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Abstract

The origin of the conscious experience of pain in the brain is a continuing enigma in neuroscience. To shed light on the brain representation of a multifaceted pain experience in humans, we combined multivariate analysis of subjective aspects of pain sensations with detailed, single-trial analysis of electrophysiological brain responses. 

Participants were asked to fully focus on any painful or non-painful sensations occurring in their left hand during an interval surrounding the onset of noxious laser heat stimuli, and to rate their sensations using a set of visual analogue scales. Statistical parametric mapping was used to compute a multivariate regression analysis of subjective responses and single-trial laser evoked potentials (LEPs) at subject and group levels. Standardized Low Resolution Electromagnetic Tomography (sLORETA) method was used to reconstruct sources of LEPs.

Factor analysis of subjective responses yielded five factors. Factor 1, representing pain, mapped firstly as a negative potential at the vertex and a positive potential at the fronto-temporal region during the 208‒260 ms interval, and secondly as a strong negative potential in the right lateral frontal and prefrontal scalp regions during the 1292‒1340 ms interval. Three other factors, labelled “anticipated pain”, “stimulus onset time”, and “body sensations”, represented non-specific aspects of the pain experience, and explained portions of LEPs in the latency range from 200 ms to 700 ms.

The subjective space of pain during noxious laser stimulation is represented by one large factor featuring pain intensity, and by other factors accounting for non-specific parts of the sensory experience. Pain is encoded in two separate latency components with different scalp and brain representations.

1. Introduction

In contrast to visual, auditory or tactile systems, primary cortical regions underlying the conscious perception of pain remain elusive. The posterior insula and adjacent parietal operculum have been shown to be the only brain regions capable of producing a sensation of pain during electrical stimulation, suggesting their role in the formation of the conscious experience of pain (Mazzola et al., 2012; Ostrowsky et al., 2002). Patients with lesions in posterior insula (Biemond, 1956; Greenspan et al., 1999) or parietal operculum (Horiuchi et al., 1996) may show hypoalgesia in contralateral parts of the body, suggesting that these cortical regions perhaps play a role of a “third somatosensory cortex” in producing the pain experience (Garcia-Larrea, 2012). Subregions of insula differentiated painful from non-painful sensations in fMRI (Pomares et al., 2013). However, as pain is a multidimensional experience involving specific sensory qualities such as  intensity, negative affect, awareness of stimulus occurrence, spatial and temporal localisation, perceived control over pain (Salomons et al., 2004), prediction error (Roy et al., 2014), and novelty or saliency (Downar et al., 2003; Iannetti et al., 2008; Mouraux and Iannetti, 2009), it is likely that brain regions other than the posterior insula participate in forming a unique, instantaneous conscious experience of pain (Garcia-Larrea and Peyron, 2013).  

Although the multidimensional nature of the pain experience has long been acknowledged (Melzack and Casey, 1968), brain representations of distinct aspects of pain are poorly understood. Pain intensity, the most conspicuous aspect of the pain experience, appears to be encoded in a number of regions including thalamus, insula, primary and secondary somatosensory cortex, anterior cingulate cortex and other brain regions (Atlas et al., 2014; Coghill et al., 1999; Wager et al., 2013). A novel multivariate pattern analysis showed that near-threshold painful laser stimuli are differentiated from non-painful stimuli in primary and secondary somatosensory areas, anterior insula, and dorso- and ventrolateral prefrontal and orbitofrontal cortex (Brodersen et al., 2012). Electrophysiological responses of the brain during laser induced pain, known as laser evoked potentials (LEPs), have been shown to bear a relationship with pain intensity (Frot et al., 2007; Hu et al., 2014; Iannetti et al., 2005; Le Pera et al., 2007; Stancak et al., 2012; Wager et al., 2006). Although fractionation of pain intensity and unpleasantness has been reported under specific conditions such as hypnosis (Rainville et al., 1999) or dopamine precursor depletion (Tiemann et al., 2014), these two and other pain dimensions are strongly inter-correlated (Holroyd et al., 1992; Turk et al., 1985). The degree and quality of inter-correlations between various subjective aspects of laser induced pain are not known, rendering interpretation of associations between pain and brain activity difficult. 

To shed light on brain representations of pain induced by noxious laser stimuli, statistical parametric mapping of associations between subjective scales and single-trial LEPs was carried out. Laser intensity was maintained at a constant level over repeated stimuli, similar to previous electrophysiological (Schulz et al., 2011; Schulz et al., 2012) and fMRI studies (Brodersen et al., 2012; Ploner et al., 2010; Wiech et al., 2010). Although local differences in the density of nocisensors and small variations in the energy of laser pulses contributed to inter-trial variability of pain, maintaining the intensity of the laser stimuli at a constant level allowed us to explore the largely top-down processes contributing to the variability of the pain experience.

2. Methods and Materials

2.1. Subjects and procedure

Sixteen healthy participants (7 males, 9 females), undergraduate and postgraduate students of psychology and medicine, aged 24.7 ± 4.1 years (mean ± SD) took part in the study after giving their written informed consent according to the Declaration of Helsinki. The procedures were approved by the University of Liverpool research ethics committee. Participants received £15 to compensate for their time and travel expenses.


Subjects were informed about the purpose of the experiment before taking part. We emphasised that a good deal of introspection was required during the experiment as we were interested in learning about every single sensation preceding or following a laser stimulus. Subjects were told that, regardless of the identical intensity of the laser stimuli, their sensations were likely to vary across 60 trials. 

Laser stimuli were applied using an Nd−YAP laser stimulator (Stim1324, El.En., Italy). The pulse duration was 4 ms, and the spot size was 5 mm. The intensity of the laser stimulus was adjusted for each subject individually prior to the first block by incrementing the stimulus intensity from 1.25 J in steps of 0.25 J. The intensity producing a moderate pain sensation rated 5 or 6 on a 10-point rating scale on three successive trials was used throughout (a score of 3 corresponded to the pain threshold).

Each trial began with a white fixation cross presented on a black screen on a 19-inch LCD monitor, which was followed by two pre-stimulus rating scales. After completing the two pre-stimulus ratings, the screen turned black and subjects allocated their full attention to their left hand. The laser stimulus occurred at a randomly selected time during a 6 s period, starting 2.5 s after the pre-stimulus rating scales were deleted from the screen. Each stimulus was followed by a 4 s rest epoch allowing subjects to experience and evaluate any sensation on their hand or elsewhere in the body. Ten post-stimulus scales were then presented, and after completion of all ratings, another trial started with the fixation cross. Each trial, consisting of the fixation cross period, pre-stimulus rating period, stimulation period, and post-stimulus rating period lasted about 50 s. A resting period of about 4-5 min was inserted after the 30th stimulus to allow subjects to refresh. During this break, the stimulated hand area was carefully examined for any signs of skin irritation, and the electrode impedances were checked, and individual electrodes moistened if necessary. After the experiment, subjects filled out the Pain Catastrophising Scale (Sullivan et al., 1995), and were asked about details of their pain and other sensations. To analyse whether particular LEP components were tightly related to transmission of peripheral input to the brain, the length of the left arm was measured as the distance between the tip of the longest finger and the outer edge of the first rib in the axilla. 

Pain and pain-related sensations were evaluated using a number of visual analogue scales. All scales were vertical columns with a white frame and white fill, sized 30 × 200 pixels and plotted on a computer screen having a resolution of 1280 × 1024 pixels. Two pre-stimulus scales were plotted next to each other in the centre of the screen. Ten post-stimulus scales were ordered in two horizontal rows each having 5 scales. Subjects pressed the computer mouse button after dragging the cursor to a particular place on each of the scales which best matched a particular aspect of their sensation. Pressing the button was associated with filling the scale column with grey colour to the height of the cursor. The pain intensity scale had a horizontal white tick at 33% of the height of the scale. This value represented the pain threshold. The rest of the scales had horizontal ticks at 50% of scale height. All scale values were transformed to range from 0 to 100.

The scales addressing the sensory qualities of specific laser-induced pain were selected based on post-experiment interviews with participants in previous experiments, and on pilot experiments in which the authors also took part as subjects. The selected scales were as follows: pain intensity (anchors: “ no pain at all” – “very strong pain”), pricking sensation (“no pricking sensation” – “very pricking”), burning sensation (“no burning sensation” – “very burning”), warming sensation (“no warming” – “clear warming” ), after-sensations sustained in the stimulated region for seconds after laser stimulation (”no after-sensations” – “strong after-sensations”), body sensations in any region of the body outside the stimulated hand area (“no body sensations” – “a lot of body sensations”), and pain unpleasantness (“neutral” – “very unpleasant”).  Further, as arousal affects both conscious experience and emotions, we included an arousal scale (“not arousing at all” – “very arousing”). To evaluate the level of attention allocated to the stimulus and associated sensations on the last trial, an attention scale was added (“not attended at all” – “strongly attended”). Finally, to include temporal features of the stimulation manifested in the effects of the inter-stimulus interval on LEPs (Raij et al., 2003), one scale measured subjects’ perception of stimulus onset time over the waiting period (“much sooner than expected” – “much later than expected”).  

The pre-stimulus rating scales addressed expected pain intensity (“no pain at all” – “very strong pain”) and controllability of pain (“easily controllable pain” – “uncontrollable pain”). The expected pain intensity scale was included with reference to recent reports that prediction error (Roy et al., 2014), or perceptual decision bias (Wiech et al., 2014), modulated pain experience. Perceived control over pain was included to account for the instantaneous pain catastrophising state which has been shown to affect brain activations during emotional modulation of pain (Berna et al., 2010).

Participants were first familiarised with the two pre-stimulus scales. After completing both ratings, subjects pressed a white square located in the lower-right aspect of the screen. This button press initiated the waiting period, lasting up to 8.5 s. Subjects were asked to refrain from making any hand movements, to keep viewing the black screen, and to focus solely on their left hand. They were informed that the laser stimulus could occur at any time within the 8.5 s waiting period. However, the stimuli were delivered only within the 6-s interval starting 2.5 s after pressing the button. The laser stimulus was followed by a 4-s resting interval, with the 10 rating scales presented afterwards. The order of the scales varied randomly across trials. Subjects were informed that their first response was best, however, that they could change any scale value as many times as they wished. Also, subjects were told to indicate the absence of a particular sensation on a given trial by skipping the appropriate scale.  

After completing ratings on all 10 scales, subjects pressed a white square located in the lower right corner, which ended the post-stimulus rating period. A fixation cross appeared for 4‒6 s. The next trial started with the two pre-stimulus rating scales, which cued the subject to rate their anticipated pain intensity and perceived control over the pain.

Subjects were allowed to practice filling the pre- and post-stimulus scales until they felt confident about the procedures and meaning of individual scales. This training period lasted about 30 minutes.

2.2. Recording

EEG was recorded continuously using the 129-channel Geodesics EGI System (Electrical Geodesics, Inc., Eugene, Oregon, USA) with the sponge-based Geodesic Sensor Net. The sensor net was aligned with respect to three anatomical landmarks including two pre-auricular points and the nasion. The electrode-to-skin impedances were kept below 50 kand at equal levels in all electrodes. The recording band-pass filter was 0.1−200 Hz, and the sampling rate was 1000 Hz. The electrode Cz was used as the reference. 

2.3. LEP analysis

EEG data were transformed to reference-free data using common average reference method (Lehmann, 1987). Although common average reference transform may skew scalp potential data towards a cephalic reference electrode if EEG electrodes overlay only a limited area of the scalp (Junghöfer et al., 1999; Lehmann, 1987), our electrode layout covered the whole scalp and also regions of the face around and below eyes and ears. As our electrode layout covered a large part of a sphere representing a human head, the common average transform of EEG data was justified. Eyeblink and ECG artefacts were removed from the data using the principal component analysis method (Berg and Scherg, 1994) in BESA 6.0 (Megis GmbH, Germany). Further, movement or electrode artefacts were identified visually and excluded from the analysis. The average number of accepted trials was 54.2 ± 4.9 (mean ± SD). Epochs of interest stretched from -0.3 s to 1.7 s relative to the stimulus onset, using the interval of -0.3 ‒ 0.0 s as the baseline. Epochs were band-pass filtered from 0.5 to 30 Hz. Epochs of EEG data were exported for further analysis in EEGLab v. 11.04.3b (http://sccn.ucsd.edu/eeglab/). Concatenated data epochs were analysed using independent component analysis (ICA) utilising the infomax algorithm (Bell and Sejnowski, 1995), extended by the search for sub-Gaussian sources. ICA was used to prune data from components not showing any evoked activity in the epoch of interest, such as slow linear or quadratic shifts over the whole epoch, steady oscillatory patterns, or slow eye movements. Pruning data using ICA was a preparatory step in single-trial LEP analysis, similar to a previous study (Hu et al., 2010). Individual numbers of retained ICA components ranged from 6 to 16.


Epochs were down-sampled to 250 Hz and formatted to range from 0.0 s to 1.6 s in every subject.  Data were analysed in SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12/) using multivariate regression analysis. In the first step, data (129 electrodes, 400 time points, n trials) were converted into 3-dimensional scalp-time images. The electrodes were mapped onto a standardised scalp grid sized 32 × 32 pixels (pixel size 4.25 × 5.3 mm2), representing the field potential planes stacked over the time axis. Images were smoothed with a Gaussian kernel of 9 × 9 × 20 mm2.ms (full width at half maximum). In every subject, a multivariate regression analysis was carried out using smoothed scalp-time images as a dependent measure and factor scores as independent variables. The contrast images obtained for every independent variable were analysed in the second-level analysis using a univariate T-test model. Two contrasts, one negative and one positive, were evaluated for every factor. These contrasts represented negative or positive regression slopes of associations between LEPs and scores in a particular factor. As we focused only on selected LEP components and eliminated in the pre-processing step any unrelated potential components, an uncorrected P value of 0.001 was used to statistically threshold the data. Statistically significant clusters were only accepted if they were larger than 50 space-time voxels. 

2.4. Source reconstruction.

Cortical sources of LEPs were analysed using standardised Low Resolution Electromagnetic Analysis (sLORETA) (Pascual-Marqui, 2002), implemented in LORETA v. 200840-403 program (www.keyinst.unizh.ch/loreta). sLORETA evaluates distributed electrical sources by smoothing the inverted images using a Laplacian smoothing operator. Resulting cortical maps of electrical activity show good localisation accuracy (Greenblatt et al., 2005; Sekihara et al., 2005). Source maps were computed in a grid of 6239 voxels sized 5×5×5 mm3, covering the whole cortical mantle.  The regularisation parameter, related to the signal-to-noise ratio, was set to 1.0. The sLORETA method was applied to localise the sources of distinct LEP components, and to identify cortical sources contributing to a particular topographic configuration of scalp maps representing a correlation between factors and LEPs. In the former instance, sLORETA maps were assigned a threshold of corrected P = 0.05 corresponding to an uncorrected P = 0.0000802. In the latter instance, sLORETA maps in the selected time interval were computed in every subject once using averaged LEPs, and once using averaged LEPs masked by a scalp map showing statistically significant negative or positive regression coefficients in a selected factor. These two sets of sLORETA maps were compared using a paired T-test. The resulting T maps were assigned a threshold at a corrected P level of 0.05 using a permutation method involving 5000 randomisations. Only clusters larger than 3 contiguous voxels (75 mm3) were accepted. The anatomical labels of clusters were determined using the spatial coordinates of cluster maxima in MNI space as implemented in sLORETA.

2.5. Exploratory factor analysis of pain scales.

Ten post-stimulus scale values, two pre-stimulus scale values, trial onset time, and within-trial laser stimulus onset time acquired in 60 trials and 16 subjects (960 cases) were used to compute one correlation matrix. The multi-colinearity of the correlation matrix, indicative of functionally linked variables, was evaluated using the Kaiser-Meyer-Olkin method and Bartlett test of sphericity in SPSS v.21 (IBM Corporation, USA). Ones were inserted into the diagonal of the correlation matrix. Principal component analysis was applied during the initial extraction of components, and the component solution was rotated using normalised Varimax rotation to ensure maximum independence of components. The number of components was evaluated using the eigenvalue one criterion and by inspecting the component scree plot. Factor scores larger than 0.4 were interpreted. Interpretation of factors was based on the most salient loadings in each factor, however, variables with very low loadings were also taken into consideration (Gorusch, 2008). Since the present study applied an exploratory type of factor analysis, our interpretations and factor labels need to be considered as tentative and requiring further confirmation.

To analyse correlations between LEPs and factors obtained in factor analysis, factor scores were computed on each trial in every subject using the Anderson-Rubin method (Anderson and Rubin, 1956). The Anderson-Rubin method is a regression type method for calculating factor scores which yields uncorrelated, standardised scores ranging from -2.5 to +2.5. As correlations were computed in every subject at the first level analysis, the standardisation of original scores was considered as a minor disadvantage relative to the benefit of obtaining maximum orthogonality of factor scores. 

3. Results

3.1. Laser stimulation

Individual stimulus energies ranged from 1.25 J to 2.75 J with a mean of 1.68 ± 0.36 J (mean ± SD), which corresponded to the mean fluence of 85.7 ± 18.3 mJ/mm2.  Individual pain intensity ratings fluctuated around individual mean values of 43.4 ± 4.03 (mean ± SEM) with an average coefficient of variation of 0.39 ± 0.035. The mean values and coefficients of variability for every scale are given in Table 1. The largest inter-trial variability was found in body sensation scores. However, since the scores showed roughly Gaussian distribution, we decided to maintain this variable in further analyses.

3.2. Factor analysis of pain-related sensations

Pearson’s correlation coefficients were computed using 14 variables (2 pre-stimulus rating scales, 10 post-stimulus rating scales, trial onset time, and laser stimulus onset time), and the correlation matrix was used as the input in the factor analysis. The Kaiser-Meyer-Olkin measure of sampling accuracy of 0.84, and Bartlett’s test of sphericity ( (91) = 5520.2, P < 0.00001) both indicated the absence of multi-colinearity in the correlation matrix. Components were rotated using normalised Varimax rotation. Five components explaining 71% of the total variance were extracted. Table 1 shows the component loadings, eigenvalues, and the relative explained variance of the five components.


Factor 1 was loaded positively by pain intensity, arousal, unpleasantness, pricking sensation, burning sensation, after-sensations, and moderately by attention and body sensations. All subjects described the sharp pricking and burning sensation as the hurting component of their pain experience, and reported a burning heat sensation occurring later than the pricking sensation. Factor 1 is tentatively denoted further as the pain component. Three subjects reported that the second sensation was also of pricking type, resembling a double pin prick.


Factor 2 had positive loadings of anticipated pain intensity and lack of control over upcoming pain. This component is labelled as anticipated pain. The negative loading of trial onset time suggests that anticipated pain linearly decreased over the course of the experiment, possibly as a part of a habituation process.

Factor 3 was loaded positively by warming sensations, after-sensations, and burning sensations. All subjects reported continuing warming or burning sensations over the stimulated hand area, which evolved from the previous burning sensation and lasted for seconds. Seven subjects also reported tingling or stinging sensations, especially if the initial sensation was a sharp pricking pain. These sensations were all represented by a single after-sensation scale. None of the subjects labelled after-sensations as painful. Thus, factor 3 is further denoted as the after-sensation component, featuring primarily continuing, non-painful warming evolving from the previous burning sensation, and possibly other less constant after-sensations. 
Factor 4 was loaded positively by stimulus onset time and expected onset time, and it is denoted further as the stimulus onset time component. The component loadings, and the statistically significant pair-wise correlation coefficient between perceived and physical onset times (r(958) = 0.42, P < 0.001), suggested that subjects were able to accurately capture the onset time of laser stimuli.

Factor 5 was positively loaded by body sensations and negatively by attentional focus. Body sensations ranged from a stabbing-like sensation in the abdomen (3 subjects), warming in the arms and shoulder (5 subjects), prickling sensations in the neck or back (3 subjects), sore eyes (2 subjects), sensations down the right leg (1 subject), and sensations of the face being pulled inward (1 subject). None of these sensations were described as painful; however, the three subjects with abdominal sensations reported that their sensations were perceived as a shock or strong surprise. Body sensations were negatively correlated with the strength of attention focus towards the stimulated hand area, suggesting antagonism between stimulus-oriented attention and body sensations. This component is denoted as the body sensation component.

3.3. LEP components.

Figure 1A shows the butterfly plot of grand average LEPs, and Figure 1B shows the topographic maps of dominant potential components. The individual LEP waveforms of all subjects are shown in Fig. 1 in associated article (Stancak et al., submitted). The N1 component (172 ms) showed a negative spatial maximum at the crown of the head which protruded towards the right central electrodes. The cortical sources of N1 and other LEP components, reconstructed using sLORETA, are shown in Fig. 2 in Stancak et al. (submitted).  The N2 component, peaking at 248 ms, showed a negative maximum at vertex electrodes and positive potential counterparts in frontal and sub-orbital electrodes. The N3 component, also known as the P2 potential, peaked at 392 ms, and showed a positive spatial maximum at vertex electrodes and a large negative potential field at lower frontal and sub-orbital electrodes.

The N1‒N2‒N3/P2 complex was followed by additional potential components in the latency windows of 650‒1100 ms and 1200‒1500 ms. The N4 component peaked at 788 ms and showed a topographic map similar to N1 and N2 components, with a negative maximum at the vertex, and comparatively weaker positive potentials in the frontal and sub-orbital electrodes. N5 component (936 ms) was characterised by a comparatively small positive potential maximum at the vertex, and a massive negative potential in frontal, temporal, and sub-orbital electrodes. The last latency component N6 (1412 ms) was also similar to the N3/P2 and N5 components, manifesting a positive potential around the vertex and a negative potential in the left and right lateral frontal electrodes. The sLORETA maps (Fig. 2 in Stancak et al. (submitted)) showed activations in a number of brain regions associated with N2 and N3/P2 components, while the later components N5 and N6 showed activations predominantly in the medial temporal and lateral and medial prefrontal and orbitofrontal cortex.

Subjects showed large differences in amplitudes of LEP components (Fig. 1 in Stancak et al. (submitted)) which were related both to the subjective bias during setting the stimulus intensity in the beginning of experiment, and to removing a variable number of independent components during data pruning. This step removed noise from the LEP components, which also contributes to the amplitude of LEPs in unpruned data. As data were analysed using multivariate regression analysis first on the subject level and only later on the group basis, the inter-individual variability in amplitudes of LEP components was of no concern in the present study.

To analyse associations between individual arm lengths and peak latencies of LEPs, Pearson’s correlation coefficients were computed. Peaks of negative potentials in each component were read from an average of 3‒4 electrodes in the vertex (N2 and N4 components) or inferior prefrontal region (N3, N5 and N6 components). The components N4 and N5 showed correlation coefficients close to the significance level (N4: r(15) = 0.554, uncorrected P = 0.026;  N5: r(15) = 0.514,  uncorrected P = 0.042). However, both these correlations failed to reach significance after correcting for multiple tests using the bootstrap method with 1000 permutations (P > 0.06). Notably, the correlation coefficient between arm length and peak latency of the N6 component was small (r(15) = 0.078, uncorrected P = 0.773). 
 

The data suggest the presence of multiple negative and positive components in LEPs in healthy human subjects focusing their attention on noxious stimuli and their sensations. The initial N1‒N2‒N3/P2 complex appeared to occur again in a slightly diminished form after a 550 ms interval as N4‒N5 components. The N6 components occurred 476 ms after N5 and 1020 ms after the N3/P2 component, suggesting an approximately 2 Hz oscillatory pattern shaping the cortical response to a brief noxious stimulus.
3.4. Factor 1 and LEPs. 

Figure 2A‒D summarises the results of the multivariate regression analysis of LEPs and factor 1 scores. The scalp-time plot (Figure 2A, left panel) depicts the statistically significant T-values manifesting either positive or negative correlations with factor 1. The statistically significant associations between factor 1 and scalp potentials were seen in the intervals 208‒260 ms and 1256‒1340 ms. The topographic maps of regressions between factor 1 and scalp potentials for each interval are shown in the right panel of Figure 2A, and in the form of standard scalp maps in Figure 2B. In the interval 208‒260 ms, one cluster located at the vertex (peak latency at t = 214 ms, T = 4.39, Z = 3.47, 113 voxels), and two clusters with spatial maxima in the left (t = 224 ms, T = 6.02, Z =, 4.23, 995 voxels) and right (peak latency at t = 216 ms, T=3.9, Z = 3.19, 57 voxels) lateral frontal sites showed positive associations with factor 1. The scalp regions manifesting positive or negative correlations with factor 1 overlapped with those showing negative or positive LEPs in the same time interval, respectively. The individual regression lines of 16 subjects, and the grand average regression line for each of the two clusters, are shown in the right panel of Figure 2B. 


To identify the cortical sources contributing to the regression maps seen in the 208‒260 ms latency period, sLORETA maps were computed in each subject by comparing the averaged LEPs and LEPs masked exclusively with the factor 1-LEP regression map, which was thresholded liberally at an uncorrected P = 0.01. Two sLORETA clusters showed statistically significant amplitude decreases due to subtraction of the topographic pattern representing factor 1-LEP correlations (Figure 2C). The approximate MNI coordinates, T and P values, and cluster sizes of these two clusters are listed in Table 2A. One of the clusters was located in the left ventrolateral prefrontal cortex (VLPC, Brodmann area 47), and the other cluster was found in the rostral anterior cingulate cortex (Brodmann area 32).  

In the late interval of 1296‒1340 ms, two scalp-time clusters showed statistically significant correlations between factor 1 and LEPs (Figure 2A and B, left panels). One large cluster of negative correlations (peak latency at t = 1300 ms, T = 5.81, Z = 4.14, 1437 voxels) was located in the right lateral frontal region of the scalp (Figure 2A, right panel), and overlapped with the negative LEP potential. A smaller cluster of positive correlations (peak latency at t=1324 ms, T=4.75, Z = 3.66, 125 voxels) was seen in the left central region, and coincided with the positive part of LEPs. Individual and grand average linear regression lines for these two clusters are shown in Figure 2B (right bottom panel). 

The cortical sources generating LEPs showing positive and negative correlations with factor 1 in the interval 1296‒1340 are shown in Figure 2D, and described further in Table 2B. The largest cluster was found in the uncus of the right parahippocampal gyrus, and two other clusters occupied the right posterior and middle insula, and superior temporal cortex (Brodmann area 21). 

3.5. Factor 2 and LEPs.

Only one cluster showed a statistically significant correlation between factor 2 scores and LEPs (peak latency at t = 404 ms, T = 4.48, Z = 3.52, 404 voxels). The cluster operated in the interval 392‒432 ms (Figure 3A, left panel) which corresponded to the N3/P2 LEP component. The cluster was seen in the right lateral frontal and sub-orbital electrodes; this scalp region also showed negative LEPs (Figure 3A, right panel). Individual regression lines are shown in Figure 3B (right panel). 

Figure 3C shows two cortical sources accounting for the topographic scalp pattern of factor 2-LEP regression. One source was located in the anterior mid-cingulate cortex (Brodmann area 31), and the other in precuneus (Brodmann area 7; Table 2C). 

3.6. Factor 3 and LEPs.

Factor 3, accounting for innocuous warming and other sensations, showed no statistically significant correlations with LEPs (P>0.001).

3.7. Factor 4 and LEPs.

Two scalp-time clusters showed positive correlations between factor 4 scores and LEPs (Figure 4A). In the latency interval of 212‒256 ms, a cluster showing positive correlations between the late onset of stimuli and the amplitude of LEPs was found in the left lateral frontal region of the scalp (peak latency at t = 232 ms, T = 5.94, Z = 4.20, 438 voxels); the cluster overlapped with the positive counterpart of the N2 potential (Figure 4A, left panel). 

In the 672‒696 ms interval, another smaller cluster (peak latency at t = 680 ms, T = 5.39, Z = 3.91, 79 voxels) representing positive associations between stimulus onset latency and LEPs was found in the left precentral and frontal regions of the scalp. The LEP potentials at this site showed negativity during this particular interval. Individual and grand average regression lines between factor 4 and LEPs for each of the two clusters are shown in Figure 4B (right panel). Figure 4C illustrates the cortical source accounting for the scalp topography of factor 4-LEP regression coefficients in the interval 212‒256 ms. The source was located in the left lateral prefrontal and orbitofrontal cortex (Brodmann area 47; Table 2D). One source, located in the paracentral lobule and medial frontal cortex (Brodmann areas 5 and 6) was identified as contributing to the topographic pattern of factor 4 LEP regression coefficients in the latency period 672‒696 ms (Figure 4D, Table 2E). 

3.8. Factor 5 and LEPs.

Factor 5, representing the amount of somatic sensations in various body parts and a reduced attention focusing towards the stimulated hand area, showed two clusters of negative correlations shown in Figure 5A (left panel). The clusters occurred in two latency intervals of 380‒392 ms and 440‒460 ms, coinciding with the N3/P2 potential component. The cluster located to the right of the midline (peak latency at t = 456 ms, T = 5.04, Z = 3.79, 145 voxels), as well as the one left of the midline (peak latency at t = 380 ms, T = 4.12, Z = 3.32, 103 voxels) occupied the prefrontal region of the scalp above the eyes. The correlation maps coincided with the prevailing negative potentials corresponding to the N3/P2 component (Figure 5A, right panel). Figure 5B (left panel) shows both clusters overlaid on a standardised scalp, and Figure 5B (right panel) illustrates the individual and grand average linear regression lines for each cluster. Figure 5C shows one source, located in the rostral anterior cingulate cortex (Brodmann area 32; Table 2F), which accounted for the topographic patterns of factor 5-LEP correlations in the early latency interval (380‒392 ms). Two sources located in the right superior frontal cortex (Brodmann area 8) and supplementary motor area (Brodmann area 6) contributed to the factor 5-LEP correlation cluster in the later latency interval (440‒460 ms; Figure 5D, Table 2G).

4. Discussion

LEPs, acquired whilst participants fully attended to ongoing painful sensations, displayed multiple recurrent positive and negative potential components occurring up until 1500 ms after stimulation. Multivariate analysis of subjective aspects of sensations induced by noxious laser stimuli yielded five factors. Factor 1 represented the essential components of pain experience and accounted for portions of the LEP maps in two latency windows, early (208‒260 ms) and late (1292‒1340 ms). Anticipated pain, perceived and physical onset time, and body sensations factors accounted for portions of LEPs in the latency epoch from 200 to 700 ms. 
4.1. LEP components.

While N1, N2, and N3/P2 LEP components, lasting up to 450 ms, have been seen in a number of previous studies, the components in the interval 700‒1000 ms have been demonstrated only recently (Hu et al., 2014), whilst the N6 component (1412 ms) is reported for the first time. The N5 component showed a topographic map similar to the N3/P2 component (lag 544 ms), and the N6 topographic map bore similarity to both the N3/P2 and N5 maps, and lagged 476 and 1020 ms relative to N5 and N3/P2 components, respectively. The ~0.5 s interval between potential components having similar topographic maps points to the possibility of an intrinsic ~2 Hz rhythm, with which the brain reproduces, albeit with a diminishing amplitude, the initial N2‒N3/P2 complex. Reverberation of pain related activation would have the functional benefit of allowing refinement of initial rapid categorisation of stimuli as painful or non-painful at a later stage. Hu et al. (2014) proposed that the LEP components >600 ms were attributable to afferent volleys from nociceptive C fibres. This explanation fits with the estimated conduction times of C fibres. However, the novel N6 component which occurred about 0.5 s after N5 component (labelled as C‒P2 in Hu et al. (2014)) appears to be an endogenous component. The correlations between arm length and peak latency of the component N6 were weak and not statistically significant, indicating that this ultra-late component may not be tightly coupled with the transmission of peripheral input in the slow conducting C fibres. Recurrence of activations has been observed in several regions constituting the ventral visual stream (Bar et al., 2006) suggesting that the phenomenon of recurrent activations may be a more general rule of higher-order sensory processing. Further, action potentials in motor cortical neurons are associated with slow local field potentials in spike-averaged waveforms (Hall et al., 2014) showing an oscillation in the range of 1‒5 Hz which is followed by further oscillatory components of diminished amplitudes. This phenomenon could also favour the presence of delta-band oscillations following a single sensory stimulus. It remains to be investigated whether the late and ultra-late LEP components result from a sequential activation of A and C fibres, or from a ~2 Hz recurrence of the original N2‒N3/P2 complex, or from a combination of both factors.

Although the present study addressed the associations between factors of pain experience and LEPs, our data also point to certain unexpected effects of the task on amplitudes of LEP components. In particular, activations were present, albeit weak, in bilateral operculo-insular cortices, and especially in the contralateral operculo-insular cortex during the early latency components N1 and N2 (Fig. 2 in Stancak et al. (submitted)). In contrast, activations in N1 component were featured by ventromedial and ventrolateral premotor cortex, anterior cingulate and temporal cortex, and in N2 by ventromedial prefrontal and temporal cortex activations. Recent studies show that activity, particularly in bilateral temporal regions of the scalp in the mid-latency period, was stronger if noxious stimuli deviated from preceding stimuli (Hu et al., 2013; Zhao et al., 2015). In the present study, laser stimuli were delivered at an identical energy level and were both expected and closely attended, and other sensory channels were minimally involved. Therefore, the saliency and mismatch elements which have been show to boost the somatosensory evoked potentials in bilateral temporal scalp regions were not as pertinent in the present study. As the task required intense and focused attending of painful and non-painful sensations, it is also likely that certain inhibitory processes have been invoked causing attenuation of the contralateral operculo-insular cortex activation. Recent studies showed decreased pain and amplitude decreases of the N2 component of LEPs, and BOLD-fMRI activation decreases in the contralateral insula, when subjects visually attended the administration of laser stimuli compared to when viewing stimuli impinging on an object (Longo et al., 2009; Longo et al., 2012). Thus, both the reduced saliency of the laser stimulus, and strong attentional focus toward the stimulated site of the body, might have attenuated activations in ipsilateral and especially in contralateral operculo-insular cortex. 

Analgesic effects of focused attention on pain, exemplified by visually induced analgesia in experimental (Longo et al., 2009; Longo et al., 2012) and clinical (Diers et al., 2013; Wand et al., 2012) pain, represent a specific exception from a more general and widely accepted attenuation of pain when attention is driven away from painful stimulus by a distraction in experimental studies (Hoffman et al., 2004; Miron et al., 1989), including laser evoked potentials (García-Larrea et al., 1997; Schlereth et al., 2003; Yamasaki et al., 1999), as well as in acute clinical pain (Hoffman et al., 2011). It is likely that attenuation of pain seen both during distracting attention from pain and during intense focusing on pain may be achieved via different cognitive and neural mechanisms.


In contrast to comparatively weak activations in operculo-insular cortex, the ventromedial and ventrolateral prefrontal cortex and temporal cortex were clearly active during N1 and N2 components as shown in Fig. 2 in (Stancak et al., submitted). These activations were likely brought forward from the pre-stimulus period, a phenomenon which has been reported in our previous study (Stancak and Fallon, 2013). In particular, activations in the ventromedial prefrontal cortex and temporal cortex seen in the present study in components N1 and N2 matched those seen prior to, and at the onset of, laser stimuli in our previous study (Stancak and Fallon, 2013).

4.2. Pain component

Factor 1 was characterised primarily by pain intensity, arousal, unpleasantness, pricking and burning sensation, after-sensations, attention, and body sensations. Thus, subjects perceived the essential aspects of their pain experience as one unitary perceptual pattern composed of multiple, strongly inter-correlated features including sensory aspects of pain, vigilance and affect.

The present study accords with a previous LEP study (Hu et al., 2014) and an earlier electrical sural nerve stimulation study (Dowman, 1994) in showing that conscious pain experience is likely formed in two distinct time windows. The early time window, overlapping with the N2 potential, showed pain-related activations in the VLPC and rostral anterior cingulate cortex. These cortical regions have been shown to respond in an on-off manner to painful heat stimuli rather than  providing fine resolution of stimulus intensity in a painful range of stimuli (Bornhövd et al., 2002). The VLPC was also among regions which categorised stimuli fluctuating around pain threshold as painful or non-painful (Brodersen et al., 2012). Notably, the N2 potential has been shown to differentiate perceived and unperceived laser stimuli in a task involving pairs of stimuli occurring in rapid succession (Lee et al., 2009), and to manifest a dishabituation during repeated laser stimuli if the last stimulus was stronger than two previous stimuli (Ronga et al., 2013). Along a  similar vein,  the regression lines representing association between pain intensity and the earlier N2-P2 potential, in contrast to the later component, showed a steep association predominantly in the upper range of stimulus intensities (Hu et al., 2014) suggesting that the early component differentiated high- and low pain intensity rather than providing a fine scaling of pain experience. Participation of prefrontal cortical regions in shaping the pain experience during the early LEP period suggests the possibility that under the relatively constant energy of laser stimuli, the pain is determined primarily by higher-order, multisensory cortical regions contributing to perceptual decision making.

The correlation maps in the late latency interval were modelled by sources located in the posterior and middle insula, and parahippocampal gyrus. The posterior insula in particular is the primary target region for the spinothalamic tract neurons (Dum et al., 2009). Posterior insula and the adjacent parietal operculum have been identified as the only regions capable of producing sensations of pain during electrical stimulation (Mazzola et al., 2012; Ostrowsky et al., 2002). Posterior operculo-insular cortex has been shown to accurately map increases of pain during repeated laser stimulation (Stancak et al., 2011), or during single laser stimuli of different intensities in fMRI (Bornhövd et al., 2002). The regions showing correlations with pain intensity in the late latency window form part of a recently demonstrated paralimbic network of brain regions participating in the pain experience during graded heat stimulation (Atlas et al., 2014). Electrical sources of LEPs have previously been identified in the parahippocampal gyrus (Stancak and Fallon, 2013; Valeriani et al., 2000; Watanabe et al., 1998; Wright et al., 2015). Thus, we propose that the ultra-late LEP component in the latency range of ~1300 ms may offer a time window in which sensory, affective and higher-order cognitive processes converge to finalise the subjective perception of pain. The functional role of the late period of neural processing of pain might be to allow evaluation of further sensations which keep evolving after the N2 component. 

4.3. Anticipated pain 

Factor 2 encompassed anticipated pain intensity and perceived control over impending pain, and a negative loading of trial onset time, consistent with a progressively decreasing level of anticipated pain. In contrast to previous studies, in which anticipation of pain was controlled by cues signalling high or low probability of pain (Roy et al., 2014; Wiech et al., 2010; Wiech et al., 2014), pain intensity in the present study was neither signalled nor manipulated, explaining the lack of correlation between expected and experienced pain. 

 Factor 2-LEP correlations accounted for a large proportion of the negative potential seen in the right frontal-temporal region in the latency interval falling into the N3/P2 component (392‒432 ms). The data suggests that a progressively decreasing level of anticipated pain was associated with the LEP epoch which has previously been shown to encode a number of processes such as motor readiness (Hatem et al., 2007; Stancak et al., 2012), attention (Legrain et al., 2003), arousal (Bastuji et al., 2008), emotion (Stancak and Fallon, 2013; Stancak et al., 2013), competing motivational drive (Wright et al., 2015), or placebo (Wager et al., 2006). We propose that the decreasing level of pain anticipation over the experiment was associated with attenuation of several higher-order processes which collectively contributed to a reduction in the amplitude of the N3/P2 potential. 

4.4. Factor 3

Factor 3, representing mostly the warming after-sensations, was not associated with LEPs. Warming related EEG potentials (Granovsky et al., 2005; Iannetti et al., 2003) and MEG fields (Stancak et al., 2011) are of small amplitudes and as their temporal pattern likely varied over trials, the associations between after-sensations and LEPs were  possibly too weak to be resolved. 

4.5. Stimulus onset time

Factor 4, associated with the physical and perceived stimulus onset time, indicated that subjects tracked the temporal information of the stimulus arrival and were able to build a temporal expectation of stimulus occurrence. The timing of the stimulus onset was not associated with pain intensity, confirming previous reports of the lack of effects of inter-stimulus interval duration on pain intensity (Chapman et al., 1981; Dowman, 1996; Jacobson et al., 1981), or amplitude of the spinal withdrawal reflex (Dowman, 1996). 

The correlations between factor 4 and LEPs occurred in two latency windows, 212‒256 ms and 672‒696 ms. The early component corresponds to the N2 LEP component, which has been shown previously to increase in parallel to the durations of inter-stimulus intervals in the range from 0.5 s to 8 s (Raij et al., 2003). The two latency intervals also accord with the observation of two different latency components (134‒150 ms and 277‒331 ms) manifesting inter-stimulus interval effects during noxious sural nerve stimulation (Dowman, 1996). The scalp-time cluster in the early latency epoch complemented the factor 1-LEP correlation cluster in the left lateral frontal region of the scalp and in the left VLPC, suggesting that the N2 potential also mediates, besides an early categorisation of a stimulus as painful, a temporal location of the stimulus. The correlation cluster in the later latency interval may refer to the temporal awareness of the second pain sensation, which had a form of burning pain in thirteen participants and pricking pain in three participants. 

4.6. Body sensations and LEPs

Noxious stimuli were associated with reports of somatic sensations in the neck, face, eyes, back, abdomen, and upper or lower limbs. Somatic sensations of surprise have been reported to occur on eyes, face, shoulders, neck and abdomen in an online experiment using a variety of visual and verbal emotional stimuli (Nummenmaa et al., 2014). Muscle contractions in humans have been reported to occur particularly in these body regions during the startle reaction following strong or abrupt auditory, visual, tactile, or noxious median nerve stimuli (Branco et al., 2009; Grillon and Baas, 2003; Valls-Solé, 2012; Yeomans et al., 2002). 

Body sensations were associated with LEP components in two latency periods, 380‒392 ms and 440‒460 ms. In the earlier time window, a source in the anterior cingulate cortex accounted for the topographic pattern of factor 5 correlations (Brodmann area 32),  in a very similar region to the one found in PET studies during the startle reaction (Hazlett et al., 2001; Pissiota et al., 2003). In the later latency interval, premotor regions such as the frontal eye area (Brodmann area 8) and supplementary motor area were involved. The results suggest that a part of LEPs in the latency period of N3/P2 component may refer to a residual startle reaction, which involves brain regions associated with attentional control and readiness in skeleto-motor and visuo-motor systems. 

Factors describing the subjective space of laser-induced pain, especially the pain and anticipated pain factors, might have also correlated with the pre-stimulus electrical fields, as pre-stimulus brain activations have been shown to affect pain intensity (Boly et al., 2007; Ploner et al., 2010). This line of investigation was beyond the scope of the present study and will be addressed in future studies.


To conclude, we show that the subjective space of pain during noxious laser stimulation is represented by one large factor featuring pain intensity, unpleasantness, arousal, pricking and burning sensations, and by other factors accounting for separate pain-nonspecific parts of the sensory experience. The pain factor is associated with electrical brain activity during the period of the N2 potential (208‒260 ms) and in the late latency period of 1292‒1340 ms. We propose that the early latency period offers initial, binary categorisation of stimulus as painful or non-painful, whilst the late component may complete the subjective experience of pain by integration of sensory, affective and higher-order cognitive processes.

Figure legends

Figure 1 A. The butterfly plot of grand average LEPs, and the topographic potential maps of select LEP components. Peak latencies of distinct LEP components (172 ms, 248 ms, 392 ms, 788 ms, 936 ms, and 1412 ms) are highlighted with arrows. B. Grand average LEPs at three electrodes, highlighted on a flattened electrode layout. To emphasise the N1 potential best seen in bipolar recordings in the right temporal region around 160 ms, electrode 114 represents the difference between the forehead electrode 17 and electrode 114.

Figure 2 Multivariate regression analysis of factor 1 scores, accounting for pain, and LEPs. A. The left panel shows two statistically significant clusters (uncorrected P < 0.001) in the scalp-time plot in which T values represent the strength and direction of regression over the horizontal axis of the scalp in every time sample from 0 ms to 1600 ms. The scalp values over the horizontal axis of the scalp are averages of T values occurring at each vertical point for a given horizontal point in the standardised scalp map (from -6.8 cm to +6.8 cm). Two intervals show the presence of statistically significant spatio-temporal clusters. In the interval 208‒260 ms, two clusters (numbered 2 and 3) showed a statistically significant correlation between factor 1 and LEPs; one cluster (1) showed a negative correlation. The right panel shows the topographic maps of the statistically significant factor 1-LEP regression (in T values). The right-most topographic map illustrates the grand average LEPs in the same latency period.  In the latency period 1292‒1340 ms, cluster 4 showed a positive and cluster 5 a negative association with factor 1. The numbers (1‒5) in the scalp-time map correspond with those shown next to the spatial clusters in the topographic maps.

B. The left panel shows the standard scalp maps of statistically significant negative (upper panel) and positive (lower panel) regression between factor 1 and LEPs. The horizontal axis of the standardised scalp-time maps are aligned with the space-time maps in the left panel of A. The red rectangles illustrate the search regions in which voxels showing the strongest individual negative or positive regression slopes between factor 1 and LEPs were searched. The upper right panel shows individual regression lines for clusters 1 and 5 (also shown in A), and the lower right panel illustrates individual regression lines for clusters 4 and 5.

C. sLORETA maps of LEP sources in the interval 208‒260 ms showing statistically significant (uncorrected P < 0.001) amplitude decreases after subtracting the part of the LEP showing either positive or negative correlation with LEPs.

D. sLORETA maps of LEP sources in the interval 1292‒1340 ms showing statistically significant (uncorrected P < 0.001) amplitude decreases after subtracting the part of the LEP showing either positive or negative correlation with LEPs (shown in A, upper middle panel).
Figure 3 Multivariate regression analysis of factor 2 scores (anticipated pain) and LEPs. A. The left panel shows one statistically significant cluster of negative regression association between factor 2 and LEPs in the latency period 392‒432 ms. The spatial factor 2-LEP regression map is shown in the right panel. The right-most topographic map illustrates the grand average LEPs in the same latency period. 

B. The left panel shows the standard scalp maps of statistically significant negative regression coefficients computed using factor 2 scores and LEPs. The red rectangle illustrates the search region in which voxels showing the strongest individual negative regression slopes between factor 2 and LEPs were searched (cluster 1). The right panel shows individual regression lines in this scalp cluster during the latency period 392‒432.  

C. sLORETA maps of LEP sources in the interval 392‒432 ms showing statistically significant (uncorrected P < 0.001) amplitude decreases after subtracting the part of the LEP showing a negative correlation with LEPs (shown in A). 

Figure 4 Multivariate regression analysis of factor 4 scores (stimulus onset time) and LEPs.  A. Two scalp-time clusters (numbered 1 and 2) showed a statistically significant positive association between factor 4 scores and LEPs (left panel). Cluster 1 operated in the latency period 212‒256 ms, and accounted for a spatial maximum in the left lateral prefrontal region of the scalp (lower right panel). Cluster 2 was active in the latency period 672‒696 and occupied the left lateral precentral and central region of the scalp (upper panel). B. The left panel shows spatial projection of two clusters, numbered 1 and 2, showing statistically significant positive correlations between factor 4 scores and LEPs.  The search areas in which individual spatial maxima were searched are indicated with red rectangles and also numbered 1 and 2. The right panel shows the individual regression and mean (bold line) regression lines between factor 4 scores and LEPs in cluster 1 (left rectangle) and cluster 2 (right rectangle). 

C. sLORETA maps of LEP sources in the interval 212‒256 ms showing statistically significant (uncorrected P < 0.001) amplitude decreases after subtracting the part of the LEP showing a positive correlation with LEPs (shown in A, lower panel). 

D. sLORETA maps of LEP sources in the interval 672‒696 ms showing statistically significant (uncorrected P < 0.001) amplitude decreases after subtracting the part of the LEP showing a statistically significant positive correlation with LEPs (shown in A, upper panel).
Figure 5 Multivariate regression analysis of factor 5 scores (body sensations) and LEPs.  A. Two scalp-time clusters (numbered 1 and 2) showed a statistically significant negative association between factor 5 scores and LEPs (left panel). Cluster 1 operated in the latency period 380‒392 ms, and accounted for a spatial maximum in the left-middle prefrontal region of the scalp (lower right panel). Cluster 2 was active in the latency period 440‒460 ms and occupied the right-middle prefrontal scalp region (upper panel). B. The left panel shows spatial projection of two clusters, numbered 1 and 2, showing statistically significant negative regression coefficients between factor 5 scores and LEPs.  The search areas in which individual spatial maxima were searched are indicated with red rectangles and also numbered 1 and 2. The right panel shows the individual regression and mean (bold line) regression lines between factor 4 scores and LEPs in cluster 1 (left rectangle) and cluster 2 (right rectangle). 

C. sLORETA maps of LEP sources in the interval 380‒392 ms showing statistically significant (uncorrected P < 0.001) amplitude decreases after subtracting the part of the LEP showing a statistically significant negative regression with LEPs (shown in A, lower panel). 

D. sLORETA maps of LEP sources in the interval 672‒696 ms showing statistically significant (uncorrected P < 0.001) amplitude decreases after subtracting the part of the LEP showing a statistically significant negative correlation with LEPs (shown in A, upper panel).
Table 1 Mean ± SEM scores and coefficients of variation in the 10 post-stimulus and 2 pre-stimulus rating scales.

	Variable
	Mean ± SEM
	Mean ± SEM coefficient of variation



	Pain intensity
	43.2 ± 4.03
	 0.39 ± 0.035

	Pricking sensation
	53.7 ± 6.01
	 0.52 ± 0.075

	Unpleasantness
	43.8 ± 4.84
	 0.49 ± 0.058

	Burning sensation
	45.8 ± 5.70
	 0.54 ± 0.056

	After-sensations
	42.4 ± 5.89
	 0.61 ± 0.062

	Perceived stimulus onset time
	53.9 ± 4.88
	 0.37 ± 0.025

	Arousal
	46.8 ± 5.16
	 0.51 ± 0.065

	Attentional focus
	71.8 ± 3.22
	 0.20 ± 0.027

	Body sensations
	23.0 ± 3.86
	 1.13 ± 0.20

	Warming sensation
	45.4 ± 5.50
	 0.58 ± 0.082

	Anticipated pain intensity
	45.4 ± 4.00
	 0.37 ± 0.036

	Uncontrolled pain
	31.8 ± 3.49 
	 0.58 ± 0.103


Table 2 Rotated factor loadings, eigenvalues, and relative explained variance of five components of laser stimulus-related sensations and time variables. Component loadings larger than 0.4 are highlighted in bold.

	 Variable
	Component

	
	1
	2
	3
	4
	5

	Pain intensity
	0.868
	0.224
	0.079
	0.014
	-0.089

	Arousal
	0.867
	0.183
	0.087
	0.032
	0.046

	Unpleasantness
	0.850
	0.081
	0.200
	-0.022
	0.115

	Pricking sensation
	0.829
	0.080
	0.013
	-0.008
	-0.100

	Burning sensation
	0.616
	0.042
	0.546
	-0.001
	0.005

	Uncontrolled pain
	0.214
	0.824
	0.030
	0.056
	0.251

	Anticipated pain

Intensity
	0.261
	0.797
	0.022
	0.102
	-0.006

	Trial onset time
	0.086
	-0.452
	-0.240
	0.138
	0.257

	Warming sensation
	0.049
	0.169
	0.867
	-0.001
	-0.052

	After-sensations
	0.523
	-0.050
	0.608
	0.086
	0.119

	Perceived onset time
	-0.019
	0.053
	0.085
	0.838
	0.015

	Stimulus onset time
	0.022
	-0.004
	-0.056
	0.833
	-0.018

	Attentional focusing
	0.467
	0.041
	0.172
	0.054
	-0.696

	Body sensations
	0.444
	0.205
	0.273
	0.024
	0.627

	
	
	
	
	
	

	Eigenvalues
	4.11  
	1.70
	1.65
	1.44
	1.06

	Relative variance [%]
	29.4
	12.1
	11.8
	10.3
	7.6


Table 3 Anatomical labels, approximate MNI coordinates, T and P values and cluster sizes of statistically significant clusters accounting for regression scalp maps. All clusters were significant at corrected P = 0.05 and cluster size of 3 voxels. BA = Brodmann area. 

A. Factor 1, latency period 208‒260 ms

Anatomical label
                     
      [x, y, z]
    T
          P
     k


Left inferior frontal gyrus (BA47)         -50  35  0        3.56           0.0014        37

Anterior cingulate cortex (BA32)            5   50   0        3.26           0.0026          3

B. Factor 1, latency period 1292‒1340 ms

Anatomical label
                     
      [x, y, z]
     T
          P
     k


Right insula (BA13)               

   50  -30  20       5.22           0.00005       10     

Right uncus g. parahippocampalis 

(BA20)   



   35  -15  -35      4.95           0.0009        16      

Right insula (BA13)
  

   40  -20  -10      4.90           0.0001          5     

C. Factor 2, latency period 392‒432 ms

Anatomical label
                     
      [x, y, z]
     T
          P
     k


Precuneus (BA7)
                           -5  -55  40       3.57         0.0014            5      

Mid-cingulate cortex (BA24)
               -5  -20  40       3.54         0.0015            3        

D. Factor 4, latency period 212‒256 ms

Anatomical label
                     
      [x, y, z]
     T
          P
     k


Left middle/inferior frontal gyrus 

(BA47) 



 -40  40  -10      3.49          0.0016          10      

E. Factor 4, latency period 672‒696 ms

Anatomical label
                     
      [x, y, z]
     T
          P
     k


Paracentral lobule, medial frontal gyrus

 (BA5/6) 
               

  10  -30  60       4.24      0.00036             7

F. Factor 5, latency period 380‒392 ms

Anatomical label
                     
      [x, y, z]
     T
          P
     k


Rostral anterior cingulate cortex 

(BA32)          



   -15  40  15      4.23      0.00037             3        

G. Factor 5, latency period 440‒460 ms

Anatomical label
                     
      [x, y, z]
     T
          P
     k


Right superior frontal gyrus (BA8)        25 20 55          3.75     0.00097             4

Medial frontal gyrus (BA6)                    10 -15 65         3.59     0.0013               6
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