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Abstract 26 

Several electrophysiological studies suggest that PD patients have a reduced tendency to 27 

entrain to regular environmental patterns. Here we investigate whether this reduced 28 

entrainment concerns a generalized deficit or is confined to movement-related activity, 29 

leaving sensory entrainment intact. Magnetoencephalography (MEG) was recorded during a 30 

rhythmic auditory target detection task in 14 PD patients and 14 control subjects. Participants 31 

were instructed to press a button when hearing a target tone amidst an isochronous sequence 32 

of standard tones. The variable pitch of standard tones indicated the probability of the next 33 

tone to be a target. In addition, targets were occasionally omitted to evaluate entrainment 34 

uncontaminated by stimulus effects. Response times were not significantly different between 35 

groups and both groups benefited equally from the predictive value of standard tones. 36 

Analyses of oscillatory beta power over auditory cortices showed equal entrainment to the 37 

tones in both groups. By contrast, oscillatory beta power and event-related fields (ERFs) 38 

demonstrated a reduced engagement of motor cortical areas in PD patients, expressed in the 39 

modulation depth of beta power, in the response to omitted stimuli, and in an absent motor 40 

area P300 effect. Together, these results show equally strong entrainment of neural activity 41 

over sensory areas in controls and patients, but, in patients, a deficient translation of the 42 

adjustment to the task rhythm to motor circuits. We suggest that the reduced activation does 43 

not merely reflect altered resonance to rhythmic external events, but a compromised 44 

recruitment of an endogenous response reflecting internal rhythm generation. 45 

 46 

New & Noteworthy: Previous studies suggest that motor cortical activity in PD patients has a 47 

reduced tendency to entrain to regular environmental patterns. This study demonstrates that 48 

the deficient entrainment in PD concerns the motor system only, by showing equally strong 49 
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entrainment of neural activity over sensory areas in controls and patients but, in patients, a 50 

deficient translation of this adjustment to the task rhythm to motor circuits. 51 

 52 

Keywords:  Parkinson’s disease; magnetoencephalography; entrainment; beta oscillations; 53 

prediction 54 

  55 
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Introduction 56 

Sensory information from the environment can be rhythmic or non-rhythmic, and the brain is 57 

well-equipped to process both types of input. However, rhythmic stimuli have an advantage 58 

over non-rhythmic stimuli due to their temporal predictability, allowing the brain to entrain to 59 

the rhythm (Schroeder and Lakatos 2009). Entrainment to external sensory input is suggested 60 

to align periods of high neuronal excitability with the onset of the behaviourally relevant 61 

stimuli (Lakatos et al. 2008). This alignment of the high excitation phase is suggested to 62 

allocate computational resources to a specific point in time, representing a neurophysiological 63 

basis for the Dynamic Attending Theory (Large and Jones 1999; Henry and Herrmann 2014). 64 

Several studies have shown beneficial effects of entrainment, in both the perceptual (Cravo et 65 

al. 2013; Mathewson et al. 2010) and motor domains (Stefanics et al. 2010; Van den Brink et 66 

al. 2014; Morillon et al. 2016). Entrainment of oscillatory activity can occur in different 67 

frequency-bands, as studies have shown entrainment in the delta (Lakatos et al. 2008; Saleh et 68 

al. 2010), alpha (Spaak et al. 2014) and beta (Lakatos et al. 2013; Miller et al. 2012) 69 

frequency ranges. 70 

 Studies on entrainment of delta and beta oscillations in Parkinson's disease (PD) have 71 

shown that patients show deficient entrainment compared to healthy controls (Praamstra and 72 

Pope 2007; Te Woerd et al. 2014, 2015). However, these studies only investigated 73 

entrainment over motor areas, leaving open the question whether deficient entrainment in 74 

these patients is a generalized deficit or a deficit confined to motor areas. This question has 75 

theoretical significance, but is also pertinent to the rehabilitation approach of rhythmic cueing. 76 

Cueing effects on motor activity are generally assumed to rely on entrainment. Entrainment of 77 

motor activity, and consequent improvement of motor performance, may be expected to be 78 

more effective when the relevant sensory modality has a spared rather than a compromised 79 

capacity for entrainment. This is underscored by recent reviews on cueing, which emphasize 80 



5 
 

especially potent effects of rhythmic auditory stimulation, based on auditory-motor 81 

connectivity (Ashoori et al. 2015; Hove and Keller 2015; Nombela et al. 2013). To date, 82 

however, it has not been assessed neurophysiologically whether rhythmic auditory stimulation 83 

(1) produces comparable auditory entrainment in PD patients and controls, and (2) whether 84 

between groups such auditory entrainment is equally potent in engaging motoric activity. 85 

 For several reasons, it is advantageous to address the question whether deficient 86 

entrainment in PD is generalized or specific to the motor system through the auditory 87 

modality. The auditory cortex is sufficiently far away from the motor cortex to spatially 88 

separate auditory and motor cortical rhythms. Equally important, the sensorimotor beta 89 

rhythm, with typically attenuated reactivity in PD (Devos et al. 2003; Heinrichs-Graham et al. 90 

2013; Jenkinson and Brown 2011; Labyt et al. 2003; Oswal et al. 2012), is also prevalent in 91 

the auditory cortex and is known to mediate auditory-motor interactions (Fujioka et al. 2012; 92 

Lakatos et al. 2013). Finally, motor cortex beta reactivity during auditory target detection has 93 

proven to be sensitive to group differences in entrainability (Lakatos et al. 2013). In light of 94 

this background, we used an auditory target detection task and recordings of oscillatory brain 95 

activity to test whether deficient entrainment in PD patients is a generalized deficit or 96 

restricted to the motor system. 97 

 98 

Materials and methods 99 

Subjects 100 

A total of 15 PD patients and 15 healthy subjects participated in the experiment. One healthy 101 

subject performed the task with the non-dominant hand and one patient could not perform the 102 

task correctly; both were excluded from all further analyses. This left the final sample in the 103 

experiment with 14 PD patients (11 men; mean age ± SD, 61 ± 8 years; 1 left-handed) and 14 104 

healthy age-matched subjects (9 men; aged 60 ± 5 years; 1 left-handed). Control subjects were 105 
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without history of neurological or psychiatric disease. PD patients were of mild to moderate 106 

disease severity (see Table 1). All participants provided written consent and the study was 107 

approved by the local ethics committee (CMO Arnhem-Nijmegen). All patients were on 108 

dopaminergic medication, but the experimental investigation and UPDRS rating were 109 

performed in the morning, after overnight withdrawal of medication (>12 h). The patient 110 

group had a mean score of 28 (±8) on the motor section of the Unified Parkinson's Disease 111 

Rating Scale (UPDRS) in the OFF state (see Table 1). 112 

------------------- Insert Table 1 -------------------- 113 

 114 

Task and procedure 115 

The experiment consisted of an auditory target detection task, based on a study of Stefanics et 116 

al. (2010). The auditory stimuli were presented at a comfortable hearing level, with a fixed 117 

stimulus onset asynchrony (SOA) of 1000 ms. Three cue tones of different frequencies (900, 118 

1100 and 1300 Hz; 50 ms duration) predicted the probability (10%, 30%, 50%) of the next 119 

stimulus being the target tone (2000 Hz; 50 ms duration) (Figure 1A). The pitch of standard 120 

tones was chosen to be separated by 200 Hz and the target differed 700 Hz from the highest 121 

standard tone, which enabled subjects to detect the target tone easily. Participants were 122 

informed about the meaning of the standard tones and instructed to press the response button 123 

as swift as possible with the index finger of their dominant hand. Standard tones were 124 

presented with a ratio of 2:1:1 for the 10, 30 and 50% tones respectively, as this has two main 125 

advantages. First, adding more tones with 10% target probability leads to longer target-free 126 

periods, enabling the analysis of entrainment without movement-related activity. Second, by 127 

presenting the 30 and 50% tones equally often, we can rule out the possibility that any 128 

probability-related effects we find are simply due to a lower presentation rate of tones with 129 

higher predictive value. Additionally, at random time points a stimulus was omitted (with 130 



7 
 

10% probability of occurrence), enabling the investigation of preparatory effects without any 131 

confounding evoked activity due to stimulus presentation. In order to make an unbiased 132 

comparison between conditions (standards, targets and omissions) and probabilities, we 133 

randomly selected 100 stimuli of each type for analysis. All subjects first performed a practice 134 

block to learn the task, after which stimuli were presented in 10 series of 280 stimuli (~4.5 135 

min) each, with a short break between each series. 136 

------------------Insert Figure 1----------------- 137 

 138 

MEG recordings 139 

Ongoing brain activity was recorded using a whole-head MEG system with 275 axial 140 

gradiometers (VSM/CTF Systems, Coquitlam, BC) in a magnetically shielded room. During 141 

the experiment, we continuously measured head position relative to the sensor array using 142 

localization coils that were placed at the nasion and in the left and right ear canals (Stolk et al. 143 

2013). Vertical electro-oculogram (EOG) was recorded from the supra- and infraorbital ridges 144 

of the left eye, and horizontal EOG from the bilateral canthi. MEG and EOG data were 145 

sampled at 1200 Hz. 146 

 147 

Behavioural analyses 148 

Reaction time analyses were performed on the responses to the target tones, after excluding 149 

trials in which the response was too slow (>900 ms). Mean response times were determined 150 

for each target-probability (10%, 30% and 50%) separately. In addition, we calculated the 151 

overall percentage of detected target tones (percent correct) and calculated the false alarm rate 152 

for standard tones and tone omissions. As musical training could influence the experimental 153 

outcomes (Grahn and Rowe 2009), all subjects filled out the subpart 'musical training' of the 154 

Goldsmiths Musical Sophistication Index (v1.0) (Müllensiefen et al. 2014). However, since 155 
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musicality scores were not different between groups (F1,26 < 1) and none of the results were 156 

influenced by musical training, we will not further refer to this test. 157 

 158 

MEG data analyses 159 

MEG data were analyzed with MATLAB 2014a (Mathworks, Natick, MA) using the open-160 

source FieldTrip toolbox (Oostenveld et al. 2011). For the main analyses, epochs of 5000 ms 161 

(3000 ms pre-stimulus and 2000 ms post-stimulus) were extracted from the continuous data 162 

separately for all conditions (standards, targets and omissions), based on the preceding 163 

standard tone. After removal of trials containing muscle artifacts, slow drift, or SQUID 164 

(superconducting quantum interference device) jumps, data were down-sampled to 400 Hz. 165 

For the analyses of oscillatory entrainment, epochs of 7000 ms (4000 ms pre-stimulus 166 

and 3000 ms post-stimulus) were extracted from the continuous data using a sliding window 167 

approach. These epochs included all series of four consecutive standard and omitted tones 168 

(irrespective of probability), effectively using series of non-target tones to avoid any 169 

movement-related activity. 170 

Independent component analysis was used to remove any remaining variance caused 171 

by eye blinks and heartbeat artifacts. As an extra check, the remaining data epochs were 172 

visually inspected and any epochs with artifacts were removed manually. The remaining 173 

stimulus-locked epochs were submitted to time-frequency and statistical analyses. All 174 

statistical analyses presented here were performed using SPSS version 19 (IBM Corp. 175 

Armonk, NY) and contained the factors Group (controls vs. PD patients) and Probability 176 

(10% vs. 30% vs. 50%) unless stated otherwise. MEG-data from left-handers was included in 177 

the signal average by mirroring the results over the anterior-posterior axis, and then averaging 178 

over all subjects. 179 

 180 
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Event-related fields 181 

Before calculating the event-related fields (ERFs), all data were low-pass filtered using a 6th-182 

order two-pass Butterworth filter with a cut-off frequency of 30 Hz. ERFs were baseline 183 

corrected by subtracting the mean signal amplitude in the 1100 to 900 ms pre-stimulus 184 

interval. A planar gradient transform was subsequently calculated (Bastiaansen and Knösche 185 

2000), which simplifies the interpretation of the sensor-level data by placing the maximal 186 

signal above the source. 187 

 188 

Time-frequency analyses 189 

Frequency decomposition was performed on the horizontal and vertical synthetic planar 190 

gradients of each channel, after which these were combined to obtain the oscillatory power at 191 

all channel positions. For all channels, time-frequency representations (TFRs) were calculated 192 

using a Fourier transform, applied to short sliding time windows across the entire length of 193 

the epochs, with a step-size of 10 ms. Before the Fourier transform, one or more tapers were 194 

multiplied to each time window and the resulting power estimates were averaged across 195 

tapers. The mean planar gradient power was estimated for all trials (within a condition and the 196 

three probabilities) in the frequency range 1-30 Hz (1 Hz frequency resolution) using a single 197 

Hanning taper and an adaptive time window of four cycles for each frequency. For the main 198 

analyses, the percentage change in oscillatory power was defined as the relative change with 199 

respect to the mean power in the 1100 to 900 ms pre-stimulus time window. 200 

In the analyses of oscillatory entrainment, the power was defined as the relative 201 

change with respect to the mean power of the epoch (2000 ms pre-stimulus to 2000 ms post-202 

stimulus). After this baseline-correction, beta power traces were calculated by averaging over 203 

the entire beta-band (13-30 Hz) for all time points and sensors separately. The beta traces 204 

were high-pass filtered using a 6th-order two-pass Butterworth filter with a cut-off frequency 205 
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of 0.05 Hz in order to avoid drifts in these relatively long segments. To determine the strength 206 

of entrainment (defined as how strongly beta power modulates over time with the rhythm), we 207 

took the absolute of the beta power trace and calculated the area under the curve for the entire 208 

epoch (2000 ms pre-stimulus to 2000 ms post-stimulus). 209 

 210 

Source analyses 211 

Sources of event-related fields on the axial sensor data were identified using the minimum-212 

norm estimate (MNE), as this approach is favoured for analyzing evoked responses. It 213 

estimates the amplitude of all modelled source locations on the cortical surface 214 

simultaneously and recovers a source distribution with minimum overall energy that produces 215 

data consistent with the measurement (Ou et al. 2008), as implemented in Fieldtrip 216 

(Oostenveld et al. 2011) according to the method of Dale et al. (2000). A realistic single-shell 217 

head model (Nolte 2003) was created for each individual using the brain surface extracted 218 

from their individual segmented MRIs (7 out of 14 controls, 4 out of 14 patients) or from an 219 

MNI template-MRI (Holmes et al. 1998). The source model was based on a template cortical 220 

sheet with 8196 vertices, which was spatially transformed from MNI space to the individual 221 

head coordinates on the basis of the transformation between MRI and MNI space. The 222 

subsequent source estimates of each individual were subsequently warped back to the 223 

template MRI in MNI coordinates. This warping procedure allows to directly average the 224 

source-reconstructed activity across subjects, restricted to a surface-based template. 225 

 For the analysis of delta phase entrainment, a virtual channel was created in the motor 226 

cortex contralateral to the response hand. The location of the motor cortex was estimated by 227 

using a frequency-domain beamforming approach on the axial sensor data. We contrasted the 228 

event-related desynchronization (ERD) (0.25-0.75 s post-target) with the event-related 229 

synchronization (ERS) (1-1.5 s post-target) activity for the center frequency of the beta band 230 
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(22 Hz, resulting in 11 full cycles per time window). The same individual single shell head 231 

models as used in ERF source analysis were used, and the brain volume was discretized to a 232 

grid with an 8 mm resolution. A spatial filter was then constructed for each grid point using 233 

the cross-spectral density matrix and the forward solution for each grid point. The source 234 

power was calculated for the ERD and ERS windows, after which these were contrasted and 235 

the grid point with the maximal difference was identified as the location of interest in the 236 

contralateral motor cortex. We employed a time-domain beamformer to construct a spatial 237 

filter that passed the activity at the location of interest with unit-gain, while optimally 238 

suppressing all other contributions to the MEG data. The data were band-pass filtered 239 

between 0.05 and 3 Hz using a finite impulse response least squares filter. The instantaneous 240 

delta phase was calculated from the Hilbert transform of the band-pass filtered virtual-channel 241 

time series. To test if any phase preference was present for the instantaneous phases at 242 

stimulus onset, Rayleigh’s test for non-uniformity of phase data was used (Fisher 1993). The 243 

strength of phase preference (entrainment) was acquired by calculating the intertrial 244 

coherence (ITC) over all trials within each individual and separately for each target 245 

probability. The ITC ranges from 0 to 1, where 0 means no phase consistency and 1 is perfect 246 

phase consistency. Rayleigh’s test and ITC calculations were performed in MATLAB using 247 

the circular statistics toolbox (Berens 2009). 248 

 249 

Results 250 

Behavioural data 251 

Subjects had to press a button as swiftly as possible when detecting a target tone within the 252 

isochronous stream of stimuli. For both groups, mean response time to targets decreased with 253 

increasing target probability (see Figure 1B), confirmed by a main effect of Probability (F2,52 254 

= 43.9, p < 0.0001). Although PD patients appeared generally slower than healthy controls 255 



12 
 

(Figure 1B), this effect was not supported by a significant difference between groups (F1,26 = 256 

1.5, p = 0.24), nor was there an interaction between Group and Probability (F2,52 < 1). The 257 

percentage of correctly detected targets (controls: 99 ± 1%; PD patients: 98 ± 2%) was close 258 

to ceiling level and did not differ between groups (F1,26 = 2.2, p = 0.15) nor did the false alarm 259 

rate (controls: 0.4 ± 0.3%; PD patients: 0.5 ± 0.3%) (F1,26 = 1.3, p = 0.27). 260 

 261 

Auditory activation does not differ between groups 262 

To evaluate auditory processing, we defined an auditory ROI by averaging the evoked-field in 263 

response to standard and target tones (averaged over probabilities and groups) and selecting 264 

those maximally activated sensors per hemisphere that had a homologous sensor over the 265 

other hemisphere, yielding an ROI of 10 sensors (Figure 2A, inset). Standard tones produced 266 

a normal magnetic N1 response (Näätänen and Picton 1987), reaching a maximal amplitude in 267 

both groups at 135 ms post-stimulus (Figure 2A), with the activity located over bilateral 268 

temporal cortices (see Figure 2B, top row). Statistical analysis by means of a cluster-based 269 

permutation test over the time interval of 1s pre-stimulus to 1s post-stimulus and all sensors in 270 

the auditory ROI indicated no differences in neural response to standard tones between 271 

controls and PD patients (p > 0.50). Source reconstruction of the event-related field at the 272 

time point of maximal activation showed a bilateral source in superior temporal cortex and 273 

Heschl's gyrus for both groups (Figure 2B, bottom row). 274 

-----------------Insert Figure 2----------------- 275 

 To investigate whether both groups were equally proficient in extracting the predictive 276 

information from standard tones, we examined the amplitude of the auditory N2-component 277 

(defined as the maximum peak in the 200-300 ms post-stimulus time window). The N2-278 

component is thought to reflect attentional allocation and stimulus classification or 279 

categorization (Näätänen et al. 2007; Sams et al. 1985; Tomé et al. 2015). Results of this 280 
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analysis are shown in Figure 2C and show a significant effect of Probability (F2,52 = 8.7, p = 281 

0.001), with the N2-amplitude being linearly related to the target probability signalled by the 282 

standard tone. There was no difference between groups (F1,26 < 1) and no interaction between 283 

Group and Probability (F2,52 < 1). These results thus indicate that both groups were equally 284 

well able to attend to the tones and classify their importance with respect to their predictive 285 

value. Note that it cannot entirely be excluded that the physical characteristics of the cue 286 

tones, which differed in pitch (900, 1100, 1300 Hz), may have influenced the N2 amplitude, 287 

although this is more likely for earlier components than for the N2. 288 

 289 

Reduced motor activation in patients after target tones 290 

To evaluate motor cortical activity, we calculated a motor ROI based on the 12 sensors that 291 

showed strongest power changes in the beta-band during the button press (Figure 3A). A 292 

cluster-based permutation test of the event-related fields over the time interval of 1s pre-target 293 

to 1s post-target and all sensors in the motor ROI, revealed a significant difference between 294 

groups (p < 0.001), starting 200 ms post-target and ending shortly before the next stimulus 295 

(850 ms post-stimulus) (Figure 3B). The topographical distribution of this effect is shown in 296 

the right panel of Figure 3B for both groups separately, with the difference between groups 297 

located over the contralateral motor area (Figure 3C). 298 

------------------Insert Figure 3---------------- 299 

 To study whether there was an effect of target-probability on this later activity, we 300 

calculated the mean signal amplitude in the 200-850 ms post-stimulus time window over the 301 

motor ROI (Figure 3D). There was a significant main effect of Probability on mean signal 302 

amplitude (F2,52 = 12.8, p < 0.0001), showing an inverse relationship between post-target 303 

signal amplitude and the probability with which that target was expected. Confirming the 304 

result of the cluster-based permutation test, there was a significant difference between groups 305 
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(F1,26 = 15.7, p = 0.001), with a lower mean amplitude in patients compared to controls. The 306 

interaction between Group and Probability was also significant (F2,52 = 7.7, p = 0.001), due to 307 

an effect of Probability on ERF amplitude in controls (F2,26 = 27.9, p < 0.001) but not in PD 308 

patients (F2,26 < 1). Analyses of response-locked ERFs (Figure 3E) also showed a difference 309 

between groups with a cluster-based permutation test confirming stronger motor activation 310 

preceding (200-20 ms pre-response; p = 0.015) and during (0-440 ms post-response; p = 311 

0.001) the response in controls than in patients. However, these response-locked ERFs did not 312 

show a modulation by target probability (F2,52 = 1.2, p = 0.30), suggesting that the difference 313 

between groups in the stimulus-locked ERF analysis has at least two different origins. Firstly, 314 

a difference in amplitude of movement-related motor cortical activity that is unaffected by 315 

probability. Secondly, a difference in ERF amplitude, between groups, that is influenced by 316 

target probability. Given this property, the latter effect may be related to the P300 component 317 

(for review see Polich 2007), as we will discuss below. 318 

 319 

Tone omissions show deficient engagement of central areas in PD 320 

Omitted tones elicited neural activity over the auditory ROIs in both groups, with a peak at 321 

335 ms post-stimulus in the ERF averaged over both groups and all probabilities. To gain 322 

more insight in the omission response, we plotted the topographical distribution of this effect 323 

in a 200 ms time window centered on the peak. This analysis showed strong lateral-parietal 324 

activation in both controls (Figure 4A, top) and patients (Figure 4A, bottom). The 325 

topographical distribution plots suggest stronger activation of the central-parietal areas in 326 

controls than in patients, which is supported by a cluster-based permutation test showing a 327 

significant difference between groups (p < 0.05) with a cluster overlying these areas (Figure 328 

4B, top). The ERFs over this cluster of sensors are shown in Figure 4B (bottom, averaged 329 

over all probabilities), showing a clear omission response in controls but not in patients. A 330 
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more detailed analysis of the peak ERF-amplitude in the 200-400 ms post-omission time 331 

window, confirmed a higher amplitude in controls as shown by a main effect of Group (F1,26 = 332 

4.9, p = 0.035). There was a trend towards a main effect of Probability on ERF amplitude 333 

(F2,52 = 3.0, p = 0.06), with a higher amplitude omission-response after higher target 334 

probability. There were no significant interactions involving Group or Probability. 335 

-------------------Insert Figure 4---------------------- 336 

 337 

Auditory versus motor entrainment 338 

The previous results were all suggestive of intact auditory, but possibly deficient motor 339 

activation in PD. In order to investigate this more directly, we calculated the spectral power 340 

changes over both the auditory and motor ROIs (Figure 5A), and further examined auditory 341 

and motor function in a single analysis of beta power entrainment. Since oscillatory activity in 342 

the beta-band (13-30 Hz) has an important role in both the motor and auditory cortex, and is 343 

known to mediate auditory-motor interactions (Fujioka et al. 2012; Lakatos et al. 2013), we 344 

analyzed entrainment of oscillatory beta activity by calculating beta power traces over the 345 

auditory (Figure 2A) and motor (Figure 3A) regions for both groups separately. These traces 346 

were averaged over segments of four consecutive non-targets, to avoid any movement-related 347 

activity, but included besides standard tones occasional omitted tones. The resulting beta 348 

power traces are shown in Figure 5B. The time course of beta power changes is such that 349 

there is a reduction in power starting well before stimulus occurrence, supporting that the 350 

changes reflect a predictive adjustment of cortical excitability (Lakatos et al. 2013), and thus 351 

represent a form of entrainment rather than an evoked change. An evoked effect is 352 

nonetheless clearly present in the beta power trace for the auditory ROI at a short latency 353 

following the stimulus.  354 

------------------Insert Figure 5-------------------- 355 
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 The beta power traces over the auditory ROI are virtually identical for both groups, 356 

unlike the power traces over the motor ROI, where patients show a pronounced reduction in 357 

the magnitude of power change for each single ERD and ERS phase. Defining entrainment of 358 

beta power in terms of the modulation depth, the figure shows normal entrainment over the 359 

auditory ROI but deficient entrainment in patients over the motor ROI. To quantify this effect, 360 

we calculated the absolute area under the curve for both groups and ROIs (Figure 5C), with 361 

more area under the curve indicating a stronger entrainment. This analysis showed a 362 

significant interaction between Group and ROI (F1,26
 = 10.8, p = 0.003), resulting from 363 

stronger entrainment over the motor ROI in controls compared to patients, but no difference 364 

between groups over the auditory ROI. These results are confirmed by an analysis over all 365 

sensors, showing clear entrainment of beta activity over auditory cortices for both groups 366 

(Figure 5D), but reduced entrainment in patients specifically located over the (contralateral) 367 

motor cortex (Figure 5E). The results furthermore show that the entrainment of beta 368 

oscillatory power is only found over the auditory and motor areas, confirming the importance 369 

of these oscillations in auditory-motor interactions (Fujioka et al. 2012), and suggesting that 370 

the automatic entrainment of motor areas to the task rhythm, as seen in healthy controls, is 371 

impaired in PD. 372 

 373 

Strength of motor activation varies with predictive value 374 

The predictive value of each tone is used to set the motor cortex to an appropriate state of 375 

readiness as asked for by the tone. An index of the state of readiness of the motor cortex is 376 

beta ERD (Oswal et al. 2012; Kilavik et al. 2013). We investigated whether the predictive 377 

value of standard tones is reflected in the amount of beta ERD induced over the motor cortex. 378 

Therefore, we calculated beta power traces over time for all sensors within the motor ROI for 379 

tone omissions (Figure 6A). There was a significant main effect of Probability on the amount 380 
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of beta ERD (F2,52 = 17.8, p < 0.0001), explained by more ERD with higher target probability 381 

of the standard tone preceding the omission (Figure 6B, left panel). There was a non-382 

significant trend towards a difference between groups (F1,26 = 3.9, p = 0.058), with cue tones 383 

inducing more beta ERD in controls than in patients. The interaction between Group and 384 

Probability also showed a trend towards significance (F2,52 = 3.0, p = 0.059), suggesting a 385 

graded activation of the motor system dependent on the likelihood of a target (signalled by the 386 

predictive value) in controls, but not in patients. 387 

-----------------Insert Figure 6------------------ 388 

 To test whether the ERD due to the standard tones indeed prepares the motor system 389 

for an upcoming target, we investigated beta power after stimulus omissions. In omission 390 

trials the prepared motor response should be inhibited/withdrawn and the strength of 391 

inhibition should match the strength of preparation. Additionally, the omission condition 392 

gives the opportunity to study anticipatory processes without any confounding evoked activity 393 

due to stimulus presentation. Hence, we evaluated whether the amount of beta ERS (a marker 394 

of movement suppression; Androulidakis et al. 2007) after an omission depended on the 395 

preceding standard tone. This analysis revealed a significant effect of Probability on post-396 

omission beta ERS (F2,52 = 10.6, p = 0.0001), showing a stronger post-omission beta ERS 397 

with higher target probability (Figure 6B, right panel). There was also a significant difference 398 

between groups (F1,26 = 4.6, p = 0.042), indicating stronger beta ERS in controls than in PD 399 

patients, a finding that conforms to the earlier finding of reduced beta ERD in patients. There 400 

was no significant interaction between Group and Probability (F2,52 = 1.1, p = 0.33). 401 

 To test the relation between beta ERD (response preparation) and ERS (response 402 

inhibition) more directly, we determined the correlation between these two variables. Over 403 

groups, there was a significant (positive) Pearson correlation between the amount of beta 404 

ERD induced by a standard tone and the amount of beta ERS after an omitted tone (r = 0.51, p 405 
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< 0.0001; Figure 6C). This correlation was also significant for the control (r = 0.57, p < 406 

0.0001), and patient (r = 0.34, p = 0.03) groups separately, albeit considerably lower for 407 

patients. These effects on beta power during stimulus omissions complement the earlier 408 

finding of impaired motor entrainment in PD patients. Despite the reduced entrainment, 409 

patients are still able to modulate the strength of motor preparation according to the predictive 410 

value of standard tones, where a tone with high predictive value leads to stronger motor 411 

activation (larger beta ERD, followed by subsequent larger beta ERS). 412 

 Besides beta oscillations, also slow delta oscillations play a functional role in 413 

anticipatory mechanisms by means of increased phase synchronization with stronger target 414 

probability (Stefanics et al. 2010). We evaluated this in our data with an analysis of delta 415 

phase synchronization performed on the signal in a virtual channel, located in the motor 416 

cortex contralateral to the response hand of each individual. Delta phase analyses were only 417 

performed on trials in which the stimulus was omitted, as these trials are not contaminated by 418 

stimulus evoked or motor activity. In general, there was a significant entrainment of delta 419 

oscillations (Rayleigh's test for non-uniformity with p < 0.05) to the task rhythm (Figure 6D), 420 

with no difference between groups (F1,26 < 1). This was confirmed by additionally testing the 421 

resultant vector length of the phase distributions of both groups against a reference 422 

distribution of vector lengths originating from 10.000 randomly generated uniform phase 423 

distributions, confirming significant phase preference (non-uniformity) for both controls (p = 424 

0.01) and patients (p = 0.03). When investigating the strength of entrainment for the different 425 

target probabilities, there was a significant effect of target probability on delta ITC (F2,52 = 426 

7.6, p = 0.001), showing that higher target probability leads to stronger phase synchronization 427 

of delta oscillations (Figure 6E). The interaction between Group and Probability was not 428 

significant (F2,52 < 1). 429 

 430 
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Discussion 431 

This study investigated automatic entrainment to an isochronous stimulus stream, combined 432 

with a manipulation of expectancy based on predictive information conveyed by the pitch of 433 

individual stimuli in the stimulus stream. Stefanics et al. (2010) demonstrated that, in such a 434 

paradigm, exploitation of predictive information modulates delta activity synchronized to the 435 

regular stimulus stream, expressed in stronger phase synchronization with higher levels of 436 

expectancy. Our results show that Parkinson patients are just as proficient as healthy controls 437 

in extracting the predictive information, demonstrating similar reaction time benefits and 438 

similar effects on delta phase concentration. By contrast, automatic entrainment to the task 439 

rhythm was impaired in patients, as expressed in a reduced beta modulation depth over the 440 

motor cortex, in the presence of normal entrainment of auditory cortex beta activity.     441 

 442 

Deficient entrainment in PD is confined to motor areas 443 

Participants could make use of the temporal predictability of targets induced by the 444 

isochronous stream of stimuli. This temporal predictability allows subjects to deploy their 445 

attention to a particular moment in time, speeding up processing in sensory and motor 446 

domains (Correa et al. 2005; Griffin et al. 2002; Nobre et al. 2007). Studies investigating the 447 

neural mechanisms underlying this effect, have suggested an important role for oscillatory 448 

activity, especially when stimuli are presented in a rhythmic fashion (for review see 449 

Calderone et al. 2014). These studies have shown that rhythmic stimuli allow brain 450 

oscillations to entrain (phase-align) to the rhythm, thereby optimizing the processing of 451 

stimuli to which they synchronize (Cravo et al. 2013; Henry and Obleser 2012; Lakatos et al. 452 

2008). In addition to the entrainment induced by an isochronous stimulus presentation, the 453 

strength of target expectation was manipulated, following Stefanics et al. (2010), who found a 454 

positive correlation between delta phase synchronization and target probability. Our data 455 
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replicate this finding and show that both healthy controls and PD patients varied the strength 456 

of delta phase concentration with target expectancy. For the patient group, this result was 457 

somewhat unexpected, as our previous work showed reduced entrainment of slow delta 458 

oscillations in PD patients (Te Woerd et al. 2014, 2015). The preserved delta phase 459 

concentration supports the point made by Stefanics et al. (2010) that delta phase entrainment 460 

is more than a mechanistic consequence of periodic stimulation, and thus can be modulated by 461 

expectation. PD patients adequately extracted the probability information from the cues and 462 

expectation-driven phase synchronization may have masked any group difference in more 463 

spontaneous bottom-up alignment of delta phase due to temporal regularity. While PD 464 

patients may not exploit advance information as efficiently as controls, they can exploit it if 465 

the advance information is more explicit (Cunnington et al. 1999; Praamstra et al. 1996), as it 466 

was in the present task. 467 

 PD patients’ adequate use of explicit cue information may have masked their deficient 468 

use of the implicit cue of regular stimulus presentation, resulting in reaction times that were 469 

not significantly different from controls. In earlier studies (Praamstra and Pope, 2007; te 470 

Woerd et al. 2014), reduced entrainment in terms of oscillatory activity was also not 471 

expressed in reaction times, whereas a group difference in reaction time was found in te 472 

Woerd et al. 2015. A likely factor explaining the relative insensitivity of reaction time in 473 

comparison to robust group differences in task-related oscillatory activity is the simple 474 

button-press motor response. It is known that in tasks involving a movement, movement time 475 

is more sensitive to group differences than reaction time (Harrison et al. 1995). Moreover, it 476 

has been shown by means of transcranial alternating current stimulation (tACS) that increased 477 

synchronization of beta oscillations, as typically seen in PD, affects movement duration rather 478 

than reaction time (Pogosyan et al. 2009). 479 
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 The beta rhythm has always been viewed as a rhythm particularly important in the 480 

motor system, but recent studies have shown an equally important role of beta oscillations in 481 

other cortical areas and functional domains. Most important in the current context are studies 482 

showing a role for beta oscillations in beat perception (Iversen et al. 2009), temporal 483 

prediction and attention in auditory cortex (Todorovic et al. 2015), coupling between auditory 484 

and motor areas (Fujioka et al. 2012; Lakatos et al. 2013) and timing of internally driven 485 

behaviour (Bartolo et al. 2014; Kononowicz and Van Rijn 2015). The finding of reduced 486 

entrainment of beta oscillatory power over motor areas indicates a deficit in translating the 487 

sensory entrainment to motor circuits. This is most likely due to disease-related changes 488 

within the motor system, rather than due to compromised auditory-motor pathways. Motor 489 

circuits have been attributed a role in internal rhythm generation (Bartolo et al. 2014; Teki 490 

2014), a process crucially relying on interactions between the basal ganglia and premotor 491 

areas (Grahn and Rowe 2009, 2013). Several studies investigating oscillatory signatures of 492 

temporal prediction (or internal rhythm generation) have suggested that these predictions are 493 

sustained by beta-band oscillations in basal ganglia-cortical circuits (Arnal 2012; Bartolo et 494 

al. 2014; Merchant and Yarrow 2016).  495 

 The results of this study, with normal entrainment of sensory areas, but impaired 496 

engagement of motor areas in PD, fits the above framework. It has to be acknowledged, 497 

though, that this framework incorporates a dynamic rather than unidirectional interaction 498 

between basal ganglia motor circuits and sensory structures (Merchant and Yarrow 2016; 499 

Morillon et al. 2016). Hence, it is not inconceivable that dysfunction in motor circuits may 500 

lead to altered entrainment of the auditory cortex and altered auditory-sensory prediction as 501 

well (Morillon et al. 2014). As a rule, however, Parkinson patients do not report difficulties in 502 

sensing a regular beat or less enjoyment of music (Nombela et al. 2013; Skodda et al. 2010). 503 

By contrast, they are impaired on beat-based rhythm discrimination tasks, dependent as they 504 
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are on rehearsal and internal generation of a rhythm (Grahn and Brett 2009; Cameron et al. 505 

2016). Moreover, in synchronization-continuation tasks, PD patients perform equal to control 506 

subjects during the synchronization phase, but perform significantly worse during the 507 

continuation phase where internal rhythm generation is required (Elsinger et al. 2003; 508 

Tolleson et al. 2015). 509 

 Interestingly, the results bear a similarity to markedly attenuated rhythmic modulation 510 

of beta amplitude in schizophrenia patients, likewise obtained in a target detection task 511 

(Lakatos et al. 2013). The similarity may be explained by the schizophrenia patients being 512 

treated with dopamine receptor blocking anti-psychotic drugs, yielding effects resembling 513 

dopamine deficiency in PD. Of note, the authors interpreted the attenuated modulation of beta 514 

power as an effect arising in auditory, rather than motor cortex, in spite of a strongly 515 

lateralized scalp distribution. Indeed, our robust separation of auditory and motor cortex beta 516 

activity depends on the use of MEG and would have been difficult with EEG. 517 

 Note that time-frequency analyses in this study were confined to the beta frequency 518 

band, as an important rhythm in both auditory and motor function, and the delta frequency 519 

band corresponding to the stimulation frequency. Other frequency bands might also be 520 

engaged, which could be worth investigating in future studies. 521 

 522 

Effects of target probability over auditory and motor areas 523 

Participants could use the predictive value of standard tones to anticipate targets, and response 524 

times show that both groups were able to speed up their responses with target probability, a 525 

result aligning with earlier work (Stefanics et al. 2010). Analyses of neural activity showed 526 

clear effects of target probability. First, we found that the N2-amplitude (reflecting attentional 527 

allocation and stimulus classification; Mueller et al. 2008; Näätänen et al. 2007; Sams et al. 528 

1985; Tomé et al. 2015) in ERFs over auditory areas showed a linear relation with the 529 
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predictive value of that tone. The absence of a difference in N2-amplitude between groups 530 

and the absence of an interaction between Group and Probability rule out that reduced 531 

entrainment of motor areas in patients is due to a failure to attend to or discriminate the cues. 532 

Rather, adequate exploitation of cue information may have helped patients to overcome the 533 

disadvantage of their motor cortex’ state of response readiness not tracking the stimulus 534 

stream as well as controls. 535 

Second, healthy control subjects, but not PD patients, demonstrated a decreasing ERF-536 

amplitude with increasing target probability over the motor cortex, in addition to a markedly 537 

higher amplitude. This probability effect on ERF-amplitude may be related to the P300 even 538 

though this component is not prominently expressed in MEG recordings (e.g. Wacongne et al. 539 

2011). A P300 effect is to be expected following infrequent targets, and its amplitude is 540 

plausibly attenuated when a preceding cue more strongly predicts its occurrence (Polich 541 

2012). Moreover, the P300 has a significant contribution from the motor cortex (Bledowski et 542 

al. 2004), has been proposed to serve a role in linking stimuli to responses (Verleger et al. 543 

2005, 2014), and is frequently reported to have a reduced amplitude in PD (eg. Pulvermüller 544 

et al. 1996). If the post-target ERF differences between patients and controls are indeed due to 545 

P300-related processing differences, than patients may be more reliant on the relative salience 546 

of the targets than controls. Recall in this context that the N2-amplitude modulation indicated 547 

that patients adequately processed the probability information of the cues, and also 548 

demonstrated a normal modulation of response times by this information. However this 549 

information had less of an impact on the preparatory state of the motor cortex as expressed in 550 

beta-ERD. 551 

Third, the neural response to omitted tones was largest when preceded by the tone 552 

signaling target occurrence with highest probability. This behavior is in line with the 553 

omission-response reflecting a form of a prediction error. Predictive coding models posit that 554 
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unexpected events lead to more neural activity than expected events (Rao and Ballard 1999), 555 

suggesting that the brain acts as a probabilistic inference machine continuously forming 556 

predictions about future input (Friston 2010).  Some authors have even suggested that the 557 

omission response reflects a “pure expectation” signal (SanMiguel et al. 2013a). In this 558 

condition the effect of target probability on signal amplitude is reversed compared to the 559 

tones, as now a strong prediction leads to a larger mismatch between expected and incoming 560 

signals and thus a larger neural response. This result agrees with previous work on auditory 561 

processing and tone omissions, arguing for predictive processing in audition (Bendixen et al. 562 

2012; Todorovic and De Lange 2012; Waconge et al. 2011) and showing that stronger 563 

predictions about an upcoming stimulus lead to larger omission responses when that stimulus 564 

is omitted (Jongsma et al. 2005; SanMiguel et al. 2013b; Todorovic et al. 2011). The fact that 565 

patients only showed an omission response over lateral parietal areas and not over central 566 

(motor) areas, like controls, supports the conclusion, from the analyses of beta activity, that 567 

the regular task structure fails to engage motor circuits in a predictive mode of function 568 

(Chennu et al. 2013; Waconge et al. 2011; te Woerd et al. 2014).  569 

 570 

Conclusion 571 

The present results show that the engagement of cortical motor areas by attentive listening to 572 

a regular stimulus stream is considerably reduced in PD patients compared to healthy 573 

controls. This is expressed in the modulation depth of beta power, but also in the response to 574 

omitted stimuli and in an absent motor area P300 effect. The results fit a framework in which 575 

basal ganglia-cortical motor circuits are critical to predictive behaviour, mediated by 576 

hierarchically nested oscillatory synchronization (Morillon et al. 2015). Activity in the beta 577 

band may be especially important for establishing an internal model or sustain a rhythmic set 578 

(Bartolo et al. 2014; Merchant and Yarrow 2016; Teki 2014). Converging with this view, the 579 
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ERS phase of rhythmic modulations in beta power was suggested to reflect trial-to-trial 580 

modification of an internal model guiding movement (Tan et al. 2014a, 2014b; te Woerd et al. 581 

2015). If so, and if oscillatory activity in the beta band supports such a function, then the 582 

attenuated modulation depth of motor cortical beta activity, in our data, does not merely 583 

reflect altered resonance to rhythmic external events, but a compromised recruitment of an 584 

endogenous response, i.e., rhythmic set (cf. Bartolo et al. 2014). Ongoing work in which we 585 

instructed PD patients to selectively attend to one of two concurrently presented stimulus 586 

streams, supports this hypothesis. 587 

  588 
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Tables 797 

Subject 
number 

Age (years) 
and gender 

Years since 
diagnosis 

Most 
affected 

side 

UPDRS 
motor 
score 

Dominant 
hand 

Medication (daily 
dose) 

1 70, M 6 L 24 R 
Pramipexole 1.5 mg 
Levodopa 450 mg 
Trihexyfenidyl 6 mg 

2 57, M 8 R 31 R Levodopa 500 mg 
3 70, M 3 L 33 R Levodopa 400 mg 

4 67, M 7 L 31 R Pramipexole 1.125 mg
Levodopa 950 mg 

5 67, M 2 L 23 R Levodopa 450 mg 
6 57, M 5 R 19 R Levodopa 600 mg 

7 62, M 17 R 22 R Levodopa 500 mg 
Pramipexole 3.75 mg 

8 56, F 5 L 18 R Levodopa 300 mg 

9 48, F 3 L 17 R Pramipexole 0.75 mg 
Levodopa 300 mg 

10 63, M 8 R 31 L 
Levodopa 1000 mg 
Entacapone 1000 mg 
Amantadine 200 mg 

11 61, M 10 L 44 R Pramipexole 4.5 mg 
Levodopa 700 mg 

12 47, M 3 R 34 R Levodopa 500 mg 
Pramipexole 0.75 mg 

13 58, M 16 L 34 R 
Levodopa 450 mg 
Pramipexole 1.5 mg 
Amantadine 200 mg 

14 69, M 15 L 30 R 
Amantadine 200 mg 
Pramipexole 3.75 mg 
Levodopa 800 mg 

Mean (±SD) 61 ± 8 8 ± 5  28 ± 8   
 798 

Table 1. Demographic and clinical characteristics of participating Parkinson patients. UPDRS 799 

motor score was determined directly after the experiment. Levodopa was always used with a 800 

dopadecarboxylase inhibitor. Pramipexole dose is given in terms of salt content. 801 

  802 
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Figure Captions 803 

 804 

Figure 1. A) Schematic overview of the paradigm. B) Average response times to target tones 805 

for the different target probabilities and groups separately, error bars represent the standard 806 

error. 807 

 808 

Figure 2. A) Average planar gradient evoked field over the auditory ROI (white sensors 809 

shown in inset) in response to a standard tone (averaged over the different target-810 

probabilities), for controls (blue) and PD patients (red). Shaded area around the mean 811 

represents standard error. B) Top row: topographic distribution of the planar gradient evoked 812 

field elicited by a standard tone in a 50ms window centered around maximal ERF-value; 813 

bottom row: source reconstruction of the event-related field at maximal activation for both 814 

groups separately. C) Amplitude of the N2-component in the ERF, separately for all 815 

probabilities and groups, error bars represent the standard error. 816 

 817 

Figure 3. A) Topographical distribution of the modulation depth (difference between maximal 818 

ERD and ERS) of beta oscillatory power after a target tone, averaged over both groups and all 819 

probabilities. Sensors over which the modulation depth is strongest are shown in white and 820 

reflect the motor ROI. B) Average event-related fields over the motor ROI for the control 821 

(blue) and patient (red) groups, with the interval over which there was a significant difference 822 

colored in grey. Topography of the planar gradient event-related fields for both groups during 823 

the window of significance is shown on the right. The vertical oriented blue and red dashed 824 

lines indicate group mean response time for controls and patients respectively, with the 825 

shaded areas around this mean reflecting standard error. C) Topography of the difference in 826 

ERF amplitude between groups during the window of significance on sensor (top) and source 827 
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level (bottom). D) Mean ERF amplitude over the motor ROI in (A) in the time window 200-828 

950 ms post-target for the different target probabilities, separately for both groups and error 829 

bars represent standard error. E) Averaged response-locked ERF for the three probabilities 830 

and both groups. 831 

 832 

Figure 4. A) Topographical distribution of the omission response in controls (top) and patients 833 

(bottom), during a 200 ms time window centered on maximal omission response. B) The 834 

difference in evoked field between groups (top) with sensors in black being significantly 835 

different (p < 0.05) between groups. The average ERF over these sensors shows a clear 836 

omission response in controls but not in patients (bottom; shaded area around the traces 837 

reflects the standard error). C) Size of the omission response (defined as the area under the 838 

curve during a 200ms window around maximal omission response) for the different target 839 

probabilities and groups separately with the error bars representing standard error. 840 

 841 

Figure 5. (A) Time-frequency representations of relative power changes to baseline for both 842 

controls and PD patients separately. Top-row shows spectral power changes over the auditory 843 

ROI (see Figure 2A) and bottom-row for the motor ROI (see Figure 3A). (B) Beta power 844 

traces in time over the auditory ROI in the upper row, and for the motor ROI in the bottom 845 

row. These traces are averaged over four consecutive non-targets (standard and omitted 846 

tones), leaving out any confounding movement-related activity. The shaded areas around the 847 

mean represent the standard error. (B) Overview of the area under the curve in A for both 848 

groups and ROIs, showing a difference between groups over the motor but not the auditory 849 

ROI. Error bars represent the standard error. (C) Topography of beta power entrainment in 850 

both controls (left) and patients (right), with the difference between groups shown in (D). 851 

 852 
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Figure 6. (A) Beta power in time over the motor ROI shown in Figure 3A, for the tone 853 

omissions (at t = 0s), separately for all target probabilities and both groups. The shaded areas 854 

around the traces represent the standard error. (B) Left: Size of beta ERD due to the tone 855 

preceding the tone omission, for the different target probabilities and groups separately; 856 

Right: Size of the beta ERS following the omitted tone, sorted by the tone preceding the 857 

omission. Error bars represent the standard error. (C) Correlation between the amount of beta 858 

ERD preceding the omission and the size of beta ERS after a tone omission. (D) Distribution 859 

of instantaneous delta phase in the motor cortex contralateral to the response hand at onset of 860 

omitted stimulus, aligned at the preferred phase for all individuals and averaged over the 861 

different target probabilities. (E) Values of delta phase intertrial coherence (ITC) in 862 

contralateral motor cortex during tone omissions, separately for the different target 863 

probabilities and groups, with the error bars reflecting standard error. 864 

 865 
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