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Enhanced late positive potentials (LPPs) evoked by highly arousing unpleasant and pleasant stimuli have been consistently observed in
event-related potential experiments in humans. Although the psychological factors modulating the LPP have been studied in detail, the
neurobiological underpinnings of this response remain poorly understood. Current models suggest that the LPP is a product of both an
automatic facilitation of perceptual activity, as well as postperceptual processing under cognitive control. Here we applied magnetoen-
cephalography (MEG) and beamformer analysis combined with Granger causality measures to provide a mechanistic account for LPP
generation that reconciles these two models. We demonstrate that the magnetic homolog of the LPP, mLPP, is localized within bilateral
occipitoparietal and right prefrontal cortex. Critically, directed functional connectivity analysis between these brain regions, indexed by
Granger causality, demonstrates stronger bidirectional influences between frontal and occipitoparietal cortex for high arousing emo-
tional relative to low arousing neutral pictures. Thus, both bottom-up and top-down accounts of the late latency response to emotion
derived from psychological studies can be explained by a reciprocal codependency between activity in prefrontal and occipitoparietal
cortex.

Introduction
Event-related potential (ERP) studies have consistently demon-
strated that emotionally arousing (pleasant and unpleasant) pictures
evoke a larger late positive potential (LPP) than neutral pictures in a
window from 400 to 800 ms after picture onset (Cuthbert et al., 2000;
Schupp et al., 2000; Dolcos and Cabeza, 2002; Keil et al., 2002; Haj-
cak and Olvet, 2008; Hajcak et al., 2009). This effect is maintained
after multiple stimulus repetitions, despite a decrement in auto-
nomic arousal (Codispoti et al., 2006a), and is insensitive to physical
features of the visual scene (Bradley et al., 2007). Furthermore,
arousal modulation is maintained when emotional stimuli are pre-
sented as distractors or when participants are engaged in a compet-
ing task (Codispoti et al., 2006b). Thus, these observations led to a
suggestion that affective modulation of the LPP is an automatic re-
sponse to motivationally salient stimuli that does not rely on volun-
tary evaluation of emotional content (Codispoti et al., 2006a; Hajcak
et al., 2007).

However, recent evidence conflicts with this model by dem-
onstrating that late positive potential magnitude is sensitive to

manipulations requiring voluntary cognitive control. LPP mod-
ulation is reduced following instructions to attend to less arous-
ing aspects of unpleasant pictures (Hajcak et al., 2009). The LPP is
also attenuated by cognitive reappraisal manipulations, with this
decrease correlating with reductions in self-reported arousal in-
tensity (Hajcak and Nieuwenhuis, 2006). Critically, although the
LPP is enhanced by nonattended emotional stimuli (Codispoti et
al., 2006b), directed attention operates additively with emotion,
such that attended emotional stimuli evoke the largest LPP augmen-
tation (Ferrari et al., 2008).Together, studies testing the psychologi-
cal factors influencing the arousal-modulated LPP suggest that this
response reflects a combination of “bottom-up” and “top-down”
mechanisms (Ferrari et al., 2008).

That LPP arousal modulation can be subject to cognitive “top-
down” control suggests involvement of prefrontal cortical areas,
i.e., a prefrontal modulation of posterior visual attention areas.
However, ERP studies of the LPP employing source localization
techniques (Keil et al., 2002; Schupp et al., 2007) have not re-
ported prefrontal activation. By contrast, direct electrocortical
stimulation of prefrontal cortex (PFC) during emotional picture
presentation disrupts arousal modulation of the LPP over poste-
rior electrode sites (Hajcak et al., 2010), lending support for a
pivotal prefrontal role in LPP generation. Neuroimaging studies
report prefrontal activation in response to emotional pictures
(for review, see Phan et al., 2002), but fMRI lacks the temporal
resolution to test for emotion-dependent activity specific to the
LPP time window.

Here we adopt a novel approach to exploring emotional
stimulus-evoked late latency neuronal responses. We hypothesized
that the millisecond time resolution of magnetoencephalography
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(MEG) recordings, combined with source reconstruction tech-
niques, would provide evidence for a specific prefrontal role in
emotion-induced late latency modulation of neuronal responses.
We first demonstrate a neuromagnetic counterpart of the affect
modulated LPP (mLPP) in response to emotionally arousing
pleasant and unpleasant pictures. Furthermore, beamformer
source localization reveals that the mLPP is localized to a
prefrontal-occipitoparietal network. Critically, as predicted by
mechanistic accounts of LPP generation, the mLPP is associated
with increased bidirectional functional connectivity between pre-
frontal and occipitoparietal cortex.

Materials and Methods
Participants
Twenty-three subjects (12 females; 20 right, three left handed, and one
ambidextrous; Oldfield, 1971) aged 21–38 years (mean 27.8 years) par-
ticipated in our study after giving written informed consent. All subjects
had normal or corrected to normal vision. The study had full ethical
approval.

Stimuli and experimental design
Stimuli comprised 60 color pictures selected from the International Af-
fective Picture System or IAPS (Lang et al., 2005): 20 high-arousing pleas-
ant (erotic couples and family scenes), 20 high-arousing unpleasant
(mutilations and attack scenes), and 20 low-arousing neutral (household
scenes and neutral persons) pictures. Mean normative valence ratings
(SEM) on a 9-point scale were 7.33 (�0.13) for pleasant, 4.87 (�0.05) for
neutral, and 2.76 (�0.19) for unpleasant pictures. Mean normative
arousal ratings for pleasant, neutral, and unpleasant pictures on a 9-point
scale were 5.44 (�0.24), 2.8 (�0.13), and 6.9 (�0.07), respectively.

Pictures were presented by video projector (JVC DLA-G11E) via a
mirror system to the center of a screen in a magnetically shielded MEG
room. All pictures subtended a visual angle of 10° horizontally and ver-
tically. A central fixation cross subtending a visual angle of 1.6° horizon-
tally and vertically was presented throughout the whole experiment.
Subjects were instructed to fixate during picture presentation.

We employed the experimental design of Schupp et al. (2000). Pictures
were presented for 1.5 s in sequences of six. Each sequence contained two
pleasant, neutral, and unpleasant picture trials in random order. Subjects
were instructed to indicate, at the offset of each stimulus, whether the
picture was pleasant, neutral, or unpleasant by using three response but-
tons (response button assignment counterbalanced across subjects). The
interstimulus interval varied randomly between 1.5 and 3 s. Each se-
quence of six pictures was followed by an interval of 3 s. The first exper-
imental block comprised 30 sequences and, after a 1 min break, the
procedure repeated in a second block. Thus, each picture category (pleas-
ant, neutral, and unpleasant) contained 120 trials.

After the MEG session, participants rated the same pictures, presented
self-paced in random order, with respect to valence and arousal using the
Self-Assessment Manikin scale (SAM; Lang et al., 2005).

Data acquisition and preprocessing
Each participant’s head shape and five index points (nasion, left and right
periauricular points, and two additional positions at the forehead) were
digitized to obtain the head position relative to the MEG sensors. Two
Ag/AgCl electrooculogram (EOG) electrodes were attached near the left
and right outer canthi and two above and below the right eye. An elec-
trode at the right mastoid served as ground.

MEG data were recorded continuously and digitized at a rate of 254.3
Hz using a 148-channel whole head system (Magnes 2500 WHS, 4-D
Neuroimaging). A bandpass filter of 0.1 to 50 Hz was applied online.
EOG was recorded with a Synamps amplifier (Neuroscan) using Ag/AgCl
electrodes with the same sampling rate and online filter as with the MEG
recordings. The raw MEG data were filtered offline (0.1 Hz highpass with
a 6 dB/octave slope and 30 Hz lowpass with a 48 dB/octave slope). For
each MEG channel, artifact-free epochs with a prestimulus baseline of
0.5 s and a poststimulus interval of 0.8 s were averaged to obtain the
stimulus-locked event-related field (ERF) for each subject and condition.

We did not extend the time window of interest beyond 800 ms, as previ-
ous data using the same stimulus presentation parameters (Schupp et al.,
2000) showed termination of LPP effects at 0.8 s. Epochs that contained
eye blinks or eye movements as determined by the EOG, as well as incor-
rect trials, were discarded from our analyses. Furthermore, epochs with
movement artifacts identified by visual inspection of the data were elim-
inated. Finally, epochs that contained channels with peak amplitude �3
pT were also considered artifacts and discarded.

Sensor space
Realignment of MEG data in the sensor space. Subject-specific sensor po-
sitions were projected onto standard MEG sensor locations as imple-
mented in FieldTrip (http://fieldtrip.fcdonders.nl/) (Oostenveld et al.,
2011)). Briefly, the MEG data were projected onto a current dipole set
(600 dipoles) in a spherical head model and then projected back onto
standard MEG sensors, the positions of which were determined by the
mean Cartesian sensor coordinates across all subjects (Knösche, 2002).

Statistical assessment of affective ERF modulation. The realigned MEG
ERF data were averaged between 0.4 and 0.6 s to obtain a grand mean
topography across subjects corresponding to the electrophysiological
LPP time window. The realigned ERF topographies were submitted to a
nonparametric cluster-based permutation statistic (Nichols and Holmes,
2002; Maris and Oostenveld, 2007), as implemented in FieldTrip, to
identify sensors of significant picture category effects. This test effectively
controls the familywise error rate in the context of multiple comparisons
(148 sensors) by clustering neighboring channels that exhibit the same
effect. At each sensor, a multivariate Hoteling’s T 2 was calculated at an
initial parametric threshold of p � 0.01 to obtain a measure for picture
category effects. Based on this threshold, significant sensor clusters were
formed by spatial adjacency (a cluster had to consist of at least two
significant neighboring sensors). One thousand permutations were per-
formed. For each permutation the maximum sum of T 2 values within
one cluster entered into the permutation distribution (i.e., exceedance
mass; see Poline et al., 1997). Finally, the cluster step was performed with
the observed ERF data. Observed cluster sums of T 2 values that were
greater than the 95th percentile ( p � 0.05) of the permutation distribu-
tion were considered as sensor clusters of significant picture category
effects. Mean ERF values across significant sensor clusters were further
analyzed by simple comparisons using the least significant difference test
to assess differences between each picture category. Furthermore, the
grand mean ERF waveforms across subjects and sensor clusters for each
time point were extracted to compare them with the LPP waveforms as
reported in the ERP literature.

Furthermore, because different studies have reported slightly varying
LPP time windows (especially with respect to the duration of the LPP
effect; Schupp et al., 2007; Hajcak et al., 2010), we repeated our sensor
space analysis for the 0.6 – 0.8 s poststimulus interval. No sensor clusters
demonstrating a picture category effect were found even after lowering
the initial parametric threshold to p � 0.05. However, the ERF wave-
forms of the mLPP sensor clusters (see Fig. 1) suggested middle latency
(0.2– 0.4 s) emotion effects. Indeed, the “early posterior negativity”
(EPN) is a well known arousal modulated ERP component (Schupp et
al., 2007) that has its neuromagnetic counterpart (mEPN) in temporal
sensor clusters (Peyk et al., 2008). Given that the focus of the present
study is to characterize the mLPP, analysis of the mEPN is not included
here. Thus, we limited all subsequent statistical and source space analyses
to the 0.4 – 0.6 s interval poststimulus onset.

Source reconstruction
The underlying current source density of the magnetometer-based ERFs
was estimated for each time point, picture category, and subject by a
linearly constrained, minimum variance beamformer (Van Veen et al.,
1997) as implemented in FieldTrip. A regularization parameter of 10%
was used. A dipole mesh (7000 surface dipoles) derived from a template
brain [Collin 27 template brain aligned with the Montreal Neurological
Institute (MNI) phantom brain; Collins et al., 1998] was used to calculate
the forward solution using a head model based on overlapping spheres
(for each channel a local sphere was fitted to the underlying head shape
points; Huang et al., 1999). Before calculating the forward solution, the
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head and sensor positions of each subject were coregistered with the
template brain by realigning the individual with the template brain’s
fiducials and further refined by minimizing the mean distance between
the individual head shape points and the template brain scalp surface.

Statistical assessment of affect modulated cortical current
source densities
Current source densities (dipole moments) obtained by the beamformer
were averaged across time intervals between 0.4 and 0.6 s (see above).
Next, mean vectors of each subject and condition were normalized by
their corresponding mean baseline (0.5 s prestimulus) to obtain relative
power changes with respect to the prestimulus interval. The beamformer
relative power changes of each participant and picture category were
submitted to the same nonparametric cluster-based permutation statistic
as described above to identify cortical source clusters of affect modula-
tion. Based on sensor space results (see Results), a quadratic contrast
specifically testing that high-arousing pleasant and unpleasant pictures
generate greater power changes than low-arousing neutral pictures
( pleasant � unpleasant � neutral) was evaluated by a multivariate T 2

test. Dipole clusters were considered significant at a corrected threshold
of p � 0.05. At sensor level, the ERF waveforms of significant sensor
clusters suggested that the middle latency effects (0.2– 0.4 s; mEPN) cap-
tured by these sensors were probably due to volume conduction effects.
However, at source level the observed source waveforms of significant
dipole clusters were, theoretically, more specific to the mLPP time win-
dow, as volume conduction is accounted for by the beamformer. There-
fore, we extracted the mean source waveforms (virtual electrodes) for
each significant dipole cluster (see Fig. 4 B) and averaged the waveforms
across 0.2– 0.4 s, 0.4 – 0.6 s, and 0.6 – 0.8 s time intervals. For each dipole
cluster, a MANOVA with picture category and time interval as within-
subject factors was calculated to test for the specificity of picture category
effects for the mLPP interval (0.4 – 0.6 s). When this MANOVA indicated
a picture category by time interval interaction, separate MANOVAs with
picture category as a within-subject factor were calculated for each
time interval separately. Simple comparisons were conducted where
necessary.

Directed functional connectivity analysis
We employed the “Granger causal connectivity analysis” toolbox (http://
www.anilseth.com/) implemented in Matlab (Mathworks) (Seth, 2010).
Briefly, multivariate autoregressive (MVAR) models were used to deter-
mine whether knowledge of time series A helps to predict time series B,
i.e., whether A “Granger causes” B (Granger, 1969). The time series for
each participant, condition, and dipole within each dipole cluster (as
determined by the nonparametric cluster-based permutation statistics)
were reconstructed using the spatial filters derived by the beamformer by
multiplying the sensor data matrix by the spatial filters corresponding to
the dipoles within the established clusters. Next, for each subject and
condition a principal component analysis (PCA) was applied to all dipole
time series within a dipole cluster (Zhou et al., 2009) for the mLPP-
relevant time window (0.4 – 0.6 s). The first five PCA components were
averaged so that information loss was �5% (Zhou et al., 2009).

To ensure covariance stationarity (Seth, 2010), the temporal mean of
the PCA-based time series for each ROI, subject, and condition were
removed and the ensuing mean-corrected time series was tested using the
KPSS (Kwiatkowski-Phillips-Schmidt-Shin) test (Kwiatkowski et al.,
1992). All time series for the mLPP window fulfilled the prerequisite of
covariance stationarity. In a next step, the model order for the MVAR
model was determined according to the Bayesian information criterion
(BIC; Schwarz, 1978). In MVAR models, the model order serves to “re-
duce” model space, as too many parameters would over-fit the data and
too few would poorly represent the data. The BIC criteria balance the
variance accounted for by the model against the number of model pa-
rameters. Across all participants and conditions the model orders ranged
between 2 and 10. Finally, significant Granger causality (GC) interactions
between dipole clusters were determined by an F test for each subject and
condition (Seth, 2010). Participants that showed no significant GC inter-
actions in at least two of the three picture categories were excluded from
our main Granger causality analyses.

Following Keil et al. (2009), two approaches were chosen to statisti-
cally compare the GC interactions between the three picture categories.
First, the overall number of unidirectional and bidirectional significant
interactions was entered into a MANOVA model with picture category as
within-subject factor. Significant picture category effects were further
analyzed by quadratic contrast analysis (pleasant � unpleasant � neu-
tral). Second, the nonparametric McNemar test (McNemar, 1947) for
paired samples was used to test differences between each picture cat-
egory pair and for each dipole cluster combination. This analysis was
done separately for significant unidirectional and bidirectional GC
interactions.

Finally, based on arousal-dependent right fronto-occipitoparietal bi-
directional connectivity (see Results), bidirectional GC arousal values
(averaged GC values across pleasant and unpleasant minus neutral pic-
ture category) were compared between time windows of 0.2– 0.4 s, 0.4 –
0.6 s, and 0.6 – 0.8 s by applying a MANOVA model with time window as
the within-subject factor. Polynomial contrast analysis was used to char-
acterize the profile of the bidirectional arousal GC values across time.
This was done to investigate the specificity of GC differences between
picture categories for the mLPP time range. The 0.0 – 0.2 s time window
was not included in this analysis, as the early peak of activity violated
covariance stationarity (KPSS test; Kwiatkowski et al., 1992).

Results
SAM ratings
Valence ratings differed significantly across picture category
(F(2,20) � 225.5, � � 0.04, p � 0.0001, � 2 � 0.95). Pleasant
pictures were rated as most pleasant (7.8 � 0.16), followed by
neutral (5.1 � 0.06) and unpleasant pictures (2.0 � 0.12; p �
0.0001 for all simple comparisons). Arousal ratings also differed
across picture category (F(2,20) � 83.1, � � 0.10, p � 0.0001, � 2 �
0.89). Pleasant and unpleasant pictures were rated as more arous-
ing than neutral ones, while unpleasant pictures scored higher
arousal ratings than pleasant ones (pleasant: 5.5 � 0.29; unpleas-
ant: 6.8 � 0.21; neutral: 2.5 � 0.26; p � 0.0001 for all simple
comparisons).

Event-related fields
The nonparametric cluster-based permutation statistics on our
sensor–space data revealed two significant sensor clusters for the
mean magnetic flux maps between 0.4 and 0.6 s, indicating dif-
ferent neuromagnetic responses for each picture category. The
95th percentile critical value for the sum of T 2 values (exceedance
mass) was 82.4. Clusters emerged across left temporal (ex-
ceedance mass: sum(T 2) � 440, p � 0.0001) and right temporal
(exceedance mass: sum(T 2) � 487, p � 0.0001) sensors. Figure
1A depicts the grand mean ERF waveforms across participants
for left and right sensor clusters (Fig. 1A, insets), illustrating the
time course of the neuromagnetic response. Both sensor cluster
waveforms were characterized by a slow magnetic field change
that is highly similar to the slow potential shifts typically observed
during the LPP time window (Schupp et al., 2000).

ERF responses within both left and right temporal sensor clus-
ters, averaged across the mLPP time window, were greater for
pleasant and unpleasant pictures compared to neutral pictures
(pleasant vs neutral, p � 0.001, unpleasant vs neutral, p � 0.0001
for both sensor clusters). In the right sensor cluster, unpleasant
pictures evoked the biggest ERF amplitude (unpleasant vs pleas-
ant, p � 0.01; Fig. 1B), whereas on the left, pleasant and unpleas-
ant pictures did not differ (p � 0.33, Fig. 1B).

These sensor–space results should, however, be viewed with
the caveat that the underlying source of the neuromagnetic re-
sponse is not readily obtained from topographical MEG flux
maps derived from magnetometers. Thus, having demonstrated
significant effects of emotion at the sensor level, we went on to
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derive our anatomical inference on mLPP generators in source
space.

Beamformer analysis
A difference map between source localized emotional (pleasant
and unpleasant) and neutral responses is given in Figure 2A. The
nonparametric cluster-based permutation statistics spanning a
quadratic contrast (pleasant � unpleasant � neutral arousal ef-
fect) revealed two significant dipole clusters for mean relative

power changes between 0.4 and 0.6 s at a familywise-corrected
alpha level of 0.05 (critical exceedance mass sum(T 2) � 491.5;
Fig. 2B, top). The most significant cluster (exceedance mass
sum(T 2) � 578.1, p � 0.05) was observed in right PFC (see Table
1 for MNI coordinates). A second cluster (exceedance mass
sum(T 2) � 497.3, p � 0.05, see Table 1) was localized in left
occipitoparietal cortex. A third dipole cluster, in right occipito-
parietal cortex, demonstrated arousal modulation with corrected
significance at trend level (exceedance mass sum(T 2) � 428.0,
p � 0.06). To examine this network at a less stringent statistical
threshold, we applied a parametric threshold to the empirical T 2

map. All three clusters were observed at an uncorrected threshold
of p � 0.01 (Fig. 2B, bottom); thus, these three regions were taken
as the neuroanatomical network included in the GC analysis (see
below, Granger causality analysis). Enhanced responses to emo-
tional pictures in all clusters comprising this network (Fig. 2C)
clearly demonstrate arousal modulation (a posteriori single com-
parisons between mean cluster activity showed no differences
between pleasant and unpleasant pictures: all p values �0.43;
emotional pictures differed from neutral stimuli: all p values
�0.02). Note that regions of negative differences (pleasant �
unpleasant � neutral), illustrated in blue in Figure 2A, did not
reach corrected or uncorrected significance (Fig. 2B).

Figure 4B shows the source waveforms of the three identified
dipole clusters between 0.2 and 0.8 s poststimulus time. To dem-
onstrate that activity in these dipole clusters specifically represent
mLPP amplitude arousal modulation, we tested for picture cate-
gory by time interval (0.2– 0.4 s, 0.4 – 0.6 s, and 0.6 – 0.8 s) inter-
actions. This interaction was significant in all three brain regions;
picture category effects differed across the three time intervals
analyzed (left occipitoparietal cortex: F(4,19) � 3.8, � � 0.55, p �
0.02, � 2 � 0.45; right occipitoparietal cortex: F(4,19) � 4.1,
� � 0.54, p � 0.02, � 2 � 0.46; right PFC: F(4,19) � 4.1, � � 0.54,
p � 0.02, � 2 � 0.46). In all three brain regions, mean source
activity only differed during the mLPP interval (left occipitopa-
rietal: F(2,21) � 7.7, � � 0.58, p � 0.01, � 2 � 0.42; right occipito-
parietal: F(2,21) � 7.1, � � 0.60, p � 0.01, � 2 � 0.40; PFC:
F(2,21) � 11.6, � � 0.48, p � 0.001, �2 � 0.52). The mLPP changes
were best described by arousal modulation (left occipitoparietal qua-
dratic contrast: F(1,22) � 14.8, p � 0.001, �2 � 0.40; right occipito-
parietal quadratic contrast: F(1,22) � 9.0, p � 0.001, �2 � 0.40; right
PFC quadratic contrast: F(1,22) � 24.2, p � 0.001, �2 � 0.52).

Given that in our Granger causality analyses six subjects did
not show reliable GC interactions (see below, Granger causality
analysis), we verified the group-level arousal modulation effect in
the remaining 17 subjects upon which the GC analysis was based.
Mean dipole cluster contrast analysis demonstrates that the qua-
dratic effect during the mLPP time window remains significant in
all three clusters (left occipitoparietal: F(1,16) � 17.6, p � 0.001,
� 2 � 0.52: right occipitoparietal: F(1,16) � 6.2, p � 0.001, � 2 �
0.50; right prefrontal: F(1,16) � 16.2, p � 0.001, � 2 � 0.50).

Granger causality analysis
We first examined GC interactions for each subject individually.
Six subjects failed to show significant between-cluster interac-
tions in more than one picture category and were therefore ex-
cluded from our main GC analysis. Thus, the results of directed
functional connectivity are based on 17 participants (10 female),
who showed reliable GC interactions for at least two picture cat-
egories. Across all conditions and 17 participants, 38% of all pos-
sible connections were significant.

Higher numbers of bidirectional GC interactions between all
clusters during viewing of pleasant and unpleasant relative to neutral

Figure 1. Significant emotional arousal modulation of sensor-level activity. A, Grand mean
ERF waveforms across left (top) and right (bottom) temporal sensors as detected by permuta-
tion statistics between 0.4 and 0.6 s (gray shaded area). Insets depict sensor cluster locations.
Note that differences between 0.2 and 0.4 s most likely reflect the magnetic counterpart of the
early posterior negativity also present in the temporal sensor clusters due to volume conduc-
tion. B, Grand mean ERF amplitude across temporal sensors and the time interval of interest are
shown. Positive versus negative values are due to reversed field directions. Pattern reversal of
magnetic flux directions is due to different underlying cortical source orientations. Error bars,
here and in subsequent figures, indicate SEM. P, Pleasant; N, neutral; U, unpleasant.
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pictures were observed (F(2,15) � 11.3, � �
0.39, p � 0.001, �2 � 0.60; quadratic con-
trast F(1,16) � 23.7, p � 0.0001, �2 � 0.60;
mean number of bidirectional connections
for pleasant: 1.11 � 0.34; neutral: 0.35 �
0.15; unpleasant: 1.59 � 0.31; Figure 3A).
Note that including all subjects (i.e., in-
cluding the six subjects with unreliable
GC interactions) did not change the gen-
eral pattern of bidirectional GC interac-
tions, although the explained variance was
reduced (F(2,20) � 7.9, � � 0.56, p � 0.01,
� 2 � 0.42; quadratic contrast: F(1,21) �
16.4, p � 0.001, � 2 � 0.44).

We next analyzed the mean number of
unidirectional GC interactions between
all clusters, acknowledging that GC inter-
actions are exclusively unidirectional or
bidirectional. Accordingly, we found that
overall unidirectional connectivity was
larger for neutral pictures (F(2,15) � 5.2,
� � 0.59, p � 0.05, � 2 � 0.41; quadratic
contrast F(1,16) � 8.9, p � 0.01, � 2 � 0.36;
mean number of unidirectional connec-
tions pleasant: 1.18 � 0.26; neutral: 1.65 �
0.15; unpleasant: 0.94 � 0.20). Including
the six subjects with unreliable GC interac-
tions resulted in no significant differences in
unidirectional GC interactions and in a
weak tendency for a quadratic contrast
(F(2,20) � 2.2, � � 0.82, p � 0.14, �2 � 0.18;
quadratic contrast: F(1,21) � 3.5, p � 0.07,
�2 � 0.14). Although the overall number of
unidirectional GC interactions across all
clusters was higher for neutral pictures in
subjects showing reliable GC interactions,
the McNemar test did not reveal significant
differences for individual connections (all p
values �0.05).

By contrast, GC interactions associ-
ated with viewing pleasant versus neutral
pictures revealed a significantly greater
proportion of bidirectional connections
between right occipitoparietal and pre-
frontal clusters (p � 0.03; Fig. 3B, left;
including all subjects, p � 0.04). The re-
maining dipole cluster combinations did
not show significant GC interaction dif-
ferences (p values �0.11). For unpleasant
pictures, bidirectional connectivity be-
tween right frontal and occipitoparietal
clusters was also significantly greater than
that for neutral pictures (p � 0.001; Fig.
3B; including all subjects, p � 0.005). Fur-
thermore, greater bidirectional connec-
tivity was observed for this picture type
between left and right occipitoparietal
clusters (p � 0.01; Fig. 3B; including all
subjects, p � 0.04). Left occipitoparietal
and right frontal connectivity differences
were not observed (p � 0.57). Critically,
pleasant and unpleasant picture catego-
ries did not show any differential connec-

Figure 2. The mLPP arousal modulation is localized to right prefrontal and bilateral occipitoparietal cortex. A, Beam-
former difference maps of relative power changes with respect to baseline between pleasant versus neutral (top) and
unpleasant versus neutral (bottom) are shown. Color bars indicate normalized power difference. B, Statistical maps of the
quadratic contrast (pleasant � unpleasant � neutral) in source space based on nonparametric cluster-based permuta-
tions (top; threshold T 2 � 8.0 corresponding to the smallest T 2 value across dipole clusters) and analytical multivariate
testing (bottom; T 2 � 7.9) are shown. Color bars indicate multivariate T 2 values. C, Mean relative power evoked by picture
category during the mLPP time window is plotted for each dipole cluster averaged across participants. P, Pleasant; N,
neutral; U, unpleasant; Clus, cluster based; Ana, analytical; o-p, occipitoparietal.
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tivity pattern between prefrontal and occipitoparietal brain
regions (all p values �0.18).

We next characterized the temporal profile of the observed
arousal-modulated bidirectional right fronto-occipitoparietal
GC interactions. GC interaction values for neutral pictures were
subtracted from the averaged pleasant and unpleasant GC values
to form arousal-indexed GC values. This was done separately
for time intervals 0.2– 0.4, 0.4 – 0.6 (mLPP time window), and
0.6 – 0.8 s. Figure 4A demonstrates that arousal-indexed GC val-
ues were at their maximum during the mLPP time window
(F(2,15) � 7.1, � � 0.51, p � 0.01, � 2 � 0.48, linear time contrast:
F(1,16) � 2.9, p � 0.11, � 2 � 0.16; quadratic time contrast: F(1,16)

� 12.8, p � 0.01, � 2 � 0.45; single comparisons: interval 0.2 –
0.4 s vs interval 0.4 – 0.6 s: p � 0.001; interval 0.4 – 0.6 s vs interval
0.6 – 0.8 s: p � 0.06; interval 0.2– 0.4 s vs interval 0.6 – 0.8 s: n. s.).
Thus, bidirectional right prefrontal-occipitoparietal connectivity
is greatest during the mLPP time interval during which all three
regions show arousal modulation (Fig. 4B).

Discussion
Our data provide a neurobiological basis for the late latency re-
sponse typically observed in response to emotionally arousing
stimuli. We first demonstrate, at the level of MEG sensors, a slow
magnetic flux drift that shows significant emotional arousal
modulation between 0.4 and 0.6 s after stimulus onset. The strik-
ing similarity of the temporal profile of observed ERFs to the LPP
observed in ERP studies (Schupp et al., 2000) indicates that this
response represents a neuromagnetic counterpart of the electro-
physiological LPP (mLPP). Applying beamformer source local-
ization, we then demonstrate that the emotional modulation of
the mLPP, observed at the sensor level, is generated in a neuro-
anatomical network comprising bilateral occipitoparietal and
right prefrontal cortex.

That prefrontal cortex is a component of the network giving
rise to the mLPP is strongly supported by patient studies showing
that direct prefrontal electrocortical stimulation disrupts the
arousal-modulated LPP (Hajcak et al., 2010), and by previous
suggestions that the late latency response is under voluntary cog-
nitive control (Hajcak and Nieuwenhuis, 2006; Hajcak et al.,
2009). The PFC response observed here is in contrast to the fail-
ure of previous ERP studies (Keil et al., 2002; Schupp et al., 2007)

to demonstrate prefrontal involvement in
LPP generation, which may reflect their
use of less accurate source localization
techniques and simpler head models than
that employed here. These studies (Keil et
al., 2002; Schupp et al., 2007) do, however,
accord with the current findings in that
they localize LPP generation to occipito-
parietal areas.

Few fMRI studies have reported
emotion-evoked occipitoparietal activa-
tion (Lang et al., 1998; Sabatinelli et al.,
2007). Activation in this cortical region is
more often observed in tasks requiring
spatial or feature-based attention (i.e.,
Fernandez-Duque and Posner, 2001;
Slagter et al., 2007). Thus, localizing the
mLPP to bilateral occipitoparietal areas is
in keeping with a consensus that the LPP
reflects an attentional process (Cuthbert
et al., 2000) recruited by motivationally
salient stimuli. Occipitoparietal activity
has also been observed following eye

movements (Law et al., 1998). To eschew a potential contribution
of eye movements to activity observed in the current study, sub-
jects were instructed to maintain central fixation during picture
presentation. Instructions to maintain fixation in the context of
the current task has been shown to yield no differences in hori-
zontal or vertical eye movements to emotional versus neutral
pictures (Lang et al., 1998). Furthermore, given that saccadic eye
movements provoke large biomagnetic fields, by excluding ep-
ochs with amplitudes exceeding 3 pT from our analysis we can
rule out that eye movements contributed to the observed neuro-
magnetic signal changes.

It should be noted that the late latency response we report is
in contrast to early emotion-evoked neuromagnetic activity ob-
served in ventral extrastriate cortex (Rudrauf et al., 2008) begin-
ning from 0.1 s poststimulus onset. We do, however, observe, at
the sensor level an emotional modulation of the ERFs before the
onset of mLPP time window at 0.2– 0.4 s (Fig. 1A). This ERF
modulation most likely reflects volume conduction of the neuro-
magnetic counterpart of the early posterior negativity known to
localize to temporal sensor clusters (Peyk et al., 2008). As the
mEPN is not the focus of our study, we did not investigate this
component further. By contrast to effects at the sensor level,
the amplitude of arousal modulation within the prefrontal-
occipitoparietal network identified by our beamformer anal-
ysis is highly specific to the mLPP time window.

A series of studies controlling the psychological factors that
influence the arousal-modulated LPP (Codispoti et al., 2006a;
Hajcak and Nieuwenhuis, 2006; Hajcak et al., 2007; Schupp et al.,
2007; Foti and Hajcak, 2008; Dunning and Hajcak, 2009; Hajcak
et al., 2009) together suggest that this response reflects a combi-
nation of “bottom-up” and “top-down” processing (Ferrari et al.,
2008). Localizing the cortical generators of the mLPP to frontal

Figure 3. Granger causality modeling of the mLPP network. A, Mean overall number of bidirectional GC interactions for each
picture category averaged across 17 participants. B, Significant differences in proportions of bidirectional GC interactions between
pleasant (P) (left) and unpleasant (U) versus neutral (N) (right panel) stimuli are illustrated, superimposed on a top view of the
statistical map taken from Figure 2 B. Line thickness indicates the significance level on McNemar testing.

Table 1. Dipole cluster coordinates in MNI space

ROI

MNI coordinates

Hotelling’s T 2x y z

Right occipital-parietal junction 32 �84 34 12.1
Left occipital-parietal junction �23 �83 44 9.9
Right superior frontal gyrus 20 68 12 25.9

The coordinates represent the center of gravity of the clusters. Note that these values are for informative purposes as
Beamformer MEG localization are smoothed and not as exact as fMRI localizations.
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and posterior regions raises the possibility that this network fur-
nishes these putative “bottom-up” and “top-down” mechanisms.
Testing for GC interactions between the reconstructed time series of
the three cortical clusters in our network revealed enhanced bidirec-
tional connectivity between right prefrontal and occipitoparietal
cortex for high-arousing emotional (pleasant and unpleasant) ver-
sus neutral pictures. The magnitude of this bidirectional GC effect is
at its maximum in the mLPP time window (0.4–0.6 s). This indi-
cates that the prefrontal-occipitoparietal coupling is not present
throughout picture viewing; hence, is not simply related to task de-
mands but reflects a process intimately related with mLPP
generation.

Pleasant pictures relative to neutral ones induce less signifi-
cant differences in GC interactions compared to unpleasant ver-
sus neutral stimuli. As pleasant and unpleasant pictures evoke
equally strong source activity in the prefrontal-occipitoparietal
brain network (Fig. 2C), it is unlikely that this effect is due to
differential signal power across conditions. Instead we suggest
that stronger prefrontal-occipitoparietal coupling for unpleasant
stimuli reflects the fact that these pictures were rated as more
arousing than pleasant ones.

The mLPP/ LPP represents a slow going field/potential shift
between 400 and 600 ms. However, studies using longer picture
presentation times report LPP responses up to several seconds
even after stimulus offset (Hajcak and Olvet, 2008). Such long
responses would be in keeping with sustained network activity.
For example, steady-state visual-evoked potentials (ssVEPs),
which represent sustained oscillatory cortical responses (Moratti
et al., 2007) and can be modulated by emotion (Keil et al., 2003;
Moratti et al., 2004), are thought to be driven by re-entrant con-
nections from parietal to visual cortex (Keil et al., 2009). How-
ever, ssVEPs represent activity at early stimulus processing stages.
Critical for our late latency mLPP observations, reverberating
activity in a prefrontal-parietal network is one hypothesized
mechanism for sustained neuronal responses at later stages of
stimulus processing (Wang, 2001). Alternatively, the process me-
diating the sustained temporal profile of the mLPP/ LPP could
result from local activity in any of our observed clusters (Wang,
2001). However, the fact that direct electrocortical inhibition of
prefrontal cortex leads to decreased LPP in posterior sites (Haj-
cak et al., 2010) argues for a network mechanism in the genera-
tion of this late latency neuronal response. This explanation is
consistent with the observation that engagement of prefrontal

cortex by increasing load in a concurrent working memory task
also reduces LPP amplitude in response to aversive pictures
(Macnamara et al., 2011). Thus, the mLPP/ LPP likely repre-
sents sustained network activity in anterior–posterior brain
regions as reflected by our finding of bidirectional prefrontal-
occipitoparietal coupling.

The observed reciprocal codependency between frontal and
posterior regions may therefore represent the neurobiological
mechanism underlying the proposal, derived from psychological
manipulations, that the LPP represents both “bottom-up” and
“top-down” processes. However, this suggestion must be viewed
within the limitations of our analysis. Granger causality tests for a
statistical relationship, based on temporal precedence (Seth,
2010), among neuromagnetic time courses in prefrontal and oc-
cipitoparietal clusters. Importantly, identifying bidirectionality
of prefrontal-occipitoparietal functional connectivity, indexed
by GC, is not equivalent to identifying biophysical causal inter-
actions between these brain areas. It is possible, therefore, that a
third latent variable, not detected by our source analysis, may
have caused the observed GC interactions. For example, we can-
not rule out the participation of the amygdala in the emotion
network we describe. The amygdala has a closed field neuronal
structure; thus, is technically difficult to map with MEG/EEG.

An alternative approach to elucidating an amygdala role in
generating late neurophysiological responses is to measure ERPs/
ERFs in patients with amygdala damage. For example, Rotshtein
et al. (2010) reported late ERPs in response to aversive face
stimuli in control subjects that were reduced in patients with
amygdala lesions. However, emotion-induced ERPs in this study
(Rotshtein et al., 2010) showed a phasic response between 550
and 600 ms and hence did not share the slow, sustained properties
of the LPP. This difference may reflect the presentation of face
stimuli as opposed to emotional scenes typically employed in
previous studies on the LPP. Thus, although the amygdala is
implicated in generating a late response to emotion, the absence
of an LPP in this previous study (Rotshtein et al., 2010) means
that this cannot be taken as evidence for amygdala involvement in
modulating the prefrontal-occipitoparietal mLPP network we
describe. Furthermore, a critical argument against inclusion of
the amygdala in the LPP-generating network is that amygdala
responses undergo rapid habituation to repeated presentations of
emotional stimuli (Breiter et al., 1996), whereas LPP emotion
effects are resistant to habituation (Codispoti et al., 2006a).

Figure 4. Arousal indexed bidirectional Granger causality values are maximal during the mLPP temporal window. A, Difference (high vs low arousing) of mean bidirectional GC values between
right prefrontal and occipitoparietal cortical clusters are plotted for the time intervals of interest. B, Mean relative source power waveforms from each mLPP dipole cluster are plotted for each picture
category. o-p, Occipitoparietal.
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In contrast to Granger causality, dynamic causal modeling
(DCM) (Friston et al., 2003, 2011), another approach to under-
standing brain connectivity, employs an explicit generative
model of how observed data are caused, thus enabling measure-
ment of effective connectivity. However, DCM requires a priori
knowledge of a specific biophysical model. Given that this is the
first demonstration of arousal-modulated late latency prefrontal
activity and that it forms part of a prefrontal-occipitoparietal
network, we therefore elected the simpler GC analysis over DCM
(Friston, 2009), acknowledging that we report directed func-
tional connectivity and not effective connectivity.

In summary, we applied high temporal resolution MEG re-
cordings combined with recently developed source modeling
techniques to determine the underlying cortical sources of the
late latency response to emotion. Employing measures of di-
rected functional connectivity, we demonstrate that the combi-
nation of top-down and bottom-up functions ascribed to this late
latency response may originate in bidirectional prefrontal-
occipitoparietal codependency, which parallels the time course of
the mLPP/LPP. Given that the LPP is abnormal in a number of
psychiatric conditions, such as generalized anxiety disorder
(MacNamara and Hajcak, 2009, 2010; Macnamara et al., 2011)
and schizophrenia (Horan et al., 2010), knowledge of the neuro-
biological mechanism underlying the LPP can, in turn, inform
the pathological basis of these conditions.
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