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Abstract

It has been hypothesized that the medial prefrontal cortex (mPFC) is a hub in the network that
mediates appetitive responses whereas the amygdala is thought to mediate both aversive and
appetitive processing. Both structures may facilitate adaptive responses to emotional challenge by
linking perception, attention, memory, and motor circuits. We provide an initial exploration of
these hypotheses by recording simultaneous EEG-fMRI in eleven participants viewing affective
pictures. MPFC- and amygdala-seeded functional connectivity maps were generated by applying
the beta-series correlation method. The mPFC-seeded correlation map encompassed visual
regions, sensorimotor areas, prefrontal cortex, and medial temporal lobe structures, exclusively for
pleasant content. For the amygdala-seeded correlation map, a similar set of distributed brain areas
appeared in the unpleasant-neutral contrast, with the addition of such subcortical structures as
insula and thalamus. A substantially sparser network was recruited for the pleasant-neutral
contrast. Using the late positive potential (LPP) to index the intensity of emotional engagement,
functional connectivity was found to be stronger in trials with larger LPP. These results
demonstrate that mPFC-mediated functional interactions are engaged specifically during appetitive
processing, whereas the amygdala is coupled to distinct sets of brain regions during both aversive
and appetitive processing. The strength of these interactions varies as a function of the intensity of
emotional engagement.

Emotions are rooted in ancient cortico-limbic survival circuits that generate behavioral

dispositions in response to appetitive and aversive exteroceptive signals (Lang & Bradley,
2010; LeDoux, 2012). In humans, exposure to affectively arousing stimuli triggers activity in
multiple brain regions that coalesce into large-scale functional assemblies (Lindquist, Wager,
Kober, Bliss-Moreau, & Barrett, 2012; Pessoa & Adolphs, 2010). The amygdala and mPFC
are thought to form communication hubs within these assemblies (Kinnison, Padmala, Choi,
& Pessoa, 2012), owing to their dense interconnectivity with many regions of the brain
supporting perceptual-motor processing and behavioral control (Swanson, 2000; Young,
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Scannell, Burns, & Blakemore, 1994). Accordingly, understanding their functional
interaction with other brain regions during emotional engagement is not only a major goal of
systems neuroscience but it may also hold important clues for revealing impaired network
activity in various affective disorders (Lang & Bradley, 2010).

Many brain regions related to affective processing exhibit increased hemodynamic activity
during both aversive and appetitive challenge (Bradley, et al., 2015; Lindquist, Wager,
Kober, Bliss-Moreau, & Barrett, 2012; Sabatinelli, Keil, Frank, & Lang, 2013). Abundant
evidence, however, also exists for valence-specific affective networks within the human
brain. Studies have reported findings consistent with the existence of a core aversive/
defensive network that responds either specifically to socially aversive inputs (Seymour,
Singer, & Dolan, 2007) or to aversive information in general (Hayes & Northoff, 2011). The
amygdala and the anterior insula are often mentioned as crucial components of this core
aversive network (Fan, et al., 2011). On the other hand, studies using high-arousing
appetitive and aversive stimuli have reliably observed amygdala engagement for emotionally
arousing stimuli, irrespective of hedonic valence (Lang & Bradley, 2010). For example,
connectivity between the left amygdala and perihippocampal regions measured by
hemodynamic imaging predicted report accuracy in a memory task with emotional pictures
(Ritchey, Dolcos, & Cabeza, 2008). In general, viewing emotionally salient stimuli has been
associated with heightened activity in the so-called salience network (Seeley et al., 2007)
encompassing structures such as the dorsal anterior cingulate cortex (ACC), ventrolateral
prefrontal cortex, and anterior insula, in addition to the amygdala (Touroutoglou, Bickart,
Barrett, & Dickerson, 2014). While the amygdala is clearly responsive to emotional arousal
(intensity) in general, an untested hypothesis is whether the specific signature of distributed
network interactions between the amygdala and other structures exhibits motive system (i.e.,
appetitive versus defensive) specificity (Pessoa, 2014). The first goal of the present study is
to address this hypothesis.

For appetitive processing, converging evidence suggests a central role for the nucleus
accumbens (NAcc) and mPFC. Enhanced hemodynamic responses in NAcc/mPFC have
been observed to be specific to the viewing of appetitive stimuli (Sabatinelli, Bradley, Lang,
Costa, & Versace, 2007). Interestingly, mPFC activity dropped below baseline when viewing
images with neutral or aversive content (Sabatinelli, Flaisch, Bradley, Fitzsimmons, & Lang,
2004). Extending this research, imagining pleasant scenes also led to NAcc and mPFC
recruitment, and the functional connectivity between these regions and the amygdala
uniquely characterized the imagery of pleasant affective content (Costa, Lang, Sabatinelli,
Versace, & Bradley, 2010). The mPFC tends to be reliably engaged during appetitive
engagement in a variety of emotion-induction paradigms, including picture viewing, reading,
and mental imagery (see e.g., Costa, Lang, Sabatinelli, Versace, & Bradley, 2010). Based on
these findings and our preliminary data we hypothesize that mPFC functionally interacts
with other brain structures, including areas in the perceptual-motor system, during appetitive
processing specifically. The second goal of this study is to examine this hypothesis.

Another important factor that influences large-scale brain network responses concerns the
intensity of emotional engagement. As with many other complex brain functions, emotional
processing exhibits substantial trial-by-trial variability depending on the eliciting stimuli and
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the functional state of the brain. Numerous studies indicate that the late positive potential
(LPP) reliably indexes the degree of emational arousal and processing intensity (Cuthbert,
Schupp, Bradley, Birbaumer, & Lang, 2000; Keil, et al., 2002; Schupp, et al., 2004). The
LPP has been shown to be associated with BOLD responses in distributed brain areas (Liu,
Huang, McGinnis-Deweese, Keil, & Ding, 2012; Sabatinelli, Keil, Frank, & Lang, 2013;
Sabatinelli, Lang, Keil, & Bradley, 2007). It is thus reasonable to expect that the strength of
functional interactions between hub regions such as the amygdala and mPFC and other brain
areas should be modulated by the relative intensity of emotional processing. The third goal
of our study is to test this hypothesis by applying a multimodal neuroimaging approach.

These three goals were achieved by re-analyzing data from a previous study (Liu, Huang,
McGinnis-Deweese, Keil, & Ding, 2012) in which we recorded simultaneous fMRI and
EEG during free viewing of affective pictures containing pleasant, unpleasant, and neutral
scenes. For hemodynamic data, amygdala- and mPFC-seeded functional connectivity were
assessed using the beta-series correlation method (Rissman, Gazzaley, & D'Esposito, 2004),
which has previously been employed in studies of emotional processing (lordan & Dolcos,
2015). LPP amplitude was estimated from the EEG data to provide an objective,
electrophysiological index of emotional engagement for each individual and each image
presentation. The LPP has previously been identified as having desirable psychometric
properties (Moran, Jendrusina, & Moser, 2013), and can be estimated from single trials (Liu,
Huang, McGinnis-Deweese, Keil, & Ding, 2012). Our analysis was focused on aversive
versus neutral and appetitive versus neutral contrasts. Within each contrast, functional
connectivity was further parsed by separating low and high LPP amplitude trials.

Fifteen healthy volunteers with normal or corrected-to-normal vision participated in the
experiment in exchange for either course credits or a financial incentive of $30. The
experimental protocol was approved by the Institutional Review Board of the University of
Florida. Written informed consent was obtained from all participants before the experiment.
One participant withdrew from the experiment. In addition, data from three participants were
discarded due to excessive EEG artifacts. The remaining 11 participants (7 females; mean
age, 20 yrs.; SD, 2.65) performed the task according to instructions, provided data at a
quality that allowed for single-trial EEG analysis (see methods), and thus were included in
the analysis.

The stimuli consisted of 20 pleasant, 20 neutral, and 20 unpleasant pictures selected from
the International Affective Picture System (IAPS) based on their content, as well as their
normative hedonic valence and emotional arousal ratings (Lang, Bradley, & Cuthbert, 2008).
The IAPS picture numbers of these stimuli were: Pleasant: 4311, 4599, 4610, 4624, 4626,
4641, 4658, 4680, 4694, 4695, 2057, 2332, 2345, 8186, 8250, 2655, 4597, 4668, 4693,
8030. Neutral: 2398, 2032, 2036, 2037, 2102, 2191, 2305, 2374, 2377, 2411, 2499, 2635,
2347, 5600, 5700, 5781, 5814, 5900, 8034, 2387. Unpleasant: 1114, 1120, 1205, 1220,
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1271, 1300, 1302, 1931, 3030, 3051, 3150, 6230, 6550, 9008, 9181, 9253, 9420, 9571,
3000, 3069. The pictures were selected to cover a wide range of contents to avoid category-
specific brain activity, such as that evoked by only erotic scenes, and to enable robust
appetitive and aversive engagements across observers. The pleasant pictures included sport
scenes, romance, and erotic couples, whereas the unpleasant pictures included threat, attack
scenes, and bodily mutilations. The neutral pictures included landscapes and neutral human
beings. Across contents, pictures were matched for presence/absence of living/non-living
content, as well as for landscape/scene versus close-up shots, and they were also matched for
in-house ratings of perceived complexity obtained from several hundreds of undergraduate
students in a preliminary rating study.

The mean pleasure (valence) rating for pleasant, neutral, and unpleasant pictures was 7.0,
6.3, and 2.8, respectively. The pleasant and unpleasant pictures had similar mean arousal
levels (pleasant, 5.8; unpleasant, 5.9), both being higher than neutral pictures (4.2).
Statistical tests of these means showed that the three picture categories differed in reports of
hedonic valence, as expected (pleasant > neutral, t(38)=2.7, p=.01; pleasant > unpleasant,
t(38)=18.7, p<0.001; neutral > unpleasant, t(38)=9.9, p<0.001). Also as expected, rated
emotional arousal did not differ between pleasant and unpleasant pictures, t(38)=1.1,
p=0.27, but did differ between pleasant and neutral, t(38)=6.1, p<0.001; and unpleasant and
neutral pictures, t(38)=7.0, p<0.001. Despite these differences, it should be noted that the
three categories did not show strong mean differences in affective ratings. Specifically,
neutral pictures were high in rated pleasantness potentially representing a threat to the
validity of neutral-pleasant comparisons. The selection of pictures was guided by two
considerations: (1) that affective ratings capture one important aspect of the emotional
reactivity related to viewing IAPS, but other dimensions such as physiological reactivity
tend to capture other, also important, aspects of emotional reactivity, sometimes to be
balanced against the facets of emotion captured by ratings, and (2) that the overall position
of a given picture in the affective space on both dimensions (hedonic valence and emaotional
arousal) rather than on each dimension was particularly important to us for this study, in
which a wide range of contents was targeted rather than relying on narrow content
categories. In previous work with this stimulus set, we observed robust separation between
categories while maintaining high experimental control (Miskovic et al., 2015), leading us to
seek this compromise between clear separation of emotion categories in terms of ratings
versus in terms of physiological measures such as the LPP. Hence, replication with a set of
pictures showing greater spread between categories in terms of hedonic valence and
emotional arousal is desirable.

The experiment was implemented in an event-related fMRI design using E-Prime software.
Each 1APS picture was centrally displayed on an MR-compatible monitor for 3 seconds
followed by a variable (2800 or 4300 ms) interstimulus interval. Participants viewed the
images in the scanner via a reflective mirror system. There were five viewing blocks of 60
trials each. A break was given between blocks. In each block, the same 60 pictures were
repeated in different random orders. The order of picture presentation was further
randomized across different participants. A fixation cross was displayed at the center of the
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screen. Before the start of the experiment, participants were instructed to fixate on the
central cross and to view the pictures without moving their eyes. After the experiment
participants were invited to rate 12 representative pictures (4 pictures within each category)
they had not seen during the experiment on scales of hedonic valence and emotional arousal,
using a paper and pencil version of the self-assessment manikin (Bradley & Lang, 1994).
The purpose of these ratings was to quantify the extent to which the picture categories used
here induced affective responses in the observers (see e.g., Codispoti, Ferrari, & Bradley,
2006).

We note that previous neuroimaging work examining effects of emotional scene repetition
has demonstrated that repetition effects and emotion effects do not interact in terms of
BOLD (Bradley et al., 2015). Similarly, the LPP emotion effect has been robustly
established as being unaffected by intermittent (i.e. non-massed) repetition (Bradley, 2009;
Codispoti, Ferrari, & Bradley, 2006; Ferrari, Bradley, Codispoti, & Lang, 2011). In
combination with explicit control for any repetition effects (see below), these considerations
allowed us to treat the five blocks of trials equally, generating greater power and signal-to-
noise ratios. Because the entire experiment lasted approximately 40 minutes, this being in
addition to the extensive EEG preparation time, a decision was made not to invite affective
ratings during the experiment on a trial-by-trial basis. Doing so would have lengthened the
session dramatically, reduced signal quality, and possibly induced more motion artifacts.

Data acquisition

MRI data were collected on a 3T Philips Achieva scanner (Philips Medical Systems). Two
hundred and twelve volumes of functional images were acquired using a gradient-echo
echoplanar imaging (EPI) sequence during each session [echo time (TE), 30 ms; repetition
time (TR), 1.98 s; flip angle, 80°; slice number, 36; field of view, 224 mm; voxel size,
3.5%3.5x3.5 mm; matrix size, 64x64]. The slices were acquired in ascending order and
oriented parallel to the plane connecting the anterior and posterior commissure.

EEG data were recorded using a 32-channel MR-compatible EEG system (Brain Products
GmbH). Thirty-one sintered Ag/AgCl electrodes were placed on the scalp according to the
10-20 system, and one additional electrode was placed on subject's upper back to monitor
electrocardiograms (ECG). The recorded ECG was used to detect heartbeat events that
subsequently aided in the removal of the cardioballistic artifacts. The EEG channels were
referenced to the FCz electrode during recording. EEG signal was recorded with an online
0.1~250 Hz band-pass filter and digitized to 16 bit at a sampling rate of 5 kHz. The EEG
recording system was synchronized with the scanner's internal clock throughout the
recording session to ensure the successful removal of the gradient artifact in subsequent
analyses.

Data preprocessing

The fMRI data were preprocessed using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). The first
five volumes in each experimental session were discarded to eliminate transient effects. Slice
timing was corrected using interpolation to account for differences in slice acquisition time.
The images were then corrected for head movement by spatially realigning them to the sixth
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image of each session, normalized and registered to the Montreal Neurological Institute
(MNI) template, and resampled to a spatial resolution of 3 x 3 x 3 mm. The transformed
images were smoothed by a Gaussian filter with a full-width at half-maximum of 8 mm. The
low-frequency temporal drifts were removed from the functional images by applying a high-
pass filter with a cutoff frequency of 1/128 Hz, and the global signal was removed by
dividing every voxel in a slice by the estimated global signal value.

Brain Vision Analyzer 2.0 (Brain Products GmbH) was used to remove scanner artifacts in
the EEG data. The gradient artifacts were removed by using a modified version of the
original algorithms proposed by Allen et al. (Allen, Josephs, & Turner, 2000). Briefly, an
artifact template was created by segmenting and averaging the data according to the onset of
each volume within a sliding window consisting of 41 consecutive volumes, and subtracted
from the raw EEG data. The cardioballistic artifacts were removed by using an average
artifact subtraction method (Allen, Polizzi, Krakow, Fish, & Lemieux, 1998). In this method
R peaks were detected in the low-pass-filtered ECG signal and used to construct a delayed
average artifact template over 21 consecutive heartbeat events. The average artifact template
was subtracted from the original EEG signal in a sliding-window approach. The EEG data
after these two steps were low-pass filtered with the cutoff set at 50 Hz, down-sampled to
250 Hz, and re-referenced to the average reference. These data were then exported to
EEGLAB (Delorme & Makeig, 2004) and SOBI (Second Order Blind Identification;
Belouchrani, Abed-Meraim, Cardoso, & Moulines, 1993) was applied to further correct for
eye-blinking, residual cardioballistic, and movement-related artifacts. The artifact-corrected
data were then epoched from —300 ms to 2000 ms with 0 ms representing image onset. The
pre-stimulus baseline was defined as —300 to 0 ms for ERP analysis (Liu, Huang, McGinnis-
Deweese, Keil, & Ding, 2012).

selection

Our previous work on the same data has reported fMRI activation by contrasting pleasant
versus neutral pictures and unpleasant versus neutral pictures employing the general linear
model (GLM) approach (Liu, Huang, McGinnis-Deweese, Keil, & Ding, 2012). The
published activation maps became the basis for selecting mPFC and amygdala seed regions
in the present study. For mPFC, a sphere of 5-mm in radius centered at the most activated
voxel in mPFC (MNI coordinate [9, 60, 3]) under the group-level contrast of pleasant versus
neutral was selected as the seed region. For amygdala, the spheres for the left and right
amygdala were similarly chosen under the group-level contrast of unpleasant versus neutral
(center coordinates for left and right amygdala: [-21, 0, —18] and [21, 0, —18]). Because left
and right amygdala yielded similar connectivity patterns they were combined into a single
amygdala seed. As discussed in the Introduction, the choice of mPFC and amygdala as seed
regions was well grounded in previous studies, reflecting their distinct involvement in the
processing of appetitive and aversive pictures (Sabatinelli, et al., 2011; Sabatinelli, Lang,
Keil, & Bradley, 2007). Seed regions were also based on findings with an earlier analysis of
this data (Liu et al., 2012), in which mPFC and amygdaloid BOLD activation were found to
co-vary with the LPP in a content-specific fashion.
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Functional connectivity

We applied the beta-series correlation method to assess functional interactions between the
seed region and other brain regions (Rissman, Gazzaley, & D'Esposito, 2004; Rissman,
Gazzaley, & D'Esposito, 2008). In this method, beta values representing the extent of brain
activation were estimated for each single trial using the GLM approach. For each participant
300 covariates of interest (5 sessions with 60 picture trials each) were introduced into the
GLM design matrix to model the hemodynamic response elicited by each picture
presentation (Axmacher, Schmitz, Wagner, Elger, & Fell, 2008; Chadick & Gazzaley, 2011;
Rissman, Gazzaley, & D'Esposito, 2004). Nuisance factors such as head movements were
included in the model as additional regressors of no interest. For a given group of trials, the
beta-series from the seed region was correlated with the time series from every other voxel
in the brain using Pearson's correlation, with higher correlation coefficients assumed to
indicate stronger inter-area functional connectivity. The correlation coefficients were
standardized into z-scores using Fisher's r-to-Z transform for further statistical analysis
(Rissman, Gazzaley, & D'Esposito, 2004).

Single-trial estimation of LPP

EEG data from channel Pz was subject to ERP single trial estimation (Liu, Huang,
McGinnis-Deweese, Keil, & Ding, 2012) using the Analysis of Single-trial ERP and
Ongoing activity (ASEO) method (Xu, et al., 2009). Briefly, single trial EEG data are
modeled as comprised of two parts: ERP and ongoing activity. The ERP part contains
multiple components whose amplitude and latency vary from trial to trial. The ongoing
activity part is assumed to be an autoregressive stochastic process. Based on this model,
ASEOQ estimates single trial ERPs using an iterative maximum likelihood approach. The
magnitude of the LPP for that trial was measured as the mean amplitude at Pz, between 400
and 800 ms post stimulus. These LPP amplitude estimates from each subject were then used
to sort the trials and divide them into high and low LPP trials within either pleasant or
unpleasant image categories using median split.

A median split was preferred over alternative methods such as quartiles or tertiles, as it
maximized the number of trials included in the analysis, thereby enhancing statistical power.
An additional advantage of the median split in this small sample of observers is that it
enables a face (quasi-split-half) reliability check: Reliable network composition across
halves of trials would be supported by the finding that networks (both appetitive and
aversive) for high versus low LPP trials differ in strength and extent but not in the gross
composition of regions. Using LPP single trial amplitudes to quantify the emotional
intensity for each trial instead of self-report (affective ratings) affords a measure that is not
bounded by an (ordinal) rating scale, can be objectively measured, can vary freely with
multiple exposure to the same picture, and more directly reflects the brain processes
mediating emotional engagement, compared to affective ratings.

Statistical inference

Two classes of group level random-effects analyses were conducted via paired t-tests on the
Z-transformed correlation maps of individual subjects: (1) pleasant versus neutral scenes and
unpleasant versus neutral scenes (valence contrast) and (2) high LPP group versus neutral
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and low LPP group versus neutral within either pleasant or unpleasant image category
(intensity contrast). Given the high number of trials in this paradigm, power to detect
medium effects at the participant level was high, whereas fmripower software (see
Mumford, 2012) indicated that only large effects could be detected at the group level, at a
power of 80%, which is considered acceptable but not high (Desmond & Glover, 2002). To
establish the extent to which the findings reported in this small-sample exploratory study are
robust, we conducted several additional control analyses, including re-testing effects with
split-half versions of the experiment, testing effects of the trial number included in each
comparison, assessing the choice of seed region, and quantifying the risk for false positive
results, by including control regions. The statistical threshold for all second-level analyses
was set at p < .05 corrected for false discovery rate (FDR). For the valence contrast, clusters
containing more than 10 significant contiguous voxels are shown. For the intensity contrast,
because of reduced statistical power owing to smaller numbers of trials used, clusters
containing more than 5 contiguous significant voxels are shown.

MPFC-seeded correlation maps

Contrasting pleasant versus neutral scenes showed increased functional connectivity
between the mPFC and higher-order executive structures and motor control areas (Figure
1A), including bilateral dorsolateral prefrontal cortex, supplementary motor area, anterior
cingulate cortex, and left orbitofrontal cortex. Furthermore, mPFC interacted with the left
calcarine sulcus and several extrastriate visual cortical areas such as the left cuneus, lingual
gyrus, and superior occipital regions. Several regions associated with attention and
perception were also functionally coupled with the mPFC during pleasant scene viewing,
including the superior and inferior parietal cortex, fusiform gyrus, and the temporal pole.
Regions associated with emotion-related mobilization for action showed strong appetitive
mPFC connectivity, including the bilateral amygdala, hippocampus, as well as the precentral
and postcentral gyri. Strikingly, there was no increase in functional connectivity between
mPFC and other brain regions when conditions unpleasant and neutral were contrasted
(Figure 1B), consistent with the hypothesis that mPFC centered networks exhibit specificity
to appetitive content. Table 1 lists the regions exhibiting heightened mPFC-linked
connectivity during emotional scene viewing.

Amygdala-seeded correlation maps

For the pleasant versus neutral contrast, amygdala exhibited increased connectivity with the
left orbitofrontal cortex, bilateral dorsolateral prefrontal cortices, as well as areas in the
extended visual cortex along the ventral stream, including left peri-calcarine, right precuneus
and left cuneus, and the right inferior temporal gyrus (Figure 2A). Additional regions in the
connectivity map included the caudate, the anterior cingulate cortex, left insula, and
hippocampus. Contrasting unpleasant versus neutral viewing (Figure 2B) revealed a much
broader network of areas that exhibited increased functional connectivity with the amygdala
including striate and extrastriate visual cortices, areas in the temporal lobe (superior/middle/
inferior temporal gyrus), and areas in dorsolateral prefrontal cortices, orbitofrontal cortex,
and parietal cortices. Thalamus, hippocampus, parahippocampal gyrus, insula, anterior
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cingulate cortex, motor cortices, and somatosensory cortices exhibited heightened
interaction with the amygdala during aversive processing. From Table 2 the number of
regions exhibiting increased amygdala connectivity during the viewing of unpleasant scenes
is more than twice that during the viewing of pleasant pictures. These findings, consistent
with our hypothesis, provide large-scale network evidence supporting the notion that
amygdala forms distinct profiles of functional links with motive-specific brain regions
during appetitive and aversive processing.

correlation maps

To examine whether seed-based functional connectivity is modulated by the intensity of
emotional engagement, we used single-trial LPP amplitudes estimated from simultaneously
recorded EEG as an index to divide the trials within a picture category into two groups of
trials: large and small LPP amplitudes. The large and small LPP trials from pleasant and
unpleasant categories were then separately contrasted against the trials from the neutral
category. Results from these analyses were followed up by control analyses using randomly
selected 50% of trials from the neutral category, to control for any spurious effects related to
signal-to-noise differences in the LPP-based contrasts, which used only half of the trials
(high or low LPP) in each comparison.

Regarding the mPFC-seeded correlation maps during the viewing of pleasant scenes, the
present analyses demonstrated associations between trials with large LPP amplitudes and
network interactions involving precentral/postcentral gyri which were often associated with
emotion-related mobilization for action (Figure 3A). Functional connectivity also extended
to the fusiform gyrus associated with higher-level visual processing and perception and the
anterior cingulate cortex related to the modulation of emotional responses. Additional
regions in the connectivity map included the supplementary motor area, middle/inferior
temporal cortices and right occipital cortex. Note that the abovementioned structures
remained significant in analyses in which only random subsets of neutral trials were used, to
equate the number of neutral and pleasant trials used. By contrast, the mPFC-seeded
correlation maps showed no significant interactions in trials with small LPP amplitudes,
suggesting that the formation of large-scale networks reflects the extent of emotional
engagement (Figure 3B). Mirroring our previous analyses, there was no increase in mPFC
mediated functional connectivity during the viewing of unpleasant scenes, regardless of LPP
amplitude (Figure 3C and 3D). This observation, together with Figure 1B, provides further
support for the notion that mPFC forms a key component in a broadly distributed network
that responds selectively to appetitive stimuli. Table 3 lists the regions with increased mPFC
functional connectivity during emotional scene viewing, separately for the large and small
LPP groups.

The amygdala-seeded connectivity map during viewing of pleasant scenes included the right
temporal pole and left dorsolateral prefrontal cortex for trials with large LPP amplitudes
(Figure 4A); it contained no regions for trials with small LPP amplitudes (Figure 4B).
During the viewing of unpleasant scenes, the amygdala-seeded functional connectivity maps
for the large LPP group (Figure 4C) contained large portions of the striate and extrastriate
visual cortices, temporal lobe structures, as well as higher-order executive structures
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including the dorsolateral prefrontal cortex, orbitofrontal cortex, and anterior cingulate
cortex. Bilateral insula, left parietal cortex, left hippocampus, left parahippocampal gyrus,
anterior cingulate cortex motor cortex, and somatosensory cortex also exhibited heightened
interaction with the amygdala during more intense aversive processing. Again, this overall
pattern structures remained significant in analyses in which only random subsets of neutral
trials were used, to equate the number of neutral and pleasant trials used. A small subset
(Figure 4D) of these areas remained in the amygdala-seeded correlation map when
examining trials with small LPP amplitudes. Table 4 lists the regions that exhibited
increased functional connectivity with the amygdala during the viewing of pleasant and
unpleasant scenes separately for the large and small LPP trials.

Finally, concerns may arise from the repeated presentation of pictures across five blocks. A
control analysis comparing the above connectivity maps for early versus late trials was
conducted as an added control. These analyses resulted in no significant regions for the
difference maps (early versus late), suggesting that the data from the first block are
statistically equivalent to the data from subsequent blocks. Given the small sample, a further
control analysis was conducted to quantify sensitivity/specificity of the beta-series analyses,
using the auditory cortex as a seed region for the main comparisons conducted. These
analyses support the specificity of the results for mPFC and amygdala seeds, as only one
region (cuneus) in one of the comparisons (pleasant versus neutral) was connected to
auditory cortex. Given previous reports on audiovisual attention capture during picture
viewing (Keil et al., 2007), this specific region may be conceptually explained in a post-hoc
fashion, but such a discussion is outside the scope of the present report. The fact however
that none of the structures reported above were identified in this control analysis highlights
the specificity and robustness of the beta-series method in the present sample.

Discussion

Viewing emotional pictures leads to heightened hemodynamic responses in a host of brain
areas (Sabatinelli, et al., 2011). Past work has mainly focused on characterizing the co-
activation of these areas. Here we aimed to map distributed interaction patterns among brain
areas during exposure to natural scenes depicting pleasant, neutral, and unpleasant content.
Motivated by the hypothesis that different coalitions of brain regions are assembled into
large-scale networks depending on the motive system being engaged (e.g., appetitive vs.
aversive), we first correlated single-trial beta values for each of the three picture categories.
This approach allowed us to uncover distinct large-scale functional connectivity profiles by
revealing the amount of correlated hemodynamic activity between core emotion processing
structures (such as the amygdaloid complex and mPFC) and extended brain regions involved
in perceptual-motor processing, memory and behavioral control. To further assess the
modulation of these correlations by emotional intensity, we used single trial LPP from the
simultaneously recorded EEG to index the varying intensity of emotional engagement within
a hedonic valance and examined functional connectivity separately for large LPP trials and
small LPP trials.
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MPFC and its functional connectivity

The mPFC was hypothesized to be the core component of a large-scale network sensitive to
appetitive processing, important for coordinating sensory and motor areas to support
amplified sensory processing and response mobilization towards appetitive cues (Price,
1999). The present functional connectivity analyses are consistent with evidence from
previous studies that mMPFC networks exhibit preferential recruitment during appetitive
processing (Costa, Lang, Sabatinelli, \ersace, & Bradley, 2010; Sabatinelli, Bradley, Lang,
Costa, & Versace, 2007; Sabatinelli, Flaisch, Bradley, Fitzsimmons, & Lang, 2004). In a
previous study with the same data (Liu et al., 2012), the LPP amplitude elicited by pleasant
pictures co-varied with BOLD in the mPFC, occipitotemporal junction, amygdala, and
precuneus. In the present study, the mPFC-mediated appetitive network included wide-
spread cortical regions involved in visual processing (ventral visual stream) and action
selection, in addition to numerous deep brain regions such as the hippocampal, amygdaloid
complexes and the ACC, responsible for memory and cognitive control. By contrast, our
analyses revealed no mPFC-linked areas that were preferentially engaged during the
processing of aversive stimuli. These findings support the existence of a unique and
dedicated mPFC-mediated functional neural organization for appetitive processing. The
absence of mPFC-related connectivity in the unpleasant condition strongly suggests that the
appetitive network outlined above (Figure 1 and Table 1) is not driven by stimulus salience
or general arousal.

Previous research suggests the nucleus accumbens (NAcc) plays an important role in
appetitive engagement during both pleasant scene viewing (Costa, Lang, Sabatinelli,
Versace, & Bradley, 2010; Sabatinelli, Lang, Bradley, Costa, & Keil, 2009) and pleasant
imagery (Costa, Lang, Sabatinelli, Versace, & Bradley, 2010). In the present study, NAcc
was contained only in the mPFC-seeded correlation maps for pleasant versus neutral contrast
under a relaxed threshold (p<0.07 FDR). Using the NAcc seed identified by contrasting
BOLD evoked by pleasant and neutral pictures (Liu et al., 2012), no areas appeared in the
corresponding correlation maps under p < .05 FDR. Using the NAcc seed identified in a
previous study (Heldmann, et al., 2012; MNI coordinates: [10,12,-2] and [-10,12,-2]), the
corresponding correlation maps revealed three small regions under p< .05 FDR (the
caudate, a section of the superior medial frontal cortex, and the precuneus) when comparing
pleasant and neutral content. Together, these findings suggest that mPFC is the main
valence-sensitive region for coordinating a network of areas involved in perceiving and
mobilizing action in response to pleasant motivational affordances. As noted in the Methods,
the fact that pleasantness ratings for neutral pictures were relatively high may have
diminished the contrast for connectivity during pleasant picture viewing. This
methodological constraint may further explain differences between the findings of the
present study and previous work addressing connectivity during pleasant picture viewing:
For example, work interested in cognitive aging, emotional memory, or emotional distraction
(Addis, Leclerc, Muscatell, & Kensinger, 2010; Allard & Kensinger, 2014; lordan & Dolcos,
2015) has identified widespread connectivity of mPFC with frontal cortical structures
considered part of the central executive or default mode networks (Bressler & Menon,
2010). In addition to differences in stimulus material, it is likely that the use of memory and
distraction paradigms as opposed to the passive viewing situation employed here has
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contributed to divergent results between the present exploration and the work mentioned
above.

The amygdala and its functional connectivity

Our findings support the hypothesis that amygdala established connections with different
brain regions depending on the hedonic valence of the system being engaged. Amygdala-
seeded coupling during appetitive processing was restricted to the visual cortex as well as
areas involved in attention and executive function (e.g., precuneus) and in the encoding of
hedonic value such as the caudate and insula (Naqvi & Bechara, 2010; Phan, Wager, Taylor,
& Liberzon, 2002). During aversive processing, connections were stronger and more
widespread between the bilateral amygdala and visual cortex. In addition, our findings
suggest a unique profile of amygdala-seeded functional connectivity during the processing
of aversive scenes, characterized by involvement of the superior/middle temporal gyrus,
superior/inferior parietal cortex, the cingulate cortex, and supplementary motor area, along
with critical subcortical structures including the thalamus, hippocampus, and insula. These
regions, including perceptual and motor areas as well as cortical regions involved in
executive and memory processing, correspond largely with previous studies examining beta-
series connectivity when observers view IAPS pictures (e.g., St. Jacques, Dolcos, & Cabeza,
2010). The formation of such function-dependent flexible links between the amygdaloid
body and other structures during specific motivational and behavioral conditions is in line
with research in animal models (Salzman, Paton, Belova, & Morrison, 2007).

A previous study on the same data set (Liu et al., 2012) used trial-by-trial correlation of LPP
amplitude and BOLD, separately for pleasant and unpleasant pictures, to identify brain
regions co-varying with emotional engagement. Analyses of EEG-BOLD coupling identify
brain regions in which spatially low-pass filtered post-synaptic neural processes (the EEG-
derived signal) and BOLD co-vary, thus highlighting regionally specific hemodynamic
changes that predict spatially non-specific neuro-electric changes. Thus, the beta-series
method used here (which highlights brain areas displaying systematic BOLD co-variation
across time) is more spatially specific than the LPP-BOLD coupling analysis, reflected in
spatially richer results compared to Liu et al., (2012). This may be unsurprising given the
less spatially specific nature of EEG signals (Nunez & Srinivasan, 2006). Differences
between the two studies are therefore informative regarding the type of information that may
be reflected by scalp-recorded EEG/ERP signals: Both studies suggested coupling between
motivational hubs and sensory and motor cortex, along with ACC and insular cortex
connectivity. This suggests that late scalp-recorded ERP signals such as the LPP may be
sensitive to activity in wide-spread brain networks of coherently active brain regions, and
that these networks may overlap with those identified by BOLD connectivity measures.
Future work may systematically examine the relation between BOLD connectivity and
different measures of scalp-recorded electrophysiology collected during emotional
perception.

Our findings support the notion that the function of a given brain region is an emergent
phenomenon that depends on its participation within broadly distributed brain networks
rather than being an isolated property of neural tissue (Pessoa, 2014; Singer, 2013). For
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example, while numerous findings suggest that general emotional arousal enhances BOLD
responses in the amygdaloid complex (Lang & Bradley, 2010), the pattern of broad network
interactions appears to exhibit motive system specificity. Indeed, a conventional fMRI
activation analysis of the present BOLD data via GLM showed that amygdala was active for
both unpleasant and pleasant pictures (Liu, Huang, McGinnis-Deweese, Keil, & Ding,
2012). Yet, amygdala-seeded connectivity suggests that this region establishes flexible
interactions with other brain regions and both the anatomical specificity and breadth of these
interactions differ for aversive versus appetitive processing. Recent work assessing large-
scale BOLD connectivity in terms of established networks (e.g., Bressler & Menon, 2010)
found that ventral regions, including deep medial temporal structures such as the
amygdaloid body, tend to be part of (or tightly linked to) structures in the so-called salience
network (Seeley et al., 2007), which is organized around fronto-insular cortex and the ACC
(Touroutoglou et al., 2014). As discussed in lordan & Dolcos (2015), these structures may
form task-dependent links with other established networks such as the executive control
network (Seeley et al., 2007), or structures contained in the default-mode network (Raichle
etal., 2001). Specifically, the mPFC (often considered part of the default network) has been
reported to display coupling with the amygdaloid complex and adjacent structures during
distraction with unpleasant visual stimuli, while at the same time also displaying heightened
connectivity with structures thought to mediate executive control (lordan & Dolcos, 2015).

Emotional modulation of visual processing

A consistent finding is that both the mPFC-seeded appetitive network and amygdala-seeded
appetitive and aversive networks included visual cortices in the current study. In particular,
large portions of the ventral stream coalesced into assemblies established around valence-
sensitive brain areas. This observation provides support for the re-entry hypothesis of
emotional perception. Stated generally, the re-entry hypothesis predicts that emotion-
sensitive core structures engage sensory areas through feedback connections, facilitating the
perceptual processing of emotionally salient stimuli (Keil et al., 2009). Although the present
data are limited in that they do not reflect directional information flow among brain regions,
the bi-directional communication associated with re-entry is consistent with the coupling
observed in the current study.

Functional connectivity and intensity of emotional engagement

Considerable evidence suggests that LPP amplitude is associated with the degree of
emotional arousal (Cuthbert, Schupp, Bradley, Birbaumer, & Lang, 2000; Hajcak,
MacNamara, & Olvet, 2010; Keil, et al., 2002; Liu, Huang, McGinnis-Deweese, Keil, &
Ding, 2012). LPP amplitude to neutral scenes correlates with self-reported emotional
arousal. LPP amplitude to affective scenes has been used to index the intensity of emotional
engagement (Keil et al., 2002). The mPFC-seeded appetitive network and the amygdala-
seeded appetitive and aversive networks were computed using single-trial LPP amplitude
estimates, to identify the relation between the level of LPP amplitude estimates and seed-
based functional connectivity in the brain. Considerable overlap was observed between
connectivity maps based on trials with low and high LPP amplitude, which supports the
reliability of the beta series method, but the extent of high-LPP networks tended to be larger.
Thus, our findings support the hypothesis that the strength of functional interactions between
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hub regions such as amygdala and mPFC and other brain areas is positively associated with
the intensity of emational processing. This in turn suggests that the LPP provides a surface
electrophysiological correlate of activation in and interaction among broadly distributed
brain networks (Liu, Huang, McGinnis-Deweese, Keil, & Ding, 2012; Moratti, Saugar, &
Strange, 2011; Sabatinelli, Keil, Frank, & Lang, 2013). It is worth noting that Tables 3 and 4
contained fewer areas than Tables 1 and 2, potentially reflecting weakened statistical power
due to reduced numbers of trials.

Taken together, the present data converge with animal and human findings (Keil, et al.,
2012), to demonstrate that appetitive and aversive stimulus processing are associated with
heightened coupling between core affective structures and an array of brain areas associated
with sensory and motor processing as well as executive control . In line with motivational
and evolutionary theories of affect, emotion networks in the brain may link perceptual
features reliably paired with threat or reward to support attentive behavior and ultimately
mediate the preparation of the organism for goal-oriented adaptive action. Although the
networks emerging in response to different emotional challenges share individual
components, the specific nature of motive system engagement is reflected in the distinct
forms of functional coupling of varying structures into large-scale brain networks.
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MPFC-seeded Correlation Maps (Valence Contrast)

A. Pleasant vs. Neutral

B. Unpleasant vs. Neutral

12

Figure 1.
MPFC-seeded beta-series correlation maps. A. An extensive network was connected to

mPFC when pleasant and neutral picture viewing were contrasted. B. No region was
connected to mPFC when pleasant and neutral picture viewing were contrasted. Map
thresholds were set at p< .05 (FDR corrected). HIPP, hippocampus; LNG, lingual gyrus;
OCC, occipital cortex; FG, fusiform gyrus; ITG, inferior temporal gyrus; ACC, anterior
cingulate cortex; PHG, parahippocampal gyrus; AMG, amygdala; TP, temporal pole;
DLFPC, dorsolateral prefrontal cortex; ANG, angular gyrus.

Psychophysiology. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kang et al. Page 19

Amygdala-seeded Correlation Maps (Valence Contrast)

A. Pleasant vs. Neutral

A
CCR/Cu

Figure 2.
Amygdala-seeded beta-series correlation maps. A. Regions connected to amygdala when

pleasant picture viewing was contrasted against the neutral picture condition. B. Regions
connected to the amygdala when unpleasant and neutral picture viewing were contrasted.
Map thresholds were set at p < .05 (FDR corrected). OFC, orbitofrontal cortex; IFG, inferior
frontal gyrus; PCu, precuneus; Cu, cuneus; STG, superior temporal gyrus; MTG, middle
temporal gyrus; INS, insula; CCR, calcarine; SMA, supplementary motor area; PC, parietal
cortex.
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MPFC-seeded Correlation Maps (Intensity Contrast)

A. Pleasant (large LPP) vs. Neutral

B. Pleasant (small LPP) vs. Neutral
(NO AREAS)

C. Unpleasant (large LPP) vs. Neutral
(NO AREAS)

D. Unpleasant (small LPP) vs. Neutral
(NO AREAS)

Figure 3.
MPFC-seeded beta-series correlation maps based on engagement intensity contrast. A.

Regions connected to mPFC when pleasant and neutral picture viewing were contrasted
(large LPP group). B. Regions connected to mPFC when conditions pleasant and neutral
were contrasted (small LPP group). C-D. Regions connected to mPFC when conditions
unpleasant and neutral were contrasted (large and small LPP groups). All map thresholds
were set at p< .05 (FDR corrected). POCTR, postcentral gyrus.
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Amygdala-seeded Correlation Maps (Intensity Contrast)

A. Pleasant (large LPP) vs. Neutral

perc !

B. Pleasant (small LPP) vs. Neutral

(NO AREAS)

C. Unpleasant (large LPP) vs. Neutral

Figure 4.
Amygdala-seeded beta-series correlation maps based on engagement intensity contrast. A.

Regions connected to amygdala when conditions pleasant and neutral were contrasted (large
LPP group). B. Regions connected to amygdala conditions pleasant and neutral were
contrasted (small LPP group). C. Regions connected to amygdala when conditions
unpleasant and neutral were contrasted (large LPP group). D. Regions connected to
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amygdala when conditions unpleasant and neutral were contrasted (small LPP group). All
map thresholds were set at p < .05 (FDR corrected). MCC, middle cingulate cortex.
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Table 1

Regions connected with mPFC during viewing of pleasant and unpleasant pictures.

MNI coordinates x,y,z (Z score)

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Anatomical Regions

Pleasant pictures

Unpleasant pictures

Frontal

Dorsolateral prefrontal cortex

Orbitofrontal cortex

Precentral gyrus

Supplementary motor area
Temporal
Middle temporal gyrus

Inferior temporal gyrus

Temporal pole
Parietal

Superior parietal cortex

Inferior parietal cortex

Postcentral gyrus

Angular gyrus

Precuneus

Supramarginal gyrus

Occipital

Superior occipital cortex

Medial occipital cortex

Inferior occipital cortex

Lingual gyrus
Calcarine
Subcortical

Caudate

Anterior cingulate cortex

Parahippocampal gyrus/Hippocampus

~27, -6, 66 (4.65)
27,-9, 72 (4.45)
-27, 30, -21 (3.54)
-18, -12, 69 (3.61)
63, 12, 18 (3.68)

0, -9, 66 (3.69)

-57,-36, -12 (2.81)
-57, -42, =15 (3.92)
54, -45, -21 (4.33)
-36, 15, -36 (3.75)

-30, -69, 54 (3.70)
21, -72, 51 (3.49)
-60, -36, 42 (3.33)
-51, -9, 39 (4.31)
48, -12, 33 (4.11)
-45, -63, 51 (3.00)
42, -66, 51 (3.32)
-15, -57, 51 (4.73)
66, —24, 24 (3.61)

-24, -66, 33 (3.09)
27, 66, 24 (3.54)
-24,-81, 18 (3.38)
30, -78, 24 (3.37)
36, =72, -9 (4.26)
-18, -57, -3 (5.08)
12, -51, -6 (4.73)
-21,-72,12 (2.78)

-18, 18, 18 (3.34)
21,9, 24 (3.49)
0,12, 27 (4.25)
-27,-9, -15 (4.04)
21, 6, -21 (4.34)

NO AREAS
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Regions connected with amygdala during viewing of pleasant and unpleasant pictures.

Table 2

Anatomical Regions

MNI coordinates x,y,z (Z score)

Pleasant pictures

Unpleasant pictures

Frontal

Dorsolateral prefrontal cortex

Orbitofrontal cortex
Orbitofrontal cortex
Inferior frontal gyrus
Inferior frontal gyrus
Precentral gyrus
Precentral gyrus
Supplementary motor area
Temporal

Superior temporal gyrus

Middle temporal gyrus

Inferior temporal gyrus
Inferior temporal gyrus
Temporal pole

Fusiform gyrus

Parietal
Superior parietal cortex

Inferior parietal cortex

Angular gyrus

Postcentral gyrus

Precuneus
Precuneus
Occipital

Medial occipital cortex

Inferior occipital cortex

Lingual gyrus

Calcarine
Cuneus

Subcortical

-27, 33, 45 (4.30)
36, 24, 51 (4.59)
-27,45, -6 (4.21)

-51, 24, 12 (4.52)

33, -15, 69 (4.30)

42,3, -45 (3.93)
30, 9, 27 (5.08)

-15, -42, 3 (3.65)

-3,-64, 27 (3.19)
-6, -63, 27 (3.91)

-42, 51, 18 (4.24)
36, 30, 36 (4.36)

39, 27, -21 (5.33)

45,15, 42 (4.77)
—45, 6, 42 (3.43)
45, 3, 42 (2.80)
-3,-9,63(3.6)

-63, —45, 18 (5.24)
51, -9, 12 (5.04)
61, -45, 13 (3.87)
55, 13, ~18 (4.24)
-63, —24, 18 (4.41)
57, -18, -18 (5.48)
48, 15, -18 (4.83)
-24,-33, -18 (4.42)
36, =30, -21 (4.11)

-24,-48, 63 (3.83)
48, -36, 51 (3.55)
42, -55, 50 (3.85)
42, -63, 45 (5.36)
—45, -24, 48 (3.60)
51, -21, 33 (3.09)
15, —45, 45 (3.43)
15, -42, 42 (4.2)

-30, =90, 21 (3.64)
42,-90, 0 (2.77)
48, -81, -3 (3.62)
-12, =66, 0 (4.64)
6, -69, 0 (4.63)
0,-99, 9 (4.34)
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Anatomical Regions

MNI coordinates x,y,z (Z score)

Pleasant pictures

Unpleasant pictures

Anterior cingulate cortex
Middle cingulate cortex
Posterior cingulate cortex

Parahippocampal gyrus/Hippocampus

Insula
Insula
Caudate

Thalamus

18, 45, 6 (3.27)

-27,-33,-3 (3.78)
28,9, —28 (4.39)
-33, 6, 15 (4.89)

~12, 24,0 (3.55)
12, 15, 18 (3.63)

3,33, 15 (4.01)
0,-15, 42 (3.72)

0, -39, 30 (3.92)
-33, -3, -27 (4.39)
27, -3, -24 (3.35)
-33,21, -8 (3.93)
46,20, -8 (3.72)

-6,-9,0 (4.37)
6, -18, 3 (2.85)
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Table 3

Regions connected with mPFC for large LPP trials and small LPP trials.

MNI coordinates x,y,z (Z score)

Anatomical Regions Pleasant pictures
LargeLPP Small LPP
Frontal
Precentral gyrus -18, -12, 69 (3.90)

63, 12, 21 (4.22)

Temporal
Middle temporal gyrus 54, -39, -12 (3.90)
Inferior temporal gyrus 33, 3, -42 (3.43)

Fusiform gyrus 33, -6, -39 (4.51)
Parietal
NO AREAS
Postcentral gyrus -51, -9, 39 (4.88)
51, -12, 30 (4.91)
Supramarginal gyrus 66, —21, 27 (3.97)
Occipital

Medial occipital cortex 36, -81, 3 (3.79)
Inferior occipital cortex 39, -90, 0 (3.82)
Subcortical

Anterior cingulate cortex 3,12,27 (4.18)

Unpleasant pictures

Large LPP | Small LPP

NO AREAS | NO AREAS
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Table 4

Regions connected with amygdala for large LPP trials and small LPP trials

Anatomical Regions

MNI coordinates x,y,z (Z score)

Pleasant pictures

LargeLPP

Small LPP

Dorsolateral prefrontal cortex

Temporal pole

-27,15, 51 (4.41)
27,9, =27 (4.50)

NO AREAS

Unpleasant pictures

Large LPP

Small LPP

Frontal

Dorsolateral prefrontal cortex

Orbitofrontal cortex

Inferior frontal gyrus

Supplementary motor area
Temporal

Superior temporal gyrus

Middle temporal gyrus

Inferior temporal gyrus

Temporal pole

Fusiform gyrus

Fusiform gyrus
Parietal

Superior parietal cortex

Angular gyrus

Precuneus

Occipital
Lingual gyrus
Lingual gyrus
Calcarine
Subcortical
Anterior cingulate cortex
Middle cingulate cortex
Insula
Insula

Parahippocampal gyrus/Hippocampus
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-42, 51,18 (3.79)
45,12, 54 (4.02)
3,54, -3 (3.80)
48, 18, 0 (3.55)
-3,-9,63(3.32)

54,6, -6 (4.22)
54, -3, -9 (3.85)
-51, -18, -15 (3.42)
54, 21, -15 (3.92)
54, 15, =21 (4.79)
-63, —24, —21 (4.57)
45, 15, -21 (4.46)
57,6, 0 (4.10)
-24, -33, -18 (4.01)
36, -27, -21 (3.86)

-24, -48, 63 (4.86)
42,-63, 51 (4.87)
-12, -45, 48 (3.21)
15, 42, 42 (4.10)

-24, -60, -3 (4.20)
18, -45, 9 (3.33)
18, -66, 15 (4.95)

3, 33, 15 (3.60)
-3, -15, 39 (3.23)
-39, 15, -3 (3.75)

36,21, 6 (4.14)

-33, -3, -27 (4.16)

39, 27, -21 (4.18)

57,6, -9 (3.85)
60, 3, 12 (4.27)
-57,-18, —18 (4.44)
57, 15, -15 (3.73)
51, -18, -21 (4.30)
-63, -24, -18 (3.98)
54,9, -18 (3.70)
-57,9, -3 (3.51)
-24, -33, -18 (4.15)

42, -63, 45 (4.85)

-15, -51, -9 (4.31)

21, -69, 18 (3.90)

0,30, 15 (4.79)

0, -15, 42 (3.38)
-42,15, -3 (3.61)
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Anatomical Regions

MNI coordinates x,y,z (Z score)

Pleasant pictures

LargeLPP | Small LPP

Thalamus

21, -39, -9 (3.17)
-6, -9, 0 (4.51)
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