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Abstract 31 

Across-trial averaging is a widely-used approach to enhance the signal-to-noise ratio (SNR) 32 

of ERPs. However, across-trial variability of ERP latency and amplitude may contain 33 

physiologically-relevant information that is lost by across-trial averaging. Hence, we aimed 34 

to develop a novel method that uses (1) wavelet filtering (WF) to enhance the SNR of ERPs 35 

and (2) a multiple linear regression with a dispersion term (MLRd) that takes into account 36 

shape distortions to estimate the single-trial latency and amplitude of ERP peaks. Using 37 

simulated ERP datasets containing different levels of noise we provide evidence that, 38 

compared to other approaches, the proposed WF+MLRd method yields the most accurate 39 

estimate of single-trial ERP features. When applied to a real laser-evoked potential dataset, 40 

the WF+MLRd approach provides reliable estimation of single-trial latency and amplitude 41 

of ERPs, and, thereby, allows performing meaningful correlations at single-trial level. We 42 

obtained three main findings. First, WF significantly enhances the SNR of single-trial ERPs. 43 

Second, MLRd effectively captures and measures the variability in the morphology of 44 

single-trial ERPs, thus providing an accurate and unbiased estimate of their peak latency 45 

and amplitude. Third, intensity of pain perception significantly correlates with the 46 

single-trial estimates of N2 and P2 amplitude. These results indicate that WF+MLRd can be 47 

used to explore the dynamics between different ERP features, behavioural variables and 48 

other neuroimaging measures of brain activity, thus providing new insights into the 49 

functional significance of the different brain processes underlying the brain responses to 50 

sensory stimuli. 51 

 52 

Keywords: Event-related potentials (ERPs); Laser-evoked potentials (LEPs); Single-trial 53 

analysis; Multiple linear regression with dispersion term (MLRd); Wavelet filtering.54 
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Introduction 55 

Event-related potentials (ERPs) are transient changes in the ongoing 56 

electroencephalogram (EEG) elicited by sensory, motor or cognitive events. ERPs largely 57 

reflect synchronous changes of slow postsynaptic potentials occurring within a large 58 

number of similarly oriented cortical pyramidal neurons (Nunez and Srinivasan 2006). As 59 

the magnitude of ERPs is often several factors smaller than the magnitude of the 60 

background EEG (Hu et al. 2010), their identification relies on signal processing methods 61 

for enhancing the signal-to-noise ratio (SNR). The most widely used approach to enhance 62 

SNR is the across-trial averaging in the time domain (Dawson 1951; 1954). The validity of 63 

this across-trial averaging approach relies on two basic assumptions (Spencer 2005): (1) 64 

that ERPs are stationary (i.e., the latency and morphology are invariant across trials); and 65 

(2) that ERPs are independent of the background EEG activity. However, ERPs are 66 

comprised of multiple waves whose latency and amplitude can greatly and independently 67 

vary from trial to trial (Spencer 2005), and there is convincing evidence that background 68 

EEG is often correlated with the ERP response (e.g. because of phase resetting of ongoing 69 

EEG oscillations; Makeig et al., 2002; Sauseng et al., 2007). For these reasons, the cost of 70 

the across-trial averaging approach is that all the information concerning across-trial 71 

variability of ERP latency and amplitude is lost (Mouraux and Iannetti 2008). Thus, 72 

across-trial averaging can heavily bias the representation of cortical activity elicited by a 73 

sensory stimulus, as across-trial variability often contains physiologically-relevant 74 

information, related, for example, to changes in stimulus parameters (duration, intensity, 75 

and location) and fluctuations in vigilance, expectation, attentional focus or task strategy 76 
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(Lee et al. 2009; Legrain et al. 2003; Legrain et al. 2002). Therefore, the ability to obtain a 77 

reliable single-trial estimate of ERP latency and amplitude is highly desirable, as it would 78 

allow exploring the single-trial dynamics between ERP measures, behavioural variables 79 

(e.g. intensity of perception, reaction time) (Iannetti et al., 2005b), as well as 80 

measurements of brain activity obtained using different neuroimaging modalities (e.g. 81 

fMRI) (Mayhew et al., 2010).  82 

 83 

Taking into account across-trial variability is of particular importance for long-latency ERPs, 84 

like the ERPs elicited by nociceptive laser stimuli (laser-evoked potentials, LEPs). LEPs are 85 

considered the best tool for assessing function of nociceptive pathways in physiological 86 

and clinical studies (Bromm and Treede 1991; Cruccu et al. 2008; Iannetti et al. 2001), 87 

because laser heat pulses excite selectively Aδ and C fibre free nerve endings in the 88 

superficial skin layers (i.e. without coactivating Aβ mechanoreceptors) (Bromm and Treede 89 

1984; Carmon et al. 1976). LEPs have been shown to be related to the activation of 90 

slow-conducting type-II Aδ mechano-heat nociceptors (Treede et al. 1998) and 91 

spinothalamic neurons located in the anterolateral quadrant of the spinal cord (Iannetti et 92 

al. 2003; Treede et al. 2003). LEPs comprise a number of waves that are time locked to the 93 

onset of the stimulus. The largest response is a negative–positive vertex potential (N2 and 94 

P2 waves, peaking at approximately 200 and 350 ms when stimulating the hand dorsum) 95 

(Bromm and Treede 1984). The latency, amplitude and morphology of the N2 and P2 96 

waves of LEPs exhibit especially high across-trial variability (Iannetti et al. 2005b; Purves 97 

and Boyd 1993), most probably due to a unique combination of peripheral (e.g. 98 
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time-dependent fluctuations in baseline skin temperature, variability in the number of 99 

activated nociceptive fibres, variability in conduction velocity resulting in differences in the 100 

spatial summation at central synapses) and cognitive factors (e.g. fluctuations in vigilance, 101 

attentional focus and task strategy) (Lee et al. 2009; Legrain et al. 2003; Legrain et al. 102 

2002). For all these reasons, a reliable single-trial estimate of LEP latency and amplitude is 103 

highly desirable, and LEPs represent an ideal model to develop novel approaches to 104 

analyse ERPs at single-trial level. 105 

 106 

In a previous study, we described a method based on multiple linear regression (MLR) to 107 

estimate automatically latency and amplitude of single-trial ERPs (Mayhew et al. 2006). 108 

This method has been successfully applied to the single-trial detection of the N2 and P2 109 

waves of LEPs (Mayhew et al. 2006) and the N1 and P2 waves of auditory-evoked 110 

potentials (AEPs) (Mayhew et al. 2010). More recently we combined time-frequency 111 

wavelet filtering and MLR to enhance the signal-to-noise ratio and thus achieve a more 112 

robust single-trial estimate of ERP components, making it possible to explore the 113 

single-trial dynamics of components having a very small signal-to-noise (SNR) ratio, such 114 

as the N1 wave of LEPs (Hu et al. 2010). Such an MLR approach is a procedure commonly 115 

used to analyze functional MRI data (Friston et al. 1998), where not only the canonical 116 

haemodynamic response function (analogous to the average ERP in this case) but also its 117 

temporal derivative (to account for the temporal variability of the haemodynamic 118 

response) is fitted to the data in a general linear model (GLM) framework. Thus, the 119 

inclusion of the temporal derivative in the regressors allows capturing not only the 120 
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amplitude, but also the latency jitter of the single-trial ERP responses. However, besides 121 

latency and amplitude, another factor that varies from trial-to-trial is the morphology of 122 

the ERP waveform (Casarotto et al. 2005; Jung et al. 2001; Mouraux and Iannetti 2008). In 123 

addition, the significant latency jitter may lead to an important distortion of the averaged 124 

ERPs, which will thus not constitute a faithful representation of the single-trial ERP 125 

response. This is relevant in clinical ERP studies, as many abnormal conditions (e.g. optic 126 

neuritis in multiple sclerosis) are characterized by the so-called "desynchronized" ERPs, i.e. 127 

ERPs with reduced amplitude, longer latency, and, importantly, increased width of their 128 

waves (Orssaud 2003; Pelosi et al. 1997). These variations in ERP morphology (i.e. wave 129 

width), could be an important parameter to be considered and quantified when using 130 

ERPs as a diagnostic tool in clinical studies. Therefore, to obtain a more accurate 131 

single-trial estimate of ERPs, it would be desirable to take into account not only the 132 

variability of the latency and amplitude (as in Mayhew et al. 2006 and Hu et al. 2010), but 133 

also the variability in morphology of the ERP waveform.  134 

 135 

To address this need, and thereby provide an improved single-trial estimate of ERP 136 

components, we propose a novel single-trial detection method based on a multiple linear 137 

regression that includes a dispersion term (MLRd). In this method, a data-driven 138 

nonparametric approach based on principal component analysis (PCA) was used to 139 

identify the principal components that capture the variance of both latency and 140 

morphology of single-trial ERP waveforms. These principal components were then used to 141 

generate a set of regressors which were fitted to the single-trial ERP waveforms. In 142 
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addition, time-frequency wavelet filtering (WF), which has been proved effective to 143 

enhance the SNR of ERPs both in single trial and average waveforms (Hu et al. 2010), was 144 

used prior to the application of MLRd. 145 

 146 

We compared the performance of this novel method (WF+MLRd) with previous versions of 147 

the MLR that do not take into account the variability in morphology to estimate single-trial 148 

ERP information (MLR, WF+MLR) on both simulated ERP datasets with variable levels of 149 

noise and on a real LEP dataset. Finally, we used this novel method to explore the 150 

relationship between the intensity of pain perception and the latency and amplitude of 151 

the N2 and P2 LEP waves at the level of single trials. 152 

153 
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Materials and Methods 154 

Single-trial analysis approaches 155 

The wavelet filtering (WF) method is used for enhancing the SNR of ERPs in both single 156 

trials and averages (Hu et al. 2010). The methods based on multiple linear regression (MLR) 157 

and multiple linear regression with dispersion term (MLRd) for estimating automatically 158 

the latency and amplitude of ERPs in single trials are summarized in Fig. 1. In this study we 159 

assessed the performance of MLR and MLRd, with and without preceding WF, on a 160 

simulated dataset. The method with best performance was applied to extract single-trial 161 

values from a real LEP dataset. All these methods have been developed into user-friendly 162 

software running under the Matlab environment, and can be freely downloaded from 163 

http://iannettilab.webnode.com. 164 

 165 

Multiple linear regression (MLR) 166 

To estimate the latency and amplitude of single-trials ERP peaks in an unbiased fashion, 167 

we applied a linear regression method similar to the one we originally described in 168 

Mayhew et al. (2006) to both WF and non-WF simulated ERP data, within the 0-500 ms 169 

post-stimulus time-interval (Fig. 1, top panel). The MLR approach takes into account the 170 

variability of both latency and amplitude of ERP. This variability can be described as 171 

follows: 172 

( ) ( ) ( )N N N P P Pf t k y t a k y t a= + + +                                       (1) 173 

where ( )f t  is a single-trial ERP waveform that varies as a function of time t. ( )f t  can 174 

be modeled by the sum of the varied version of N2 wave ( ( )N N Nk y t a+ ) and P2 wave 175 



Improved single-trial ERP estimation 

9 
 

( ( )P P Pk y t a+ ). Nk  and Pk  are the weighted constants of N2 wave and P2 wave, while 176 

Na  and Pa  are the latency shift values of the N2 wave and P2 wave respectively. Since 177 

the N2 and P2 peaks of the LEPs reflect the activity of different neural generators 178 

(Garcia-Larrea et al. 2003), and their amplitude can be differentially modulated by several 179 

experimental factors (e.g. spatial attention and probability of perception, Lee et al. 2009; 180 

Legrain et al. 2002), we modeled the N2 and P2 waves separately, thus avoiding the 181 

assumption that all generators contributing to the LEP responses covary linearly (Mayhew 182 

et al. 2006). 183 

 184 

Using the Taylor expansion, the MLR model can be written as: 185 

' '( ) ( ) ( ) ( ) ( )N N N N N P P P P Pf t k y t a k y t k y t a k y t≈ + + +                           (2) 186 

where ( )Ny t  and ( )Py t  are the averages of N2 and P2 waves; ' ( )Ny t  and ' ( )Py t  are 187 

the temporal derivatives of N2 and P2 waves respectively. 188 

Thus, the single-trial ERP waveform is approximated using the sum of the weighted 189 

averages of the N2 and P2 waves and their respective temporal derivatives. 190 

 191 

Based on the fitted waveform, latency and amplitude of the ERP response in each single 192 

trial were measured by finding: the most negative peak if 0Nk >  (positive fit) or the 193 

most positive peak if 0Nk <  (negative fit) for the N2 wave, and the most positive peak if 194 

0Pk >  (positive fit) or the most negative peak if 0Pk <  (negative fit) for the P2 wave, 195 

within a 100-ms time window centered on the latency of the N2 and P2 peak identified in 196 

the average waveform of each subject. Single-trial latencies were finally calculated from 197 
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the latencies of the corresponding amplitude peaks. 198 

 199 

Multiple linear regression with dispersion term (MLRd) 200 

In order to obtain a more accurate single-trial estimate, it is desirable to take into account 201 

not only the variability of the latency and amplitude, but also the variability in morphology 202 

of the ERP waveform. For this reason, we included a dispersion coefficient (representing 203 

the variability of waveform morphology, see bottom panel of Fig. 1) into the MLR model, 204 

thus obtaining a dispersed version of it (MLRd): 205 

( ) ( ) ( )N N N N P P P Pf t k y s t a k y s t a= + + +                                   (3) 206 

where Ns  and Ps  are the time dispersion coefficients that determine the compression 207 

ratios of the width of N2 and P2 waves of single trial ERP compared to those of the 208 

average ERP, respectively. 209 

However, it is difficult to estimate these parameters (i.e. s , a  and k ) because the real 210 

function expressing single-trial LEP waveforms is unknown. For this reason, in the present 211 

study we employed a non-parametric (data-driven) method, Principal Component Analysis 212 

(PCA), to define a basis set in order to fit the N2 and P2 ERP waves. This method is similar 213 

to the procedure commonly used to model the haemodynamic response in some 214 

BOLD-fMRI studies (Friman et al. 2003; Hossein-Zadeh et al. 2003; Woolrich et al. 2004). 215 

PCA is a mathematical approach that can transform the ERP data into several uncorrelated 216 

variables (PCs) (Jolliffe 2002). Three PCs for each ERP wave, mainly representing (1) the 217 

average ERP wave across trials, (2) the variability of the latency, and (3) morphology of 218 
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single trial ERPs respectively1, will be identified and then used to model the N2 and P2 219 

waves. Therefore, this method includes the variability of latency and morphology of each 220 

ERP wave as regressors in the linear model. 221 

The whole MLRd procedure consists in the following five steps (Fig. 1, bottom panel). 222 

 223 

(1) Generating the variability matrices (Fig. 1, step 1). A large number of plausible 224 

responses were generated by simultaneously shifting (from -50 ms to +50 ms around the 225 

peak latency, in steps of 5 ms, for a total of 21 possible latency shifts) and compressing 226 

(from 1 to 2 [this value represents the compression ratio between the width of average 227 

waveform and the width of single-trial responses], centred at the peak latency, in steps of 228 

0.05, for a total of 21 width changes) the average response of each subject in an 229 

enumerative fashion, thus creating 441 (i.e. 21 * 21) possible ERP responses in these set 230 

ranges. All these plausible responses were arranged into a matrix that we called variability 231 

matrix (one matrix for each ERP peak). The sorting order of trials in the variability matrices 232 

is of no importance, as the order of the trials does not affect the PCA output. Note that 233 

the variability of ERP amplitude will be captured by the coefficients weighting the basis 234 

sets, and thus it is not included in the variability matrix. 235 

 236 

(2) PCA separation (Fig. 1, step 2). The variability matrices were fed into PCA in order to 237 

obtain the PCs representing the linear subspace for the variability matrices. As the first few 238 

principal components capture most of the dataset variance (Hossein-Zadeh et al. 2003), 239 

                                                               
1 Additional evidence in support of the functional significance of each of the three PCs is 
provided in the Appendix available at http://iannettilab.webnode.com 
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and the variability matrix was generated by varying latency and morphology of the 240 

average ERP waveform, it is expected that the first few PCs would represent the average 241 

ERP wave and the variations of its latency and morphology. 242 

 243 

(3) Basis set definition (Fig. 1, step 3). As the first three PCs always captured the properties 244 

of the average ERP wave and the variations of its latency and morphology, these were 245 

selected to constitute the basis sets for each ERP wave. It should be noted that basis sets 246 

with more regressors (PCs) would potentially provide a better fit of single-trial ERP waves, 247 

but also a better fit of the noise in each single-trial waveform. In contrast, basis sets with 248 

less regressors (PCs) would potentially provide a worse fit of single-trial ERP waves, but 249 

would also be less prone to fit the noise. In this study, the first three regressors (PCs) were 250 

selected since they mainly represent different physiological features of each ERP: its 251 

waveform, temporal jitter and variability in morphology, respectively. 252 

 253 

(4) Single-trial fitting (Fig. 1, step 4). The obtained basis sets were regressed against the 254 

corresponding time window of each single ERP trial. The coefficient of each of the three 255 

regressors was estimated by the least squares approach, as described in Mayhew et al. 256 

(2006) and Hu et al. (2010). By multiplying these estimated coefficients with the 257 

corresponding regressors, the fitted single-trial waveforms were reconstructed. 258 

 259 

(5) Single-trial latency and amplitude measurement. Finally, latency and amplitude of the 260 

ERP response in each single trial were measured by finding: the most negative peak if 261 
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0Nk >  (positive fit) or the most positive peak if 0Nk <  (negative fit) for N2 wave, and 262 

the most positive peak if 0Pk >  (positive fit) or the most negative peak if 0Pk <  263 

(negative fit) for P2 wave, within a 100-ms time window centered on the latency of the N2 264 

and P2 peak in the average of each subject. Single-trial latencies were calculated from the 265 

latencies of the corresponding amplitude peaks. 266 

 267 

Single-trial performance on simulated dataset 268 

The performance of the novel method described in the present paper (i.e. combining WF 269 

with MLRd) was compared with that achieved by other methods available to estimate 270 

single-trial ERP information (i.e. MLR, MLRd, and WF+MLR). This comparison was 271 

performed on simulated data. These simulated data were based on group-level ERP 272 

waveforms obtained by averaging EEG data from 12 subjects (Fig. 2). This grand average 273 

represents a typical ERP elicited by nociceptive laser stimulation, recorded at Cz and 274 

consisting of a biphasic negative-positive (N2-P2) response (N2 peak: 207 ms, -22.4 μV; P2 275 

peak: 364 ms, 12.9 μV). The epoch length was 1,500 ms (baseline corrected using the 276 

prestimulus interval from -500 to 0 ms), and the sampling rate was 1,024 Hz. 277 

 278 

Simulated data generation  279 

The procedure to generate the simulated ERP data, which is summarized in Fig. 2, consists 280 

of two steps: (1) modelling the across-trial variability of amplitude, latency and 281 

morphology of ERP waveforms (Mouraux and Iannetti 2008; Spencer 2005), and (2) adding 282 

different levels of background EEG noise (Dien et al. 2005; Dien et al. 2007). 283 
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(1) Modelling the across-trial variability. Similarly to a previous study (Spencer, 2005), the 284 

variability of single-trial ERP amplitude was modelled by multiplying the template with a 285 

positive coefficient (Gaussian distribution with 1.5 ±0.5 [mean ±SD]). The variability of 286 

single-trial ERP latency was modelled by shifting the template along the time axis with a 287 

latency jitter of ±20 ms (SD) (Gaussian distribution centred at the peak latency of the 288 

group average). The variability of single-trial ERP morphology (Casarotto et al. 2005; Jung 289 

et al. 2001) was modelled by compressing the template along the time axis (Gaussian 290 

distribution with 1.5 ±0.5 [mean ±SD]) centred at the zero-crossing point between the N2 291 

and P2 waves. Each simulated dataset consisted of 30 trials. Twelve simulated datasets 292 

were generated by varying the amplitude, latency and morphology of the LEP template by 293 

repeating the above three steps (Fig. 2, left panel). 294 

(2) Adding background noise. Real resting EEG data obtained from twelve subjects (30 295 

epochs for each subject, epoch length 1,500 ms, baseline corrected using the prestimulus 296 

interval from -500 to 0 ms) were added to the simulated datasets (one noise trial for each 297 

simulated trial), to represent background noise. In order to assess the performance of the 298 

four single-trial methods at different noise level, the real resting EEG data were multiplied 299 

by 11 different weights (ranging from 0.5 to 1.5, with 0.1 as step size) before being added 300 

to the simulated datasets. Thus, this procedure yielded 11 subsets of data, containing all 301 

the different levels of noise for each of the 12 datasets (Fig. 2, right panel). 302 

 303 

After adding different level of noise, the average SNR of the simulated datasets was 304 

estimated as follows (Iyer and Zouridakis 2007; Zouridakis et al. 1997): 305 



Improved single-trial ERP estimation 

15 
 

2

2
1

1 i

i

L
ERP

i EEG

SNR
L

σ
σ=

=                                                     (4) 306 

where L  is the number of trials, 2
iERPσ  is the variance of the simulated ith ERP signal 307 

resulting from the addition of amplitude, latency, and shape variation to the real ERP 308 

template (e.g. Fig. 2, third column), and 2
iEEGσ  is the variance of the ith EEG noise (e.g. 309 

Fig. 2, fourth column), which has been merged into the ith ERP signal. 310 

 311 

Comparison with other methods of single-trial estimation 312 

The performance of the four methods (MLR, MLRd, WF+MLR and WF+MLRd) was assessed 313 

by measuring the correlation coefficient between the original and the estimated 314 

single-trial parameters (i.e. the latency, amplitude and morphology of N2 and P2 of each 315 

single trial) (Jaskowski and Verleger 1999). For each level of noise, the correlation 316 

coefficients obtained with the four methods were compared using a two-way, 317 

repeated-measures analysis of variance (ANOVA), to explore the effect of ‘WF’ (two levels: 318 

‘with WF’ and ‘without WF’) and ‘Dispersion’ (two levels: ‘MLR’ and ‘MLRd’), as well as the 319 

possible interaction between these two factors (Fig. 3). In addition, in order to test the 320 

overall performance of the four methods (i.e. independently of noise level), we also 321 

performed the same two-way, repeated-measures ANOVA on the correlation coefficients 322 

averaged across the 11 noise levels. When significant, post hoc paired t tests were used to 323 

perform pairwise comparisons. All statistical analyses were carried out using SPSS 16.0 324 

(SPSS Inc., Chicago, IL) (Fig. 3). 325 

 326 

In order to investigate the reasons for possible significant effects of the two experimental 327 
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factors on the performance of the four applied single-trial approaches, we performed the 328 

following two additional analyses. 329 

To explore the possible effect of ‘WF’, we estimated the SNR of ERPs using Equation (4). 330 

The SNR values of ERPs before and after WF were compared using the non-parametric 331 

Wilcoxon test, because of their non-normal distribution. 332 

To explore if the possible effect of ‘Dispersion’ was simply due to the larger number of 333 

regressors used in the MLRd conditions, we performed an F test, as described by Motulsky 334 

and Christopoulos (2004). Obviously, the MLRd model (which has two more basis sets than 335 

the MLR model) will always be able to fit the data at least as well as the MLR model (which 336 

has fewer parameters). Therefore, any method to compare a simple model with a more 337 

complex model has to balance the decrease in sum-of-squares with the increase in the 338 

number of parameters, and this can be achieved by using the F test , which can determine 339 

whether the MLRd model gives a significantly better fit to the data than the MLR model. 340 

 341 

Single-trial estimation of LEP data 342 

The WF+MLRd approach, which proved to be the most accurate of the four explored 343 

approaches to identify ERP in single trials, was applied to a real LEP dataset, and compared 344 

with WF+MLR. 345 

 346 

Subjects 347 

EEG data were collected from twelve healthy volunteers (eight females and four males) 348 

aged from 23 to 42 years (29 ±5, mean ±SD). All participants gave written informed 349 
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consent, and the local ethics committee approved the procedures. 350 

 351 

Nociceptive stimulation 352 

Noxious radiant-heat stimuli were generated by an infrared neodymium yttrium 353 

aluminium perovskite (Nd:YAP) laser with a wavelength of 1.34 μm (Electronical 354 

Engineering, Italy). These laser pulses activate directly nociceptive terminals in the most 355 

superficial skin layers (Baumgartner et al. 2005; Iannetti et al. 2006). Laser pulses were 356 

directed to the dorsum of the right hand and a He-Ne laser pointed to the area to be 357 

stimulated. The laser pulse was transmitted via an optic fibre and focused by lenses to a 358 

spot diameter of approximately 8 mm (50 mm2) at the target site. The duration of the 359 

laser pulses was 4 ms and its energy 3.5 J. With these parameters laser pulses elicit a clear 360 

pinprick sensation, related to the activation of Aδ skin nociceptors (Iannetti et al. 2006). 361 

After each stimulus, the laser beam target was shifted by approximately 20 mm in a 362 

random direction, to avoid nociceptor fatigue and sensitization. The laser beam was 363 

controlled by a computer that used two servo-motors (HS-422; Hitec RCD, USA; angular 364 

speed, 60°/160 ms) to orient it along two perpendicular axes (Lee et al. 2009). 365 

 366 

Experimental paradigm and EEG recording 367 

EEG data were collected in a single recording block. Participants were seated in a 368 

comfortable chair and wore protective goggles. They were asked to focus their attention 369 

on the stimuli, relax their muscles and keep their eyes open and gaze slightly downward. 370 

Acoustic isolation was ensured using earplugs and headphones. Both the laser beam and 371 
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the controlling motors were completely screened from the view of the participants. The 372 

experiment consisted of a single block of 30 trials, with an inter-stimulus interval ranging 373 

between 15 and 18 seconds. Participants were asked to rate verbally the intensity of the 374 

sensation evoked by each stimulus, using a scale ranging from 0 to 10, where 0 was “no 375 

pain” and 10 was “pain as bad as it could be” (Jensen 2001). 376 

The EEG was recorded using 30 Ag-AgCl electrodes placed on the scalp according to the 377 

International 10-20 system, using the nose as reference. To monitor ocular movements 378 

and eye blinks, electro-oculographic (EOG) signals were simultaneously recorded from two 379 

surface electrodes, one placed over the lower eyelid, the other placed 1 cm lateral to the 380 

outer corner of the orbit. The electrocardiogram was recorded using two electrodes 381 

placed on the dorsal aspect of the left and right forearms. Signals were amplified and 382 

digitized using a sampling rate of 1,024 Hz and a precision of 12 bits, giving a resolution of 383 

0.195 μV digit-1 (System Plus; Micromed, Italy). 384 

 385 

EEG data preprocessing 386 

EEG data were imported and processed using EEGLAB (Delorme and Makeig 2004), an 387 

open source toolbox running under the MATLAB environment. Continuous EEG data were 388 

band-pass filtered between 1 and 30 Hz. EEG epochs were extracted using a window 389 

analysis time of 1500 ms (500 ms pre-stimulus and 1000 ms post-stimulus) and baseline 390 

corrected using the pre-stimulus time interval. In order to test the possible bias in the 391 

automated single-trial LEP detection method, the same number of trials of resting EEG 392 

(3500 ms to 5000 ms post-stimulus) were extracted from the dataset of each subject. 393 
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 394 

Trials contaminated by eye-blinks and movements were corrected using an Independent 395 

Component Analysis (ICA) algorithm (Delorme and Makeig 2004; Jung et al. 2001; Makeig 396 

et al. 1997). EEG epochs were then visually inspected and trials contaminated by artifacts 397 

due to gross movements were removed. In all datasets, individual eye movements, 398 

showing a large EOG channel contribution and a frontal scalp distribution, were clearly 399 

seen in the removed independent components. 400 

After artifact rejection, 357 trials remained for the automated ERP detection, leading to a 401 

set of 357 epochs (segmented from -500 to +1000 ms after stimulus onset). A 402 

corresponding set of 357 “resting EEG epochs” were obtained by segmenting these same 403 

trials from 3500-5000 ms after stimulus onset, and used for testing a possible detection 404 

bias. 405 

 406 

Enhancement of LEP signal-to-noise ratio (SNR). 407 

The SNR of LEPs was estimated by dividing the N2 peak amplitude (absolute value) by the 408 

standard deviation of the average ERP waveform in the pre-stimulus interval (-500 to 0 ms) 409 

(Debener et al. 2007; Hu et al. 2010; Spencer 2005). Note that the choice of using two 410 

different methods to estimate the SNR of ERPs in simulated and real data was driven by 411 

the fact that the actual ERP response is known in the simulated data, but not known in the 412 

real data. Thus, Eq. (4) will provide an accurate estimation of the SNR in simulated data, 413 

but not in real data.  414 

The SNR values of ERPs before and after WF were compared using the non-parametric 415 
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Wilcoxon test, because of their non-normal distribution. 416 

 417 

Single-trial estimation and correlation analysis 418 

By applying both the WF+MLR and WF+MLRd approaches on the real LEP dataset, we 419 

estimated single-trial N2 and P2 latencies and amplitudes, as detailed in the previous 420 

sections. 421 

 422 

In addition, we assessed the distortion of the LEP morphology introduced by across-trial 423 

averaging of single-trial waveforms. The ‘distortion ratio’ of N2 and P2 waves was 424 

estimated as follows: 425 

2 Na

Ns

wN ratio w =                                                  (5) 426 

2 Pa

Ps

wP ratio w =                                                    (6) 427 

where Naw  and Paw  are the widths of the N2 and P2 waves at their half peak maximum 428 

in the average waveform, and Nsw  and Psw  are the widths of N2 wave and P2 waves at 429 

their half peak maximum in the single-trial waveforms (Fig. 4). Note that the ‘distortion 430 

ratio’ of each ERP wave is proportional to the reciprocal of its width2. 431 

 432 

Correlations were performed between (i) the estimated single-trial parameters (N2 and P2 433 

latencies and amplitudes) and the corresponding parameters measured from the average 434 

waveforms, (ii) the estimated single-trial parameters (N2 and P2 latencies and amplitudes) 435 

and the corresponding single-trial N2 and P2 distortion ratios, and (iii) the estimated 436 

                                                               
2 Additional evidence in support of the accuracy of single-trial morpholology estimation is 
provided in the Appendix available at http://iannettilab.webnode.com 
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single-trial parameters (N2 and P2 latencies, amplitudes and distortion ratios) and the 437 

corresponding single-trial ratings of perceived pain intensity, as follows. 438 

 439 

(i) For each subject, single-trial latencies and amplitudes of both N2 and P2 waves were 440 

averaged across trials and compared to the corresponding values manually measured from 441 

the averaged waveforms. Correlation coefficients and their significance were calculated for 442 

each of these values. (ii) The correlations between single-trial parameters (N2 and P2 443 

latencies and amplitudes) and the corresponding distortion ratios (i.e. N2 latencies vs. N2 444 

ratios, N2 amplitudes vs. N2 ratios, P2 latencies vs. P2 ratios, P2 amplitudes vs. P2 ratios) 445 

were tested using the correlation coefficient for parametric data (Pearson R), for each 446 

subject (Iannetti et al. 2005b). The obtained correlation coefficients were transformed to Z 447 

values using the Fisher R-to-Z transformation. The Z values were finally compared against 448 

zero using a one sample t test. (iii) The same statistical approach was applied to assess the 449 

relationship between single-trial latencies, amplitudes, and distortion ratios of both N2 450 

and P2 waves and the corresponding single-trial ratings of perceived pain intensity. 451 

 452 

Detection bias 453 

Finally, in order to rule out any possible bias in the estimation (i.e. the detection of a signal 454 

when there is none), the same WF+MLRd approach was applied to the resting EEG epochs 455 

obtained from the same subjects. This possible detection bias was tested by comparing 456 

the obtained N2 and P2 amplitude values against zero using a one sample t test (Mayhew 457 

et al., 2006; Hu et al., 2010). 458 

459 
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Results 460 

Single-trial analysis approaches 461 

Multiple linear regression (MLR) 462 

The top panel of Fig. 1 shows the N2 and P2 regressors obtained from a representative, 463 

WF-filtered LEP waveform, and a single-trial fitted example using MLR. Note that there are 464 

two regressors (average and the temporal derivative) for each ERP wave, and that the 465 

temporal derivatives allow modelling the variability of single-trial latency but not the 466 

variability of single-trial morphology.  467 

 468 

Multiple linear regression with dispersion term (MLRd) 469 

The bottom panel of Fig. 1 shows the N2 and P2 regressors obtained from a representative, 470 

WF-filtered LEP waveform, and a single-trial fitted example using the MLRd based on PCA. 471 

Note that the single-trial variability of both latency and morphology is now modelled. The 472 

first three PCs explained 98.3±0.3% and 98.6±0.2% of the variance of the variability 473 

matrices for the N2 and P2 waves, respectively. Thus, the ERP waves are modeled using 474 

three regressors (PC1, PC2 and PC3), and the variations of both latency and morphology 475 

are correctly represented by these regressors. 476 

 477 

Single-trial estimation on simulated dataset 478 

Comparison with other methods of single-trial estimation 479 

Fig. 3 shows the performance of the four methods to estimate single-trial ERP parameters 480 

(MLR, MLRd, WF+MLR and WF+MLRd), quantitatively assessed by calculating the 481 
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correlation coefficient between the true and the estimated single-trial values. As expected, 482 

when the noise level increases, the correlation coefficients between the true and the 483 

estimated values become smaller (Fig. 3, top panel). The WF+MLRd approach yielded the 484 

highest correlation coefficients, for all the ERP parameters (latency, amplitude and 485 

morphology of N2 and P2). The bottom graphs in the top panel of Fig. 3 show the results 486 

of the two-way repeated-measures ANOVA for each noise level. At low SNRs there was a 487 

significant main effect of the factor ‘WF’ (p <0.05). In contrast, at high SNRs there was a 488 

significant main effect of the factor ‘Dispersion’ (p <0.05). In most cases there was no 489 

significant interaction between these two factors. When considering the performance of 490 

the four methods to estimate single-trial variability of ERP morphology, there was a 491 

significant main effect of the factor 'Dispersion' at virtually all SNR. 492 

 493 

The bottom panel of Fig. 3 shows the correlation coefficients across all levels of noise. 494 

There were significant main effects on the factor ‘WF’ and the factor ‘Dispersion’ on the 495 

latency, amplitude and morphology of both the N2 and the P2 waves (p <0.001, for both 496 

factors and all ERP parameters). There was also a significant interaction between these 497 

two factors in modulating the P2 amplitude (p <0.001). Post hoc comparisons revealed 498 

that the correlation coefficients obtained using the WF+MLRd approach were significantly 499 

larger than those obtained using either the MLR or the MLRd approach, for all ERP 500 

parameters (p <0.001, two tailed paired t test), , and also larger than those obtained using 501 

the WF+MLR approach on N2 latency, N2 amplitude, N2 morphology, P2 latency and P2 502 

morphology (p <0.001, two tailed paired t test). 503 
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 504 

The SNRs of the simulated datasets, which were obtained by adding real resting EEG data 505 

with different levels of noise (ranging from 0.5 to 1.5, with 0.1 as step size) to the 506 

theoretical datasets, ranged between 0.45 ±0.22 and 4.0 ±2.0. At every level of noise the 507 

wavelet filtering significantly enhanced the SNR (p <0.005, Wilcoxon test). 508 

 509 

The better performance of the MLRd approach, as compared to the MLR approach, was 510 

not simply due to the larger number of regressors used in the MLRd conditions, but to the 511 

fitting of biologically-relevant information (i.e. the trial-to-trial variability in LEP 512 

morphology). This was demonstrated by the significant result of the F test performed 513 

between the goodness of fit obtained with the two approaches, indicating that MLRd 514 

provides a better fit to the single-trial data (F(2, 505)=805, p <0.0001). 515 

 516 

Altogether, the assessment of the performance of the different approaches on the 517 

simulated data indicates that wavelet filtering strongly enhances the SNR of ERPs, and 518 

provides a more accurate and reliable single-trial estimation, especially when the level of 519 

noise is high (low SNR). On the other hand, MLRd improves the performance of single-trial 520 

estimation especially when the level of noise is low (high SNR), while it would fit part of 521 

the noise when the SNR of the ERP is low. For these reasons, the WF+MLRd approach 522 

provides the most accurate single-trial estimation, as compared to the other three 523 

approaches, and it was applied to explore the real LEP dataset. 524 

 525 
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Single-trial estimation of LEP data 526 

Single-trial estimation and correlation analysis 527 

The bidimensional plots in the middle panel of Fig. 5 show the effect of wavelet filtering 528 

on single-trial LEP waveforms and resting EEG. While in the LEP waveforms the wavelet 529 

filtering significantly enhanced the SNR of the phase-locked responses (from 7.3±3.3 to 530 

21.2±10.4, p =0.002, Wilcoxon test), in the resting EEG the wavelet filtering only reduced 531 

the noise. The left panel of Fig. 5 shows that only the scalp topographies of the average 532 

LEP waveforms at the latency of the N2 and P2 peak show the expected central 533 

distribution maximal at the vertex (Bromm and Treede 1984; Lee et al. 2009; Mouraux and 534 

Iannetti 2008; 2009). 535 

 536 

The resulting distortion ratios, estimated using Equations (5) and (6), were averaged across 537 

trials for each subject. The average distortion ratios were significantly >1 (N2 ratio: 538 

1.28±0.15, p <0.001; P2 ratio: 1.45±0.25; p <0.001; one sample t test). 539 

 540 

(i) Correlation between single trials and average waveforms. Fig. 6 shows the correlations 541 

between the single-trial LEP parameters and the corresponding parameters manually 542 

measured from the average waveforms. The averages of single-trial estimates of N2 543 

latency, N2 amplitude, P2 latency and P2 amplitude values showed a strong correlation 544 

with the corresponding values measured in standard averaged waveforms (N2 latency: 545 

R=0.9835, p <0.0001; N2 amplitude: R=0.9913, p <0.0001; P2 latency: R=0.9834, p <0.0001; 546 

P2 amplitude: R=0.9491, p <0.0001). The N2 and P2 latency values were almost identical 547 
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(N2 latency, single trials: 221 ±28 ms; N2 latency, standard average: 221 ±32 ms; p =0.86 548 

two tailed t test. P2 latency, single trials: 345 ±56 ms; P2 latency, standard average: 350 549 

±60 ms; p =0.15 two tailed t test). In contrast, the N2 and P2 amplitude values were 550 

significantly greater in the single-trial estimates than in the standard averaged waveforms 551 

(N2 amplitude, single trials: -20.5 ±12.2 μV; N2 amplitude, standard average: -15.4 ±8.6 μV; 552 

+33±10% increase, p =0.0017 two tailed t test. P2 amplitude, single trials: 15.5 ±7.9 μV; P2 553 

amplitude, standard average: 10.6 ±6.1 μV; +46±25% increase, p <0.001 two tailed t test). 554 

 555 

(ii) Correlation between single trial parameters. Fig. 4 (bottom panel, 2nd and 3rd row) 556 

shows the correlations between single-trial parameters (N2 and P2 latencies and 557 

amplitudes) and the corresponding single-trial distortion ratios. The latency values and 558 

distortion ratios of N2 wave correlated significantly (mean R =-0.147, p =0.020), while 559 

those of P2 wave did not (mean R =-0.091, p =0.162). The amplitude values and distortion 560 

ratios of both waves displayed strong correlations (N2 wave: mean R =-0.295, p <0.001; P2 561 

wave: mean R =-0.276, p <0.001). 562 

 563 

 (iii) Correlation between the single trial parameters and perceived pain. Fig. 4 (bottom 564 

panel, 1st row) shows the correlations between single-trial distortion ratios of each wave 565 

and the corresponding intensity of pain perception. The single-trial N2 distortion ratios 566 

showed a significant correlation with the intensity of pain perception (mean R =-0.191, p 567 

=0.029), while the single-trial P2 distortion ratio did not (mean R =-0.091, p =0.162). Fig. 7 568 

shows the correlations between single-trial LEP parameters, estimated using both 569 
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WF+MLR and WF+MLRd approaches, and the corresponding intensity of pain perception. 570 

Whereas the single-trial N2 and P2 latencies, estimated using both approaches, did not 571 

correlate with the intensity of pain perception (using WF+MLR, N2: mean R =-0.106, p 572 

=0.123; P2: mean R =-0.060, p =0.519; using WF+MLRd, N2: mean R =0.038, p =0.611; P2: 573 

mean R =-0.107, p =0.067), both the single-trial N2 and P2 amplitudes significantly 574 

correlated with the intensity of pain perception. Notably, the single-trial correlations 575 

obtained using WF+MLRd (N2: mean R =0.377, p <0.001; P2: mean R =0.251, p =0.003) are 576 

notably better than those obtained using WF+MLR (N2: mean R =0.349, p =0.001; P2: 577 

mean R =0.228, p =0.021). 578 

 579 

Detection bias 580 

To test if the method used to estimate single-trial N2 amplitude and P2 amplitude 581 

introduced any detection bias, the same method was applied to an equal number of 582 

resting EEG epochs obtained from all subjects. The single-trial estimate of response 583 

amplitude from resting EEG epochs yielded a mean (±SD) amplitude value of -0.72 ±10.8 584 

μV for the N2 fit, and of 0.36 ±8.3 μV for the P2 fit. These amplitude values were not 585 

significantly different from zero (N2 amplitude: p =0.25; P2 amplitude: p =0.47, one 586 

sample t test). A comparison of the single-trial estimates obtained in the LEP waveforms vs. 587 

the resting EEG epochs in a representative subject is shown in the right panel of Fig. 5. This 588 

result confirms that the described method provides an unbiased estimate of single-trial N2 589 

and P2 amplitudes. 590 

 591 
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Comparison with WF+MLR approach 592 

Fig. 8 shows the average of single-trial estimates of N2 latency, N2 amplitude, P2 latency 593 

and P2 amplitude values obtained using the WF+MLRd and the WF+MLR approaches. As 594 

expected, the average of single-trial estimates of N2 and P2 latencies obtained with the 595 

two approaches were almost identical (N2 latency estimated with WF+MLR: 223 ±32 ms; 596 

N2 latency estimated with WF+MLRd 221 ±28 ms; p =0.36, two tailed t test. P2 latency 597 

estimated with WF+MLR: 342 ±58 ms; P2 latency estimated with WF+MLRd: 345±56 ms; p 598 

=0.38, two tailed t test). In contrast, the N2 and P2 amplitude values were significantly 599 

greater when estimated using the WF+MLRd approach (N2 amplitude estimated with 600 

WF+MLR: -19.5 ±11.6 μV; N2 amplitude estimated with WF+MLRd: -20.5 ±12.2 μV; 601 

+5±5.8% increase, p =0.0029, two tailed t test. P2 amplitude estimated with WF+MLR: 14 602 

±7.9 μV; P2 amplitude estimated with WF+MLRd: 15.5 ±7.9 μV; +14±19% increase, p 603 

<0.001, two tailed t test).604 
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Discussion 605 

Using simulated ERP datasets with varying levels of noise, we compared the performance 606 

of four approaches to estimate ERPs in single trials. We provide evidence that the 607 

WF+MLRd approach yielded the most accurate estimate of the peak latency and amplitude 608 

of the N2 and P2 waves of ERPs. The better performance of the WF+MLRd approach was 609 

due (1) to the wavelet filtering procedure, which enhances the SNR effectively, both in 610 

single-trial and average ERP waveforms; and (2) to the inclusion in the model of the 611 

information concerning the variability in single-trial ERP morphology. When applied to a 612 

real LEP dataset, the WF+MLRd approach provided reliable estimation of single-trial 613 

latency and amplitude of the N2 and P2 waves, allowing us to measure the distortion of 614 

LEP morphology caused by across-trial averaging, and to perform meaningful correlations 615 

at single-trial level, both between the different parameters of LEPs and the intensity of 616 

perceived pain, and within the different parameters of LEPs. 617 

We observed a strong correlation between the intensity of pain perception and the N2 and 618 

P2 single-trial amplitudes; this was best detected when single-trial amplitudes were 619 

estimated using WF+MLRd. In addition, we observed a significant positive correlation 620 

between single-trial N2 amplitude and N2 width, between single-trial P2 amplitude and P2 621 

width, and between single-trial N2 width and the intensity of pain perception. 622 

 623 

Wavelet filtering (WF) to enhance the SNR of ERPs 624 

Compared to the windowed Fourier Transform, the Continuous Wavelet Transform (CWT) 625 

offers an optimal compromise for time-frequency resolution and is therefore very suitable 626 
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for exploring ERPs with a wide frequency range (Chorlian et al. 2003; Effern et al. 2000; 627 

Mouraux and Iannetti 2008; Mouraux and Plaghki 2004; Quiroga and Garcia 2003; Tognola 628 

et al. 1998). Here, by thresholding the average of single-trial time-frequency 629 

representations of single-subject ERPs, we generated a wavelet filter that captures both 630 

the phase-locked and non-phase-locked responses, and provides a time-varying filter. 631 

In the present study, we show that WF successfully enhanced the SNR of both simulated 632 

and real ERP datasets (Fig. 5, middle panel). Importantly, when the same filter was applied 633 

to resting EEG data, this procedure significantly reduced the contribution of noise, without 634 

generating spurious ERP responses (Fig. 5, middle panel). The lack of detection bias is 635 

consequent to the fact that WF preserves, in each single trial, the signal corresponding to 636 

the time-frequency representation of the ERP regardless of its phase (Hu et al. 2010). For 637 

this reason, when using both the MLRd and the WF+MLRd approaches the average 638 

amplitude of single-trial estimates of the ERP peaks was negligible (MLRd: 0.67 ±13.7 μV 639 

for the N2 fit and -0.97 ±10.6 μV for the P2 fit, p =0.35 and p =0.16, respectively; WF+MLRd: 640 

-0.72 ±10.8 μV for the N2 fit and 0.36 ±8.3 μV for the P2 fit, p =0.25 and p =0.47, 641 

respectively), but, crucially, the variances of these estimates were significantly smaller 642 

when using the WF+MLRd approach than when using the MLRd approach (p <0.001 for 643 

both N2 and P2, test of homogeneity of variances) (Fig. 5). This important difference is due 644 

to the fact that WF removes a large amount of noise, and thus reduces the power of 645 

resting EEG oscillation. 646 

 647 

Multiple linear regression with dispersion term (MLRd) to detect single-trial ERPs 648 
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We observed that a multiple linear regression with dispersion term using three basis sets 649 

on preliminarily wavelet-filtered data (i.e. the WF+MLRd approach) provides an improved 650 

estimate of the peak latency and amplitude of ERP waves (Fig. 3). The decision of selecting 651 

the first three outputs of the PCA performed on the variability matrices was based on the 652 

fact that the first three parameters were able to explain most of the variability of single 653 

trial ERPs, namely their latency, amplitude, and morphology (Spencer 2005). To capture 654 

the variability of these three parameters, a non-parametric approach, based on PCA 655 

decomposition, was used because the real function expression of single-trial EEG 656 

responses is unknown. When investigating the similar problem of response recognition in 657 

blood oxygen level-dependent fMRI data, Hossein-Zadeh et al. (2003) also observed that 658 

the first three PCs were able to capture the largest part of response variability. These first 659 

three PCs were compared with the three Taylor expansion series (i.e. a basic Gamma 660 

function, a derivative of the Gamma function with respect to time variability and a 661 

derivative of the Gamma function with respect to the shape variability), and were shown 662 

to be extremely similar, albeit not identical, to the Taylor expansion series (see Fig. 11 in 663 

Hossein-Zadeh et al. 2003). This comparison is important, as in fMRI the real function 664 

describing the response (e.g. a Gamma function) is known, while this is not the case for 665 

the ERP response (Boynton et al. 1996). Thus, it is likely that also the basis set with three 666 

regressors generated by PCA and used in the present study mainly captures the latency 667 

jitter and the variability in morphology of ERPs, while the variability in amplitude is 668 

captured by their coefficients of these basis sets. This results in a better single-trial 669 

estimate compared to the estimates obtained without including in the model the 670 
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variability in morphology (i.e. the MLR approach, Fig. 3). 671 

 672 

In addition, we used the estimated single-trial LEP waveforms to show that the across-trial 673 

averaging procedure significantly distorts their morphology (N2 and P2 distortion ratios: 674 

1.28±0.15, p <0.001; 1.45±0.25; p <0.001; one sample t test, respectively). This analysis, 675 

performed by calculating a distortion ratio for each single-trial, showed that N2 and P2 676 

waves have a higher frequency in single trials than in averages, as indicated by the fact 677 

that the distortion ratios are >1 for both the N2 and the P2 waves. Thus, the change in 678 

frequency of the N2 and P2 waves caused by across-trial averaging is likely to be due to 679 

trial-to-trial latency-jitter, which results in a smoother average LEP waveform. Hence, 680 

including a dispersion term in the multiple linear regression analysis appears necessary, as 681 

it allows a more accurate fitting of higher-frequency, single-trial waveforms. In addition, 682 

the observation of a significant variability in the within-subject distortion ratios (widths) 683 

indicates that there is also a trial-to-trial variability in LEP morphology, thus indicating that 684 

the inclusion of a dispersion term in the multiple linear regression analysis would be 685 

desirable even in the absence of trial-to-trial latency jitter, to improve the single-trial 686 

fitting and thus obtain a better estimate of latency and amplitude of the N2 and P2 LEP 687 

peaks. 688 

In addition, a significant positive correlation between the width of the N2 wave and the 689 

intensity of pain perception (as well as a trend of positive correlation between the width 690 

of the P2 wave and the intensity of pain perception) (N2 wave: R =-0.191, p =0.029; P2 691 

wave: R =-0.091, p =0.162) indicated that the width of these ERP waves, is physiologically 692 
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meaningful. Thus, the inclusion of a dispersion term in the multiple linear regression 693 

analysis is important to capture the physiological information reflected in the variability of 694 

the morphology of each ERP wave. Accordingly, we observed a better correlation between 695 

the intensity of pain perception and the corresponding single-trial N2 and P2 amplitudes 696 

estimated using WF+MLRd than those estimated using WF+MLR (Fig. 7). 697 

 698 

We observed that including a factor capturing the variability in ERP morphology 699 

significantly improves the estimate of single-trial parameters when the level of noise in the 700 

data is low (Fig. 3). This observation makes sense, as introducing the variability in 701 

morphology as a fitting factor when processing noisy data might increase the amount of 702 

fitted noise, thus reducing both the sensitivity and the specificity of the MLRd approach. 703 

Indeed, the performance of MLRd and MLR in extracting single-trial amplitude values was 704 

very similar when processing data with a high level of noise (Fig. 3). This implies that the 705 

use of MLRd is beneficial either (i) when the SNR of the raw data is high per se, or (ii) when 706 

the SNR of the data is effectively enhanced by preliminarily filtering the data (e.g. a simple 707 

bandpass filter, or the WF described in this paper). Thus, the combination of the WF with 708 

the MLRd approach allows to broaden the applicability of an MLRd-based single-trial 709 

estimation, even to responses whose SNR is typically low (e.g. when analyzing 710 

early-latency somatosensory ERPs like the N20 wave, or when analyzing simultaneously 711 

collected EEG/fMRI data, Debener et al. 2005, 2006; Iannetti et al. 2005a).  712 

Note that the WF+MLRd was only applied to one recorded channel (Cz) because (1) WF is 713 

computationally demanding and (2) Cz is the scalp channel at which the main LEP waves 714 
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display a maximal amplitude, and, consequently, N2 and P2 are recommended to be 715 

measured at Cz in both basic and clinical settings (Treede et al. 2003).  716 

Crucially, the multiple linear regression method allows modeling the amplitude of each 717 

single trial regardless of its phase (i.e. regardless of its positive or negative polarity). 718 

Therefore, if a sufficient number of trials is considered, the contribution of 719 

non-event-related peaks in the signal will cancel out and tend towards zero. For this 720 

reason, when we applied the WF+MLRd approach to the resting EEG data, although some 721 

positive and negative fittings were observed, the average peak amplitudes of the 722 

single-trial estimates of both N2 and P2 waves were negligible (-0.72 ±10.8 μV for the N2 723 

fit, and of 0.36 ±8.3 μV for the P2 fit; N2 amplitude: p =0.25; P2 amplitude: p =0.47, one 724 

sample t test) (Fig. 5, right panel). 725 

 726 

N2 and P2 peaks in single-trial LEPs 727 

When applying the WF+MLRd approach to real LEP data, the averages of estimated 728 

single-trial N2 and P2 latencies were almost identical to the N2 and P2 latencies measured 729 

in the across-trial average waveforms (N2 latency, single trials: 221 ±28 ms; standard 730 

average: 221 ±32 ms; p =0.86 two tailed t test. P2 latency, single trials: 345 ±56 ms; 731 

standard average: 350 ±60 ms; p =0.15 two tailed t test; Fig. 6, left panels). In contrast, the 732 

averages of estimated single-trial N2 and P2 amplitudes were significantly larger than 733 

those measured in the across-trial average waveforms (+33 ±10% and +46 ±25%, 734 

respectively) (Fig. 6, right panels).  735 

The large difference in amplitude between the estimate of ERP amplitude at single-trial 736 
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level and the measure of ERP amplitude in the average ERP waveform is likely to be due to 737 

the across-trial latency jitter, which results in averaging ERP waves with slightly different 738 

phases, thus distorting their shape and reducing their peak amplitude. Importantly, the 739 

increase in peak amplitude obtained by measuring the response in single trials was 740 

significantly smaller (p =0.028, two tailed t test) for the N2 wave than for the P2 wave (+33 741 

±10% and+46 ±25%, respectively). This finding indicates that the latency jitter of the N2 742 

wave may be significantly smaller than the latency jitter of the P2 waves of LEPs. 743 

Considering that the N2 wave is more transient than the P2 waves (i.e. the N2 has higher 744 

frequency content than the P2), across-trial averaging would distort it more than P2 waves. 745 

Hence, if the latency jitter affecting the N2 and P2 waves was similar, the gain in amplitude 746 

resulting from measuring the N2 wave in single trials should be greater than the gain in 747 

amplitude resulting from measuring the P2 waves in single trials. Therefore, the fact that 748 

the opposite was observed indicates that the N2 wave is affected by less latency jitter than 749 

the later P2 wave. Accordingly, the across-trial variability (expressed as SD) of the peak 750 

latency of the N2 wave (which is a direct measure of response jitter) was 28 ms, while that 751 

for the P2 wave was 56 ms. Altogether, these findings indicate that the latency jitter of the 752 

N2 wave is smaller than that of the P2 wave. This finding is similar to the results obtained 753 

by Michalewski et al. (1986) showing that, in auditory-evoked potentials, the latency 754 

variability of the N2 and P3 peaks is larger than the latency variability of the earlier N1 and 755 

P2 peaks, consistently with the notion that early-latency, exogenous responses (like the N1 756 

wave of LEPs, Lee et al., 2009) are less affected by latency jitter than longer latency, 757 

endogenous responses (like the N2 and P2 waves of LEPs, Mouraux and Iannetti, 2009). 758 
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The notion that the shorter the peak latency, the smaller the latency jitter is also 759 

supported by an additional observation, that the peak amplitudes of the N2 and P2 waves 760 

in single trials were significantly larger when estimated by WF+MLRd than when they were 761 

estimated by WF+MLR (+5 ±5.8% and +14 ±19% for N2 and P2 wave, respectively) (Fig. 8). 762 

For the same line of reasoning reported above, the smaller underestimation of the N2 763 

peak amplitude can be also explained by the smaller jitter of the N2 peak latency. 764 

 765 

Correlation with the intensity of pain perception 766 

Similarly to what was observed in previous single-trial LEP studies (Arendt-Nielsen 1994; 767 

Iannetti et al. 2005b), the peak amplitude of both the N2 and the P2 waves showed a 768 

strong positive correlation with the intensity of pain perception (Fig. 7, top panel).  769 

The strong correlations observed between N2 and P2 peak amplitudes and the intensity of 770 

pain perception may have a peripheral explanation, i.e. it can be due to the fact that 771 

stronger inputs activate more cortical neurons synchronously, resulting in ERPs of larger 772 

amplitudes (Iannetti et al. 2005b). Indeed, despite the energy of the laser stimulation was 773 

kept constant, the intensity of the afferent input along peripheral and central nociceptive 774 

pathways is expected to vary significantly from trial to trial. This variability can be 775 

explained by changes in the number of nociceptors activated by each delivered laser pulse 776 

(as the irradiated skin spot must be changed after each stimulus) (Arendt-Nielsen and 777 

Chen 2003), but also by within-subject variations in receptor density and skin 778 

pigmentation (Plaghki and Mouraux 2003). This variability of the peripheral input can 779 

result in trial to trial variations in the intensity of pain perception and thus be reflected by 780 
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the trial to trial variations in peak amplitude of the N2 and P2 LEP waves. 781 

In addition, the correlations between N2 and P2 peak amplitudes and the intensity of pain 782 

perception is likely to be also contributed by central factors, independent of the variability 783 

of the incoming sensory input. Indeed, we recently showed that the N2 and P2 waves 784 

represent a late stage of cortical processing related to the perceptual outcome of the 785 

nociceptive input (Lee et al. 2009). Thus, a wide range of cognitive factors, such as 786 

attention paid to the stimulus and vigilance, which are known to influence both pain 787 

perception and the magnitude of the N2 and P2 waves of LEPs (Legrain et al. 2002; Lorenz 788 

and Garcia-Larrea 2003) could have contributed to the observed correlation between N2 789 

and P2 magnitude and the intensity of perception. 790 

791 
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Conclusions and future directions 792 

Using both simulated and real ERP datasets we show that WF significantly enhances the 793 

SNR of ERPs in single trials, and that MLRd effectively captures and measures the variability 794 

in the morphology of single-trial ERPs. Therefore, their combination (WF+MLRd) provides a 795 

reliable and unbiased estimate of single-trial ERP latency, amplitude, and morphology, and 796 

has thus the potential of yielding novel physiological information (e.g. estimating the 797 

latency jitter and the correlation with pain perception of different LEP waves). ICA, which 798 

is a blind source separation technique that works as a spatial filter and is capable to exploit 799 

the spatial information contained in multichannel EEG recordings (Makeig et al. 2004), has 800 

been demonstrated to be effective in isolating stimulus-related and ongoing components 801 

in single-trial EEG signals (Debener et al. 2006). Thus, WF+MLRd could also be applied on 802 

ICA-filtered EEG signal, or directly on stimulus-related ICs, to provide better single-trial 803 

estimation on higher SNR and spatial-distinct neural activities.  804 

WF+MLRd can be also applied to estimate single-trial parameters of short-latency evoked 805 

potentials (e.g. SEPs, VEPs, and AEPs), and of stimulus-induced EEG responses in the 806 

time-frequency domain. Importantly, WF+MLRd can be applied to explore the dynamics 807 

between different features of ERPs, behavioural variables and measures of brain activity 808 

sampled using different neuroimaging techniques, and, hence, may provide new insights 809 

into the functional significance of the brain processes underlying the brain responses to 810 

sensory stimuli. Finally, this WF+MLRd approach is also useful in clinical practice. For 811 

example LEPs, which often display longer latency, reduced amplitude, and/or increased 812 

wave width in presence of lesions of the peripheral or of the central nervous system, are 813 



Improved single-trial ERP estimation 

39 
 

highly recommended to evaluate the function of nociceptive pathways in patients (Treede 814 

et al. 2003). However, signals recorded from patients usually have lower SNR than those 815 

recorded from healthy subjects, thus suggesting the value of using WF+MLRd to increase 816 

the SNR of ERP waveforms, not only in average, but also in single trials. Furthermore, the 817 

possibility to quantify the variability of single-trial amplitude, latency, and morphology will 818 

allow a more complete use of the information contained in ERPs in clinical studies. 819 
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Figure legends 825 

Fig. 1. Flowcharts describing the procedures of multiple linear regression (MLR) and 826 

multiple linear regression with dispersion term (MLRd) to estimate the single-trial latency 827 

and amplitude of ERP peaks. 828 

Top panel: In MLR, two regressors (average and its temporal derivative) for each ERP peaks 829 

are calculated from the average ERP waveform within a given post-stimulus interval (in this 830 

case 0 to 0.5 s), for each subject. These regressors (four, in this case) are then applied 831 

against each single trial within the same post-stimulus interval, and used to model each 832 

single-trial ERP peak. 833 

Bottom panel: In MLRd, variability matrices that capture the variations of latency and 834 

morphology of each ERP peak are generated by simultaneously shifting and compressing 835 

the average ERP waveform (1). These variability matrices, whose order of trials (with the 836 

latency shifted and the morphology varied simultaneously) is of no importance, are fed to 837 

a Principal Component Analysis (PCA) (2). The resulting three main principal components 838 

are used to define three regressors for each peak within a given post-stimulus interval (in 839 

this case 0 to 0.5 s) (3). These regressors (six, in this case) are then applied against each 840 

single trial within the same post-stimulus interval, and used to model each single-trial ERP 841 

peak (4).  842 

Note the difference in the fit of the same representative single trial obtained using MLR 843 

and MLRd (right, both panels), as adding a third regressor (MLRd) allows modelling the 844 

variability in ERP morphology, which is not taken into account in non-dispersed MLR. 845 

 846 
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Fig. 2. Flowchart describing the generation of the simulated datasets with different level of 847 

noise. 848 

The ERP group average waveform recorded at Cz was used as template (first column). 849 

Variations in amplitude, latency and shape were randomly embodied in the ERP template, 850 

generating, for each subject, 30 ERP trials (represented by coloured waveforms) for each 851 

kind of variation (second column). The integration of all these variations into the ERP 852 

template generated the simulated ERP dataset, composed by 30 trials (third column). 853 

Eleven levels of noise were generated by multiplying a real resting EEG epoch from that 854 

subject by a range of factors (from 0.5 to 1.5, with 0.1 as step size) (fourth column). Finally, 855 

each of these 11 noise epochs was added to each of the 30 simulated datasets, thus 856 

generating 330 ERP epochs for each subject (fifth column). Consequently, each of the 857 

resulting simulated ERP dataset had different level of SNR. 858 

 859 

Fig. 3. Performance evaluation of the four methods (MLR, MLRd, WF+MLR and WF+MLRd) 860 

to estimate single-trial ERP parameters. 861 

Top panel: The correlation coefficient between single-trial estimates and the 862 

corresponding single-trial true values at each of the 11 levels of noise (top row). The effect 863 

of ‘WF’ and ‘Dispersion’ factors was tested using two-way, repeated-measures ANOVA 864 

(bottom row). Note that there was a significant main effect of the factor ‘WF’ at low SNRs, 865 

and a significant main effect of the factor ‘Dispersion’ at high SNRs, as well as a significant 866 

main effect of the factor ‘Dispersion’ at virtually all SNRs when estimating the single-trial 867 

variability of ERP morphology. 868 



Improved single-trial ERP estimation 

43 
 

Bottom panel: Statistical comparison of the overall correlation coefficients (i.e. across all 869 

level of noise) obtained with the four methods (MLR, MLRd, WF+MLR and WF+MLRd). The 870 

effect of ‘WF’ and ‘Dispersion’ factors was tested using two-way, repeated-measures 871 

ANOVA. Note that the overall correlation coefficients obtained using the WF+MLRd 872 

approach were generally significantly larger than those obtained using the other three 873 

approaches. 874 

 875 

Fig. 4. Estimation of distortion between single-trial and average ERP waveforms and the 876 

correlations between single-trial distortion ratio and other single-trial variables.  877 

Top panel: The blue waveform represents the average ERP, and the red waveform 878 

represents a single trial ERP. The distortion was estimated by calculating the ratio between 879 

the widths at the half peak height (ha/2 and hs/2) of the average waveform (wNa and wPa) 880 

and of each single trial (wNs and wPs). The average distortion ratios of the N2 wave (left 881 

panel) and of the P2 wave (right panel) were both significantly >1 (N2 ratio: 1.28±0.15, p 882 

<0.001; P2 ratio: 1.45±0.25; p <0.001; one sample t test).  883 

Bottom panel: The single-trial N2 distortion ratios showed a significant negative 884 

correlation with the corresponding intensity of pain perception (mean R =-0.191, p =0.029), 885 

while the single-trial P2 distortion ratios did not (mean R =-0.091, p =0.162) (first row). 886 

Single-trial N2 distortion ratios showed a significant negative correlation with the 887 

corresponding N2 latencies (mean R=-0.147, p =0.020), whereas single trial P2 distortion 888 

ratios did not significantly correlated with the corresponding P2 latencies (mean R =0.009, 889 

p =0.876). Both the single-trial N2 and P2 distortion ratios significantly correlated with 890 
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their corresponding single-trial amplitudes (N2 wave: mean R =-0.295, p <0.001; P2 wave: 891 

mean R =-0.276, p <0.001). 892 

 893 

Fig. 5. Unbiased automatic detection of single-trial LEPs using combined wavelet filtering 894 

and multiple linear regression with dispersion term (WF+MLRd). 895 

Left panel: Scalp topographies at N2 and P2 peak latencies of the average waveform 896 

obtained from LEP trials (top) and resting EEG trials (bottom). While the topographies of 897 

LEP trials are centrally-distributed and maximal at the vertex, the topographies of resting 898 

EEG trials are randomly distributed. 899 

Middle panel: Comparison of the effect of wavelet filtering on LEP trials (top) and resting 900 

EEG trials (bottom). Note that the phase-locked responses in LEP trials are preserved, 901 

whereas the noise in both LEP trials and resting EEG trials is markedly reduced. The single 902 

trials are sorted according to the order of stimulus presentation. 903 

Right panel: Single-trial N2 and P2 amplitudes (same data shown in the left and middle 904 

panel) estimated in LEP trials (red) and resting EEG trials (blue). The average N2 and P2 905 

peak amplitudes are -20.5 ±12.2 μV and 15.5 ±7.9 μV in LEP trials and -0.72 ±10.8 μV and 906 

0.36 ±8.3 μV in resting EEG trials. Note that the amplitude values obtained from the 907 

resting EEG trials were not significantly different from zero (N2 amplitude: p =0.25; P2 908 

amplitude: p =0.47, one sample t test). 909 

 910 
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Fig. 6. Correlations between the average N2 and P2 latencies and amplitudes estimated 911 

using the WF+MLRd approach and the average N2 and P2 latencies and amplitudes 912 

obtained manually from the averaged LEP waveforms. 913 

Significant correlations were observed when examining all LEP parameters (N2 latency: 914 

R=0.9835, p <0.0001; N2 amplitude: R=0.9913, p <0.0001; P2 latency: R=0.9834, p <0.0001; 915 

P2 amplitude: R=0.9491, p <0.0001). Each point represents the data from one subject. 916 

Vertical error bars represent, for each subject, the variability across trials (expressed as 917 

SEM). Black dashed lines represent the identity lines, and red solid lines represent the best 918 

linear fit. Note that the N2 latency and P2 latency values obtained from the two 919 

measurements are almost identical (N2 latency: p =0.86; P2 latency: p =0.15, two tailed t 920 

test). In contrast, the N2 amplitude and P2 amplitude values are significantly greater in the 921 

single-trial estimates than in the standard averaged waveforms (N2 amplitude: +33% 922 

increase, p =0.0017; P2 amplitude: +46% increase, p <0.001, two tailed t test).  923 

 924 

Fig. 7. Correlations between single-trial LEP parameters, estimated using both WF+MLR 925 

and WF+MLRd, and intensity of pain perception. 926 

Left panel: Correlations between single-trial LEP peak latencies, estimated using both 927 

WF+MLR and WF+MLRd, and pain perception. Single-trial N2 latencies and P2 latencies do 928 

not correlate with the intensity of pain perception, whether estimated using WF+MLR (N2: 929 

mean R =-0.106, p =0.123; P2: mean R =-0.060, p =0.519) (left part), or using WF+MLRd 930 

(N2: mean R =0.038, p =0.611; P2: mean R =-0.107, p =0.067) (right part). 931 

Right panel: Correlations between single-trial LEP peak amplitudes, estimated using both 932 
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WF+MLR and WF+MLRd, and pain perception. Estimated using WF+MLR, both the 933 

single-trial N2 amplitudes and P2 amplitudes significantly correlated with the 934 

corresponding intensity of pain perception (N2: mean R =0.349, p =0.001; P2: mean R 935 

=0.228, p =0.021) (left part). Estimated using WF+MLRd, single-trial N2 amplitudes and P2 936 

amplitudes correlated even more strongly with the corresponding intensity of pain 937 

perception (N2: mean R =0.377, p <0.001; P2: mean R =0.251, p =0.003) (right part).   938 

 939 

Fig. 8. Comparison of single-trial estimates obtained using the WF+MLR (in green) and the 940 

WF+MLRd (in red) approaches. 941 

The average of single-trial estimates of N2 and P2 latencies obtained with the two 942 

approaches were almost identical (N2: p =0.36; P2: p =0.38, two tailed t test). In contrast, 943 

the average of single-trial estimates of N2 and P2 amplitudes were significantly larger 944 

when using the WF+MLRd approach (N2: +5%, p =0.0029; P2: +14%, p <0.001, two tailed t 945 

test). Vertical error bars represent the variability across subjects (expressed as SD). Blue 946 

dashed lines represent the mean values of N2, P2 latencies or amplitudes measured 947 

manually from the across-trial average waveforms. 948 
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