivity. Activity level and functional con-
nectivity weights in ROIs were measured for a balance between top-down and bottom-up streams in each hemi-
sphere. The activity level of each stream and hemisphere was added to one representative value. The representative
value for the functional connectivity was defined within top-down and bottom-up streams across two of their
regions for each hemisphere (i.e. across left frontal eye field and left posterior parietal cortex). The balance of
activity or connectivity was evaluated as the interaction between the group effect and the difference between
top-down and bottom-up streams. The statistical analysis was performed using the repeated measures ANOVA.
The between-subject measure was the group (PD vs. healthy controls), and the within-subject measure was the
attention stream. A statistically significant effect was defined as the interaction effect at Bonferroni-corrected
P <0.050 (uncorrected p < 0.008, corrected for six trials for both activity and connectivity).

Post-hoc cross-frequency coupling analysis and statistical tests. Based on the results from the
previous analyses, a further investigation on cross-frequency coupling of alpha2 and gamma bands was per-
formed. Amplitude-amplitude cross-frequency coupling*® was analyzed to verify the functional meaning of
narrow-focused attention, which is modulated by alpha2?’. The time series of the source-localized current sig-
nals at alpha2 (10-12 Hz) and gamma (30.5-44 Hz) bands were obtained for top-down ROIs, which consisted
of the bilateral posterior parietal cortices and the frontal eye fields. A Hilbert transformation was applied on
the band-filtered time series to extract the instantaneous amplitude of the signal. Alpha2 and gamma amplitude
values were correlated using bivariate correlation and the resulting coefficients were used to represent the degree
of cross-frequency coupling.

For the comparison of cross-frequency coupling across groups, the correlation coefficients between ampli-
tudes created for each top-down ROI were compared between PD and control groups using independent ¢-test.
The results were corrected for multiple correction using the Bonferroni correction for four trials. In addition, the
coupling values were first correlated to UPDRS 1-3 scores, and the results were corrected for multiple compari-
sons using the false discovery ratio (FDR) correction for 12 trials®2. Based on these results, the following test for
the correlation between the coupling of bilateral posterior parietal cortices and the subscales within UPDRS 3
was performed in order to determine whether all or some of the subscales contributed to the phenomenon. The
correction for multiple comparison was performed using the FDR correction for 28 trials®2.

Data Availability. The datasets generated during and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Results
Participants. The demographic information of the participants is shown in Table 1. PD and control partici-
pants were matched for the mean age and the proportion of gender, as previously indicated.

Whole-brain neural activity analysis. The activity level for all voxels in the brain was compared in PD
and control participants to measure the source-localized cortical neural activity. The activity level was signifi-
cantly higher in the PD group than the control group for alphal and alpha2 bands. Figure 2 demonstrates higher
neural activity in alphal (8-10Hz) and alpha2 (10-12Hz) in PD participants (voxel-level corrected p < 0.050).
The highlighted regions are the bilateral parietal cortices and the lateral frontal regions, which are implied in
top-down attention stream. Statistical significance was defined at a two-tailed decimal logarithm of F-ratio=1.07
that was corrected for multiple comparisons (permutation test) at p < 0.050. There was no significant change in
activity for gamma band (30.5-44 Hz).

Balance between top-down and bottom-up. Regions defined in Table 2 are visualized in Fig. 3. The
activity levels summed from regions of top-down and bottom-up streams were compared between the PD and
control groups in Fig. 4A. Repeated measures ANOVA showed that there was a significant interaction effect
between the group effect and the activity difference of top-down to bottom-up stream for gamma band in both
hemispheres, at Bonferroni-corrected p < 0.050 (uncorrected p < 0.008). The difference in gamma activity across
top-down and bottom-up streams in PD was significantly different from the age-matched control. This illustrates
the discordance in the activity level in gamma bands for PD patients compared to the control group, which is
shown as the disproportionally larger activity in the bottom-up stream in PD, whereas the controls show consist-
ently smaller activity in the bottom-up than top-down stream.

The connectivity weights of top-down and bottom-up streams were compared between the PD and control
groups in Fig. 4B. Significant interaction effects between the group effects and the connectivity differences of
top-down to bottom-up streams were found in the left hemispheres in alpha2 after the correction for multiple
comparisons. The difference in alpha2 connectivity across the left top-down and bottom-up streams in PD was
higher than that of the controls, manifesting a disproportionally higher alpha2 connectivity in the top-down
stream.

Cross-frequency coupling comparison. In order to determine whether the cross-frequency coupling
of alpha2 and gamma is compensatory or detrimental in top-down stream, the amplitude-amplitude cou-
pling of alpha2 and gamma bands was compared for regions in top-down attention stream between PD and
control. Only the group comparison for the right posterior parietal cortex was significant after Bonferroni
correction (#(55.206) = —2.869, uncorrected p=0.006 < 0.013 for four trials). Comparisons in left posterior
parietal cortex (#(61.214) = —2.346, p =0.022), left (#(61.107) = —1.396, p = 0.168) and right frontal eye fields
(#(69.726) = —1.084, p =10.282) showed no significant differences after multiple correction. The results indicate
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Figure 2. Whole brain subtraction analysis between neural activity levels (current density, unit =log(A/m?)) of
Parkinson’s disease patients (PD) and healthy control participants (CON). Average activity level in alphal and
alpha2 bands seems to increase in Parkinson’s disease patients, and the increase is localized in bilateral parietal
and lateral frontal regions (two-tailed logarithm of F-ratio = 1.07, voxel-level corrected p < 0.050). The colorbar
represents decimal logarithm of F-ratio values ranging from 1.07 to 1.50.
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Figure 3. Regions of interest are shown in three-dimensional rendering of brain. Left and right regions implied
in top-down (posterior parietal cortices, frontal eye fields) and bottom-up (temporoparietal junctions and
ventrolateral prefrontal cortices) attention streams are represented.

that the degree of cross-frequency coupling is higher in the right posterior parietal cortex of PD group compared
to the control.

Cross-frequency coupling correlation to Parkinson’s disease symptoms. A further analysis was
performed by correlating the coupling to the severity of PD symptoms. We tested for a correlation of the coupling
of bilateral posterior parietal cortices and frontal eye fields to the UPDRS scores 1-3. Figure 5 shows that there
was a significant negative correlation for the coupling to the UPDRS 3 motor scores of the bilateral posterior pari-
etal cortices (FDR-corrected p < 0.050). This indicated that the higher coupling of alpha2 and gamma was related
to the lower severity of motor symptoms in PD. No significant correlations were obtained with the UPDRS 1 and
2 in these regions.

In order to verify if all or some of the UPDRS 3 subscales contributed to the phenomenon, we performed a
one-tailed correlation analysis for alpha2-gamma coupling and the UPDRS 3 subscales. Figure 6 shows that there
was a significant negative correlation of the coupling in the left posterior parietal cortex to the severity of the
posture symptom (uncorrected p=0.020) to the left posterior parietal cortex. It also demonstrated that the cou-
pling in the right posterior parietal cortex was negatively correlated to severity of symptoms in postural stability
(p=0.010), posture (p =0.003), leg agility (p=0.017) and rigidity (p = 0.026). This indicated that alpha2-gamma
coupling in top-down regions may be compensatory for some of the motor symptoms, such as posture and rigid-
ity, but not all of them.

Discussion

This study is aimed to unravel the neurophysiological signature underlying top-down attention deficits in early
and moderate PD. A whole-brain analysis showed that the increase in alpha oscillations was localized to the
frontoparietal regions after source localization, revealing that activity changes correspond to the attention net-
work. This study further showed that PD patients have disproportionally higher alpha2 connectivity within the
left top-down stream compared to the healthy controls. This tendency was the opposite for gamma activity, for
which PD patients showed smaller differences between top-down and bottom-up streams whereas the controls
displayed the dominance of gamma activity in top-down over bottom-up. This study further demonstrated that
cross-frequency alpha2-gamma coupling was higher in the right posterior parietal cortex for PD, and that the
coupling is associated with the lower severity of motor symptoms. The difference in gamma activity and alpha2
connectivity may illustrate the loss of balance between inhibitory modulation (alpha) and excitatory activity
(gamma) across top-down and bottom-up attention streams. Alpha and gamma bands seem to exhibit the
anti-correlation of power followed by top-down attention demand®. To elaborate, alpha bands appear to allocate
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Figure 4. The balance between the neural activity level and functional connectivity in top-down and
bottom-up attention streams is represented by the interaction effect from the repeated measures ANOVA. For
alphal, alpha2 and gamma, the balance is shown as the interaction between the group effect and the effect of
the attention streams. The reported p-values are uncorrected for multiple comparison, but the stars indicate the
significance only when the interaction was significant after the Bonferroni correction for six trials (*Bonferroni-
corrected p < 0.050, ***p < 0.001). Stars are placed on the attention stream showing larger difference between
PD and control. The scale is different for gamma bands. Regions of interest are bilateral posterior parietal
cortices, frontal eye fields, temporoparietal junctions and ventrolateral prefrontal cortices as defined in Table 2.
Error bars represent the standard error values. (A) The balance in activity level is shown. In gamma, the
interaction effect was significant for both hemispheres, showing that the dominance of activity in top-down
stream is stronger in the elderly control compared to Parkinson’s disease patients (PD). (B) The balance in the
connectivity weights is shown. In alpha2, the interaction effect was significant for the left side, showing that the
dominance of connectivity in left top-down stream is stronger in PD.

attention by inhibiting one stream over another??*, It selectively modulates gamma activity directed by top-down
attention®®%. Altogether, the present results indicate that bottom-up activity is not successfully modulated by
inhibitory alpha connectivity on the same stream for PD patients, implying that alpha-gamma modulatory rela-
tionship is disproportional in PD, creating the discordance across streams.

We did not find decreases in gamma connectivity for PD when compared to the control group. Dopaminergic
medications are found to increase gamma connectivity®* by normalizing the connectivity between the premo-
tor and prefrontal regions to restore motor functions®. Therefore, it is possible that the lack of difference in
gamma between the PD and control was due to the normalization of gamma in PD owing to stable medication®.
Our study also indicates that medications do not compensate for the discordance of gamma activity between
top-down and bottom-up attention streams in PD.

Significant increases of alpha2 connectivity in PD has implications for attentional modulations. The neural
activity in alpha band has been related to inhibitory control over sensory information to maintain top-down
attention®»?*67-8°, Alpha plays many roles in maintaining attention in both task-induced and resting states. At rest,
alpha sustains an actively alert or a preparatory state for the upcoming demand of selective attention*”°. When a
task is given, alpha connectivity across top-down stream increases in order to coordinate the attention necessary
for the use of working memory”’. In other words, the dynamics of alpha activity work to alter the state of the brain
from a preparatory to a responsive state by releasing the inhibition that was present in the previous state?"’2. For
example, the higher functional connectivity in alpha2 along with the lower gamma activity in the resting state that
we found may relate to the inhibitory modulation in the attention streams.

In the present results, PD patients showed disproportionally higher alpha2 connectivity imposing inhibi-
tory modulation over gamma activity in the top-down stream, which may prevent dynamic activation of the
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Correlation of Coupling to UPDRS 1-3
UPDRS1 -e-UPDRS2 -e-UPDRS3

Left PPC

Right FEF

Right PPC

Left FEF

Figure 5. Bivariate correlation of amplitude-amplitude coupling in top-down regions to the Unified Parkinson’s
Disease Rating Scale (UPDRS) scores. PPC stands for posterior parietal cortex, and FEF for frontal eye field.
The negative correlation of left and right posterior parietal cortices to the motor dysfunction was significant,
showing that the higher coupling is, the less severe motor symptoms are in Parkinson’s disease patients (*one-
tailed FDR-corrected p < 0.050). Please note that the order of correlation values is reversed.

Coupling in Left Posterior Parietal Cortex Coupling in Right Posterior Parietal Cortex

Speech Speech
-06 0.6

Bradykinesia and
Hypokinesia

Bradykinesia and
Hypokinesia

Facial Expression Facial Expression

Bivariate Correlation Coefficient
Bivariate Correlation Coefficient

Hand Movements Hand Movements

Rapid Alternation of Rapid Alternation of
Hands

Figure 6. Bivariate correlation of amplitude-amplitude coupling in bilateral posterior parietal cortices to the
subscales within Unified Parkinson’s Disease Rating Scale 3 motor scores. The coupling of left posterior parietal
cortex was anti-correlated to the severity of posture. The coupling of right posterior parietal cortices was
anti-correlated to the severity of symptoms in rigidity, leg agility, posture and postural stability. The negative
correlation indicates that the higher coupling is, the less severe motor symptoms are in Parkinson’s disease
patients (*one-tailed FDR-corrected p < 0.050, **p < 0.010). Please note that the order of correlation values is
reversed.

stream when on demand. This may be underlying the functional discordance between top-down and bottom-up
streams in PD, which manifests as the impairment in top-down attention but intact or even over-activated
bottom-up attention'’. This may imply complex problems in the internal attentional control in PD. It is known
that top-down and bottom-up streams continuously interact to optimize attention-related performance’ and
support complex processing of information’. Asplund and coworkers (2010) also showed that the two attention
streams are actively interacting and that information relevant to tasks is commonly across the streams. Thus,
the over-inhibition of the top-down attention stream compared to less-inhibited bottom-up stream in PD may
be related to the inability to balance the over-activated bottom-up system with the relatively under-activated
top-down system!”7>.

The cross-frequency coupling analysis of alpha2 and gamma was performed to verify the implications of these
functional discordances. The coupling of alpha2 and gamma was higher in PD for the right posterior parietal cor-
tex, and its value was higher for the lower motor symptoms’ severity (UPDRS 3), but was not significantly asso-
ciated with other aspects of PD symptoms (UPDRS 1 and 2). It has been suggested that cross-frequency coupling
between alpha and gamma is a reflection of attentional processes’®~%. To note, unlike the functional difference
of alpha and gamma manifested in the activity level and connectivity strength, the degree of cross-frequency
coupling refers to the communication via gamma modulated by alpha’%. Amplitude-amplitude coupling across
frequency bands appears to accommodate the more efficient functional connectivity between distant regions and
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control neural responses based on attention®82. As alpha-gamma coupling is implicated in the efficient modula-
tion of top-down attention**®3, the higher alpha2-gamma coupling in PD may relate to the functional compen-
sation that utilizes increased neural activity in alpha2 band. Alpha2 frequency band (10-12 Hz), in particular,
appears to be related to either narrow-focused, goal-directed attention or the alertness that precedes upcoming
stimuli??**-28, A recent study showed that mindfulness training improves the motor symptoms of PD patients®,
and mindfulness training appears to improve the narrow-focused, top-down attention functions®>#. This may
indicate that the higher alpha2-gamma coupling in PD relates to the functional compensations involving the
narrow-focused modulation on top-down attention. Nevertheless, further neurocognitive examinations in future
studies are required to confirm the relationship between the alpha2-gamma coupling and the functional changes
in PD.

In the additional investigation of whether some or all of the motor symptoms are related to the cross-frequency
coupling, higher alpha2-gamma coupling in posterior parietal cortex was found to be correlated to only some of
the symptoms, which are posture, rigidity and leg agility within the UPDRS 3, at a lower severity. The posterior
parietal cortex appears to encode one’s own body and movement to be used as a postural reference®”*®, mapping
a complex movement in relation to oneself, or following an external model based on motor attention®%. The
present results suggest that while higher alpha2-gamma coupling can alleviate some motor symptoms, possibly
by aiding narrow attentional control, it does not contribute to symptoms such as bradykinesia and tremors, which
are critically influenced by dopaminergic depletion®*2.

A limitation of this study is that the participants were not evaluated for behavioral measures related to atten-
tion deficits in PD. This study is based on previous literature on selective top-down attention deficits in PD'775,
but the association of behavioral changes with neurophysiological evidence will be useful in interpreting our
present results in-depth. Studying PD patients in early, non-medicated stages may also help to differentiate the
changes in functional connectivity present without external DA supplementation. Furthermore, it is known that
the handedness of the subjects can alter the right-hemispheric dominance of the attention streams®>. Future stud-
ies should analyze the confounding effect of handedness upon the attention streams.

In conclusion, this study provides the first electrophysiological evidence that there are discordances in activ-
ity and connectivity between top-down and bottom-up attention streams in PD. The disproportionally higher
alpha2 connectivity within top-down stream compared to bottom-up may lead to the discordance between two
streams, manifested as under-activation of top-down or over-activation of bottom-up in gamma band. However,
the interaction between different frequency bands via cross-frequency coupling may relate to functional compen-
sations for PD patients. Higher alpha2-gamma coupling was associated with a lower severity in motor scores of
PD patients, suggesting that efficient communication between the two frequency bands might be beneficial for
the patients.

References

1. Braak, H. et al. Staging of brain pathology related to sporadic Parkinson’s disease. Neurobiology of aging 24, 197-211 (2003).

2. Jankovic, S. M., Jovanovic, D. & Milovanovic, J. R. Pharmacokinetic modeling of carbamazepine based on clinical data from Serbian

epileptic patients. Methods and findings in experimental and clinical pharmacology 30, 707-713, https://doi.org/10.1358/

mf.2008.30.9.1303589 (2008).

. Abbott, A. Neuroscience: the molecular wake-up call. Nature 447, 368-370, https://doi.org/10.1038/447368a (2007).

4. Abbott, R. D. et al. Excessive daytime sleepiness and subsequent development of Parkinson disease. Neurology 65, 1442-1446,
https://doi.org/10.1212/01.wnl.0000183056.89590.0d (2005).

5. Aarsland, D., Ballard, C., Rongve, A., Broadstock, M. & Svenningsson, P. Clinical trials of dementia with Lewy bodies and
Parkinson’s disease dementia. Current neurology and neuroscience reports 12, 492-501, https://doi.org/10.1007/s11910-012-0290-7
(2012).

6. Rowe, J. et al. Attention to action in Parkinson’s disease. Brain 125, 276-289 (2002).

7. Monchi, O. et al. Neural bases of set-shifting deficits in Parkinson’s disease. Journal of Neuroscience 24, 702-710 (2004).

8. Karlsen, K. H., Larsen, J. P,, Tandberg, E. & Mealand, J. G. Quality of life measurements in patients with Parkinson’s disease: A
community-based study. European Journal of Neurology 5, 443-450 (1998).

9. Woods, S. P. & Troster, A. I. Prodromal frontal/executive dysfunction predicts incident dementia in Parkinson’s disease. Journal of
the International Neuropsychological Society 9, 17-24 (2003).

10. Corbetta, M. & Shulman, G. L. Control of goal-directed and stimulus-driven attention in the brain. Nat Rev Neurosci 3, 201-215,
https://doi.org/10.1038/nrn755 (2002).

11. Corbetta, M. & Shulman, G. L. Control of goal-directed and stimulus-driven attention in the brain. Nature reviews neuroscience 3,
201-215 (2002).

12. Fox, M. D,, Corbetta, M., Snyder, A. Z., Vincent, J. L. & Raichle, M. E. Spontaneous neuronal activity distinguishes human dorsal and
ventral attention systems. Proc Natl Acad Sci USA 103, https://doi.org/10.1073/pnas.0604187103 (2006).

13. Xu, J. et al. Spontaneous neuronal activity predicts intersubject variations in executive control of attention. Neuroscience 263,
181-192 (2014).

14. Markett, S. et al. Assessing the function of the fronto-parietal attention network: insights from resting-state fMRI and the attentional
network test. Human brain mapping 35, 1700-1709 (2014).

15. Flowers, K. A. & Robertson, C. Perceptual abnormalities in Parkinson’s disease: top-down or bottom-up processes? Perception 24,
1201-1221 (1995).

16. Drago, V. et al. Attentional grasp in Parkinson disease. Cognitive and Behavioral Neurology 21, 138-142 (2008).

17. Cools, R., Rogers, R., Barker, R. A. & Robbins, T. W. Top-down attentional control in Parkinson’s disease: Salient considerations.
Journal of cognitive neuroscience 22, 848-859 (2010).

18. Pfurtscheller, G. Induced oscillations in the alpha band: functional meaning. Epilepsia 44, 2-8 (2003).

19. Von Stein, A., Chiang, C. & Konig, P. Top-down processing mediated by interareal synchronization. Proceedings of the National
Academy of Sciences 97, 14748-14753 (2000).

20. Jensen, O., Gips, B., Bergmann, T. O. & Bonnefond, M. Temporal coding organized by coupled alpha and gamma oscillations
prioritize visual processing. Trends in Neurosciences 37, 357-369 (2014).

21. Klimesch, W., Sauseng, P. & Hanslmayr, S. EEG alpha oscillations: the inhibition-timing hypothesis. Brain research reviews 53,
63-88 (2007).

w

SCIENTIFICREPORTS| (2018) 8:10609 | DOI:10.1038/s41598-018-29036-y 9


http://dx.doi.org/10.1358/mf.2008.30.9.1303589
http://dx.doi.org/10.1358/mf.2008.30.9.1303589
http://dx.doi.org/10.1038/447368a
http://dx.doi.org/10.1212/01.wnl.0000183056.89590.0d
http://dx.doi.org/10.1007/s11910-012-0290-7
http://dx.doi.org/10.1038/nrn755
http://dx.doi.org/10.1073/pnas.0604187103

www.nature.com/scientificreports/

22.

23.

24.
25.
26.
27.
28.
29.

30.
. Gregoriou, G. G., Gotts, S. J., Zhou, H. & Desimone, R. High-Frequency, Long-Range Coupling Between Prefrontal and Visual

32.
33.
34.
35.

36.
37.

38.
39.
40.
41.
42.
43.

44,
45.

46.

47.
48.

49.

50.
51.

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.

Klimesch, W. Alpha-band oscillations, attention, and controlled access to stored information. Trends in cognitive sciences 16,
606-617 (2012).

Zanto, T. P, Rubens, M. T., Thangavel, A. & Gazzaley, A. Causal role of the prefrontal cortex in top-down modulation of visual
processing and working memory. Nat Neurosci 14, 656661, http://www.nature.com/neuro/journal/v14/n5/abs/nn.2773.html
(2011).

Benedek, M., Schickel, R. J., Jauk, E., Fink, A. & Neubauer, A. C. Alpha power increases in right parietal cortex reflects focused
internal attention. Neuropsychologia 56, 393-400 (2014).

Laufs, H. et al. Electroencephalographic signatures of attentional and cognitive default modes in spontaneous brain activity
fluctuations at rest. Proceedings of the national academy of sciences 100, 11053-11058 (2003).

Sadaghiani, S. et al. Intrinsic connectivity networks, alpha oscillations, and tonic alertness: a simultaneous electroencephalography/
functional magnetic resonance imaging study. The Journal of Neuroscience 30, 10243-10250 (2010).

Doppelmayr, M., Klimesch, W., Hédlmoser, K., Sauseng, P. & Gruber, W. Intelligence related upper alpha desynchronization in a
semantic memory task. Brain Research Bulletin 66, 171-177 (2005).

Doppelmayr, M., Klimesch, W., Stadler, W., Péllhuber, D. & Heine, C. EEG alpha power and intelligence. Intelligence 30, 289-302
(2002).

Sauseng, P. et al. A shift of visual spatial attention is selectively associated with human EEG alpha activity. European Journal of
Neuroscience 22,2917-2926 (2005).

Leech, R. & Sharp, D. J. The role of the posterior cingulate cortex in cognition and disease. Brain 137, 12-32 (2014).

Cortex During Attention. Science 324, 1207-1210, https://doi.org/10.1126/science.1171402 (2009).

Vinck, M., Womelsdorf, T., Buffalo, E. A., Desimone, R. & Fries, P. Attentional modulation of cell-class-specific gamma-band
synchronization in awake monkey area v4. Neuron 80, 1077-1089 (2013).

Fries, P, Reynolds, J. H., Rorie, A. E. & Desimone, R. Modulation of oscillatory neuronal synchronization by selective visual
attention. Science 291, 1560-1563, https://doi.org/10.1126/science.291.5508.1560 (2001).

Engel, A. K, Fries, P. & Singer, W. Dynamic predictions: oscillations and synchrony in top-down processing. Nat Rev Neurosci 2,
704-716, https://doi.org/10.1038/35094565 (2001).

Doesburg, S. M., Roggeveen, A. B., Kitajo, K. & Ward, L. M. Large-scale gamma-band phase synchronization and selective attention.
Cerebral cortex 18, 386-396, https://doi.org/10.1093/cercor/bhm073 (2008).

Osipova, D., Hermes, D. & Jensen, O. Gamma power is phase-locked to posterior alpha activity. PloS one 3, €3990 (2008).

Spaak, E., Bonnefond, M., Maier, A., Leopold, D. A. & Jensen, O. Layer-specific entrainment of gamma-band neural activity by the
alpha rhythm in monkey visual cortex. Current biology: CB 22, 2313-2318, https://doi.org/10.1016/j.cub.2012.10.020 (2012).
Jokisch, D. & Jensen, O. Modulation of Gamma and Alpha Activity during a Working Memory Task Engaging the Dorsal or Ventral
Stream. The Journal of Neuroscience 27, 3244-3251, https://doi.org/10.1523/jneurosci.5399-06.2007 (2007).

Jensen, O. & Bonnefond, M. Prefrontal alpha- and beta-band oscillations are involved in rule selection. Trends in cognitive sciences
17, 10-12, https://doi.org/10.1016/j.tics.2012.11.002 (2013).

Asplund, C. L., Todd, J. ], Snyder, A. P. & Marois, R. A central role for the lateral prefrontal cortex in goal-directed and stimulus-
driven attention. Nature neuroscience 13, 507-512 (2010).

Brookes, M. J. et al. Investigating the electrophysiological basis of resting state networks using magnetoencephalography. Proceedings
of the National Academy of Sciences 108, 16783-16788 (2011).

Mantini, D, Perrucci, M. G., Del Gratta, C., Romani, G. L. & Corbetta, M. Electrophysiological signatures of resting state networks
in the human brain. Proceedings of the National Academy of Sciences 104, 1317013175 (2007).

Praamstra, P, Boutsen, L. & Humphreys, G. W. Frontoparietal control of spatial attention and motor intention in human EEG.
Journal of neurophysiology 94, 764-774 (2005).

Palva, S. & Palva, J. M. New vistas for a-frequency band oscillations. Trends in neurosciences 30, 150-158 (2007).

Bruns, A., Eckhorn, R., Jokeit, H. & Ebner, A. Amplitude envelope correlation detects coupling among incoherent brain signals.
Neuroreport 11, 1509-1514 (2000).

Pollok, B., Gross, J., Dirks, M., Timmermann, L. & Schnitzler, A. The cerebral oscillatory network of voluntary tremor. The Journal
of physiology 554, 871-878 (2004).

Fahn, S. Recent developments in Parkinson’s disease. (Raven Pr, 1986).

Volkow, N. D. et al. Association between age-related decline in brain dopamine activity and impairment in frontal and cingulate
metabolism. American Journal of Psychiatry (2000).

Logan, J. M., Sanders, A. L., Snyder, A. Z., Morris, J. C. & Buckner, R. L. Under-recruitment and nonselective recruitment: dissociable
neural mechanisms associated with aging. Neuron 33, 827-840 (2002).

Siepmann, M. & Kirch, W. Effects of caffeine on topographic quantitative EEG. Neuropsychobiology 45, 161-166 (2002).
Moazami-Goudarzi, M., Michels, L., Weisz, N. & Jeanmonod, D. Temporo-insular enhancement of EEG low and high frequencies
in patients with chronic tinnitus. QEEG study of chronic tinnitus patients. BMC neuroscience 11, 40 (2010).

Sherlin, L. & Congedo, M. Obsessive-compulsive dimension localized using low-resolution brain electromagnetic tomography
(LORETA). Neuroscience letters 387, 72-74 (2005).

Pascual-Marqui, R. D. Standardized low-resolution brain electromagnetic tomography (sSLORETA): technical details. Methods Find
Exp Clin Pharmacol 24, 5-12 (2002).

Nichols, T. E. & Holmes, A. P. Nonparametric permutation tests for functional neuroimaging: a primer with examples. Human brain
mapping 15, 1-25 (2002).

Jurcak, V., Tsuzuki, D. & Dan, I. 10/20, 10/10, and 10/5 systems revisited: their validity as relative head-surface-based positioning
systems. Neuroimage 34, 1600-1611 (2007).

Fuchs, M., Kastner, J., Wagner, M., Hawes, S. & Ebersole, J. S. A standardized boundary element method volume conductor model.
Clinical Neurophysiology 113, 702-712 (2002).

Hamaldinen, M. S. & Ilmoniemi, R. J. Interpreting measured magnetic fields of the brain: estimates of current distributions. (Helsinki
University of Technology, Department of Technical Physics, 1984).

van den Broek, S. P, Reinders, F., Donderwinkel, M. & Peters, M. J. Volume conduction effects in EEG and MEG.
Electroencephalography and Clinical Neurophysiology 106, 522-534, https://doi.org/10.1016/S0013-4694(97)00147-8 (1998).
Pascual-Marqui, R. D. Discrete, 3D distributed, linear imaging methods of electric neuronal activity. Part 1: exact, zero error
localization. arXiv preprint arXiv 0710, 3341 (2007).

Pascual-Marqui, R. D. et al. Assessing interactions in the brain with exact low-resolution electromagnetic tomography. Philosophical
Transactions of the Royal Society of London A: Mathematical, Physical and Engineering Sciences 369, 3768-3784 (2011).

Xia, M., Wang, ]. & He, Y. BrainNet Viewer: a network visualization tool for human brain connectomics. PloS one 8, 68910 (2013).
McDonald, J. H. Handbook of biological statistics. Vol. 2 (Sparky House Publishing Baltimore, MD, 2009).

Roux, E, Wibral, M., Singer, W., Aru, J. & Uhlhaas, P. ]. The phase of thalamic alpha activity modulates cortical gamma-band activity:
evidence from resting-state MEG recordings. Journal of Neuroscience 33, 17827-17835 (2013).

Lalo, E. et al. Patterns of bidirectional communication between cortex and basal ganglia during movement in patients with
Parkinson disease. Journal of Neuroscience 28, 3008-3016 (2008).

SCIENTIFICREPORTS| (2018) 8:10609 | DOI:10.1038/s41598-018-29036-y 10


http://www.nature.com/neuro/journal/v14/n5/abs/nn.2773.html
http://dx.doi.org/10.1126/science.1171402
http://dx.doi.org/10.1126/science.291.5508.1560
http://dx.doi.org/10.1038/35094565
http://dx.doi.org/10.1093/cercor/bhm073
http://dx.doi.org/10.1016/j.cub.2012.10.020
http://dx.doi.org/10.1523/jneurosci.5399-06.2007
http://dx.doi.org/10.1016/j.tics.2012.11.002
http://dx.doi.org/10.1016/S0013-4694(97)00147-8

www.nature.com/scientificreports/

65. Herz, D. M. et al. Levodopa reinstates connectivity from prefrontal to premotor cortex during externally paced movement in
Parkinson’s disease. Neuroimage 90, 15-23 (2014).

66. Brown, P. et al. Dopamine dependency of oscillations between subthalamic nucleus and pallidum in Parkinson’s disease. The Journal
of neuroscience 21, 1033-1038 (2001).

67. Cooper, N. R, Croft, R. J., Dominey, S. J., Burgess, A. P. & Gruzelier, J. H. Paradox lost? Exploring the role of alpha oscillations
during externally vs. internally directed attention and the implications for idling and inhibition hypotheses. International Journal of
Psychophysiology 47, 65-74 (2003).

68. Jensen, O. & Mazaheri, A. Shaping functional architecture by oscillatory alpha activity: gating by inhibition. Frontiers in human
neuroscience 4 (2010).

69. Rihs, T. A., Michel, C. M. & Thut, G. Mechanisms of selective inhibition in visual spatial attention are indexed by a-band EEG
synchronization. European Journal of Neuroscience 25, 603-610 (2007).

70. Capotosto, P., Babiloni, C., Romani, G. L. & Corbetta, M. Frontoparietal cortex controls spatial attention through modulation of

anticipatory alpha rhythms. Journal of Neuroscience 29, 5863-5872 (2009).
. Palva, J. M., Monto, S., Kulashekhar, S. & Palva, S. Neuronal synchrony reveals working memory networks and predicts individual
memory capacity. Proceedings of the National Academy of Sciences 107, 7580-7585 (2010).

72. Laufs, H. et al. EEG-correlated fMRI of human alpha activity. Neuroimage 19, 1463-1476 (2003).

73. Egeth, H. E. & Yantis, S. Visual attention: Control, representation, and time course. Annual review of psychology 48, 269-297 (1997).

74. Mechelli, A., Price, C. J., Friston, K. J. & Ishai, A. Where bottom-up meets top-down: neuronal interactions during perception and
imagery. Cerebral cortex 14, 1256-1265 (2004).

75. Tommasi, G. et al. Disentangling the Role of Cortico-Basal Ganglia Loops in Top-Down and Bottom-Up Visual Attention: An
Investigation of Attention Deficits in Parkinson Disease. Journal of cognitive neuroscience (2015).

76. De Ridder, D., Vanneste, S., Langguth, B. & Llinas, R. Thalamocortical Dysrhythmia: A Theoretical Update in Tinnitus. Front Neurol
6, 124, https://doi.org/10.3389/fneur.2015.00124 (2015).

77. Saalmann, Y. B, Pinsk, M. A., Wang, L., Li, X. & Kastner, S. The pulvinar regulates information transmission between cortical areas
based on attention demands. Science 337, 753-756, https://doi.org/10.1126/science.1223082 (2012).

78. Roux, F. & Uhlhaas, P. J. Working memory and neural oscillations: alpha-gamma versus theta-gamma codes for distinct WM
information? Trends Cogn Sci 18, 16-25, https://doi.org/10.1016/j.tics.2013.10.010 (2014).

79. Canolty, R. T. & Knight, R. T. The functional role of cross-frequency coupling. Trends in cognitive sciences 14, 506-515 (2010).

80. Hyafil, A., Giraud, A.-L., Fontolan, L. & Gutkin, B. Neural cross-frequency coupling: connecting architectures, mechanisms

functions. Trends in Neurosciences 38, 725-740 (2015).
. De Lange, E P, Jensen, O., Bauer, M. & Toni, I. Interactions between posterior gamma and frontal alpha/beta oscillations during
imagined actions. Frontiers in human neuroscience 2,7 (2008).

82. Mazaheri, A. et al. Functional disconnection of frontal cortex and visual cortex in attention-deficit/hyperactivity disorder. Biological
psychiatry 67, 617-623 (2010).

83. Marshall, T. R., O’Shea, J., Jensen, O. & Bergmann, T. O. Frontal eye fields control attentional modulation of alpha and gamma
oscillations in contralateral occipitoparietal cortex. Journal of Neuroscience 35, 1638-1647 (2015).

84. Pickut, B. et al. Mindfulness training among individuals with Parkinson’s disease: neurobehavioral effects. Parkinson’s Disease 2015
(2015).

85. Brewer, J. A. et al. Meditation experience is associated with differences in default mode network activity and connectivity.
Proceedings of the National Academy of Sciences 108, 20254-20259 (2011).

86. Kerr, C. E., Sacchet, M. D., Lazar, S. W,, Moore, C. I. & Jones, S. R. Mindfulness starts with the body: somatosensory attention and
top-down modulation of cortical alpha rhythms in mindfulness meditation. Frontiers in human neuroscience 7, 12 (2013).

87. Buxbaum, L. J. Ideomotor apraxia: a call to action. Neurocase 7, 445-458 (2001).

88. Fogassi, L. & Luppino, G. Motor functions of the parietal lobe. Current opinion in neurobiology 15, 626-631 (2005).

89. Teixeira, S. et al. Integrative parietal cortex processes: neurological and psychiatric aspects. Journal of the neurological sciences 338,
12-22 (2014).

90. Buxbaum, L. J., Kyle, K., Grossman, M. & Coslett, B. Left inferior parietal representations for skilled hand-object interactions:
evidence from stroke and corticobasal degeneration. Cortex 43, 411-423 (2007).

91. Dirkx, M. E. et al. Dopamine controls Parkinson’s tremor by inhibiting the cerebellar thalamus. Brain 140, 721-734 (2017).

92. Parr-Brownlie, L. C. & Hyland, B. I. Bradykinesia induced by dopamine D2 receptor blockade is associated with reduced motor
cortex activity in the rat. Journal of Neuroscience 25, 5700-5709 (2005).

93. Floel, A., Buyx, A., Breitenstein, C., Lohmann, H. & Knecht, S. Hemispheric lateralization of spatial attention in right-and left-
hemispheric language dominance. Behavioural brain research 158, 269-275 (2005).

7

—_

8

—_

Author Contributions

H.B.Y. wrote the manuscript and processed the data. E.O.C. processed the data and edited the manuscript. D.D.R.
designed the experiment and edited the manuscript. B.A.P. designed the experiment and collected the data. S.V.
edited the manuscript and supervised data processing.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
CEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:10609 | DOI:10.1038/s41598-018-29036-y 11


http://dx.doi.org/10.3389/fneur.2015.00124
http://dx.doi.org/10.1126/science.1223082
http://dx.doi.org/10.1016/j.tics.2013.10.010
http://creativecommons.org/licenses/by/4.0/

	The Functional Alterations in Top-Down Attention Streams of Parkinson’s disease Measured by EEG

	Methods

	Study participants. 
	Behavioral measures. 
	EEG recording. 
	Source reconstruction. 
	Regions of interest. 
	Functional connectivity. 
	Statistical analysis of whole-brain activity. 
	Statistical analysis of discordance in activity and connectivity. 
	Post-hoc cross-frequency coupling analysis and statistical tests. 
	Data Availability. 

	Results

	Participants. 
	Whole-brain neural activity analysis. 
	Balance between top-down and bottom-up. 
	Cross-frequency coupling comparison. 
	Cross-frequency coupling correlation to Parkinson’s disease symptoms. 

	Discussion

	Figure 1 Graphical demonstration of the methods applied in this study.
	Figure 2 Whole brain subtraction analysis between neural activity levels (current density, unit = log(A/m2)) of Parkinson’s disease patients (PD) and healthy control participants (CON).
	Figure 3 Regions of interest are shown in three-dimensional rendering of brain.
	Figure 4 The balance between the neural activity level and functional connectivity in top-down and bottom-up attention streams is represented by the interaction effect from the repeated measures ANOVA.
	Figure 5 Bivariate correlation of amplitude-amplitude coupling in top-down regions to the Unified Parkinson’s Disease Rating Scale (UPDRS) scores.
	Figure 6 Bivariate correlation of amplitude-amplitude coupling in bilateral posterior parietal cortices to the subscales within Unified Parkinson’s Disease Rating Scale 3 motor scores.
	Table 1 Demographic information.
	Table 2 Regions of interest in connectivity analysis.




