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Abstract  40 

Attention filters and weights sensory information according to behavioral demands. Stimulus-41 

related neural responses are increased for the attended stimulus. Does alpha-band activity 42 

mediate this effect and is it restricted to conscious sensory events (suprathreshold), or does 43 

it also extend to unconscious stimuli (subthreshold)? To address these questions, we 44 

recorded EEG in healthy male and female volunteers undergoing subthreshold and 45 

suprathreshold somatosensory electrical stimulation to the left or right index finger. The task 46 

was to detect stimulation at the randomly alternated cued index finger. Under attention, 47 

amplitudes of somatosensory evoked potentials increased 50–60 ms after stimulation (P1) 48 

for both suprathreshold and subthreshold events. Pre-stimulus amplitude of peri-Rolandic 49 

alpha, that is mu, showed an inverse relationship to P1 amplitude during attention, 50 

compared to when the finger was unattended. Interestingly, intermediate and high 51 

amplitudes of mu rhythm were associated with the highest P1 amplitudes during attention 52 

and smallest P1 during lack of attention, that is, these levels of alpha rhythm seemed to 53 

optimally support the behavioral goal (“detect” stimuli at the cued finger while ignoring the 54 

other finger). Our results show that attention enhances neural processing for both 55 

suprathreshold and subthreshold stimuli and they highlight a rather complex interaction 56 

between attention, Rolandic alpha activity, and their effects on stimulus processing. 57 

 58 

59 
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Significance Statement 60 

Attention is crucial in prioritizing processing of relevant perceptible (suprathreshold) stimuli: 61 

it filters and weights sensory input. The present study investigates the controversially 62 

discussed question whether this attention effect extends to imperceptible (subthreshold) 63 

stimuli as well. We found non-invasive EEG signatures for attentional modulation of neural 64 

events following perceptible and imperceptible somatosensory stimulation in human 65 

participants. Specifically, stimulus processing for both kinds of stimulation—sub- and 66 

suprathreshold—is enhanced by attention. Interestingly, Rolandic alpha rhythm strength and 67 

its influence on stimulus processing are strikingly altered by attention most likely to optimally 68 

achieve the behavioral goal. 69 

70 
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Introduction 71 

Attention is “a mechanism by which information relevant to a perceptual decision is filtered 72 

or weighted, in the service providing the observer with the most efficient and accurate 73 

interpretation of the local sensory environment” (Summerfield and Egner, 2014). It is well 74 

known that attention facilitates conscious perception across sensory domains (Schröger et 75 

al., 2015; Dehaene et al., 2006), as indexed by its well-documented influence on evoked 76 

potentials, evoked fMRI/PET signals or oscillatory activity (somatosensory evoked potentials, 77 

SEP: Desmedt and Robertson, 1977; Zopf et al., 2004; Schubert et al., 2008b; visually 78 

evoked potentials, VEP: Eason et al., 1969; auditory evoked potentials, AEP: Hillyard et al., 79 

1973; somatosensory fMRI: Johansen-Berg et al., 2000; Goltz et al., 2013, 2015; visual 80 

fMRI: Gandhi et al., 1999; auditory fMRI: Alho et al., 1999; PET: Wu et al., 2007; brain 81 

rhythms: Clayton et al., 2015). 82 

However, attention processes do not necessarily depend on conscious percepts (Koch and 83 

Tsuchiya, 2007; Kentridge et al., 2008; Graziano, 2013). Attention effects on subliminal 84 

processing have been shown in the visual modality (Boxtel et al., 2010; Watanabe et al., 85 

2011; de Haan et al., 2015), but based on paradigms involving masking or extinction. 86 

However, subliminal brain responses to masked stimuli have been shown to be interrupted 87 

by the brain responses of the mask (Lamme et al., 2002; Fahrenfort et al., 2007), which may 88 

preclude observations unique to genuine processes below consciousness elicited by 89 

unmasked subliminal stimulation. Neural markers for cerebral processing of somatosensory 90 

stimuli below absolute detection threshold (i.e., stimulation is never reported: subthreshold) 91 

have been described previously. However, these were only based on invasive studies using 92 

subdural electrodes under clinical conditions (Libet et al., 1967; Ray et al., 1999) limiting 93 

potential investigations. Recently, we have identified an event related potential in response 94 

to subthreshold stimulation (a positive deflection occurring about 60 ms after stimulation: P1 95 

Nierhaus et al., 2015). First, these findings allowed us to address the question whether 96 

attention also modulates neural processing of subthreshold, that is, unconsciously processed, 97 
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somatosensory stimuli as it has been suggested previously (Dehaene et al., 2006). Second, 98 

we examined the role of alpha-band brain oscillations activity in relation to the effect of 99 

attention. While several studies conclude that attention decreases the amplitude of baseline 100 

(pre-stimulus) alpha rhythm (Palva and Palva, 2007; Jones et al., 2010; Anderson and Ding, 101 

2011; Haegens et al., 2011a, 2011c; Jensen et al., 2012), evidence for the relationship of 102 

pre-stimulus alpha power on the amplitudes of evoked potentials is ambiguous. Both linear 103 

(Nikouline et al., 2000b; Reinacher et al., 2009; Roberts et al., 2014) and non-linear 104 

relationships (Zhang and Ding, 2009; Anderson and Ding, 2011) have been reported. While 105 

the latter findings challenge the view of alpha activity directly reflecting cortical excitation 106 

(Jensen and Mazaheri, 2010; Foxe and Snyder, 2011), one might still argue that the 107 

variation of pre-stimulus alpha activity in spatial attention leads to a modulation of evoked 108 

activity (Jones et al., 2010; Haegens et al., 2011a, 2011b; Jensen et al., 2012). 109 

Consequently, with attention, the highest P1 amplitudes should be accompanied by low pre-110 

stimulus alpha power in the case of a linear relationship, or, alternatively, by intermediate 111 

power ranges in the non-linear case (Anderson and Ding, 2011). 112 

 113 

Here we investigated the role of pre-stimulus peri-Rolandic alpha, that is, sensorimotor alpha 114 

or simply mu, amplitude and its (modulatory) impact on central stimulus processing by 115 

means of EEG recordings and event-related potentials in humans. We presented 116 

subthreshold and—at a lesser number—irregularly intermingled suprathreshold single 117 

electrical current pulses to the index fingers of both hands during variation of spatial 118 

attention. Thus, we tested whether or not attention and alpha activity operate analogously 119 

for subthreshold and suprathreshold stimuli. Figure 1 illustrates potential functional 120 

relationships between attention, mu rhythm activity, and evoked brain activity. 121 

 122 

--Figure 1-- 123 

124 
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Methods 125 

Participants 126 

The study was approved by the local ethics committee. Prior to participation, all volunteers 127 

underwent a comprehensive neurological examination. They had no history of neurological or 128 

psychiatric diseases and were not on any medication. Forty healthy volunteers participated 129 

(age range 20–32 yrs, mean 25.1 ± 2.9 yrs S.D.; 20 females); all were right-handed 130 

(laterality score according to the Oldfield questionnaire: mean 91.6 ± 10.2 S.D., over a 131 

range of –100 (fully left-handed) to 100 (fully right-handed), Oldfield, 1971). Data of three 132 

subjects were discarded due to defective or artifactual EEG recordings, so in total 37 133 

datasets were analyzed. 134 

In an additional psychophysics study (see below) we invited 14 subjects (age range 22–32 135 

yrs, mean 26.7 ± 2.8 yrs S.D.; 7 females) that were all right-handed (mean 90.4 ± 11.7 136 

S.D.) and included in the analysis. 137 

 138 

Experimental Procedures 139 

Somatosensory Stimulation and Task Design 140 

Electrical finger nerve stimulation was performed by constant-current stimulators (DS7A, 141 

Digitimer, Welwyn Garden City, Hertfordshire, United Kingdom) applying single current 142 

square wave pulses (duration 200 μs), controlled by the stimulation software “Presentation” 143 

(Neurobehavioral Systems, San Francisco, U.S.A.). A pair of steel wire ring electrodes was 144 

attached to the middle (anode) and the proximal (cathode) phalanx of the left and right 145 

index finger. A trained experimenter manually assessed absolute detection thresholds, which 146 

were defined as the lowest current intensity (for continuous 7 Hz stimulation) at which 147 

participants just reported a sensation. A rough estimate of this detection threshold was 148 

derived by applying one trial of method of limits with ascending intensities separately for the 149 
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left and right index finger (just before the first block). In order to control for threshold 150 

stability and to readjust stimulus intensities in case of a threshold shift, we precisely 151 

determined (0.05 mA precision) absolute detection thresholds before each EEG acquisition 152 

block using a yes / no detection procedure (one-alternative forced-choice, 1AFC, Kingdom 153 

and Prins, 2009, not included in the EEG recording of ~8 min duration per block). Thus, the 154 

experimenter presented current intensities (at 7 Hz for one second each) around the 155 

previously estimated rough detection threshold (or the previous precise threshold for block 156 

numbers > 1) as well as catch/ blank trials (20% of all 1AFC trials) to account for guessing/ 157 

liberal response criterion (from our experience false alarm rates are largely zero for this 158 

specific procedure and this was also true for the current threshold assessments). Participants 159 

responded with “yes” if they felt a stimulus and “no” if otherwise. Intensities were selected 160 

adaptively, according to the participant’s responses; for example, if an observer perceived a 161 

given stimulus, intensity for the following trial was usually (but not necessarily) decreased 162 

and vice versa. However, once in a while a stimulus at a high intensity was presented 163 

reminding the observer what to “look” for. The range of applied intensities was also 164 

decreased successively until an intensity was identified which satisfied the above definition of 165 

an absolute detection threshold, that is, an intensity that enables a stimulus to be just 166 

discriminated from its null (Kingdom and Prins, 2009). For instance, if an observer reliably 167 

responded with “No” to a given intensity “x” but reported to perceive the next higher 168 

intensity “x + 0.05 mA” on a fraction of the trials, the latter intensity value served as 169 

detection threshold (30–60 trials which took maximally 5 minutes). To ensure imperceptibility 170 

of subthreshold stimuli during the entire experiment, subthreshold stimulation intensity (left 171 

finger) was set to 15% below absolute detection threshold and tested to be reliably 172 

imperceptible when presented as single pulses. Additionally, we conducted an independent 173 

1AFC psychophysics experiment (see section “Psychophysics control experiment”) that 174 

validates that this thresholding procedure yields undetectable subthreshold intensities (i.e. 175 

zero d-prime sensitivity). The intensity of suprathreshold stimulation was adjusted within a 176 
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range of 25 to 200% above detection threshold (Table 1) depending on the participants’ 177 

subjective report of experiencing a clear (i.e., conscious) isointense but innocuous percept 178 

on both fingers. During experimental blocks, sub- and suprathreshold stimulation intensities 179 

were kept constant and subthreshold stimulation was applied to the left hand only (Fig. 2). 180 

Participants were instructed to respond to perceived stimuli only to the cued hand (left or 181 

right) via button press with their right foot. 182 

--Figure 2-- 183 

 184 

Accordingly, the following stimulation conditions were presented during the experiment: 185 

subthreshold stimulation to the left hand that was either attended (“subthreshold left 186 

attended” condition) or unattended (“subthreshold left unattended” condition) and four 187 

conditions where suprathreshold stimulation to the left or the right hand was attended or 188 

unattended, respectively (“suprathreshold left attended”, “suprathreshold left unattended”, 189 

“suprathreshold right attended”, “suprathreshold right unattended” conditions). In the offline 190 

analysis we only focused on left hand stimulation (data on right hand stimulation was not 191 

considered, Table 1). 192 

 193 

--Table 1-- 194 

 195 

EEG acquisition 196 

During stimulation blocks, EEG was recorded continuously from 32 scalp channels 197 

(international 10-20 system; actiCap, BrainAmp, Brain Products, Munich, Germany): 198 

midfrontal electrode (FCz) as reference and a sternum electrode as ground with impedances 199 

≤5 kΩ for all channels, sampling frequency 1 kHz, a low-pass finite impulse response filter 200 

(250 Hz) was applied before downsampling EEG time courses to 500 Hz. 201 

To allow for reliable detection of SEPs and Rolandic rhythms, stimuli were presented at 202 

comparatively long interstimulus intervals, that is, subthreshold stimuli at a mean 203 
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interstimulus interval of 3.2 s (jitter of ±1000ms during a block of ~2 min, in total 26 blocks, 204 

i.e., 936 trials per subject). Moreover, in each block no or up to four suprathreshold stimuli 205 

were presented pseudo-randomly to the left or the right hand (total 52 suprathreshold 206 

stimuli on either hand). Subjects were instructed to report perception of stimuli only when 207 

presented to the cued side and to “ignore” stimuli to the non-cued hand. Finally, two 208 

additional blocks were appended comprising only suprathreshold stimulation of the left and 209 

right index finger without attention task (stimulation frequency every 1.6 ± 0.3 s, resulting in 210 

360 trials, ~5 min block duration), so we obtained a sufficient number of trials with 211 

suprathreshold stimulation (for a criterion-guided independent component selection in later 212 

steps of the analysis procedure, see below). 213 

 214 

EEG Data Analysis 215 

Preprocessing 216 

EEG data analysis was performed offline using custom-built Matlab scripts (Mathworks, 217 

Natick, MA, USA, RRID:SCR_001622) and toolbox algorithms from EEGLAB (Delorme and 218 

Makeig, 2004, RRID:SCR_007292). Individual datasets underwent an independent 219 

component analysis (ICA, infomax extended) both to remove sources of ocular and muscle 220 

artifacts (Li et al., 2006; Delorme et al., 2012) and to select components resembling mu 221 

activity sources. Prior to ICA, datasets were prepared applying the following procedures: 222 

training datasets for ICA were high-pass filtered with 1 Hz, all blocks were concatenated, 223 

contiguous epochs of 1 s were extracted, screened for non-stereotypical artifacts and 224 

rejected if contaminated. Then, an initial ICA was performed that semi-automatically 225 

removed artifactual epochs using improbable data estimation on single and over all 226 

components (function “pop_jointprob”, Delorme et al., 2007). The resulting datasets were 227 

submitted to a second ICA: The new set of components was visually inspected, artifactual 228 

components were identified (i.e., correlation with EOG channel higher than 0.8, blink or eye 229 
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movement typical topographies and IC source activity, abnormal frequency spectrum, i.e., 230 

high frequency or line noise, focal topographies) and only the unmixing and sphering 231 

matrices of artifact-free components were forward-projected to the unfiltered datasets for 232 

the subsequent analysis steps. 233 

SEPs 234 

Epochs were defined ranging from -1200 to 2200 ms relative to stimulus onset (t=0), from 235 

which the individual epoch mean was subtracted. Epochs exceeding the joint logarithmic 236 

probability of 4.5 or 2.5 SD within or across independent components, respectively, were 237 

discarded after manually reviewing the alleged artifactual epochs (Delorme et al., 2007). 238 

This resulted in an average number of 420 trials (+/-14 S.D.) for attending left subthreshold 239 

stimulation and 420 trials (+/-13 S.D.) for “ignoring” left subthreshold stimulation (i.e., 240 

attending right); 23 trials (+/-3 S.D.) for attending left suprathreshold stimulation and 24 241 

trials (+/-2 S.D.) for ignoring left suprathreshold stimulation. In a next step, data was low-242 

pass filtered applying the standard EEGLAB Hamming windowed sinc finite impulse response 243 

filter (zero-phase FIR, pass band edge: 41 Hz, high cut-off (-6 dB): 46.125 Hz, filter order 244 

162, Widmann et al., 2015). Trials with behavioral responses following or preceding 245 

subthreshold stimulation were very rare and excluded from further analysis (only eight 246 

participants responded to subthreshold stimulation once or twice out of 960 trials). 247 

 248 

Topographical analysis via isocontour voltage maps 50 to 60 ms post stimulation revealed 249 

that contralateral somatosensory areas were most sensitive to somatosensory stimulation in 250 

comparison to pre-stimulus baseline (paired t-tests, fdr-corrected). Therefore, statistical 251 

analysis of SEP amplitude was performed on electrode CP4 (i.e., in close vicinity to 252 

somatosensory cortex contralateral to stimulation site, that has been also previously found to 253 

exert maximum SEP amplitudes, Nierhaus et al., 2015), by averaging the amplitude of time 254 

points 50 to 60 ms post-subthreshold stimulation (P60) and performing a paired two-tailed t-255 

test (p<0.05) against baseline (-100 to -20 ms relative to stimulus onset, Zhang and Ding, 256 
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2009). The definition of time range of interest was hypothesis-driven, because previously we 257 

only found the P60 and no additional components to be indicative of subthreshold 258 

somatosensory processing (Nierhaus et al., 2015). A known marker for early attention 259 

modulation of suprathreshold stimulation, the P50–N80 complex (Michie et al., 1987), was 260 

extracted by subtracting averaged amplitudes around 80 to 100 ms (N80) from averaged 261 

amplitudes around 50 to 60 ms (P50) post stimulus. As for the P60, the amplitude of the 262 

P50N80 complex was tested between attention conditions by means of paired t-test against 263 

baseline. In order to test for the presence of further evoked potentials, each sample point of 264 

a 400 ms post-stimulus epoch was successively compared with the mean pre-stimulus 265 

baseline value (paired t-tests (p<0.05), multiple comparisons correction with fdr, not 266 

shown).  267 

Rolandic Rhythms 268 

In order to discern Rolandic rhythms from dominating occipital alpha activity, a preselection 269 

of "central" ICA components was performed prior to trial segmentation. For this purpose, all 270 

blocks (including the pure suprathreshold stimulation blocks) were concatenated to run a 271 

subject wise ICA. As in Nierhaus et al. (2015), we selected Rolandic background rhythms 272 

according to three criteria for each subject: (1) a central localization, (2) two peaks in the 273 

power-spectrum, at alpha (8–15 Hz) and beta (16–30 Hz) frequency bands, respectively, and 274 

(3) a pronounced power reduction of these bands after suprathreshold stimulation. Using 275 

this procedure, 1–4 (mean 2 ± 1 S.D.) ICs per subject were selected (all 37 participants 276 

showed at least one right hemispheric lateralized mu component, 24 showed additionally a 277 

left lateralized mu component). Only these components were forward projected and included 278 

in further analysis of somatosensory oscillatory activity. After forward projection of the 279 

"central" ICs and segmentation of sub- and suprathreshold epochs as defined above (-1200 280 

to 2200 ms), a wavelet analysis was performed for frequencies from 6–30 Hz in 1 Hz 281 

increments to allow for a time-resolved frequency analysis of event-related power 282 

modulation. The wavelet transformation was performed on each single trial using wavelet 283 
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cycle lengths from 4 to 7 cycles increasing with frequency in linear steps. Subsequently, the 284 

resulting time-frequency response was averaged over trials.  285 

Statistical analysis was performed on electrode CP4 (located over SI contralateral to the 286 

stimulation site on the left hand and also showing maximal weights in independent 287 

component maps) by means of two-tailed paired t-tests of post-stimulus time points against 288 

frequency specific baseline average (p-level was fdr-corrected with q=0.05, Genovese et al., 289 

2002, with a pre-stimulus baseline of -700 to -200 ms). In order to test the condition 290 

contrast across post-stimulus values, we compared baseline-normalized alpha band values 291 

(8–15 Hz) for attended and unattended sub- and suprathreshold stimulation conditions (fdr-292 

corrected). 293 

Regression of SEPs and behavior on pre-stimulus mu amplitude 294 

In order to test the relationship between oscillatory brain state (mu amplitude) and stimulus 295 

processing (SEP amplitude and hit rates), we pooled trials across attention conditions on 296 

subject level and calculated the average mu amplitude (estimated by a 10 Hz wavelet kernel 297 

with 4.9 cycles) for each trial 300 to 200 ms prior to stimulus onset. These values were 298 

reordered from smallest to largest amplitude and assembled into five consecutive bins 299 

(indexed by 1 to 5) with 50% overlap of trials for successive bins. Afterwards, we separated 300 

the trials in each bin according to the attention condition. This binning procedure serves as 301 

normalization and compensates for inter-individual differences in absolute mu amplitude. 302 

Importantly, this also yields comparable mu amplitudes between attention conditions for any 303 

of these bins (tested via two-way repeated measurement ANOVA with factors power bin (5 304 

levels) and attention (2 levels) and mu amplitude as dependent variable). Effect sizes were 305 

quantified as generalized eta squared (Bakeman, 2005). It has to be noted, however, that 306 

the number of trials within each bin may differ between attention conditions, which was 307 

tested by paired t-tests (average number and SEM of trials per bin 1–5 for subthreshold 308 

attended: 143 (9), 143(9), 140 (8), 139 (8), 137 (10); subthreshold unattended: 138 (10), 309 

137 (9), 140 (7), 141 (7), 144 (9); suprathreshold attended: 8 (2), 8 (1), 8 (2), 8 (2), 7 (2); 310 
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suprathreshold unattended: 8 (1), 8 (2), 8 (2), 8 (2), 8 (2); significant between attention 311 

condition trial number differences: subthreshold bin 2 (t(36)=2.05, p=0.048); subthreshold 312 

bin 5 (t(36)=-2.3, p=0.027); remaining tests yield absolute t-scores < 1.8). We then 313 

calculated the sub- and suprathreshold SEP for each bin and attention condition, and 314 

extracted the amplitude of the key component (P1) as described above in the section SEPs. 315 

Bin-wise hit rates (HR) were calculated for the suprathreshold left attended condition. 316 

To assess the grand-average relationship between SEP amplitude and pre-stimulus mu 317 

amplitude for each attention condition, we calculated a standard linear regression with mu 318 

amplitude bins serving as predictor (quadratic and linear, including an intercept, i.e., the 319 

ordinate (SEP amplitude) offset) and bin SEP amplitude (and HR) serving as regressor (in 320 

fact, there are five values which the predictor can attain). However, this approach has some 321 

substantial drawbacks as it obscures inter-subject variability. Factors like vigilance regulation 322 

patterns (Bekhtereva et al., 2014), individual behavior adjustments, threshold variations, 323 

which are deemed to be random across the sample, may influence the relationship between 324 

experimentally relevant factors. With linear mixed effects modeling (LMM), we acknowledge 325 

between- and within-subject variations in the data from the model’s fixed effects estimates 326 

(i.e., the grand average effect). We conducted the LMM analysis in R (R Core Team, 2014, 327 

RRID:SCR_001905) within the lme4 framework proposed by Bates et al. (2014). For our 328 

LMM fixed effects we estimated intercept and weights for a quadratic and linear mu 329 

amplitude predictor just as for the standard regression in the fixed effects part (i.e., the 330 

grand average relationship, inter-subject variation ignored). Additionally, the same predictor 331 

structure was used for the random effects part of the model with participant as the grouping 332 

variable. This has the advantage of (1) being the maximal random effect structure required 333 

for hypothesis testing as claimed by Barr et al. (2013), and (2) it yields subject-specific 334 

deviation predictions from the fixed effects within a single model estimation instead of 335 

multiple by-participant ordinary regressions (Baayen et al., 2008; Zhang and Ding, 2009). 336 

LMMs are defined in the following form: outcome ~ predictor(s) + (predictor(s) | subject), 337 
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which will fit predictors of the fixed effect part (next to the “~”) and predictors of the 338 

random effects part (in brackets) grouped by a factor for which the predictors vary 339 

randomly, in our case, subject. All in all, we computed four LMMs which regressed SEP 340 

amplitude on pre-stimulus mu amplitude bin separately for each attention (attended, 341 

unattended) and stimulation condition (P1 amplitude for subthreshold and suprathreshold 342 

stimulation) and one LMM in which hit rate was the dependent variable. To check the 343 

significance of each of the five models and the relevance of specific predictors, maximum-344 

likelihood ratio test statistics (which account for model complexity) between the complete 345 

(all predictors) and reduced models (one model assuming no relationship—i.e., only the 346 

intercept serves as predictor—and one model assuming a linear relationship, see Table 2 for 347 

detailed model definitions) were parametrically bootstrapped with 10000 simulations 348 

(pbkrtest-package by Halekoh and Højsgaard, 2014). All these models describe the 349 

relationship between mu amplitude and SEP amplitudes (and HR) but do not consider the 350 

subjective attentional state (see next paragraph), because fitting was done separately for 351 

each attention condition.  352 

 353 

Assessment of the relationship between pre-stimulus mu amplitude, 354 

somatosensory evoked potential, and attention 355 

How does attention affect pre-stimulus mu amplitude and SEP amplitudes? Is a putative 356 

attention effect on SEP amplitude mediated (or indexed) by pre-stimulus mu? Does attention 357 

affect both pre-stimulus mu and SEP amplitudes independently? Or do responses of these 358 

variables depend on each other, or, in other words, do they interact? In order to evaluate 359 

these questions, we tested three different types of possible relationships depicted in Figure 360 

1. For this purpose, following LMMs were fitted to data including both attention conditions, 361 

not separately as in the previous paragraph.  362 

If the influence of attention is solely mediated by pre-stimulus mu amplitude (Fig. 1a, 363 

“mediator model”), any form of relation between pre-stimulus mu amplitude and SEP 364 
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amplitude will not be differentiable between the two attention conditions. Therefore, we 365 

fitted two LMMs to sub- and suprathreshold SEP amplitudes (dependent variable) with 366 

intercept, linear, and quadratic predictor of pre-stimulus mu amplitude both for fixed and 367 

random effects grouped by subject (in fact the same model definition as for single attention 368 

condition fits above), neither of which including attention as predictor in the fixed nor 369 

random effects part. In other words, it is assumed that the attention effect on SEP amplitude 370 

is completely reflected in the variation of pre-stimulus mu amplitude. 371 

However, if the effect of attention on SEP amplitudes is independent from an attention effect 372 

on pre-stimulus mu amplitude (Fig. 1b, “independence model”), a significant relationship 373 

between pre-stimulus mu amplitude and SEP amplitudes will not be observable. Here, the 374 

two LMMs fitted sub- and suprathreshold SEP amplitudes with the factors intercept and 375 

attention in the fixed effects part and intercept grouped by subject and attention as within 376 

subject factor in the random effects part (see Table 2 for detailed model definitions). In 377 

short, the relationship between pre-stimulus mu amplitude and SEP amplitudes would appear 378 

to be flat but SEP amplitudes between attention conditions would differ. (Note that an 379 

absence of significant relationships of any sort for the single attention conditions (see 380 

previous section) would support the independence model). 381 

Finally, if the type of relationship between pre-stimulus mu amplitude and SEP amplitudes 382 

essentially depends on the subjective state of attention (Fig. 1c, “interaction model”), we will 383 

observe different relationships for each attention condition. The LMM definitions to fit sub- 384 

and suprathreshold SEP amplitudes therefore include the factors intercept, attention, the 385 

linear and quadratic mu amplitude predictor, as well as the interaction of the latter and 386 

attention in the fixed effect part. The random effects part contains intercept, the linear and 387 

quadratic mu amplitude predictor grouped by subject, as well as attention as within-subject 388 

factor (see model definitions in Table 2).  389 
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Models were evaluated by their ability to explain the data, here maximum-likelihood, and 390 

significance was assessed via parametric bootstrapped likelihood ratio tests (10000 391 

simulations). 392 

Psychophysics control experiment 393 

In order to evaluate whether our threshold assessment procedure described above is 394 

appropriate for selecting individual subthreshold intensities that are truly imperceptible, we 395 

conducted this control experiment to show that sensitivity (i.e. d-prime or d’) to subthreshold 396 

trials is indeed zero. We applied the very same procedure for threshold determination (and 397 

determination of subthreshold stimuli) as in the main EEG experiment, and determined d’ for 398 

seven stimulation intensities along the individual psychometric function for which the 399 

absolute detection threshold (absTH) served as reference point. Importantly, the control 400 

experiment included 100 catch trials where no stimulation was presented. The remaining 401 

stimulation conditions included trials with two subthreshold intensities (subTH(-30%): 100 402 

trials, subTH(-15%): 100 trials, i.e. 70% and 85% of absTH), the absolute detection 403 

threshold intensity (abs. TH: 60 trials), three near-threshold intensities (NTH: three times 60 404 

trials) and one suprathreshold intensity (100% STH: 60 trials). Participants performed a 405 

Yes/No detection (1AFC) task. The STH intensity was individually adjusted to be the first that 406 

is perceived throughout all trials during a preceding stimulus detection run applying five 407 

different above threshold intensities (five repetitions for each, and five catch trials) that 408 

remained constant for the duration of two minutes (method of constant stimuli). If no STH 409 

intensity could be identified, further stimulus detection runs, for which stimulation intensities 410 

were increased by 0.2mA each, were conducted until STH criterion was reached. NTH 411 

intensities were tuned to 25%, 50% or 75% of the distance between absolute detection 412 

threshold and 100% STH. 413 

414 
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Results 415 

We stimulated the left and right index finger with electrical pulses (Table 1) while 416 

participants responded to perceived sensations only on the cued side and ignored sensations 417 

on the other side (Fig. 2), thus characterizing the effects of attention on central 418 

somatosensory stimulus processing. 419 

Behavioral responses  420 

The resulting average hit and false alarm rates for suprathreshold stimulation of attended 421 

left (hit rates: 71.06 +/-17.88% S.D, false alarm rates: 0.82 +/-0.17% S.D.) and right index 422 

finger (hit rates: 73.76 +/-17.59% S.D., false alarm rates: 0.66 +/-0.11% S.D.) did not 423 

differ significantly (t(36)<+/-1 in all cases). The average number of responses to 424 

subthreshold stimulation for both attention conditions was negligible (two subjects 425 

responded twice, six subjects responded once out of 480 subthreshold trials). 426 

Participant’s sensitivity to subthreshold stimulation trials have furthermore been tested to be 427 

reliably zero as can be observed in Figure 3 that shows the results of the additional 1AFC 428 

psychophysics experiment. D-prime is not significantly different from zero for the absolute 429 

detection threshold intensity (absTH) that serves as individual reference value for adjusting 430 

subthreshold intensities for each subject to be 15% and 30% lower than absTH. 431 

 432 

--Figure 3— 433 

 434 

Responses to sub- and suprathreshold stimulation evolves differentially over time 435 

with respect to SEP and sensorimotor alpha and beta band power 436 

SEPs in response to left hand somatosensory stimulation were lateralized to the right 437 

hemisphere. As in our previous study (Nierhaus et al., 2015), we restricted our analysis to 438 

the contralateral hemisphere because only the left index finger received both sub- and 439 
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suprathreshold stimulation. Depending on stimulation intensity (i.e., either above or below 440 

detection threshold), we observed different evoked components: for suprathreshold 441 

stimulation a P50 was followed by an N80 and at least one later component (P150). For 442 

subthreshold stimuli we observed a single early positivity around 60 ms, roughly 10 ms later 443 

than the first component for suprathreshold stimuli (Fig. 4). 444 

 445 

--Figure 4-- 446 

 447 

Regarding mu amplitude, we found opposing effects: a decrease—as compared to baseline—448 

after suprathreshold stimulation and an increase after subthreshold stimulation, which 449 

confirms our previous findings (Nierhaus et al., 2015). It is noteworthy that in the condition 450 

where the left index finger was unattended (attention directed to the right hand), an early 451 

increase of mu amplitude (13–15 Hz) and a decrease of beta amplitude (20–23 Hz, around 452 

150–200 ms) following subthreshold left index finger stimulation was prevalent (t-test, fdr-453 

corrected with p<0.05). When the left index finger was attended, an increase in mu 454 

amplitude (9–10 Hz) and a concomitant decrease in beta amplitude (20–24 Hz) occurred—455 

approximately 200 to 300 ms later (fdr-corrected, p<0.05; Fig. 5). When directly comparing 456 

the stimulation effect of the averaged somatosensory alpha band (8–15 Hz) between 457 

attention conditions, this temporal dissociation was not significant (fdr-corrected). 458 

--Figure 5-- 459 

 460 

Sub- and suprathreshold SEPs and pre-stimulus mu amplitude are modulated by 461 

spatial selective attention 462 

We tested the main effect of attention on SEPs for averaged amplitudes 50–60 ms post 463 

stimulus. Subthreshold stimulation evoked a P1 at posterior peri-central electrode sites (CP4) 464 

that was significantly enhanced when the finger was attended compared to when it was 465 
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unattended (Fig. 6a, t(36) = 2.21, p < .04). This confirms our first hypothesis that attention 466 

modulates neural processing of subthreshold, that is, unconsciously “perceived”, 467 

somatosensory stimuli. 468 

For suprathreshold stimulation, we subtracted averaged amplitudes around 80 to 100 ms 469 

(N80) from averaged amplitudes around 50 to 60 ms (P50) post-stimulus onset. The P50–470 

N80 complex (i.e., the peak between P1 and N1) was significantly increased during the 471 

attended as compared to the unattended condition (Fig. 6a, t(36) = 2.22, p < .04).  472 

As expected, attention modulated overall mu amplitude preceding stimulation, with higher 473 

amplitudes contralateral to the unattended side (Fig. 6b t(36) = -2.34, p < .025). 474 

 475 

--Figure 6-- 476 

 477 

The relationship between pre-stimulus mu and SEP amplitude depends on 478 

attention 479 

To investigate the relationship between pre-stimulus mu amplitude (pre-mu) and SEPs and 480 

hit rates (HR), we aggregated trials for each attention and stimulation condition (attended or 481 

unattended and sub- or suprathreshold) separately over five bins of increasing mu 482 

amplitude. The procedure resulted in mu amplitude bins with comparable (almost equal) mu 483 

amplitude between attention conditions within a given bin (Figure 6cb+db, see methods 484 

section for details). The repeated measurement ANOVA for binned mu amplitude preceding 485 

subthreshold stimulation reveals a significant main effect of both amplitude bin and attention 486 

(F(4,144)=1489.6, p[GG]<0.0001, ƞ2
G=0.44 and F(1,36)=6.7, p<0.014, ƞ2

G=0.00003, 487 

respectively). Post-hoc comparisons via paired t-tests identified the bin with the highest mu 488 

amplitude as the driver of the attention main effect (t(36)=-2.86, p<0.01). A similar ANOVA, 489 

testing binned mu amplitude preceding suprathreshold stimulation, only showed the 490 

expected main effect of amplitude bin (F(4,144)=1264.5, p[GG]<0.0001, ƞ2
G=0.44). Average 491 
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bin amplitude values are therefore comparable between attention conditions (except for bin 492 

5 preceding subthreshold stimulation). 493 

In order to test the relationship between pre-stimulus mu amplitude and SEP amplitude, we 494 

calculated linear mixed effects model (LMM) regression fits with both linear and quadratic 495 

predictors for each stimulus and attention condition. For suprathreshold stimulation, 496 

regressions both for attended and unattended stimulation turned out to be highly significant 497 

compared to an intercept-only model (i.e., a model with no relationship assumed, attended: 498 

χ²=26.01, p=0.0001; unattended: χ²=46.04, p=0.0001, see models 9 and 12 in Table 2). As 499 

can be seen in Figure 6da, the relationship for the attention conditions is reversed: We find a 500 

negative quadratic relationship when the stimulated finger is attended and a regular 501 

(positive) quadratic relationship when it is unattended. For subthreshold stimulation, we 502 

again observe a significant negative quadratic relationship when the stimulated side is 503 

attended (χ²=22.25, p=0.0013, see model 3 in Table 2), and a positive quadratic 504 

relationship when the stimulated side is unattended (χ²=30.03, p=0.0002, see model 6 in 505 

Table 2). 506 

--Table 2-- 507 

 508 

We also evaluated the relationship between pre-stimulus mu amplitude and hit rates for the 509 

suprathreshold attended condition, as this is the one condition in which subjects responded 510 

to perceived stimuli via button press. As for the SEPs in the previous section, we found a 511 

significant quadratic relationship compared to the no-relationship (intercept-only) model 512 

(χ²=42.44, p=0.001, see Table 3 also including the test against a pure linear model).  513 

 514 

--Table 3-- 515 

 516 

In order to test whether tactile attention is solely reflected by the variation of pre-mu, we 517 

fitted the data combining both attention conditions (Fig 1a, mediator model, see paragraph 518 
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”Assessment of the relationship between pre-stimulus mu amplitude, somatosensory evoked 519 

potential and attention” for details) with the very same model definition as above. For the 520 

case where the effect of attention on SEP amplitudes is independent from the effect on pre-521 

mu activity (Fig. 1b, independence model), we only included “attention” as fixed effect factor 522 

and within-subject factor in the random effects part in order to model SEP amplitudes across 523 

attention condition. Alternatively, if the relationship between pre-stimulus mu amplitude and 524 

SEP amplitude essentially depends on the actual attention state (Fig. 1c, interaction model), 525 

a model with attention included as an interacting factor should better fit the very same 526 

dataset. Indeed, a bootstrapped likelihood ratio test revealed the attention interaction model 527 

to be significantly more likely than both the mediator and the independence model for both 528 

sub- and suprathreshold stimulation (Table 4; subthreshold: χ²=50.22, p=0.0016 and 529 

χ²=45.41, p=0.0001; suprathreshold: χ²=56.94, p=0.024 and χ²=51.4, p=0.0006, 530 

respectively). 531 

 532 

--Table 4-- 533 

534 
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Discussion 535 

In the present study, we investigated (1) whether spatial attention modulates the amplitude 536 

of early SEP components in response to electrical left finger nerve stimulation both for supra- 537 

and subthreshold intensities, and (2) the role of pre-stimulus mu activity on this attentional 538 

modulation. Taken together, we found that attention increases the amplitude for the P1 539 

component for both kinds of stimulation. Furthermore, pre-stimulus mu amplitude (pre-mu) 540 

interacts with stimulus related responses. Interestingly, pre-mu activity affects both 541 

behavioral responses and evoked brain activity, the latter differentially depending on the 542 

attentional state: With spatial attention, there is a negative quadratic relationship between 543 

pre-mu and evoked amplitudes whereas without spatial attention the relationship is positive 544 

quadratic. Intermediate and higher mu amplitudes go along with large evoked activity during 545 

spatial attention and with small evoked activity without attention.  546 

Sustained attention is widely known to improve perception in a variety of tasks and virtually 547 

all modalities (Sathian and Burton, 1991; Spence and Driver, 1994; Marks and Wheeler, 548 

1998; Kastner et al., 1999; Spence et al., 2000, 2001; Carrasco, 2011). The deployment of 549 

attentional resources should facilitate perception to any task relevant sensory input as long 550 

as it proceeds along the same bottom-up somatosensory pathway (Dehaene et al., 2006; 551 

Kiefer, 2012; Schröger et al., 2015). Whether this also holds for subthreshold stimuli, 552 

however, is not known, since non-invasive recordings of evoked activity to unmasked 553 

subthreshold stimulation have been obtained in only a few studies (somatosensation: 554 

Nierhaus et al., 2015; vision: Bareither et al., 2014; Sperdin et al., 2014) and did not 555 

investigate attentional modulation. Our results clearly support this postulate by showing an 556 

increase in the P1 amplitude with spatial attention, 60ms after stimulation. This effect 557 

coincides with an attention effect in the same time range (P50–N80) for suprathreshold 558 

stimulation as it has been shown previously (Michie et al., 1987). However, evidence 559 

regarding the effect of attention on P1 is ambiguous, because Schubert et al. (2008b) found 560 

the attention effect on P1 only on one side (left but not right) and Zopf et al. (2004) did not 561 
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find it at all. Interestingly, in our study, the attentional modulation of P1 was most clearly 562 

evident in the interaction between attention, pre-mu activity, and SEP, and the observed 563 

non-linear relationship between mu and P1 might explain why the effect of attention on P1 564 

has not been seen in some previous studies. Future studies need to show whether this is 565 

also true for right index finger stimulation, for which perceptual difference have been 566 

reported (Meador et al., 1998). 567 

 568 

As we reported previously (Nierhaus et al., 2015), upon subthreshold stimulation we did not 569 

observe any further ERP component beyond P1. However, a transient increase of mu 570 

amplitude has been observed after subthreshold stimulation (Fig. 5), which contrasts the 571 

post-stimulus decrease typically seen after externally triggered near- and suprathreshold 572 

stimulation (Pfurtscheller, 1989; Nikouline et al., 2000a; Palva et al., 2005; Nierhaus et al., 573 

2015). Generally speaking, increases in mu amplitude may be induced by the feed-forward 574 

inhibition associated with subthreshold stimulation as we have discussed previously 575 

(Blankenburg et al., 2003; Taskin et al., 2008; Nierhaus et al., 2015).  576 

 577 

With respect to the attention effect on pre-mu activity, our results are in line with several 578 

studies reporting that attention leads to a decrease of alpha power contralateral to where 579 

spatial attention is directed compared to ipsilateral sites (somatosensory: Pfurtscheller and 580 

Lopes da Silva, 1999; Jones et al., 2010; Anderson and Ding, 2011; Haegens et al., 2011a, 581 

2011b; visually: Thut et al., 2006; auditory: Weisz et al., 2014a; Wöstmann et al., 2016). 582 

This strongly supports the assumption of selective attention relying on intrinsic oscillatory 583 

activity in the somatosensory cortex already prior to the incoming stimulus (Thut et al., 584 

2006). 585 

Regarding the relationship between pre-mu activity and perceptual performance, we show 586 

detection rates to be largest for intermediate pre-mu and lowest for either minimal or 587 

maximal pre-mu, which is in line with previous research reporting inverse U-shaped 588 
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relationships (Linkenkaer-Hansen et al., 2004; Zhang and Ding, 2009). Consistent with this, 589 

some studies reported a co-modulation of pre-stimulus mu activity and early SEP 590 

components in response to near- and suprathreshold electrical stimuli (Zhang and Ding 591 

2009; Anderson and Ding 2011), both cases exhibiting an inverted U-shaped relationship 592 

between pre-stimulus mu power and the respective N1.  593 

Contrasting two alpha power ranges (e.g., “high” and “low”) can allow only for describing 594 

linear effects as done in other studies. Here, we extracted five bins of pre-mu that resulted 595 

in comparable mu amplitudes between attention conditions for each bin (Figure 6cb, db). We 596 

observe a non-linear influence of pre-mu activity on P1 amplitudes for both attention 597 

conditions, which is in line with the findings of Zhang and Ding (2009) and Anderson and 598 

Ding (2011). Moreover, we find that the very same alpha amplitudes (intermediate to 599 

highest) are related to the highest SEP amplitudes under attention but also to the lowest SEP 600 

amplitudes during inattention. Thus, attention might alter the functional relationship between 601 

pre-mu activity and stimulus-related processing (SEP components) according to the task 602 

requirements. Rather than serving the deployment of attention alone, mu activity may 603 

maximize evoked activity related to the “to-be-attended” stimulus (facilitation), but at the 604 

same time minimizes evoked neural processing related to the “to-be-unattended” stimulus 605 

(suppression).  606 

 607 

At a first glance, this interpretation seems to contradict the initial hypothesis that alpha 608 

mediates the effect of attention: The very same pre-mu activity would convey the same 609 

attentional influence, and the relation between pre-mu activity and SEP amplitude would not 610 

be differentiable between the two attention conditions. Indeed, a different role for alpha has 611 

been suggested in recent studies which indicate that it might reflect the expectation of 612 

upcoming events (Bauer et al., 2014; Sedley et al., 2016) rather than attention (Zhang and 613 

Ding, 2009; Anderson and Ding, 2011; Foxe and Snyder, 2011). However, in our study 614 

neither frequency nor timing of an upcoming perceivable event differed between attention 615 
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conditions, so it is very unlikely that the differential influence of mu activity on SEP 616 

amplitudes with respect to attention reflects differences in expectation. Admittedly, individual 617 

variations in the ability to predict an upcoming stimulation within a certain attentional state, 618 

which then might be related to different pre-mu activity, cannot be excluded. Whether this 619 

holds true also for subthreshold stimulation is an interesting question, which we address by 620 

experimentally manipulating both attention and expectation in the future. 621 

Second, the underlying local spatial pattern of alpha distribution across the cortex might 622 

differ between the two conditions, which is possibly smeared given the limited spatial 623 

resolution of EEG (Lopes da Silva et al., 1976; Suffczynski et al., 2001; Palva and Palva, 624 

2007). For the visual cortex it is well-established that selective attention to a certain location 625 

or stimulus feature enhances the response of the coding receptive field while suppressing 626 

the immediate surrounding and leaving the further surrounding unaffected (Harvey et al., 627 

2013). This is known as the “Mexican hat” distribution of selective attention (Müller and 628 

Kleinschmidt, 2004; Müller et al., 2005; Treue, 2014). Such a distribution improves the 629 

internal signal-to-noise ratio and could explain why the attention–mu relationship is not 630 

linear in our case: The mu rhythm (based on ICA) that was measured over an electrode 631 

(CP4) contralateral to the stimulation site is most probably a compound of rhythmic activities 632 

in adjacent brain areas. Thus, the intermediate overall mu amplitude may reflect a balance 633 

between decreased mu in the brain regions representing the receptive field of the attended 634 

finger (facilitation) and increased mu in adjacent topological fields (surround suppression, 635 

Suffczynski et al., 2001). Interestingly, this framework predicts smallest SEP amplitudes for 636 

intermediate mu activity as a consequence of compound rhythmic activities originating from 637 

adjacent brain areas: The response of the to-be-ignored receptive field is suppressed, 638 

thereby exhibiting higher mu activity while at the same time adjacent fields might be less 639 

suppressed. Following this concept, the effect of attention is in fact mediated by mu activity, 640 

albeit on a more local spatial scale than can be resolved with the common EEG approach. In 641 

future studies, simultaneous EEG-fMRI (in which the fMRI correlate of mu rhythm is 642 
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expected to differ between the different attention conditions) or invasive 643 

electrocorticography may help to elucidate this question.  644 

In conclusion, our results show that although access to conscious perception is prevented, 645 

attention nevertheless affects neural processing of subthreshold stimuli in a top-down 646 

manner as it does for suprathreshold stimuli. Furthermore, pre-stimulus mu activity 647 

differentially influences neural processing to enable optimal performance in a given task and 648 

we suggest this to be a general neural signature for attentional deployment as it 649 

encompasses both conscious and unconscious perception. 650 

651 
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Legends 886 

Figure 1: Three different models of possible relationships between attention, pre-stimulus 887 

somatosensory alpha (mu), and ERP/SEP amplitude. (a) The “mediator model”: The effect of attention 888 

is mediated by pre-stimulus mu. (b) Attention influences both pre-stimulus mu and SEP amplitude, but 889 

SEP modulation is independent of pre-stimulus mu amplitude (“independence model”). (c) The 890 

“interaction” model: The relationship between pre-stimulus mu and SEP amplitude depends on the 891 

attentional state. 892 

 893 
Figure 2: Experiment setup and stimulation paradigm. Forty subjects received 936 imperceptible 894 

electrical pulses to the left index finger via the DS7A (Digitimer Ltd.) over 26 two-minute blocks. In 895 

each block, up to four perceptible stimuli were randomly presented to the left or right hand (in total 896 

104). Absolute detection thresholds were determined initially using the method of limits (one 897 

ascending trial) and a subsequent yes / no adaptive detection task consisting of 30–60 trials 898 

(maximally 5 min, including blank/ catch trials) and subsequently every four measurement blocks. 899 

 900 

Figure 3: Boxplots depict individually averaged d-prime values across the sample for the seven 901 

different stimulation intensity categories of our psychophysics control experiment showing that 902 

participants are zero sensitive to stimulation intensities below the individually adjusted absolute 903 

detection threshold (abs. TH). Absolute detection threshold served as individual reference for 904 

decreasing subthreshold (subTH) stimulation intensities about 15% or 30%. Near-threshold (NTH) 905 

intensities were tuned to 25%, 50% or 75% of the distance between absolute detection threshold and 906 

100% supra threshold (STH). Raw hit and false alarm rates were corrected according to Hautus 907 

(1995) to account for extreme values (i.e. no responses to target or catch trials). Notches indicate 908 

95% confidence intervals. 909 

 910 

Figure 4: Sub- (A) and suprathreshold (B) isocontour voltage maps and SEPs. (Aa) Average voltage 911 

topographies for a window of 50–60 ms post stimulus (grand average, GAVG, n=37 participants) for 912 

the subthreshold left attended condition on the left and topographical p-value distribution on the right 913 

side (t-tests against baseline -100 to -20 ms pre-stimulus, fdr-corrected). Non-significant electrodes 914 

(p>0.05) are masked by a dark blue color, significant electrodes are emphasized by large purple discs 915 
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in the voltage plot. (Ab) Grand average SEPs at channel CP4 for the subthreshold left attended 916 

condition. The lower plot shows the SEPs on a zoomed scale for the yellow shaded area of the upper 917 

plot. Time is expressed relative to stimulus onset (zero ms). Lightly shaded background areas indicate 918 

95% confidence intervals derived from paired t-tests of each data point against mean baseline 919 

activity. (Ac), (Ba), and (Bc) are the same as (Aa) but for the  subthreshold left unattended, 920 

suprathreshold left attended and suprathreshold left unattended conditions, respectively. Note the 921 

different scaling of the ordinate for suprathreshold stimulation. (Ad) is the same as (Ab) but for the 922 

subthreshold left unattended condition. (Bb) and (Bd) are the same as (Ab) and (Ad) but for the 923 

suprathreshold left attended and suprathreshold left unattended conditions, respectively. Note the 924 

different scaling of the ordinate. 925 

 926 
Figure 5: Subthreshold stimulation increases, suprathreshold stimulation decreases Rolandic 927 

rhythms. Grand average time frequency plots (contralateral to stimulation side at CP4) for 928 

subthreshold (Aa and Ab) and suprathreshold (Ba and Bb) stimulation after selection and forward 929 

projection of peri-central independent mu components. Time is expressed relative to stimulation 930 

onset, oscillatory activity is expressed relative to baseline amplitude (baseline: -700 to -200 ms pre-931 

stimulus). Light colored areas did not survive fdr-correction for multiple comparisons at q=0.05 932 

(Genovese et al., 2002). 933 

 934 

Figure 6: For all subplots, blue and red bars depict the “attended” and “unattended” condition, 935 

respectively. (A) Subthreshold (left) and suprathreshold (right) SEPs and (B) grand-average attention 936 

effect for pre-stimulus mu amplitude (-1000 to -200 ms). Error bars indicate 95% confidence intervals 937 

of the mean. (C) Subthreshold stimulation: relationship between pre-stimulus mu and SEP amplitudes 938 

(Ca) and pre-stimulus mu amplitude values averaged across trials within each bin (-300 to -200 ms, 939 

Cb). (D) Suprathreshold stimulation: same as (C) but for the suprathreshold left attented condtion. 940 

Additionally, in (Da), red dots show average hit rates for each mu amplitude bin and the red solid line 941 

depicts the fit of the linear mixed effect (LME) modeling for the suprathreshold left attended 942 

condition. Overlaid dashed and dotted lines in (Ca) and (Da) are fits of the LME models for respective 943 

SEP amplitudes. Red dots (with 95% confidence intervals) in (Cb) and (Db) depict the difference in 944 

absolute number of trials of each mu amplitude bin between attention conditions. 945 
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 946 

Table 1: Stimulation conditions and parameters. Intensity of stimuli is given in milliampere (mA). M = 947 

mean; SD = standard deviation. 948 

 949 

Table 2: Linear-mixed-effects (LME) models testing the relationship between pre-stimulus mu 950 

amplitude bin and somatosensory event-related potential amplitude for each attention condition 951 

separately (model number 1–12). Likelihood depicts the models’ log transformed likelihood, bigger is 952 

better, i.e., the more likely the model. LRT is the likelihood ratio test comparing two models for the 953 

same dataset (Bigger models (more parameters) are compared with respective smaller ones). This 954 

returns a χ² (chi-squared) value. However, p-values are based on parametric bootstrapping (10000 955 

simulations, (Halekoh and Højsgaard, 2014): *: <0.05–0.01; **:<0.01–0.001; ***:< 0.001–0. 956 

 957 

Table 3: LME models testing the relationship between pre-stimulus mu amplitude bin and hit rate 958 

(HR) for the suprathreshold left attended condition (model number 13–15). Models are evaluated as 959 

in Table 2 (bootstrapped p-values are based on 10000 simulations): *: <0.05–0.01; **:<0.01–0.001; 960 

***:< 0.001–0. 961 

 962 

Table 4: LME models testing the relationship between pre-stimulus mu amplitude bin and 963 

somatosensory event-related potential amplitude for datasets that combine both attention conditions 964 

(model number 16–21, see Figure 1a, b, c). The “interaction model” is compared with the two smaller 965 

models (“mediator model” and “independence model”). Parametric bootstrapping was based on 10000 966 

simulations: *: <0.05–0.01; **:<0.01–0.001; ***:< 0.001–0. 1For this test, we doubled the number 967 

of simulations, because p-value based on 10000 simulations marginally missed significance (p=0.058). 968 

 969 

 970 





(1) 

(2) 

(3) 

P60~1+(1|Subject)

P60~1+Bin+(1+Bin|Subject)  

P60~1+Bin+I(Bin^2)+ 

(1+Bin+I(Bin^2)|Subject) 

-177.49 

-170.52 

-166.37 

 

²=13.94** 

²=8.31* 

(4) 

(5) 

(6) 

As (1), 

(2),  

(3), respectively 

-176.32 

-170.67 

-161.3 

 

²=11.29** 

²=18.73*** 

(7) 

(8) 

(9) 

P50~1+(1|Subject)

P50~1+Bin+(1+Bin|Subject) 

P50~1+Bin+I(Bin^2)+ 

(1+Bin+I(Bin^2)|Subject) 

-439.65 

-434.98 

-426.65 

 

²=9.34* 

²=16.7** 

(10) 

(11) 

(12) 

As (7),

(8), 

(9), respectively 

-458.01 

-452.7 

-435 

 

²=10.7** 

²=35.34*** 



Model 

No. 

Lmer syntax Likeli-

hood 

LRT 

(13) 

(14) 

(15) 

HR~1+(1|Subject)

HR~1+Bin+(1+Bin|Subject) 

HR~1+Bin+I(Bin^2)+ 

(1+Bin+I(Bin^2)|Subject) 

73.02 

82.8 

94.23 

 

²=19.57*** 

²=22.87*** 



(16) As (3), but across 

conditions, mediator model, 

Fig. 1a 

-355.71 (17) 

²=-4.8 

(17) P60~1+Att+(1+Att|Subject), 

independence model, Fig. 1b 

-353.3  

(18) P60~1+Bin+I(Bin^2)+Bin*Att+

I(Bin^2)*Att+ 

(1+Bin+I(Bin^2)|Subject:Att), 

interaction model, Fig. 1c 

-330.6 (16) 

²=50.22** 

(17) 

²=45.41*** 

(19) As (9), but across 

conditions, mediator model, 

Fig. 1a 

-894.7 (20) 

²=-5.5 

(20) P50~1+Att+(1+Att|Subject) , 

independence model, Fig. 1b 

-891.93  

(21) P50~1+Bin+I(Bin^2)+Bin*Att+

I(Bin^2)*Att+ 

(1+Bin+I(Bin^2)|Subject:Att), 

interaction model, Fig. 1c 

-866.23 (19) 

²=56.94*1 

(20) 

²=51.4*** 
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