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Neural entrainment plays a crucial role in perception and action, especially when stimuli

possess a certain temporal regularity, and is also suggested to serve as a neural process to

select and attend the relevant stream in situations where there are competing stimulus

streams. Beneficial effects of entrainment have led to the suggestion that rhythmic stimuli

can improve motor function in patients with Parkinson's disease (PD). Behavioural studies

support this suggestion, but neurophysiological studies have shown reduced entrainment of

motor areas in PD. However, oscillatory entrainment in PD has only been tested in para-

digms with a single isochronous stimulus stream, whereas entrainment has an enhanced

benefit in situations where one rhythmic stimulus stream has to be segregated from dis-

tractor stimuli. Therefore, we here used an intermodal selective attention task with con-

current auditory and visual stimulus streams while recording oscillatory brain activity with

Magnetoencephalography (MEG). We aimed to (i) replicate earlier findings of deficient motor

entrainment in PD patients in conditions where there is a single stimulus stream, and (ii) to

evaluate whether increasing the benefit of entrainment by introducing a distractor stream

would lead to entrainment in PD patients not seen otherwise. Contrary to this hypothesis,

PD patients showed reduced motor entrainment compared to controls during both condi-

tions, as indexed by beta oscillatory activity. These results suggest that entrainment in PD

patients is deficient, even under conditions that encourage entrainment.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Low-frequency oscillations have been shown to play a crucial

role in perception and action (Gupta & Chen, 2016; Schroeder

& Lakatos, 2009). These oscillations are thought to reflect
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rhythmic fluctuations in excitability of the underlying neural

tissue, thereby influencing the likelihood of firing. Several

studies have shown that the efficiency of stimulus processing

depends on the phase of these slow oscillations (Cravo,

Rohenkohl, Wyart, & Nobre, 2013; Henry & Obleser, 2012).

When stimuli possess a certain temporal regularity, the brain
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optimizes the processing of these stimuli by aligning the

phase with high excitability (the preferred phase) with the

onset of the external stimuli. This phase-alignment, a process

known as neural entrainment, has been shown to take place

across different cortical areas and frequencies (Cravo et al.,

2013; Gomez-Ramirez et al., 2011; Henry & Obleser, 2012;

Lakatos, Karmos, Mehta, Ulbert, & Schroeder, 2008). Entrain-

ment has an additional benefit of helping to suppress irrele-

vant stimuli that are presented during the low excitability

phase (Lakatos et al., 2005, 2008, Lakatos, Musacchia et al.,

2013). Therefore, in situations where there are multiple

stimulus streams, entrainment might serve as a neural pro-

cess to select and attend the relevant, and suppress the

irrelevant stimulus stream.

Entrainment extends beyond the sensory systems, as

studies have shown that motor cortical activity can also

entrain to external stimuli (Praamstra, Kourtis, Kwok, &

Oostenveld, 2006; Saleh, Reimer, Penn, Ojakangas, &

Hatsopoulos, 2010). This entrainment of motor areas has

beneficial effects during rhythmic tasks, as it focuses atten-

tion and motor readiness to a time window that temporally

aligns with stimulus presentation. These findings are in line

with the suggestion that rhythmic stimuli can improve motor

function, for example during gait, in patients with Parkinson's
disease (PD) (Ashoori, Eagleman, & Jankovic, 2015; Hove &

Keller, 2015; Thaut, McIntosh, & Hoemberg, 2015). Behav-

ioural studies support this beneficial effect of rhythmic cues

on gait in PD patients (Nieuwboer et al., 2007), but neuro-

physiological studies have instead shown reduced entrain-

ment of motor areas in PD compared to healthy controls

(Praamstra & Pope, 2007; te Woerd, Oostenveld, de Lange, &

Praamstra, 2014, 2015, 2017).

However, previous studies showing this deficient

entrainment in PD have only evaluated entrainment in par-

adigms with one isochronous stimulus stream that still allow

for a continuous instead of a rhythmic mode of attending

(Schroeder & Lakatos, 2009). In a continuous (vigilance) mode

of attending, low frequency oscillations are suppressed and

the system is pushed as much as possible into a state of

continuous high excitability, allowing fast responses to each

presented stimulus (Schroeder & Lakatos, 2009). In conditions

where there is more than one (rhythmic) stimulus stream, by

contrast, such a continuous mode of attention is detrimental

as it can lead to responses to stimuli that have to be ignored.

Thus, entrainment is particularly useful in situations where

one rhythmic stimulus stream has to be segregated from

other (distractor) stimuli (Lakatos et al., 2008, Lakatos,

Schroeder, Leitman, & Javitt, 2013; Schroeder & Lakatos,

2009; for review see; Calderone, Lakatos, Butler, &

Castellanos, 2014). Therefore, we hypothesize that, in situa-

tions where there are multiple stimulus streams and only

one stream is task-relevant, the increased benefit of

entrainment might elicit motor entrainment in PD patients,

not seen using a single stimulus stream. Such a finding

would be in line with earlier evidence that entrainment in PD

is context dependent (Cunnington, Iansek, & Bradshaw,

1999). Cunnington and colleagues used movement-related

potentials (MRPs) to show that PD patients have reduced

preparatory activity during an externally cued task with

temporal regularity, but show normal entrainment when
pointed out that the temporal regularity (the “task rhythm”)

allows advance preparation.

While the aforementioned evidence suggests that PD pa-

tients might deploy entrainment only in challenging condi-

tions, there are also reasons to consider the possibility that

the addition of a distractor stimulus stream may have no ef-

fect or even be detrimental in PD patients. The bimodal

stimulation conditions put a greater demand on internal

attentional control, as subjects have to generate andmaintain

an attentional set for the relevant modality. Studies on

attention in PD show that patients are particularly impaired in

internal or top-down attentional control, increasing their

susceptibility to salient but irrelevant distractors (Brown &

Marsden, 1988; Cools, Rogers, Barker, & Robbins, 2009;

Flowers & Robertson, 1985; Tommasi et al., 2015). Further-

more, internal attentional control also encompasses the

generation of temporal predictions by basal ganglia-motor

circuits and entrainment of relevant areas to attended

external stimuli, a process that has also been shown to be

deficient in PD (Praamstra& Pope, 2007; Grahn& Brett, 2009; te

Woerd et al., 2014, 2015, 2017). Hence, unaltered or reduced

entrainment in bimodal compared to unimodal attention

conditions would be consistent with earlier studies showing

deficient entrainment in PD, and would indicate deficient

oscillatory entrainment as a relevant mechanism underlying

changes in attentional control in PD.

We used an intermodal selective attention task with

bimodal (auditory and visual) stimulation conditions while

recording brain activity using MEG. Different from earlier

studies in macaques (Lakatos et al., 2008, Lakatos Musacchia

et al., 2013; Schroeder & Lakatos, 2009), which investigated

oscillatory activity in sensory cortices, our approach focused

on the motor cortex. Firstly, we aimed to replicate earlier

findings of deficient entrainment of motor cortex beta oscil-

lations in PD patients in conditions where there is only one

stimulus stream. Secondly, we evaluated whether increasing

the benefit of entrainment by introducing a distractor stream

presented in anti-phase, would lead to better entrainment in

PD patients. Based on our earlier work on motor entrainment

in PD, analyses focused on entrainment of beta power

changes inmotor and sensory cortex as themost robust signal

showing entrainment by external cues (Praamstra & Pope,

2007; te Woerd et al., 2014, 2015). Note that beta oscillatory

power is usually found elevated and of altered responsiveness

in PD, with probable pathophysiological significance (for re-

views see Brittain & Brown, 2014; Engel & Fries, 2010;

Jenkinson & Brown, 2011). The changes in beta activity in PD

are improved by dopaminergic therapy and deep brain stim-

ulation (Eusebio et al., 2011; Kühn, Kupsch, Schneider, &

Brown, 2006; Weinberger et al., 2006). Task-related modula-

tions of beta power are therefore a suitable physiological

measure to evaluate effects of entrainment.
2. Materials and methods

2.1. Participants

A total of 12 PD patients (10 men; aged 60 ± 7 years) and 12

healthy subjects (8 men; aged 59 ± 4 years) participated in the

https://doi.org/10.1016/j.cortex.2017.11.011
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experiment. All control subjects were without history of

neurological or psychiatric disease. PD patients were of mild

to moderate disease severity (see Table 1). All participants

provided written consent and the study was approved by the

local ethics committee (CMO Arnhem-Nijmegen). All patients

were on dopaminergic medication, but the experimental

investigation and Unified Parkinson's Disease Rating Scale

(UPDRS) rating were performed in the morning, after over-

night withdrawal ofmedication (>12 h). The patient group had

a mean score of 23 ± 4 on the motor section of the UPDRS (see

Table 1) in the OFF state.

2.2. Task and procedure

The experiment consisted of an intermodal selective attention

task in which participants had to detect an auditory or visual

target during bimodal (auditory and visual) or unimodal con-

ditions (see Fig. 1). Two of the conditions (auditory unimodal e

AU and visual unimodal e VU) had only stimuli from one mo-

dality and subjects performed a target detection task on the

presented stimuli. The other two conditions (auditory bimodal e

AB and visual bimodal e VB) contained stimuli from both mo-

dalities, with the auditory and visual stimuli presented in anti-

phase, and subjects onlyhad to attend toandperformthe target

detection task in onemodality (i.e., in the AB condition subjects

attended the auditory stimuli and in the VB condition the visual

stimuli). The auditory stimuli (pitch 1000 Hz and 50 msec

duration) were presented at a volume of 40 dB above the indi-

vidual hearing threshold, which was estimated bymeans of an

adaptive staircaseprocedurebefore theexperiment (Treutwein,

1995). The visual stimulus was a light gray circle presented at
Table 1 e Demographic and clinical characteristics of participatin
directly after the experiment. Levodopa was always used with a

Subject
number

Age (years)
and gender

Years since
diagnosis

Most affected
side

1 70, M 6 L

2 62, M 4 L

3 57, M 5 R

4 67, M 4 L

5 60, F 8 L

6 48, M 4 R

7 48, F 4 L

8 63, M 14 R

9 64, M 10 R

10 55, M 4 L

11 61, M 2 R

12 59, M 17 L

Mean (±SD) 60 ± 7 7 ± 5
fixation for 50 msec, with the circle spanning 1� � 1� of visual

angle. A fixation area was permanently indicated by white

brackets (enclosing a square of 7.2� � 6.1� of visual angle) sur-

rounding the central screen area where the circle stimuli were

presented. All stimuli of the same modality were presented

with a fixed stimulus onset asynchrony (SOA) of 800 msec,

rendering a fixed presentation rate of 1.25 Hz. Target stimuli

were similar to the standard stimuli but with a small reduction

in intensity (less volume for the auditory target, and reduced

brightness for the visual target), with the detection rate of both

targets aimed to be ~80% by means of a four-down/one-up

staircase procedure before the experiment (Garcı́a-P�erez, 1998;

Treutwein, 1995). Target probability was 10% for each condi-

tion and block, with the targets separated by at least two stan-

dard stimuli (bothwithin and betweenmodalities). Participants

were instructed topress the responsebuttonasswift aspossible

and first performed a practice block (in each modality) to learn

the task. After the practice blocks, stimuli were presented in 12

series of 220 stimuli each (~3 min; three series of each condi-

tion), with a short break between series.

2.3. MEG recordings

Ongoing brain activity was recorded using a whole-head MEG

system with 275 axial gradiometers (VSM/CTF Systems,

Coquitlam, BC) in a magnetically shielded room. During the

experiment, we continuouslymeasured head position relative

to the sensor array using localization coils that were placed at

the nasion and in the left and right ear canals (Stolk,

Todorovic, Schoffelen, & Oostenveld, 2013). Vertical electro-

oculogram (EOG) was recorded from the supra- and
g Parkinson patients. UPDRS motor score was determined
dopadecarboxylase inhibitor.

UPDRS motor
score

Dominant
hand

Medication (daily dose)

25 R Levodopa 450 mg

Trihexyphenidyl 6 mg

Pramipexol 1.5 mg

25 R Levodopa 500 mg

21 L Levodopa 600 mg

23 R Levodopa 450 mg

19 R Levodopa 500 mg

Ropinirol 8 mg

Selegiline 10 mg

Amantadine 200 mg

23 R Levodopa 500 mg

Pramipexol .75 mg

17 R Levodopa 300 mg

Pramipexol 1.125 mg

27 R Levodopa 550 mg

Pramipexol 3 mg

31 L Levodopa 750 mg

Entacapone 5 � 200 mg

Amantadine 2 � 100 mg

19 R Levodopa 800 mg

Entacapone 800 mg

20 R Levodopa 600 mg

24 R Levodopa 700 mg

Pramipexol 1.5 mg

Amantadine 200 mg

23 ± 4

https://doi.org/10.1016/j.cortex.2017.11.011
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Fig. 1 e Overview of the intermodal selective attention task. There were two types of stimulus streams, an auditory and a

visual stimulus stream. In the unimodal conditions, either the visual (VU) or the auditory (AU) stimuli were presented and

participants had to depress a button when detecting a target stimulus. In the bimodal conditions, the auditory and visual

stimulus streams were presented simultaneously but in anti-phase, and participants had to attend either to the visual (VB)

or to the auditory (AB) stimuli. Targets were defined by a lower intensity.
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infraorbital ridges of the left eye, and horizontal EOG from the

bilateral outer canthi. MEG and EOG data were sampled at

1200 Hz.

2.4. Behavioural analyses

Reaction time analyses were performed on the responses to

the target tones, after excluding trials in which the response

exceeded a reaction time cut-off (>900 msec). Mean response

times were determined for each condition (AU, VU, AB, and

VB) separately. In addition, we calculated the overall per-

centage of detected targets (percent correct) and percentage of

correct rejections (not responding to targets in the unattended

stream in the bimodal conditions).

2.5. MEG data analyses

MEG data were analyzed with MATLAB 2014a (Mathworks,

Natick, MA) using the open-source FieldTrip toolbox

(Oostenveld, Fries, Maris, & Schoffelen, 2011). For the main

analyses, epochs of 5000 msec (2500 msec pre-stimulus and

2500msec post-stimulus) were extracted from the continuous

data separately for all conditions. These epochs all consisted

of four consecutive standard stimuli, using series of non-

target stimuli and no button responses to avoid any

movement-related activity. After removal of trials containing

muscle artifacts, slow drift, or SQUID (superconducting

quantum interference device) jumps, data were down-

sampled to 400 Hz.

Independent component analysis was used to remove any

remaining variance caused by eye blinks and heartbeat arti-

facts. As an extra check, the remaining data epochs were

visually inspected and any epochs with artifacts were

removed manually. The remaining stimulus-locked epochs

were submitted to time-frequency and statistical analyses.

Statistical analyses were performed with the factors Group

(controls vs patients), Condition (unimodal vs bimodal stim-

ulus presentation), Modality (auditory vs visual stimuli) and

Attention (attended vs unattended stimuli in the bimodal

conditions). All statistical analyses presented here were per-

formed using SPSS version 19 (IBM Corp. Armonk, NY) unless

stated otherwise.
2.6. Event-related fields

Before calculating the event-related fields (ERFs), all data were

low-pass filtered using a 6th-order two-pass Butterworth filter

with a cut-off frequency of 30 Hz. ERFswere baseline corrected

by subtracting themean signal amplitude in the 100msec pre-

stimulus interval (�100 to 0 msec). A planar gradient trans-

form was subsequently calculated (Bastiaansen & Kn€osche,

2000), which simplifies the interpretation of the sensor-level

data by placing the maximal signal above the source.

2.7. Time-frequency analyses

Frequency decomposition was performed on the horizontal

and vertical components of each axial channel, after which

these components were combined to obtain the oscillatory

power at each synthetic planar channel. For all channels,

time-frequency representations (TFRs) were calculated using

a Fourier transform approach, applied to short sliding time

windows across the entire length of the epochs, with a step-

size of 10 msec. Before the Fourier transform, the data in

each time window was tapered with a Hanning function. The

mean planar gradient power was estimated for all trials

within a condition in the frequency range 1e30 Hz (1 Hz fre-

quency resolution) and an adaptive time window of four cy-

cles for each frequency. For the main analyses, percentage

change in oscillatory powerwas defined as the relative change

with respect to the mean power in the epoch (�1000 to

1200msec post-stimulus time window). Statistical analyses of

TFRs were performed in the Fieldtrip toolbox (Oostenveld

et al., 2011) by means of a cluster-based permutation test

with 1000 randomizations over the whole epoch length (�1 to

1.2 s post-stimulus) and over all frequencies (1e30 Hz).
3. Results

3.1. Behavioural data

Participants had to detect auditory or visual deviants amidst a

stream of standard stimuli, and these auditory and visual

streams were either presented separately (unimodal

https://doi.org/10.1016/j.cortex.2017.11.011
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conditions: AU and VU) or simultaneously but in anti-phase

(bimodal conditions: AB and VB). Across groups, detection

rate of the deviant stimuli was lower for the visual than for the

auditory domain, as shown by a main effect of Modality

(F1,22 ¼ 42.2, p < .001) (Fig. 2A). This difference between mo-

dalities was larger for the patient than for the control group, as

indicated by an interaction between Modality and Group

(F1,22 ¼ 6.2, p ¼ .021). Presentation of a concurrent distractor

stream in anti-phase significantly worsened detection rate

across groups (F1,22 ¼ 65.0, p < .001). This negative effect of the

distractor stream was larger in the auditory than in the visual

domain, as indicated by an interaction between Modality and

Condition (F1,22 ¼ 7.8, p ¼ .011). Overall detection rate was not

different between groups (F1,22 < 1), nor was there an inter-

action between Group and Condition (F1,22 < 1). The three-way

interaction between Condition, Modality and Group

approached significance (F1,22 ¼ 4.0, p¼ .058), due to a stronger

interference by the distractor stream in the visualmodality for

patients. Both groups were equally able to selectively attend

the relevant stream in the bimodal conditions, as false alarms,

i.e., responses to deviants in the unattended stream, was at

floor level in both the auditory (controls: 1 ± 2%; patients

1 ± 2%) and visual (controls: 1 ± 2%; patients: 1 ± 1%)

conditions.

Overall response times to deviant stimuli were not signif-

icantly different between groups (F1,22 < 1) (Fig. 2B), and not

significantly different between the auditory and visual

domain (F1,22 ¼ 1.9, p ¼ .18). Presentation of the concurrent

distracting stimuli significantly delayed response time, as

shown by amain effect of Condition (F1,22¼ 16.8, p< .001). This

effect of the distractor stream was larger for auditory than for

visual targets, indicated by an interaction between Modality

and Condition (F1,22 ¼ 8.9, p ¼ .007). The interaction between

Modality and Group approached significance, suggesting

faster response times for controls than patients in the audi-

tory domain, but vice versa in the visual domain (F1,22 ¼ 3.9,
Fig. 2 e Behavioural data for both groups and all conditions. A) P

response time to targets. Whiskers represent the standard erro
p ¼ .060). There were no further interactions involving the

factors Modality, Condition or Group.

3.2. Attentional modulation of neural responses

We analyzed the magnetic field in response to auditory and

visual stimulation in two regions of interest overlying the

auditory and visual cortices, with each region of interest (ROI)

consisting of 20 sensors (10 per hemisphere and symmetri-

cally distributed over hemispheres, see Fig. 4). These sensors

showed, averaged across groups and relevant conditions (i.e.,

AU and AB for auditory ROI), the strongest magnetic response

to the presented stimuli. The auditory and visual stimuli both

produced a large neural response in the ERF, reaching a

maximum peak at approximately 150 msec post-stimulus for

both modalities and groups (Fig. 3). The amplitude of the N1-

response was, for the unimodal conditions, not different be-

tween groups (F1,22 < 1) or modalities (F1,22 < 1). In the bimodal

conditions, there was a significant enhancing effect of

Attention on N1-amplitude (F1,22 ¼ 26.1, p < .001). This effect of

attention was larger for the visual than for the auditory

domain, as shown by an interaction between Attention and

Modality (F1,22 ¼ 11.9, p ¼ .002). There were no further effects

or interactions involving the factors Modality, Group or

Attention.

To gain more insight into the effects of attention on neural

processing, we calculated time/frequency representations

(TFRs) of the changes in magnetic field strength over the

sensory ROIs and, as we want to investigate motor entrain-

ment, over a region of interest overlying the motor cortex

contralateral to the response hand (Fig. 5A). This motor ROI

consisted of 10 sensors that showed the strongest neural

response after target stimuli, averaged across groups and all

conditions. This analysis showed strong spectral power

changes in predominantly the theta (4e8 Hz) and beta

(13e30 Hz) frequency-bands (Fig. 4), for all ROIs and groups.
ercentage of targets that were detected correctly. B) Average

r.

https://doi.org/10.1016/j.cortex.2017.11.011
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Fig. 3 e Evoked fields over the auditory and visual ROIs for both groups, in the bimodal conditions. The two left panels (top:

controls, bottom: patients) show the magnetic field strength over the auditory ROI in the AB (blue) and VB condition (red)

time-locked to the onset of the auditory stimuli. Panels on the right show the magnetic field strength over the visual ROI in

the same conditions, time-locked to the onset of the visual stimuli.
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The strongest attentional effects were seen in spectral power

changes in the beta frequency-band, with power changes

significantly stronger for the attended than for the ignored

stimulus stream for both groups and all ROIs (p < .05). How-

ever, beta power changeswere not different between attended

and ignored streams over the motor ROI for PD patients, and

we will zoom in on this differential result in the following

sections.

3.3. Deficient motor entrainment in Parkinson's disease

Participantswere instructed to depress the response button as

swiftly as possible when detecting a deviant stimulus in the

attended stream, requiring response readiness at the regularly

spaced times of stimulus occurrence. We evaluated this

induced motor entrainment by examining beta (13e30 Hz)

oscillatory power changes. As expected, the results showed

the strongest spectral power changes in this frequency band.

To estimate entrainment strength, beta power modulations

were calculated for all conditions (Fig. 5B), after whichwe took

the absolute of these traces and calculated the area under the

curve for the entire epoch (1000 msec pre-stimulus to

1200 msec post-stimulus). Entrainment of motor cortex beta

power was significantly reduced in PD patients compared to

controls during unimodal stimulation, as indicated by a main

effect of Group (F1,22 ¼ 6.0, p ¼ .023) (Fig. 5C). There was no
difference between modalities (F1,22 < 1), and no interaction

between Group and Modality (F1,22 ¼ 1.7, p ¼ .20). Similar an-

alyses over the sensory ROIs showed a strong effect of Mo-

dality (F1,22 ¼ 35.9, p < .001), but no difference between groups

(F1,22 ¼ 2.1, p ¼ .17) and no interaction between Group and

Modality (F1,22 < 1) (Fig. 5D). These differential results over

sensory andmotor ROIs are in line with our earlier finding of a

reduced engagement of motor areas in PD patients during

rhythmic tasks using a single stimulus stream, with no dif-

ferences between groups over sensory areas (te Woerd,

Oostenveld, de Lange, & Praamstra, 2017). The current re-

sults additionally show that this effect is notmodality specific,

as the reduced entrainment is found for the attend auditory

and for the attend visual target conditions. However, despite

the differential results over sensory and motor ROIs, a direct

test of an interaction between ROI and Group was not signif-

icant in the current study (F1,22¼ 2.9, p¼ .10). Possibly, the lack

of an interaction between Group and ROI is related to the

faster stimulation rate reducing the beta powermodulation in

the sensory cortices more in patients than in control subjects

(see Fig. 5D).

We performed similar analyses with respect to beta oscil-

latory entrainment for the bimodal conditions (Fig. 5C). Add-

ing the stream of distractor stimuli did not elicit stronger

entrainment in either group as there was no main effect of

Condition (F1,22 ¼ 1.8, p ¼ .19), and did not lead to normal

https://doi.org/10.1016/j.cortex.2017.11.011
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Fig. 4 e Time-frequency representations of the changes in magnetic field strength over the visual, auditory and motor ROIs

in the AB and VB conditions (time-locked to visual stimulus presentation). Dashed lines indicate time of visual stimulus

presentation. In the third column, black solid lines surround time-frequency clusters that contribute to the significant

difference (p < .05) between conditions. Topographies on the right show spatial properties of the significant ERS-clusters

between conditions (stars indicate sensors of the visual, auditory and motor ROIs). Since there was no significant effect for

patients over the motor ROI, the topography is represented over the same time window and frequency range as for controls,

to allow a comparison.
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entrainment in PD patients as indicated by a main effect of

Group (F1,22 ¼ 6.3, p ¼ .02) and the absence of an interaction

between Group and Condition (F1,22 ¼ 1.4, p ¼ .25). There were

no further interactions between Group, Condition and

Modality.
In order to verify the behavioural relevance of beta

entrainment, we hypothesized that stronger engagement of

motor areas, as indexed by entrainment, would lead to more

responsiveness (sincemotor readiness is higher and resources

are available at the appropriate time) and thus a higher hit

https://doi.org/10.1016/j.cortex.2017.11.011
https://doi.org/10.1016/j.cortex.2017.11.011


Fig. 5 e A) Sensors used as the region-of-interest for analyzing motor activity. The topography shows beta power

modulation, contrasting beta ERD and ERS phases after button press. B) Beta power over time for the sensors in the motor

ROI in the AU, AB (top) and VU and VB (bottom) conditions. Note that the (distractor) stimuli, depicted in light grey at

400msec pre- and post-stimulus, are only presented in the bimodal conditions. C) Mean area under the curve as an estimate

for entrainment strength, for all conditions and groups. D) Beta power traces over the auditory and visual ROIs for all

conditions and both groups.
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rate. Therefore, we tested for a correlation between entrain-

ment strength and hit rate of the deviants. There was a sig-

nificant correlation between beta entrainment and hit rate in

the control group (r¼ .41, p ¼ .004), with stronger entrainment

being related to a higher hit rate. Such a correlation between

beta entrainment and hit rate was absent in the patient group

(r ¼ �.07, p ¼ .61). We also tested whether there was a within-

subject correlation between entrainment strength and hit

rate, but could not find strong evidence for such a correlation.

To follow up on this differential result for controls and

patients, we hypothesized that the reduced beta entrainment
in patients does not have to be detrimental to behaviour if

these smaller beta power modulations do correctly phase-

entrain to the rhythm of the attended stream. We calculated

entrainment of beta oscillations in an alternative way, namely

by estimating the instantaneous phase of contralateral beta

power changes (from the Hilbert transform of the signal

filtered around the stimulation frequency) at stimulus onset

(Fig. 6B). These analyses showed a significant phase prefer-

ence at stimulus onset for controls, as tested by means of

Rayleigh's test for non-uniformity of phase data (p < .025 for all

conditions). Similar analyses for the patient group only

https://doi.org/10.1016/j.cortex.2017.11.011
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Fig. 6 e A) Beta power over time in the sensors of the contralateral motor ROI in the bimodal conditions (AB and VB),

represented in visual-locked fashion. B) Similar to A, but now with the beta power traces filtered around the stimulation

frequency of 1.25 Hz. C) Instantaneous phase of the beta power traces for all individuals represented as dots at edge of

circular plots, and the resultant vector in the centre. Longer vector length shows stronger phase consistency across

individuals, angle of the vector shows the mean phase angle. Red is used for the VB condition, blue for the AB condition.
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showed a significant phase preference for the AU and AB

conditions (p < .043 in Rayleigh's test).

Importantly, the aforementioned definitions of entrain-

ment are only indicative of phase consistency but do not give

information on the specific phase angle. Since the bimodal

conditions contain auditory and visual stimuli presented in

anti-phase, one would expect phase opposition of beta power

changes at stimulus onset when comparing the AB and VB
conditions. Interestingly, when directly comparing the mean

phase angles between the AB and VB conditions at the onset

time of visual stimuli, therewas a significant phase-difference

between conditions for the control group only (p ¼ .014,

Fig. 6C). A similar phase-difference between conditions was

found for controls when comparing the AB and VB conditions

in an auditory-locked fashion (p ¼ .041). This was not the case

for the patient group, with the phase at stimulus onset being

https://doi.org/10.1016/j.cortex.2017.11.011
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no different between the AB and VB conditions in both the

visual locked (p¼ .68) or the auditory-locked (p¼ .10) analyses.

These results show that in healthy controls the motor cortex

is actively tracking the rhythm of the attended stream, while

this process is impaired in PD patients.
4. Discussion

In this study, we used an intermodal selective attention task

to investigate selective entrainment of oscillatory brain ac-

tivity in a group of PD patients and a healthy control group.

The results show that i) both groups were equally able to

detect targets in the isochronous streams of stimuli, ii)

attention enhances the neural response to attended stimuli

over sensory areas for both groups equally, and iii) that

increasing task difficulty due to competing stimulus streams

does not elicit motor entrainment in PD patients like in

healthy controls, neither in terms of beta power fluctuations,

nor in terms of selective beta power phase-entrainment. We

will discuss the implications of these findings with respect to

the role of oscillatory entrainment in selective attention,

sensoryemotor interactions during rhythmic tasks, and the

use of rhythmic stimuli in the rehabilitation of PD patients.

Studies have shown that oscillatory activity has an

important role in numerous brain functions and processes,

and an example of this is the strong influence of oscillatory

activity on attentional processing (for review see Gregoriou,

Paneri, & Sapountzis, 2015). Neural oscillations are capable

of promoting or suppressing the detection of external stimuli

(Henry & Obleser, 2012; VanRullen, Busch, Drewes, & Dubois,

2011), as they reflect the excitability of the neural tissue in

which they occur (Lakatos et al., 2005; Steriade, McCormick, &

Sejnowski, 1993). Findings such as these have led to the idea

that the brain uses oscillations to focus neuronal excitability

to time points at which external stimuli are expected and

facilitate their processing in both sensory and motor areas.

This alignment of neural oscillations with external stimuli,

i.e., oscillatory entrainment, may be related to behavioural

entrainment phenomena and is subject of theories on

(rhythmic) attentional processing such as the Dynamic

Attending Theory (Jones, 1976; Large & Jones, 1999).

The positive effects of neural entrainment on the motor

system are in line with behavioural studies showing that

rhythmic stimuli (or cues) facilitate motor function in PD pa-

tients (for reviews see Lim et al., 2005; Spaulding et al., 2013;

Ashoori et al., 2015). However, evidence regarding the neuro-

physiology underlying these positive effects is still unclear

and,moreover, there is even evidence that PD patients are less

sensitive to temporal regularities than control subjects (Grahn

& Brett, 2009). We hypothesized that neural entrainment

could be the neurophysiological process that underlies these

positive effects, but found reduced entrainment of oscillatory

activity in PD patients instead (te Woerd et al., 2014, 2015,

2017). However, this reduced entrainment might also be due

to the fact that in previous studies, we only used one single

stimulus stream which did not require entrainment per se. In

such conditions, similar to the AU and VU conditions of the

current study, the brain can use a continuous mode of oper-

ation (Schroeder & Lakatos, 2009), allowing fast responses to
each presented stimulus. In conditions where there is more

than one (rhythmic) stimulus stream, like the AB and VB

conditions, such a continuous mode of attention is detri-

mental as it can lead to responses to stimuli that have to be

ignored. In such situations entrainment is particularly useful,

as it can serve as a temporal filter that speeds processing in

specific time windows (those when attended stimuli are ex-

pected), and suppresses all input between those time win-

dows (Horton, Srinivasan, & D'Zmura, 2014; Lakatos et al.,

2008, Lakatos, Schroeder et al., 2013; Zion Golumbic et al.,

2013). Note that the evidence for an attentional role of slow

oscillations was primarily obtained in macaque studies with

recordings in primary sensory (auditory and visual) cortex

(Lakatos et al., 2005, 2008, Lakatos Musacchia et al., 2013).

However, in one human study with recordings of intracranial

electrocortical activity during an intermodal attention task,

the motor cortex was among regions exhibiting the most

robust and reliable entrainment effects (Besle et al., 2011),

thus supporting our approach.

Relevant to the notion that a more challenging task might

elicit entrainment not seen in an easy task, there are studies

showing that tonic levels of dopamine in the striatumalter the

threshold for allocating physical resources (energizing

behaviour) and thereby bias cost-benefit decision-making

processes about whether to exert physical effort to obtain

reward (Collins & Frank, 2014), with an opposite role for se-

rotonin in modulating the drive to withdraw behaviour (Tops,

Russo, Boksem, & Tucker, 2009). This means that the level of

tonic striatal dopamine promotes physically effortful

response vigour: the higher the level of tonic dopamine, the

higher the expected reward rate, and the more costly it is to

delay motor responding (Beierholm et al., 2013; Dayan, 2012;

Guitart-Masip, Beierholm, Dolan, Duzel, & Dayan, 2011; Niv,

Daw, & Dayan, 2006, 2007). This has led to the proposal that

the dopaminergic projection to the striatum provides a signal

for implicit “motor motivation” (Mazzoni, Hristova, &

Krakauer, 2007). This notion is in line with work showing

that the striatum functions as a node that regulates motiva-

tion of mental and physical effort (Schmidt, Lebreton, Cl�ery-

Melin, Daunizeau, & Pessiglione, 2012). A high level of dopa-

mine would then lead to more effort being invested for an

identical amount of reward, which is confirmed by studies in

hyperdopaminergic rats (Beeler, Daw, Frazier,& Zhuang, 2010;

Nunes et al., 2010). Conversely, studies in PD patients with a

low level of dopamine, have indeed found that patients show

an implicit decision to invest less effort in a movement

compared to healthy controls because of a shift in the cost/

benefit ratio of the energy expenditure (Chong et al., 2015;

Mazzoni et al., 2007), with PD not affecting the speed-

accuracy trade-off.

The emerging view of a role of the basal ganglia in modu-

lating “motormotivation” (see also Turner&Desmurget, 2010)

is especially relevant to the present work, given the evidence

that entrainment of beta power is engaged in an effort-

dependent manner, increasing with task difficulty (Lakatos,

Schroeder et al., 2013). The results of our experiment, how-

ever, were convincingly clear in showing that increased task

difficulty, in the form of a competing stimulus stream in an

intermodal attention task, does not improve impaired

entrainment of motor cortical beta oscillatory power in PD.

https://doi.org/10.1016/j.cortex.2017.11.011
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One could see the fact that also controls did not show stronger

entrainment in the bimodal versus unimodal conditions as a

possible limitation of the current study. It is therefore

important to note that, in controls, the unimodal conditions

already instantiated a proper level of automatic entrainment

that is also likely to be sufficient for the bimodal conditions.

However, in PD patients, the unimodal conditions do not elicit

automatic entrainment (Praamstra & Pope, 2007; te Woerd

et al., 2014, 2015, 2017) and, based on aforementioned find-

ings on motor motivation and beneficial effects of entrain-

ment, the main goal was to test whether increased task

difficulty does elicit more normal entrainment in PD patients.

The important result here is therefore thatmotor entrainment

in PD patients is deficient, even in situations that encourage

entrainment, while controls show proper rhythmic entrain-

ment in both conditions.

The severely deficient entrainment of motor cortex beta

power in PD patients raises the question why they were not

worse than controls in their performance. The lack of group

differences in behavioural outcomemight be explained by the

task still being sufficiently easy to be performed in a contin-

uous attention mode instead of a rhythmic mode. Note,

however, that there was a significant performance difference

between the groups, after all. Only in controls the strength of

entrainment correlated with target hit rate. This would pre-

dict that with further increased difficulty of the task, PD pa-

tients' performance might well break down. The reduced

motor entrainment raises also questions regarding the

contribution of the basal ganglia-motor system in attentional

control. Motor circuits and the basal ganglia play an important

role in internal rhythm generation and the formation of

temporal predictions (Bartolo, Prado,&Merchant, 2014; Grahn

& Rowe, 2009, 2013; Teki, 2014), and it has been suggested that

these temporal predictions are coded in beta oscillatory ac-

tivity (Arnal, 2012; Bartolo et al., 2014; Gulberti et al., 2015).

Studies have shown that these temporal predictions are being

sent back to sensory areas, and can alter the processing of

sensory stimuli (Morillon, Schroeder, & Wyart, 2014, 2015).

Against this background, the deficient rhythm generation in

the basal ganglia-motor system of PD patients could have led

to differences in sensory processing between the two groups.

However, neither behavioural nor analyses of visual and

auditory evoked and oscillatory activity yielded such evi-

dence. A potential explanation might be the fact that in the

current study participants made motor responses only to

infrequent targets. Morillon et al. (2014) showed that top-

down effects of the motor system on sensory processing

were markedly influenced by actual rhythmic motor

behaviour.
5. Conclusion

This work shows that PD leads to deficient entrainment of

motor areas during tasks containing rhythmic stimuli, even in

situations that encourage entrainment. This deficient motor

entrainment is expressed in beta oscillatory power changes,

not only in themodulation depth, but also in the phase of beta

power changes. These changes in oscillatory power modula-

tions are likely a reflection of impaired basal ganglia activity
required for internal rhythm generation. This finding reflects

on the use of rhythmic cueing in rehabilitation of PD patients,

as they extend earlier evidence that rhythmic stimulation in

PD fails to engender a predictive mode of motor activation, as

it does in healthy controls.
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