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Abstract

Hemodynamic and electrophysiological studies indicate differential brain response to emotionally arousing, compared
to neutral, pictures. The time course and source distribution of electrocortical potentials in response to emotional stimuli,
using a high-density electrod&29-sensorarray were examined here. Event-related poten(BRPS were recorded

while participants viewed pleasant, neutral, and unpleasant pictures. ERP voltages were examined in six time intervals,
roughly corresponding to P1, N1, early P3, late P3 and a slow wave window. Differential activity was found for
emotional, compared to neutral, pictures at both of the P3 intervals, as well as enhancement of later posterior positivity.
Source space projection was performed using a minimum norm procedure that estimates the source currents generating
the extracranially measured electrical gradient. Sources of slow wave modulation were located in occipital and posterior
parietal cortex, with a right-hemispheric dominance.

Descriptors: Dense-array electroencephalogram, Emotion, Motivation, Arousal, Picture perception, Source
modeling, Minimum norm estimate

Viewing affective pictures elicits emotional reactions in self- leastin part, to the limited number of sensors available in standard
report, autonomic, and somatic measu(Bsadley, Greenwald, electrode arrays and the resulting restriction of analyses to voltage
Petry, & Lang, 1992; Bradley, Lang, & Cuthbert, 1993; Hamm, maps.

Greenwald, Bradley, & Lang, 1993; Lang, Bradley, & Cuthbert,  Studies using functional magnetic resonance imagiMR|)
1990; Lang, Greenwald, Bradley, & Hamm, 199Brain re- have found more extensive activity in the visual cortex when
sponses to affective pictures have been investigated using a varietyewing emotional compared to neutral pictures, with larger dif-
of measures, including the event-related poterif&®P; Cacioppo ferences in the right, compared to left, hemisph@g., Dolan

& Gardner, 1999; Cuthbert, Schupp, Bradley, Birbaumer, & Lang,et al., 1996; Lang et al., 1998These data suggest that the visual
2000. One finding of this research has been a modulation of latecortex is differentially activated as a function of emotional arousal,
deflections of the ERP as a function of motivational significanceand suggest that the larger positive electric potentials found for
(Lang, Bradley, & Cuthbert, 1997 Specifically, greater magni- arousing compared to neutral pictures may be at least partially
tude of the P300 deflection as well as a sustained later positivitgenerated by differential activity in the visual cortex. Electrophys-
characterize the response to emotionally salieet, pleasant or iological techniques could complement the hemodynamic data by
unpleasantcompared to neutral picturé€acioppo, Crites, Gard- providing additional information on the temporal characteristics of
ner, & Bernston, 1994; Cuthbert et al., 2000; Keil et al., 2001;emotional picture processing.

Laurian, Bader, Lanares, & Oros, 1991; Mini, Palomba, Angrilli, In particular, differences in initial processing, reflected in early
& Bravi, 1996; Palomba, Angrilli, & Mini, 1997; Schupp et al., components of the ERP such as th¢IR1, may provide informa-
2000. This effect has been theoretically related to motivatedtion that is not readily available using the slower hemodynamic
attention, in which motivationally relevant stimuli naturally and measures. Several variables potentially involved in picture percep-
perhaps automatically arouse and direct attentional reso(lraag tion have been proposed to correlate withfR1 modulations. For

et al., 1997. Although these arousal-related signal enhancementexample, Vogel and Luci2000 have suggested that the visual N1
have been found repeatedly, their neural origins are unclear, due, atay be a correlate of a discrimination process. In addition, it has
consistently been shown that paying attention to nonspatial object
characteristics such as form or color modulates the ERP in the
range of the visual N1, that is, around 150 ms after stimulus onset
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In the present study, we used a high-density electrode €28  lected to be the most arousing exemplars in the respective subcat-
sensory together with a distributed source analysis proce¢uie- egory. Normative ratings of valence for pictures in these categories
imum norm estimate to investigate the temporal dynamics in pic- differed (pleasant: 7.4, neutral: 4.9, unpleasant:),2e& did nor-
ture perception and to estimate the cortical sources of changes mative ratings of arousdpleasant: 5.7, neutral: 2.6; unpleasant,
the scalp-recorded ERP. Distributed source modeling has been pré-4; Lang, Bradley, & Cuthbert, 199%ach picture was presented
posed as a means for enhancing the resolution of electrophysiologn a 19-in. computer screen with a frame refresh rate of 60 Hz. The
ical data without constraining the inferred electric activity to point screen was placed 1.5 m in front of the viewer, resulting in a
sources or single dipolggiamaléinen & limoniemi, 1984 Con- picture presentation with a visual angle of torizontally and 11
sequently, a priori assumptions about the size, locations, and strengtiertically. Each picture was presented for 6,000 ms, with intertrial
of a limited number of sources are not necessary. To obtain lineantervals varying between 7,000 and 12,000 ms.
estimates of the electric sources, several procedures have been sug-
gested, including computing the inverse solution on predefined surElectrophysiological Recordings
faces(Knosche, Praamstra, Stegeman, & Peters, 1986 athree- EEG was recorded continuously from 129 electrodes using an
dimensional voluméPascual-Marqui, Michel, & Lehmann, 1994  Electrical Geodesic®' (EGI) high-density EEG system and dig-
Using a linear estimation technique in a three-shell head model, wiized at a rate of 250 Hz, using Cz as a recording reference.
aimed at complementing the voltage data obtained using a dens@npedances were kept below 5@ kas recommended for the
array electroencephalografBEG) montage with information re-  Electrical Geodesics high input-impedance amplifiers. A subset of
garding their electric source distribution and strength to investigat&€GI net electrodes located at the outer canthi as well as above and
the neural mechanisms underlying affective picture viewing. Al-below the right eye was used to determine horizontal and vertical
though not providing precise anatomical localization, the minimumelectrooculogranfEOG). All channels were preprocessed on-line
norm estimate of brain activity adds to the voltage data in severaby means of 0.1-Hz high-pass and 100-Hz low-pass filtering.
respects, includinga) the ability to infer the gross location of the
origin of the signal, andb) the representation of dipolar voltage Procedure
gradients that are tangential with respect to the scagmafocus  In a first training procedure, participants were presented with two
of activity, rather than at two distant locations as is the case withexemplars from each affective category. These pictures were not
voltage datd Hauk, Keil, Elbert, & Mdller, 2002 part of the experimental set. During this procedure, participants

In this study, subjects viewed a large sample of pleasant, neuwvere trained to maintain gaze on the center of the screen and to
tral, and unpleasant pictures from the International Affective Pic-avoid explorative eye movements. To this end, the experimenter,
ture Systen{IAPS; Center for the Study of Emotion and Attention, who visually inspected the participants’ eye movements in re-
1999. EEG was recorded from 129 electrodes during a 6-s picturesponse to stimuli, provided direct feedback. Subsequently, the
viewing interval. Based on previous ERP studies, we expected thatensor net was applied and participants viewed two blocks, each
emotional pictures would be associated with greater positivity,consisting of the same 60 pictures. The order of the stimuli was
compared to neutral pictures, particularly in later time segmentgseudo-randomized with the restriction that no more than three
(>300 m3 after the onset of a picture. Furthermore, the sources opictures in the same affective category could occur in a row.
the signal contributing to differences in this late positive potentialSubjects were instructed to avoid eye movements and eye blinks
were predicted to lie within posterior cortical areas, reflectingand view the pictures while they were on the screen.
alterations of visual processing by motivational properties. After the EEG recordings, participants viewed the 60 pictures

again in a pseudo-randomized order and were asked to rate each

picture for pleasure and arousal using the paper and pencil version
Method of the Self-Assessment ManikifSAM; Lang, 1980. SAM is a
language-free instrument for rating pleasure and arousal, and con-
sists of a graphic figure representing nine levels each of pleasure
and arousal. SAM ratings of affect correlate highly with longer,
verbally oriented instruments such as the semantic differential
scale(Bradley & Lang, 1994

Participants

Eleven right-handed, male students with normal or corrected-to
normal vision whose age ranged from 24 to 30 yéarsan age 26
years gave informed consent to participate in the study. They
either were given class credits or paid 10 DM.

Data Reduction and Analysis

. . Epochs of 6,200 mg$200 ms pre-, 6,000 ms postonsetere
Sixty colored pictures were selected from the IAR®nter for the obtained for each stimulus from the continuously recorded EEG.

Study of Emotion and Attention, 199@onsisting of 20 pleasant, The mean voltage of a 200-ms segment preceding picture onset

20 neutral_, and 20 unplegsant plctures, bas_ed on pleasure ap as subtracted as the baseline. In a first step, data were low-pass
arousal ratings. Pleasant pictures included erotic couples and hapPKered at a frequency of 40 H24 dB/octave and then submitted

families; neutral pictures included neutral faces and househol s the procedure proposed by Junghofer, Elbert, Tucker, and Rock-

objects; unpleasant pictures included mutilated bodies and sce”%?roh(zooo. This procedure uses statistical parameters of the data

of attack and thredt.Pleasant and unpleasant pictures were Se'to exclude channels and trials that are contaminated with artifacts.

Recording artifacts are first detected using the recording reference

1The numbers of IAPS pictures used were as follows. Pleasant: 2050j.€., C2, and then global artifacts are detected using the average
2070, 2080, 2160, 2165, 2170, 2311, 2340, 2341, 2360, 4650, 4651, 465Reference. In a next interactive step, distinct sensors from partic-
4658, 4659, 4660, 4664, 4670, 4680, 4690. Neutral: 2190, 2200, 221Q,|4r trials are removed based on the distribution of their amplitude,

2230, 2381, 2440, 2480, 2570, 2850, 7002, 7009, 7010, 7020, 7030, 704 . . L
7080, 7175, 7233, 7235, 9070, Unpleasant: 1050, 1120, 1201, 1300, 193%Fandard deviation, and gradient. Data at eliminated electrodes are

3000, 3010, 3050, 3060, 3071, 3080, 3102, 3110, 3130, 3530, 6260, 6356EPlaced with a statistically weighted spherical spline interpolation
6510, 6540, 9405. from the full channel setJunghéfer, Elbert, Leiderer, Berg, &

Stimuli and Design
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Rockstroh, 199Y In a last step, the variance of the signal acrosspseudo-inverted, with being the identity matrix; Hauk et al.,
trials is computed to determine the stability of the average waveform2002. In the present work, the regularizatian= .01 was used

The mean number of approximated channels across conditiorthroughout. An important feature of this algorithm is that sources
and subjects was 14. With respect to the spatial arrangement of tithat do not contribute to the measured scalp potential are omitted.
approximated sensors, it was ensured that the rejected sensors wéeriori information about the number or locations of cortical
not located within one region of the scalp, as this would makesources is not required.
interpolation for this area invalid. Spherical spline interpolation  One issue concerning the accuracy of inverse solutions is the
was used throughout both for approximation of sensors and illusrole of the depth of the sources. The present algorithm addresses
tration of voltage mapgJunghofer et al., 1997; Perrin, Pernier, this problem in the following manner: A three-dimensional source
Bertrand, Giard, & Echallier, 1987Single epochs with excessive space consisting of three concentric shé8%, 60%, and 40% of
eye movements and blinks or more than 20 channels containinglectrode radidsis computed as a rough approximation of the
artifacts were discarded. The validity of this procedure was furthebrain volume. Subsequently, an inverse solution is determined for
tested by visually inspecting the vertical and horizontal EOG aghese shells. Estimates of the minimum norm method for deep
computed from a subset of the electrodes that were part of theources are not independent from superficial ones however, which
electrode net. Trials that showed remaining ocular artifacts werés due to the general constraints imposed by the inverse problem of
dismissed at this step of the analysis. Subsequently, data wet#oelectric processeslimoniemi, 1993. The solutions for the
arithmetically transformed to the average reference, which waslifferent shells can be considered as indices of the true current
used for all analyses. After artifact correction, an average of 69%source differing with respect to their degree of blurring and depth
of the 120 trials was retained in the analyses, with a mean of 28.6ensitivity. Accordingly, it has been shown for the biomagnetic
(range: 22 to 3Ytrials for the neutral pictures, 26(#ange: 23 to  case that “deeper” shells are associated with less suppression of
34) for the pleasant, and 27(Pange: 21 to 3pfor the unpleasant deep sources, but more blurring occlkauk, Berg, Wienbruch,
pictures. Rockstroh, & Elbert, 1998A significant difference between shells

As a measure of global cortical activity and assessment of ERF5, thus, that the most superficial shell has the best spatial resolu-
peaks and their respective time course, we computed the Globdibn, and the deepest shell has the worst, whereas the opposite is
Powerg(t) of the ERP(Skrandies, 1995 This metric was com- true for depth sensitivity. For this reason, we report the solutions
puted as the mean square of the averaged signal across electrodesthe shell at 60% electrode radius throughout. Simulations have
for each emotional content, weighted by the standard deviation ashown that this shell yields the best signal-to-noise ratio for sim-
the voltage across trialgunghofer et al., 2000at each electrode ulated dipolar sources across different depth and amplitude param-

and time point(see Equation )1 eters(Hauk et al., 2002 The 129 locations on this shell were
selected to correspond to the recording sites of the EGI system, and
128 the respective minimum norm estimate amplitudes at these sites
21 x(2)?-5(0) 7 were computed for further analysis.
o) = ——( &Y B _
1283 5(t) 2 Statistical Analysis
= For the purpose of statistical analysis, both the ERP voltages at 129

electrodes and the dipole strengths provided by the minimum norm
wherex;(t) is the voltage at sensgrand timet andsi(t) is the  estimates at each of the respective 129 sites were averaged for 12
standard deviation of the voltage at serjsamd timet across trials.  regions, formed by crossing hemisphéleft, right) with horizon-

Cortical sources were estimated using a minimum norm estital plane(anterior, lateral, posterigrand vertical planginferior,
mate, a linear estimation technique first proposed by Haméalainesuperioj, based on recording sites of the international 10-20 sys-
and llmoniemi(1984). Here we used the implementation suggestedtem. Mean voltages and mean dipole strength in these regions were
by Hauk and collaborator€2002. Code written in MATLAB™ assessed in five time windows, corresponding roughly t¢7@%
was applied to the voltage data. The minimum norm estimate is a0 m9, N1 (120-150 my an early P3 window300-340 m§ a
inverse method for reconstructing the primary current that undertater P3 windom380—-440 my and a slow wave windows50—
lies an extracranially recorded time-locked brain potential. The900 mg. These data were submitted to repeated-measures analysis
origin of the signal is estimated using multiple model dipoles, eactof variance(ANOVA) with factors of picture contenf3 levels:
being equidistantly arranged on three concentric shells. The progleasant, neutral, unpleasgnhemispherg2 levels: left, right,
cedure is based on the assumption that the data vedctehich and region(6 levels: antero-inferior, antero-superior, lateral-
contains the recorded scalp potential at given electrode sites, canferior, lateral-superior, postero-inferior, postero-superidine
be described as the product of the leadfield matrixwhich locations of these regions with respect to sites of the international
specifies the electrode’s sensitivity to the sources, the source cuf0-20 system are shown in Figure 1. Time windows were selected
rent vectolj and a noise componea{Grave de Peralta Menendez, on the basis of the grand mean global power for those segments
Hauk, Gonzalez Andino, Vogt, & Michel, 1997 that contained the most pronounced voltage peaks.

SinceL andd are known, and is treated as if to be estimated This has the additional advantage that minimum norm source
with an acceptable accuracy, the minimum norm estimatg¢ #®r  space projection is done with data showing a satisfactory signal-
the mathematically unique solution of the equation that minimizego-noise ratio. For assessment of interactions between emotional
the squared current density?> = min). This solution is obtained content and topographical facto(se., region and hemisphere
by multiplying the pseudoinverse of the leadfield matriwith the ERP and dipole strength data were normalized as proposed by
data. Given the high number of electrodes and the presence dficCarthy and Wood(1985; see also Lykken, 19¥.2For each
noise, spatial regularization is performed with the fadtofo this  condition and time window, the minimum and maximum values
end, Tikhonov—Phillips regularization for matrices was appliedacross electrodes were determined and the normalized wedtie
during pseudo-inversion of the leadfield mattix(i.e.,L + Al is each electrod¢ was computed according to
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Figure 1. Layout of the electrode array. Elec-
trodes in the shaded clusters were grouped
for statistical analysis. Frontal electrodes are
shown at the top of the figure. RM and LM
denote right and left mastoids, respectively.

Xj(t) — min pictures,p < .01, which was consistent with the IAPS normative
nt)y=—— (2 ratings.
max— min
wherex;(t) = potential at sensgrand timet. ERP Scalp Voltages

For evaluation of significantp < .05 main effects and inter- ERP traces at electrodes corresponding to 30 sites of the inter-
actions, critical differences were determined using the Schefféational 10-20 system are shown in Figure 2. The squared electri-
procedure. The SAM pleasure and arousal ratings were evaluatezhl activity over all sensors, trials, and subjects, that is, the global
by means of one-way ANOVAs with a factor of picture content power plot, is shown in Figure 3. Given our hypothesis of differ-
(pleasant, neutral, and unpleasalithere appropriate, degrees of ential involvement of visual cortex for different emotional con-
freedom were adjusted using the Greenhouse—Geisser methoents, the focus of the present study was on effects at posterior
(Greenhouse & Geisser, 1959n the following, uncorrectedr sites.
values are reported together with the Greenhouse—Geisser epsilon Positivity in the P1(70-90 m$time window was greatest over
and correcteg values. the posterior sites, both inferior and superior, main effect of region,
F(5,50 = 6.4,p < .01, e = .51. No significant main effects or
interactions involving picture content were found in this time
segment.

SAM Ratings Mean voltage in the N1120-150 mstime window resulted in

As expected, SAM pleasure ratings differed as a function of pic-a Contentx Region interactionf- (10,100 = 3.8,p < .05, = .30.

ture contentF (2,20 = 259.94,p < .001,¢ = .87, with pleasant Table 1 lists these means. Scheffé tests indicated that content
(mean pleasure rating: 7,Ineutral(4.9), and unpleasant pictures effects were present at anterior, lateral-inferior, and postero-
(2.2 all rated as significantly different from each other. Similarly, inferior sites. In particular, antero-superior and postero-inferior

Results

arousal ratings also differentiated picture categorig®,20 = sites showed enhanced amplitude for pleasant pictures, compared
169.69,p < .001, € = .91, with higher arousal ratings for both to neutral and unpleasant pictur@s< .05.
pleasant picture§Scheffép < .01, mean arousal rating: 5.and Pronounced main effects of picture content were also seen in

unpleasant picturegScheffép < .01 mean arousal rating: 6.4 both the early P8300—-400 m§ F(2,20 =12.1,p < .01,e = .94,
than for neutral picture$mean arousal rating: 2.2Unpleasant and the late P8380—440 mgstime windows,F(2,20 = 7.4,p <
pictures were also rated as slightly more arousing than pleasan®l, e = .68, with greater voltage in each temporal region when
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vEOG

Figure 2. Grand meariN = 11) event-related potentials at selected electrodes corresponding to sites of the International 10-20 System,
for pleasanigray), neutral(dashed, and unpleasartblack content. Note: Positive is up.

viewing either pleasant or unpleasant pictures compared to neutrabntent, whereas lateral-inferior and postero-superior sites showed
pictures,p < .05. A main effect of region showed that postero- discrimination between emotionally arousing and neutral pictures,
superior sites contributed most to the positive potential in both thgg < .05. The latter effects were most pronounced at right-
early P3,F(5,50 = 48.2,p < .01, ¢ = .54, and the late P3 hemispheric regionésee Table 1L

temporal regionsi-(5,50 = 25.8,p < .01, e = .38. Furthermore, Interestingly, activity in the late P3 window differed somewhat
Contentx Region interactions were obtained for both the early P3,from the early P3 in that differences related to picture content were
F(10,100 = 3.2,p < .05, € = .25, and for the late P3 windows, lateralized for the late P3 temporal region. The three way Con-
F(10,100 = 7.6, p < .01, € = .27, which indicated that these tentx Hemisphere< Region interaction was significant for late P3
effects differed across regions. In the early P3 window, anterotemporal windowsF (10,100 = 6.1,p < .01,e = .19, and showed
superior and postero-inferior sites showed a voltage amplitudéhat positivity at lateral-superior and postero-superior regions was
enhancement for pleasant, compared to neutral and unpleasagmhanced for emotional compared to neutral content at left-

P3

uv2 P1N1  eary late Sw
pleasant
40
neutral — ——
30 unpleasant
20
10 A
11 I N _\‘_"-'\_,-f-s_f\" \. ) ) ) e T Figure 3. Grand meariN = 11) global power
0 - 250 Eod 750 1000 2000 3000 ms (See Equation )lof the voltage obtained at

129 scalp sites for pleasant, neutral, and un-
pleasant picture content.
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Table 1. Mean Voltages £SEM) in the N1, Early P3, Late P3 and Slow Wave Windows, at Six Regions in the Left
and Right Hemisphere (See Figure 1), for Pleasant, Neutral, and Unpleasant Picture Content

Left hemisphere Right hemisphere
Window Pleasant Neutral Unpleasant Pleasant Neutral Unpleasant
N1 (120-150 ms
Antero-inferior 0.51+0.46 —0.16+0.39 0.34+ 0.42 0.71+0.66 —0.12+0.56 —0.92+0.70
Antero-superior 1.820.45 0.71+0.44 0.62+ 0.47 2.16+ 0.56 1.06+ 0.57 0.76+ 0.61
Lateral-inferior -1.86+0.56 —0.95+0.23 -1.18+042 -1.71+047 -1.10+0.26 —1.30+0.48
Lateral-superior 0.94 0.40 0.78+ 0.46 0.73+0.39 1.28+0.48 0.86+ 0.66 0.71+0.45
Postero-inferior —-2.68+0.77 -0.82+054 -0.81+0.62 —-258+0.69 -161+0.32 —1.02+0.80
Postero-superior —0.16+ 0.60 0.29+ 0.42 0.82+0.27 —-0.73+£0.62 —0.63+0.54 0.24+ 0.54
Early P3(300—-400 ms
Antero-inferior —-3.24+0.78 —2.82+0.69 —299+0.68 —2.13+0.73 —1.74+041 —-2.39+0.59
Antero-superior 0.3#0.31 —0.61+0.56 —0.67+0.48 1.07+-0.36 —0.18+0.39 —0.25+0.42
Lateral-inferior —-4.07+049 —-292+046 —-3.21+0.62 —2.83+046 —155+043 —2.36+0.54
Lateral-superior 0.2+ 0.32 -0.79+0.21 —0.09+0.31 1.51+0.39 0.91+ 0.36 0.90+ 0.42
Postero-inferior —-1.76+0.39 -0.28+052 -057+056 —0.98+0.37 0.63+ 0.50 0.02+0.44
Postero-superior 2.890.59 2.53+0.60 3.48+0.40 3.99+ 0.55 3.13+0.48 4.30+ 0.45
Late P3(380—440 ms
Antero-inferior —-3.13+0.69 —-2.80+0.70 —-2.45+0.77 -—-2.07+=059 -1.29+0.53 —3.56+0.77
Antero-superior —151+0.60 —2.71+046 —159+059 —-1.31+055 —2.45+052 —1.98+0.59
Lateral-inferior -1.70+0.36 —0.76+0.36 —1.11+0.44 —1.03+0.38 0.40+0.31 —1.38+0.44
Lateral-superior 0.4+ 0.43 —0.87+0.33 0.43+0.43 0.85+0.32 —0.02+0.41 0.19+0.43
Postero-inferior 0.09- 0.58 1.76+ 0.57 0.61+0.61 0.02+ 0.59 1.97+0.54 0.56+ 0.61
Postero-superior 3.220.52 2.65+ 0.49 3.58+ 0.40 3.09+ 0.44 2.89+0.39 3.43+0.40
Slow wave(550—-900 my
Antero-inferior -0.89+0.51 -0.56+042 -0.42+0.51 0.17+ 0.68 0.68+0.47 —1.32+0.59
Antero-superior 0.820.35 —0.13+£0.33 0.56+ 0.44 0.85£0.52 —0.16+0.42 0.11+ 0.49
Lateral-inferior —-1.45+0.38 —041+0.26 —1.29+0.42 —1.34+0.32 0.01+0.27 —1.79+0.33
Lateral-superior 1.420.28 0.43+0.18 1.46+ 0.26 1.46+0.22 0.69+0.21 1.11+0.23
Postero-inferior —-187+046 —-0.33+040 —-153+050 -241+051 -0.76+0.39 —1.84+0.42
Postero-superior 1.2%0.35 0.63+0.31 1.81+0.36 0.65+ 0.29 0.33+0.28 1.41+0.31

hemispheric siteq < .05 (see Table L On the right hemisphere, ses as reported above for the dipole strengths estimated using the
there was a different pattern, with enhanced positivity for pleasanminimum norm procedure. Paralleling the voltage data, no signif-
content at lateral-superior sites, and unpleasant content being aisant main effects or interactions involving picture content were
sociated with enhanced positivity at lateral-superior sjtes,.05. found in the P1 window.

Anterior-inferior and lateral inferior sites on the right hemisphere In contrast, dipole strength was affected by picture content in
showed the same pattern with higher negative amplitudes fothe N1 time window(Figure 4, lefj, F(2,20 =10.11,p< .01,e=
emotionally arousing picturep,< .01. Across hemispheres, antero- .87, illustrated in Figure 5, top panel. Scheffé tests indicated
superior sites showed greater negativity for neutral compared tenhanced dipole strength when viewing pleasant pictures, com-
emotional contentp < .05. pared to either neutrah < .05, or unpleasanp < .05, pictures.

The slow wave window550-900 msexhibited a main effect  No interaction involving region or hemisphere was found, indicat-
of picture contentfF(2,20 = 13.3,p < .01, e = .75, reflecting  ing that contents differed with respect to source strength rather
greater ERP amplitudes for pleasant and unpleasant as comparedt@an changes in source distribution.
neutral contentp < .01. A significant interaction of Conternt In the early P3 time window, a main effect of picture content,
Hemispherex Region,F(10,100 = 3.7,p < .05,e = .31, showed F(2,20 = 6.4, p < .05, ¢ = .88, indicated that pleasant and
that over the left hemisphere, these content effects were significantnpleasant pictures were generally associated with greater dipole
at superior regions and at the postero-inferior regipns,.05(see  strength than were neutral picturgs< .05. A Content< Hemi-
Table 1. Over the right hemisphere, significantly enhanced am-sphere interactioriFigure 5, F(2,20 = 4.7, p < .05, ¢ = .98,
plitudes for affectively arousing pictures were seen at all inferiorshowed that effects of picture content differed across hemispheres.
regions and the antero-superior regipn< .05. In addition, pos-  Follow-up tests demonstrated that right-hemisphere sources dis-
itivity for unpleasant pictures was significantly greater than neutralcriminated between emotiongleasant or unpleasarand neutral
or pleasant pictures at the right postero-superior regiof, .05. pictures, whereas the left hemisphere showed a significant en-
Overall amplitudes were smaller on the left hemisphere, but therbancement for pleasant stimuli only, compared to neutral pictures,
was a significant enhancement for arousing compared to neutrgd < .05 (Figure 4, middlé.
pictures at the two posterior regions as well as at the lateral In the late P3 window, the Content Hemisphere interaction,

superior regionp < .05. F(2,20 = 4.1, p < .05, ¢ = .94, indicated that effects were
restricted to the right hemispherdigure 5, with unpleasant
Minimum Norm Estimate picture processing associated with greater dipole activity than

To assess effects of picture content on estimated source parametemsutral picturesp < .05, whereas other differences did not reach
of electrocortical activity, we conducted the same statistical analysignificance.
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A main effect of picture content was obtained for the slow wave _. . ) . -
. Figure 5. Graphical representation of effects of picture content on mini-
window (550-900 mj F(2,20 = 778,p < .01, ¢ = .98 (see 2 P P P

. - . ; mum norm dipole strength for the N1, early P3, late P3, and SW time
Figure 4, right. This effect was due to an enhancement of dipole yindows. Error bars represent standard errors.

strength when viewing emotionally arousing compared to neutral
pictures,p < .01. These differences were significant at postero-
superior, posterior-inferior, lateral-inferior, and lateral-superior sites,

Contentx Region,F (10,100 = 2.9,p < .05, ¢ = .32, whereas  potentials in time windows later than 300 ms were found as a
anterior sites showed the opposite pattern, with neutral stimultynction of emotional arousgk.g., Cuthbert et al., 2000This

showing enhanced dipole strength compared to viewing emotionalffect was largest at electrode sites near Pz and showed a broad
pictures,p < .05, which did not differ from each othelsee gjstribution, both in the voltage domain and in source space pro-
Figure 5, bottom jection using the minimum norm estimate. In this respect, the
polarity and topography of the effect are similar to that seen in
Discussion previous work, which is surprising, given the increase in montage
size and the use of an average rather than linked mastoid reference.
The present study aimed at replicating and extending previou®©n the other hand, using a higher number of electrodes, MNE, and
ERP work with affective pictures, using a dense-array EEG monthe average reference, effects of emotional content were strongest
tage and a distributed source modeling technique. As found ifn posterior sites, near occipital-temporal cortex and posterior
previous studies, differences in the magnitude of positive-goingparietal cortex. Thus, the results obtained with the present method
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seem topographically specific, whereas modulations by emotionadid, however, observe the opposite pattern, with pleasant pictures
content were more equivalent across the entire scalp using sparsbowing the most pronounced N1 enhancement. Given that the
electrode arrays. Further, as could be expected from the neurg@resent sample contained only males, replication of the findings
anatomy of human visual cortex, modulation by arousal was mostegarding not only the N1, but also regarding later deflections is
pronounced at locations off the midline, providing more data ondesirable. Generally, gender effects have repeatedly been observed
activity in the visual system than has been available with sparsaith psychophysiological measures and affective picture stimuli
electrode arrays. Regional MNE effects of emotional content atLang et al., 1998 For instance, using fMRI, Lang et 41998
posterior sites supported this view. Thus, the cortical networks fohave found gender differences showing more pronounced visual
sensory processing may be subject to gain mechanisms accordimgrtex activation during presentation of pleasant material in men,
to the motivational relevance of the visual stimuli, as has beercompared to female participants. For the present study, this sug-
proposed for attentional mechanisrfidillyard & Anllo-Vento, gests that the specific voltage enhancement for pleasant content as
1998. found in the N1 as well as in several regions in both P3 compo-
Examining the differences between affective contents in termsients may not be seen in a female sample. Thus, replication in a
of scalp voltage in six time windows, we found no stable hemi-larger sample with the longer presentation period used here is
spheric asymmetry but rather changing preponderance over theecessary before one draws strong conclusions regarding the mod-
course of time as well as anterior-posterior differences regardingllation of early components by affect.
lateralization. Findings obtained with average reference and MNE One aim of the present study was to use the minimum norm
converged regarding these effects. The earliest time windBis  estimation procedure to complement the findings obtained by
N1) showed no differential hemispheric activity, whereas late P3assessing the voltage data using a dense electrode array. We found
and slow wave displayed more reactivity to emotionally arousingconvergent results regarding effects of emotional content for both
(pleasant or unpleasargictures over the right hemisphere, as hasthe average referenced voltages and the MNE dipole strength
been reported earlier for comparable time ran¢@stes, Ca- values. As illustrated in the topographical maps of dipole strength
cioppo, Gardner, & Berntson, 1995 he late P3 showed specific for the early P3 and the slow wave componéirigure 4, maxima
enhancement for pleasant pictures over left-hemisphere regiond dipole strength were seen in occipital regions, while at the same
The slow wave was sensitive to emotional arousal over differentime the voltage maps showed increasing gradients between postero-
regions in the left and right hemispheres. inferior and postero-superior sensors. This is consistent with pre-
However, as illustrated in the topographical maps of estimatediious findings using distributed source modeling that found that
dipole strength{Figure 4, asymmetries were also present for the generators tangentially oriented to the surface of the scalp are
neutral pictures, and, in general, content effects were most likely imssociated with broad voltage distributiqf®ascual-Marqui et al.,
regions with high signal. Thus, right-hemispheric dominance in1994). These distributions might in turn be misinterpreted as being
emotional picture viewing may be partly due to picture perceptiondue to one or more source structures that are oriented radially. It is
per se, rather than a specific concomitant of emotional processingtriking, however, that the results obtained using distributed mod-
Alternatively, changes of motivational state and mood during view-eling converged with those obtained using the average referenced
ing affective pictures in the experimental session might affectvoltage data, both finding modulation of late components as a
processing of the neutral pictures. Presenting neutral pictures dfinction of emotional arousal primarily at posterior areas.
the IAPS alone may test these speculations. As suggested by In addition, examining the spatio-temporal dynamics of the
classic visual ERP work with simple pattern stimigig., Shagass, event-related potential in the source space revealed that, with
1972; Shagass, Amadeo, & Roemer, 19%6mporally changing increasing viewing time, the regions showing affect modulation
patterns of ERP hemisphere differences may reflect hemispheriextended from inferior-posterior to higher order visual cortical
interactions that are part of visual picture processing rather thaareas such as parietal and occipito-temporal regions. This finding
effects of hemispheric specialization for different emotions. Itis consistent with other ERP studies of visual information process-
seems likely that in the present paradigm, motivated attention isng (Luck & Hillyard, 1995 as well as studies of induced oscil-
associated with changes in response amplitude in active tissu&tory brain activity in affective picture perceptigMiller, Keil,
showing only moderate changes in hemispheric asymmetries, rath&@ruber, & Elbert, 1999 For instance, whereas the dipole strength
than exclusive involvement of a specific hemisphere. These modmap in the P3 temporal windows showed its maximum at posterior
est changes point towards a stronger involvement of the rightind parietal sites, the late positive slow wave showed additional
hemisphere, which is consistent with neuropsychologiBalrod activity originating at lateral-inferior and anterior regions.
et al., 1998 and psychophysiological dafi&ayser et al., 1997; Most interestingly, the topographical distribution of effects for
Keil et al., 200). dipole strength in the slow wave regions showed remarkable sim-
An enhancement of voltage and dipole strength in the Nlilarity to the findings obtained using fMRI during affective picture
temporal window was found for pleasant pictures. The sourcerocessingLang et al., 1998 with the greatest activity for emo-
areas of this effect were located in occipital visual cortices. It istional pictures occurring in posterior and lateral sites associated
unclear whether this reflects differences in physical stimulus pawith occipito-temporal cortex. This suggests that signals may pri-
rameters or results from a selective perceptual mechanism. In marily reflect slow wave EEG activity, that is, information pro-
visual hemifield design employing the same set of IAPS picturescessing that is sustained. Slow wave activity occurred in a time
Keil et al. (2001 found an N1 enhancement for arousing, com- window of several seconds and probably is a correlate of longer
pared to neutral pictures. Likewise, early ERP differences betweelasting, higher order processing in occipito-temporal and temporal
arousing and neutral stimuli have been found when pictures arstructures. Modulation of the cortical slow wave, as well as the
presented very rapidi§dunghdfer, Bradley, Elbert, & Lang, 2001  blood-oxygen-level-dependent response, by emotional arousal may
In the current study, this would suggest that effects due to emoreflect a relatively high level of visual processing, in which sus-
tional arousal should be greater for unpleasant pictures, whickained attention is allocated to motivationally relevant and emo-
were rated as slightly more arousing than pleasant pictures. Weonally salient cues.
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