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Abstract

Ultralate (C-®bres) laser evoked potentials (LEP) can be obtained by stimulation of a tiny skin surface area (0.23 mm2).
Since their generators are unknown up to now, we performed brain source analyses of ultralate LEPs using high
resolution electroencephalography (64 channels) and a realistic head model that was based on individual magnetic
resonance images. Ultralate LEPs were characterized by a negative±positive complex with a large positive component
maximal at the vertex. Source analysis revealed that ultralate LEPs could be explained by two dipole sources in the upper
bank of the contralateral and ipsilateral Sylvian ®ssure (SII) and one dipole in the median region corresponding to the
anterior cingulate gyrus. q 2001 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Brain source analysis; Realistic head model; Nociception; Infrared laser; Evoked potentials; Ultralate potentials; C-®bres

Ultralate laser evoked potentials (LEPs), probably

related to C-®bre activation, can directly be obtained by

stimulation of tiny skin surface areas. This method is based

on the fact that cutaneous C-®bres have a higher distribu-

tion density as compared to Ad-®bres [1]. The method

revealed the occurrence of ultralate LEPs with long laten-

cies of about 1 s post-stimulus related to the activation of

afferents with peripheral conduction velocities around

1.3 ^ 0.65 m/s [13], i.e. C-®bres.

Up to now, a few studies have attempted to model human

late LEPs (linked to Ad-®bre activation) generated by laser

stimulation of the hand [14,16] and the forehead [2]. Among

these studies, there seems to be some consistency mainly

about three brain areas activated: the second somatosensory

areas (SII) bilaterally and the anterior cingulate gyrus. To

our knowledge, no attempt has been made to model ultralate

LEP dipolar sources. In this study, the brain source localiza-

tion of ultralate LEPs using high resolution electroencepha-

lography and a source reconstruction based on individual

magnetic resonance images (MRIs) was investigated. Ultra-

late LEPs were obtained following Tm YAG laser stimula-

tion of tiny skin surface areas. The generator localization of

ultralate LEPs was performed by dipolar source modelling

using a realistic head model (boundary element method [5]).

This method has meanwhile been used in the analysis of

brain potentials evoked by various sensory modalities:

visual [3], somesthetic [6,8] and nociceptive [17].

Nine healthy volunteers, who gave their informed consent

(age range 20±38 years), took part in this experiment. None

of them suffered from diseases that might affect normal

somesthetic perception. For security reasons, subjects

wore protective goggles. To avoid any acoustic interference

during stimulation, subjects also wore earplugs. They were

seated in a noise-free and electrically shielded room kept at

21±238C. Receptor fatigue or sensitization was avoided by

slightly moving the laser beam between each stimulus. A

Tm YAG laser (BLM 800, BAASEL, Starnberg, Germany)

was used as heat stimulator. Laser stimuli (n � 60/subject,

0.23 mm2 surface area, 1.4 ms ¯ash-lamp pulse, 12 mJ/mm2

energy density, i.e. about 1.5±2 times above the pain thresh-

old when the same energy density was applied to a skin

surface area 100 times larger [1]) were applied to the

dorsum of the left hand. LEPs (64 electrodes) were ampli-

®ed by two SynAmps 5083 (Neuroscan, Herndon, VA; band

pass 0.1±70 Hz, notch ®lter 50 Hz, gain 1000, sampling rate

500 Hz, referenced to A1 1 , ground Fza). Impedance of the

64 Ag±AgCl electrodes including 58 as scalp electrodes,

two at ear lobes, four as vertical and horizontal electro-

oculogram was kept below 5 kV. Electrooculogram was

recorded for artefact rejection and subjects were instructed
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to stare at a point on the wall in front of them to minimize

eye movements. For LEPs, the analyzed time window of

4096 ms included a foreperiod of 500 ms before stimulus

onset. All trials containing artefacts were rejected after

visual inspection. Artefact-free trials were averaged and

corrected for baseline offset using the pre-stimulus interval

of 500 ms for each channel.

Prior to each session, head coordinates and electrode

positions were digitized using a 3D digitizer system

(ISOTRAK II, Polhemus Inc., Colchester, VT). Four anato-

mical landmarks were used: left and right preauricular

points, Cz and nasion. These landmarks were used to

match the LEP data with the individual high resolution

MRI (1.5 Tesla Gyroscan, Philips) acquired in a 3D-Flash

sequence producing 256 sagittal slices (1 mm thick) in a

256 £ 256 matrix covering the entire head. Given the high

similarity of late and ultralate LEPs in shape and scalp

distribution [15], we performed a hypothesis-based spatial

temporal dipole analysis using the Curry software package

(Philips, Hamburg, Germany). An activation of the primary

somatosensory area (SI), the second somatosensory area

(SII) and the cingulate gyrus has been tested in the present

study for the ultralate LEP time window, since these areas

were found to be active in response to laser stimuli in

previous dipole-modelling reports [2,14,16]. In this model,

the assumption of rotating dipoles was made, i.e. the loca-

tion of the dipole(s) does not change during the time

window. Strength and direction of the dipole(s) may change

at each time point, they are determined by least-squares

parameter estimation. The percentage of signals that cannot

be explained by the different constellations of dipoles was

expressed as residual variance. A realistic head volume

conductor model based on the individual MRI data was

computed using the boundary element method [5]. The

simpli®ed surfaces delimited three compartments: the

brain plus liquor, the skull and the skin. Conductivities

used in the model for the skin, skull and brain plus liquor

compartments were 0.33, 0.0042 and 0.33 S/m, respectively.

Individual MRI makes it possible, ®rst, to derive a realistic

head volume conductor model and, second, to identify the

location of the sources within the head in order to validate

the physiological plausibility of the result.

Ultralate LEPs in response to hand stimulation are topo-

graphically displayed on Fig. 1 for the grand average over

nine subjects. A negative±positive complex was observed.

The negative and positive peak latencies were on average

(mean ^ SD) N927 ^ 95.2 ms and P1144 ^ 83.4 ms. Dura-

tions from peak onset to peak latency were on average

(mean ^ SD) 35 ^ 30.0 ms and 201 ^ 54.8 ms for the nega-

tive and positive components, respectively. The small nega-

tive peak was not clearly distributed over a prevailing

electrode between subjects. In contrast, the large positive

component was largely distributed over the scalp but maxi-

mum at the vertex (Cz). This is congruent with reports of

other investigators [12,15]. The negative and positive peak

amplitudes measured at Cz were on average (mean ^ SD)

22.7 ^ 1.45 mV and 12.1 ^ 5.06 mV, respectively.

At the latency of the positive ultralate laser evoked

component, two dipoles located in the upper bank of the

contralateral and ipsilateral Sylvian ®ssure (SII) gave a

good residual variance of 3.4% (SD�^1.6%). Their loca-

tions were identi®ed on individual MRI (Fig. 2). Models
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Fig. 1. Grand averages (mean (thick traces) and SE (thin traces)) of LEP at electrode Cz and brain maps from nine subjects after Tm YAG
laser stimuli applied to the dorsum of the left hand. The vertical and horizontal dotted lines indicate the time point of the laser
stimulation and the zero line, respectively. Negative values are plotted upwards. Grand average brain maps are presented as top
views when responses reached their largest amplitude. Vertical dashed lines indicate the time point of each maps. N responses (a)
appeared not clearly centred over one prevailing electrode. P responses (b) were maximum and centred around Cz (P1140).



with either one dipole in the upper part of the postcentral

gyrus (SI) contralateral to the stimulation or in the median

region failed to explain the scalp potential distribution at the

positive peak latency. Residual variances were 32.7%

(SD�^22.1%) and 11.0% (SD�^7.8%), respectively.

Furthermore, we analyzed each individual average over a

common time window interval, where the major positive

component could be identi®ed. One dipole in the median

region corresponding to the anterior cingulate gyrus gave a

residual variance of 11.9 ^ 8.4%. This model failed to

explain scalp potentials during the time interval chosen.

Two dipoles in the upper bank of the contralateral and ipsi-

lateral Sylvian ®ssure (SII) gave a residual variance of

5.4 ^ 2.6%. Dipoles strengths were 50.89 ^ 30.49 and

47.93 ^ 24.82 nAm for the contralateral SII and ipsilateral

SII dipoles, respectively. We also considered a model with

three dipoles to explain the major positive ultralate compo-

nent as proposed to explain the major positive late compo-

nent [2,14,16]. The best ®t with one dipole in the median

region corresponding to the anterior cingulate gyrus and two

dipoles in bilateral SII areas gave a residual variance of

3.5 ^ 2.3%. Dipoles strengths were 42.2 ^ 24.98,

45.0 ^ 22.68 and 53.67 ^ 23.44 nAm for the contralateral

SII, ipsilateral SII and median region dipoles, respectively.

This study was intended to localize the brain sources of

ultralate LEPs by dipolar source modelling in a realistic

head model computed by the boundary element method.

The brain electrical source reconstruction of the present

study is compatible with the assumption that ultralate and

late LEPs have similar generators [15]. Similarity between

these two LEPs is reinforced by the fact that, except for the

increased latency of the ultralate LEPs, waveform and scalp

topography are nearly identical [15]. Activation in SII has

also been shown in positron emission tomography [20],

magnetoencephalography [7,9,18] and electroencephalogra-

phy from electrodes implanted over the parasylvian cortex

[4,11] following laser heat stimuli. Moreover, Lenz et al.

[10] demonstrated a signi®cant activation of the anterior

cingulate gyrus following painful laser stimulation by

recording evoked potentials from subdural electrodes. In

addition, the activation of this area after painful stimulation

is consistent with cingulotomy studies [19].

Our results suggest that after Tm YAG laser stimuli to

tiny skin surface areas, the bilateral SII areas could be

massively activated and partially explain the generation of

the ultralate LEPs. Both contralateral and ipsilateral SII

areas to the stimulated hand were involved. As proposed

in late LEP studies [4,16], the contralateral SII area to the

stimulated hand could possibly be activated via direct

thalamo-cortical projections from the ventroposterior infer-

ior thalamic nucleus and ipsilateral SII responses could be

mediated by contralateral somatosensory cortex through the

corpus callosum or via direct thalamic inputs. Moreover,

another brain area was also active simultaneously with

both dipoles in SII, i.e. a deep midline dipole. Our results

represent a step forward in the understanding of the cortical

processing of ultralate LEPs suggested as being associated

with peripheral C-®bre inputs. A combination of scalp

recorded evoked potentials (electric or magnetic ®elds)

and intra-cortical recordings could further improve our

understanding of the generation of ultralate LEPs.
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Fig. 2. Dipoles located in the upper bank of the contralateral and ipsilateral SII are estimated active sources at the latency of the ultralate
laser evoked positivity (subject CM at P998 ms). Dipoles are shown on individual high resolution MRI. Dipole orientations can be
estimated on sagittal (left panel), coronal (mid panel) and horizontal (right panel) slices. The point at the middle of the arrow shaft is
at the location of the estimated dipole. The length of the arrow shaft represents the amplitude of the source. All arrows are shown in the
same scale.
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