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Subcortical amygdala pathways enable rapid face processing
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Human faces may signal relevant information and are therefore analysed rapidly and effectively by the brain.
However, the precise mechanisms and pathways involved in rapid face processing are unclear. One view posits
arole for a subcortical connection between early visual sensory regions and the amygdala, while an alternative
account emphasises cortical mediation. To adjudicate between these functional architectures, we recorded
magnetoencephalographic (MEG) evoked fields in human subjects to presentation of faces with varying emo-
tional valence. Early brain activity was better explained by dynamic causal models containing a direct subcortical
connection to the amygdala irrespective of emotional modulation. At longer latencies, models without a subcor-

égﬁgecliiljity tical connection had comparable evidence. Hence, our results support the hypothesis that a subcortical pathway

MEG to the amygdala plays a role in rapid sensory processing of faces, in particular during early stimulus processing.
This finding contributes to an understanding of the amygdala as a behavioural relevance detector.

© 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/3.0/).

Introduction An alternative account suggests that a cortical route alone is sufficient,

Rapid detection of salient stimuli in the environment is of crucial
importance for the survival of an organism. Humans can infer the va-
lence of environmental cues directly, but they also infer valence from
the reaction of others, in particular from their facial expressions. The
amygdala contributes to the automatic detection of emotional, social
or threatening stimuli (Anderson et al., 2003) or facial expressions
(Santos et al., 2011) as well as the subsequent adaptation of behavioural
responses (Haubensak et al., 2010). Little is known, however, about how
relevant information reaches the amygdala so quickly. One model sug-
gests that visual information about faces or whole bodies - particularly
in a fearful or threatening context - is conveyed to the amygdala by a
cortical and a subcortical processing route (de Gelder et al., 2004;
Morris et al., 1998; Rudrauf et al., 2008; Vuilleumier et al., 2003). This
is thought to enable rapid and automatic information processing more
so than a resource-dependent cortical route (Tamietto and de Gelder,
2010). Diffusion tensor imaging has provided anatomical evidence for
a subcortical visual pathway to the amygdala (Tamietto et al., 2012),
and a subcortical route has been shown to be functionally active during
auditory information processing (Garrido et al., 2012). However, the
functional importance and mechanistic contribution of a subcortical
connection has been questioned (Kumar et al., 2012; Pessoa, 2005).
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and the amygdala acts to allocate processing resources (Pessoa and
Adolphs, 2010). Thus, the issue of whether a subcortical route to the
amygdala is engaged during face processing remains unresolved.

Dynamic causal modelling (DCM) is a powerful approach for testing
competing hypotheses about connectivity between brain areas. DCM is
based on biologically plausible models of distributed and coupled neu-
ronal dynamics on the millisecond timescale. By inverting these models
one can estimate connection strengths and evaluate the evidence for
different models of connectivity (Daunizeau et al., 2009; David et al.,
2006; Friston et al.,, 2003). In this study, we used DCM to model
magnetoencephalographic (MEG) event-related fields (ERFs) in re-
sponse to emotional faces to test effective connectivity models of visual
processing. Faces evoke a pronounced and well-characterised MEG
component over the occipitotemporal cortex (Gao et al., 2012; Xu
et al, 2005) and are known to elicit amygdala activity early after stimu-
lus onset (Santos et al., 2011). We hypothesised that a subcortical con-
nection subserves this early amygdala processing and therefore
contributes to early ERF components, whereas a cortical model that pre-
cludes subcortical connections would only be sufficient to explain later
components.

Materials and methods
Participants

Twelve neurologically healthy and naive participants took part in
the study (3 males, 9 females, age range 23-35 years). All participants
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reported normal or corrected-to-normal vision and normal hearing. The
experimental procedure was approved by the University College
London Hospitals Ethics Committee and written informed consent was
obtained from all participants. Participants were remunerated for their
time.

Experimental procedure

Whole-head magnetoencephalography (MEG) data were recorded
using a CTF 275-channel system with 274 functioning second-order
axial gradiometers arranged in a helmet-shaped array. Signals were
sampled at 600 Hz. To monitor head position with respect to the MEG
sensors, three electrical coils were attached to the fiducials (nasion,
and left and right preauriculars). Auditory stimuli were presented bin-
aurally through headphones connected to piezoelectric transducers,
which were positioned approximately 1 m below the sensor array. Par-
ticipants were placed in front of a computer screen in a magnetically
shielded room.

As reported in Garrido et al. (2012), participants performed a gender
discrimination task on visually presented faces by button press (Fig. 1A).
27 male and 27 female faces with neutral, happy or fearful expressions
were presented in random order with a total number of 99 faces per
emotional condition. Faces were presented for 7 s each with an inter-
trial interval jittered between 0 and 300 ms. In addition, tones were pre-
sented via headphones in 700 ms intervals for a period of 70 ms each.
The tones were pure sinusoids of a particular standard frequency, spo-
radically interrupted by tones of a deviant frequency. Tones were not
time locked to the onset of the visual stimuli and constituted an
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incidental oddball paradigm that has been reported elsewhere
(Garrido et al.,, 2012). Participants were instructed to ignore the audito-
ry stimulation and were repeatedly reminded to fixate the centre of the
visual screen at all times. Stimuli were presented with the Cogent 2000
toolbox for MATLAB (http://www.vislab.ucl.ac.uk/cogent.php).

Data pre-processing and analysis

Data were down-sampled to 200 Hz, band-pass filtered from 0.5
to 30 Hz and baseline corrected with reference to the interval —200
to 0 ms before the onset of visual stimuli. Subsequently, data were
epoched with a time window of —200 to 600 ms with 0 ms denoting
image onset. Signal contaminated by eye movements or muscular activ-
ity was removed using robust averaging as implemented in SPM8
(Wager et al,, 2005). Trials were sorted according to emotional valence
of the facial expression. Data preprocessing and analysis were per-
formed with SPMS8 (Litvak et al,, 2011).

To test for differences in peak amplitude between the three emo-
tional conditions, we first conducted paired t-tests over the whole sen-
sor space and all time points to investigate whether fearful faces had a
more pronounced ERF than happy or neutral faces. This requires strin-
gent corrections for multiple comparisons. To increase statistical
power, we also applied a sensor of interest approach as reported in Xu
et al., 2005, which is comparable to a region of interest (ROI) analysis
in fMRI. Sensors where the ERF evoked by faces was significantly greater
than baseline (P < 0.05) for at least a time window of 25 ms centred
on the peak response (and within the time window 0-300 ms) consti-
tuted our sensors of interest (SOI). This procedure prevents a bias in
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Fig. 1. Behavioural task and DCM architecture. A Task structure. Participants performed a gender discrimination task on neutral, happy, or fearful faces presented in a randomised order.
Concurrently, a task-irrelevant sequence of repetitive standard tones (green boxes) occasionally interrupted by deviant tones of higher pitch (red box) was presented binaurally. B Loca-
tion of equivalent current dipoles included in the DCMs: lateral geniculate gyrus, LGN; primary visual cortex, V1; pulvinar, PUL and amygdala, AMY (See Materials and methods for coor-
dinates). C Two model families were constructed: One family of models comprising a pulvinar-amygdala connection (dual-route models) and one family without this connection (cortical-
only models). The dashed line indicates the presence/absence of this subcortical connection. We tested four patterns of modulation by emotional valence for both model families: (1) No
modulation, (2) forward, (3) backward and (4) recurrent modulation between pulvinar/V1 and amygdala (indicated by red colouring of the arrows).
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sensor selection in relation to the (orthogonal) effect of interest
because it averages over neutral, happy, and fearful faces. Subsequently,
amean ERF was computed for the sensors of interest; the sign of the ERF
recorded by sensors in the right hemisphere was reversed to match
polarities. The relevant time period of interest was identified as the
time window for which the mean ERF was significantly larger than
baseline (p < 0.05). To test for condition-specific effects, the re-
sponses during this time period were averaged over all sensors of
interest, to produce one value for each subject and condition. We
expected average responses to be more pronounced for the fearful
faces and performed two-sided paired t-tests to test this
hypothesis.

Dynamic causal modelling specification and Bayesian model selection

We used DCM to characterise changes in neuronal architecture un-
derlying the electromagnetic signals observed in response to the pre-
sentation of faces. We tested two families of models (Penny et al.,
2010) to address the contribution of a functional subcortical pathway
to the amygdala: a family of dual-route models and a family of
cortical-only models (Fig. 1C, according to Pessoa and Adolphs, 2010).
Both families included eight sources, modelled as equivalent current di-
poles (with no constraints on the symmetry of dipolar orientation). The
prior locations of sources were taken from the literature (Fig. 1B). They
comprised the lateral geniculate nuclei (LGN, MNI coordinates left:
—22, —22, —6; right: 22, —22, — 6 according to Kastner et al., 2004;
similar coordinates reported in Hess et al., 2009; Mullen et al., 2010;
Schneider et al., 2004), the primary visual cortex (V1, left: —7, — 85,
—7; right: 7, —85, —7 according to Hasnain et al., 1998;
Wohlschldger et al.,, 2005), the pulvinar (PUL, left: —12, —25, 7; right:
12, —25, 7 according to Kastner et al., 2004; similar coordinates report-
ed in Beer et al., 2002 and Villeneuve et al., 2005), and the amygdala
(AMY, left: —23, —5, —22; right: 23, —5, —22 according to Canli
et al., 2002, similar coordinates reported in Morris et al., 1998;
Vuilleumier et al., 2003; Williams et al., 2001). Input sources for visual
information were left and right lateral geniculate nucleus and pulvinar.
In the cortical-only models, visual information reached the amygdala
only— via the lateral geniculate nucleus and the primary visual cortex.
In the dual-route models, the amygdala received additional input from
the pulvinar, i.e. a functional cortical and a subcortical pathway operat-
ed in parallel (Fig. 1C).

Models were compared statistically across participants using
random-effects Bayesian model selection (BMS, Stephan et al., 2010).
To investigate whether the subcortical pathway was recruited at partic-
ular points in time we repeated this analysis as a function of the post-
stimulus time window (Rudrauf et al., 2008): We assessed the time spe-
cific contribution of the subcortical pathway by comparing the evidence
for models with and without a subcortical route while increasing the
analysis time window from 0-60 ms in 10 ms steps up to 0-300 ms
(Auksztulewicz et al., 2012; Garrido et al., 2007).

The ERF evoked by fearful faces was found to have slightly higher
amplitude than the ERF evoked by happy, but not neutral faces. This
suggested that we should be most sensitive to emotion-specific differ-
ences in connectivity by comparing happy vs. fearful faces. Therefore,
we contrasted evoked responses caused by the presentation of happy
vs. fearful faces to assess valence-specific differences in connectivity.
We compared evidence for both the dual-route and the cortical-only
models with: (1) no valence-specific modulation, (2) valence-specific
modulation of forward projections to the amygdala, (3) of backward
projections from the amygdala, and (4) of recurrent connections
(Fig. 1C).

DCM contribution analysis

We performed a contribution analysis to evaluate the impact of the
forward connection from the pulvinar to the amygdala on both pulvinar

and amygdala sources under the dual-route models. This contribution
analysis provides a simulation for the time courses of amygdala and
pulvinar source activity that we would see were we able to enforce
a small increase, 0.0025, in the pulvinar-to-amygdala connection.
This analysis was performed over the post-stimulus time window of
300 ms. The predicted activity at the source level was subsequently av-
eraged over models and participants to quantify the effect at the popu-
lation level.

Results

To examine whether emotional faces reach the amygdala via a dual-
route (subcortical and cortical pathway) or via a cortical pathway only,
we recorded MEG data from 12 subjects, while they performed a gender
discrimination task for neutral, happy and fearful faces. We did not find
differences in response times across emotional valence (neutral:
1004 4 90 ms, happy: 1001 4 89 ms, fearful: 991 £ 88 ms; mean +
s.e.m., repeated measures ANOVA, F(2,22) = 038, p = 0.7). The grand-
average ERF response showed a typical face-evoked potential peaking at
around 170 ms after stimulus onset — the M170 component (Fig. 2A;
Xu et al,, 2005; Gao et al,, 2012).

We hypothesised that the M170 component would be more pro-
nounced for fearful faces than for neutral and happy faces. However, a
paired t-test for differences between the fearful and the two other con-
ditions over sensor-space and all post-stimulus times failed to reach sig-
nificance after correction for multiple comparisons over all sensors and
time points. A sensor of interest analysis (Xu et al., 2005) identified 62
out of 274 channels, mostly located over the occipitotemporal region,
that exhibited a significant response to faces (p < 0.05, Fig. 2A). To fi-
nesse the multiple comparison problem, we computed the mean ERF
over these face sensitive sensors for each subject and condition for the
time window 150-190 ms. Two-sided paired t-tests of these subject
specific response averages were significant when comparing fearful
and happy (t(11) = 1.98, p = 0.036), but not when comparing fear-
ful and neutral (t(11) = 0.63, p = 0.27). The evidence for differen-
tial processing of emotional valence in the context of our particular
paradigm is therefore weak.

Previous studies have suggested that information about emotional
faces reaches the amygdala very rapidly, as an amygdala response can
be detected around 140 ms after face onset (Cornwell et al., 2008). To
test for a subcortical pathway between the pulvinar and the amygdala
involved in this fast information transmission, we used dynamic causal
modelling. We compared the model evidence for a dual-route model
family, comprising a cortical as well as a subcortical connection and a
cortical-only model family comprising a cortical pathway alone. Our
models included four sources known to be involved in face processing:
the lateral geniculate nucleus (LGN), the visual cortex (V1), the pulvinar
(PUL), and the amygdala (AMY, Fig. 1B).

Our models include some deep subcortical structures located where
MEG sensitivity drops relative to more superficial cortical regions. To as-
sess the sensitivity of our MEG system to these structures, we per-
formed simulations. According to our simulations, MEG sensitivities to
LGN, pulvinar, and amygdala, relative to the primary visual cortex,
were 0.78 &+ 0.07, 0.46 £ 0.04, and 0.86 4 0.08, respectively (see Sup-
plementary Material for details). This demonstrates sensitivities in the
amygdala and LGN were comparable with V1, but sensitivity was
lower in the pulvinar. Importantly, these differences in sensitivity do
not affect DCM. DCM accommodates different sensitivities to different
sources, because this differential sensitivity is an integral part of the
model (which include the electromagnetic lead fields). As a conse-
quence, DCMs with hidden sources (with no sensitivity) can yield better
models than models without (David et al., 2011).

In both model families, LGN, V1, pulvinar and amygdala were
present in both hemispheres (Fig. 1B) and the respective structures in
the left and right hemispheres were not connected. The circuitry re-
ceived inputs via the pulvinar and the LGN, and the LGN projected to
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Fig. 2. Face-evoked field and DCM results. A Spatial distribution of evoked fields elicited by the presentation of faces reveals a clear M170 component located over the occipito-temporal
cortex (top). Sensors of interest (SOIs) with a significant face-evoked component are indicated by dots (see Materials and methods for details). When averaged over participants and all
SOIs, the component was slightly larger for fearful than happy faces (bottom). B Posterior and exceedance probability for the dual-route and the cortical-only models pooled over mod-
ulation patterns over post-stimulus time intervals. The dual-route model family explains the data better for shorter data segments (<180 ms), whereas model evidence is equal for both
model families for longer data segments (>180 ms). C Posterior and exceedance probabilities for dual-route models with no/forward/backward or recurrent modulation of connectivity by

emotional context. We found no clear evidence for emotion-specific modulation.

the amygdala via V1 (Fig. 1C). The dual-route model family contained
an additional direct connection from the pulvinar to the amygdala. We
hypothesised that the small difference in ERFs for fearful vs. happy
faces might be related to emotion-specific modulation of the connectiv-
ity between the areas included in our models. Therefore, we modelled
condition-specific differences in connectivity for fearful vs. happy
faces by defining four models within both the dual-route and the
cortical-only model families: a model with (1) no modulations, (2) mod-
ulation of forward connections, (3) modulation of backward connec-
tions or (4) modulation of forward and backward connections by
emotional valence. Neutral faces were not included in this analysis be-
cause there was no evidence for differential processing of neutral vs.
happy or neutral vs. fearful faces in the ERFs.

In a first analysis, we pooled over modulation patterns and applied
random-effects Bayesian model selection (BMS) to compare evidence
for dual-route and cortical-only models as a function of the post-
stimulus time interval. Time intervals ranged from 0-60 ms to 0-300
ms. The dual-route model family had higher posterior and exceedance
probabilities for early intervals of up to ca. 180 ms window length
(Fig. 2B). For longer intervals, the cortical-only model family had a
roughly equivalent exceedance probability. This indicates that the sub-
cortical connection plays a crucial role in early, but not necessarily in
late stimulus processing. It is unlikely that this effect is biased by the
particular model architecture we chose, because the results were similar
when assessing the model evidence for alternative model architectures
comprising interhemispheric connectivity, unilateral midline structures
or intrinsic amygdala connectivity: early time periods were best ex-
plained by the dual-route model family when pooled over all model ar-
chitectures, whereas model evidence at later time periods was
comparably high for the cortical-only model family (see Supplementary
Text T2 and Fig. S2 for details). Having said this, the original model ar-
chitecture (bilateral midline structures, no interhemispheric connectiv-
ity, no intrinsic amygdala connectivity) had the highest model evidence
of the 12 model architectures we assessed.

To test whether emotional valence differentially recruits the circuit-
ry, we compared model evidence for the four family members of the
dual-route model family (original model architecture) over time. The
models comprised a model with (1) no modulation, (2) forward,
(3) backward, and (4) recurrent modulation by valence (Fig. 1C). At
early time points, we found slightly higher posterior and exceedance

probabilities for the model without any modulation than for the models
with modulation (Fig. 2C). At no time point could we find convincing
evidence for emotion-specific modulation; the posterior and exceed-
ance probabilities were comparable for all models. We performed the
same analysis for the cortical-only model family and found no evidence
for emotion-specific modulation either (not shown for simplicity). This
suggests that the subcortical connection is important for processing
faces in general, but is not recruited specifically for processing negative
emotional valence.

We hypothesised that the general difference in model fit for the
dual-route vs. cortical-only model families should become apparent as
a difference in estimated amygdala source activity. To examine this
issue quantitatively, we looked at the source activity for the two
model families as predicted by the DCMs (Fig. 3A). Activity in V1 and
LGN did not differ for the dual-route and cortical-only model families.
Furthermore, we observed comparable activity in the pulvinar for
both types of model families. The principal cell population reached its
peak activity at around 100 ms, then declined to negative values at
around 150 ms and then slowly returned to baseline. Source activity
in the amygdala, however, peaked at around 140 ms in the dual-route
model, but substantially later, at 180 ms, in the cortical-only model
(Fig. 3A). In addition, the amplitude of amygdala activity in the dual-
route model was increased tenfold in comparison to the cortical-only
model. This underlines the importance of a subcortical input to the
amygdala in face processing.

The dual-route account predicts that perturbations to the connec-
tion between the pulvinar and the amygdala should substantially alter
the estimated amygdala response. To assess this prediction, we simulat-
ed the changes in pulvinar and amygdala source activity caused by small
increases in the connectivity between the pulvinar and the amygdala for
the dual-route models (Fig. 3B). With this analysis we were able to
quantify the effect that network connectivity, more specifically the for-
ward connection pulvinar-to-amygdala, has on pulvinar and amygdala
source activity. Amygdala activity was altered dramatically under this
perturbation, illustrating the role of the subcortical route in engaging
and enhancing amygdala activity. In addition, alterations were also
found at the level of the pulvinar. The peak contribution effect in
the pulvinar was expressed positively at 145 ms and negatively at
around 200 ms. Crucially, the peak for the amygdala occurred at around
135 ms; i.e,, even though the amygdala receives forward afferents from


image of Fig.�2

M.M. Garvert et al. / Neurolmage 102 (2014) 309-316

A Source activity estimates

Cortical only (C)

313

Pulvinar Amygdala
1.5 0.02
1 4
g 0.011
8 05
@
g 04 9
Q
w
-0.5 r T » -0.01 T T )
0 100 200 300 0 100 200 300
Dual model (CS)
14 0.154
=
2 0.1
& 054
3 0.05 /\
3
Q
w 04 0 f
—— Y
\"\—___4
”05 T T 1 _005 T T 1
0 100 200 300 0 100 200 300
Time (ms) Time (ms)
B Contribution analysis
Pulvinar Amygdala
0.02 1 0.154
.2-5“
2 0011 014
(3]
0 4 - |
8 PN o.05-
083 -0.01 1
-0.02 04
-0.03 T T . -0.05 T T |
0 100 200 300 0 100 200 300
Time (ms) Time (ms)
Happy faces: Fearful faces:

—— Principal cell population
—— Excitatory intemeuron population
——Inhibitory interneuron population

- - -Principal cell population
- - - Excitatory interneuron population
- = = Inhibitory intereuron population

Fig. 3. DCM source activity estimates and contribution analysis. A DCM source activity estimation for happy and fearful faces for the dual-route and cortical-only model families (mean/
s.e.m.). Each microcircuit is modelled by a population of excitatory principal cells which receives input from inhibitory and excitatory interneuron populations (Jansen and Rit, 1995).
Activity is averaged over modulation pattern and participants. B Contribution analysis. Changes in activity in the pulvinar and amygdala in response to an incremental change in
pulvinar-amygdala connectivity (mean/s.e.m.) are shown. Only the left hemisphere is depicted in A and B, as the results for the right hemisphere were very similar. Solid line: response
to happy faces, dashed line: response to fearful faces, red: activity of principal neuron population, blue: activity of excitatory interneuron population, green: activity of inhibitory interneu-

ron population.

the pulvinar and is thus located at a higher level in the hierarchy the
peak occurred earlier than in the pulvinar (Fig. 3B). This reflects the
fact that the contribution of forward connectivity to pulvinar responses
is mediated by recurrent backward connections from the amygdala.

In line with the lack of evidence for emotion-specific modulation of
the circuitry, we also found that the source activity and the results of the
contribution analysis were indistinguishable for fearful and happy faces.
This suggest that the subcortical connection is of general importance for
processing faces and it is not specifically recruited for processing fearful
information (Garrido et al., 2012; Pegna et al., 2005).

Discussion

We used dynamic causal modelling (DCM) to investigate the func-
tional role of a putative subcortical pathway to the amygdala in process-
ing emotional faces. We found that a subcortical connection between
the pulvinar and the amygdala plays a role in early, but not late, visual
processing.

It is known that the amygdala reacts rapidly to salient stimuli, such
as faces with an emotional expression, even when these are presented
for a period too short for conscious perception (Jiang et al., 2009;
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Morris et al., 1998; Whalen et al., 1998). Furthermore, patients with le-
sions to their visual cortex can correctly guess the emotional expression,
but no other characteristics, of faces (Pegna et al., 2005). Based on these
observations, and on the presence of an anatomical connection from sub-
cortical areas to the amygdala in rodents (Campeau and Davis, 1995; Shi
and Davis, 2001) and humans (Tamietto et al., 2012), a subcortical route
to the amygdala has been proposed to enable fast and efficient informa-
tion processing (de Gelder et al., 2004; Tamietto and de Gelder, 2010).
In this view, connections of the amygdala to a wide range of cortical
areas, ranging from the thalamus to the orbitofrontal cortex, the anterior
insula and the anterior cingulate cortex, allow for rapid adaptive behav-
ioural responses to the detection of a salient stimulus.

However, this notion has been challenged by the observation that
the amygdala was not essential for rapid fear detection in one individual
with bilateral amygdala lesions (Tsuchiya et al., 2009). Furthermore,
subcortical processing of emotional stimuli is not necessarily faster
than cortical processing in monkeys suggesting that short-latency re-
sponses observable in the amygdala might not originate from a subcor-
tical pathway (Gothard et al., 2007; Lamme and Roelfsema, 2000).
Furthermore, electrophysiological recordings in humans have shown
that response latencies of amygdala neurons are no faster than entorhi-
nal and hippocampal latencies, which are presumably generated along
cortical connections (Mormann et al., 2008). Based on these findings,
a ‘multiple waves’ model has been proposed as an alternative to the
standard ‘dual-route’ hypothesis (Pessoa and Adolphs, 2010). According
to the ‘multiple waves’ model, cortical routes bypass various cortical
areas that are assumed to be critically involved in visual processing
and thereby ensure fast information transmission, without a subcortical
connection. This model assumes that the amygdala receives pre-
processed information, and its role is relegated to mere modulation of
stimulus processing in visual areas and allocation of resources to ensure
efficient processing of relevant information.

We found that stimulus processing during early time periods is best
explained by a neuronal architecture containing a subcortical connection
from the pulvinar to the amygdala, independent of the stimulus' emo-
tional valence. In later stimulus processing, the evidence for a model
without this subcortical connection was similar to the evidence for the
dual-route model. Comparable time-dependent contributions of a sub-
cortical pathway to information processing have been demonstrated in
the auditory system (Garrido et al., 2012). Based on these findings, we
conclude that a subcortical connection to the amygdala plays a functional
role in early face processing. This is in line with a number of anatomical
(Tamietto et al., 2012) and functional imaging studies (de Gelder et al.,
2004; Liddell et al., 2005; Morris et al., 1998; Vuilleumier et al., 2003).
A two-pathway architecture has also been shown to provide an accurate
description of emotional visual processing in a previous DCM study
(Rudrauf et al., 2008). Our results extend these findings by demonstrat-
ing a time-dependent contribution of the subcortical connection be-
tween the pulvinar and the amygdala to visual processing.

Processing speed in the amygdala in response to sensory input is still
under debate. Whereas some electrophysiological studies in humans
have found amygdala peak activity as early as 40 ms after stimulus
onset (Luo et al., 2010) and very fast face processing (Meeren et al.,
2013), other studies report long latency responses in the amygdala with
a time course more similar to activation via a cortical pathway (Gothard
et al.,, 2007; Luo et al., 2010; Mormann et al., 2008). However, without
an explicit network model or causal manipulation it is difficult to know
whether the observed amygdala peak activity results from forward or
recurrent activity. If a response peak in the amygdala is due to recurrent
activity, it would likely have a similar latency to a cortical response
peak. Indeed, we observed a second (negative) peak in the amygdala
that is likely to be caused by recurrent activity. In general, our modelling
results suggest that amygdala activity under the cortical-only model is
weaker and arises at a later time point than under the dual-route model.

We observed emotional modulation only for the comparison of peak
amplitude for fearful and happy faces. The difference in the MEG signal

did not survive multiple comparison correction, we did not find an ef-
fect in the underlying connectivity, and the contribution analysis did
not reveal differential modulation for neutral and fearful stimuli. This
finding is in line with the notion of the amygdala as a ‘behavioural rele-
vance detector’ which processes salient stimuli, such as faces, irrespec-
tive of their emotional valence (Attar et al.,, 2010; Santos et al., 2011).
The stimuli we used might be processed equivalently by the specific cir-
cuitry we analysed in this study, and emotion processing might differ
only after emotional valence has been attributed by the amygdala by
higher cognitive areas. It is important to note, however, that in our ex-
periment we did not manipulate salience in a way that would allow in-
ferences about processing of salient stimuli in general.

Itis also conceivable that we do not find any difference for emotional
valence in our DCM because of the incidental nature of the emotional
valence in our task, where information about the emotional valence
was not relevant for discriminating gender. A task that requires explicit
recognition of an emotional attribute and thereby directs attention to
the emotion might cause top-down modulations of circuit dynamics, al-
though presumably at later processing stages (de Gelder et al., 2012).
Similarly, top-down inhibition of amygdala activity can be observed
under high task load (de Gelder et al., 2012; Mitchell et al., 2007;
Silvert et al., 2007). Nevertheless, it is unlikely that the incidental nature
of our emotion manipulation explains a failure to observe differential ef-
fects. Indeed, emotion is processed when it is irrelevant for task perfor-
mance (Vuilleumier et al., 2001) and when subjects are not aware of the
nature of the stimulus (Liddell et al., 2005; Morris et al., 1998; Whalen
et al., 1998).

An alternative explanation for the lack of differentiation between
emotional states is an insufficient sensitivity of our experimental design
for assessing the role of emotional valence in recruiting a subcortical
pathway. This assumption is corroborated by the observation that we
do not find amygdala-induced modulation of source activity in the
visual cortex. Our task was optimised for assessing the contribution of
a subcortical connection to face processing in general, and it is possible
that a greater number of trials per emotion would have revealed an ef-
fect of valence. To draw conclusions about the emotional modulation of
connections with higher sensitivity, a more efficient experimental de-
sign is required.

It may seem surprising that we use MEG to make claims about sub-
cortical sources that are so close together. However, a growing number
of empirical papers highlight source activity detected using MEG origi-
nating from disparate deep structures such as the amygdala, the hippo-
campus and even the pulvinar and the thalamus (Attal et al., 2009,
2010; Cornwell et al., 2008; David et al., 2011; Dumas et al., 2010,
2011, 2013; Garrido et al., 2012; Guitart-Masip et al., 2013; Luo et al.,
2007; Moses et al., 2007; Parkkonen et al., 2009; Poch et al., 2011;
Quraan et al., 2011; Tesche and Karhu, 2000a, 2000b). A recent study
even localised differential effects of valence and arousal in amygdala
subdivisions (Styliadis et al., 2013). These empirical findings are corrob-
orated by a theoretical study demonstrating in anatomically realistic
simulations that activity in deep brain regions such as the hippocampus
and the amygdala can be recorded using MEG (Attal and Schwartz,
2013). This is rendered feasible by higher current densities generated
within these deep areas compared to what is the case for the neocortex,
which compensates for a greater distance to the sensors. Localisation
errors in the hippocampus lie between 0.5 and 2 cm in simulations,
which suggests that a spatial resolution in deep sources is typically
less than 2 cm. Distances between the structures considered in our
models are mostly larger than 2 c¢cm, with the exceptions of the
two V1 (1.4 cm), as well as between LGN and pulvinar (1.67 cm).
Nevertheless, our model comparisons show that bilateral V1 explains
the data better than a single V1.

The astute reader will notice that we have used a classic neuron
mass model for subcortical sources in our DCM (Jansen and Rit, 1995).
This model is based upon a cortical canonical microcircuit, which - at
first glance — may not appear to be appropriate for subcortical structures.
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However, there is a remarkable consistency in terms of the composition of
neuronal populations and their intrinsic connectivity between many cor-
tical and subcortical microcircuits. For example, the lateral geniculate con-
tains three populations (magnocellular, parvocellular and koniocellular
cells) that we associate with the three populations of our neural mass
model. When modelling subcortical sources, we assume that the pyra-
midal population models the principal cells in each subcortical source
of extrinsic afferents. Clearly, one could consider bespoke neuron
mass models of subcortical structures (of the sort considered by
Moran et al. (2011) for the cortico-basal ganglia-thalamocortical
loop); however, we considered the standard (three population) model
sufficient for our particular question — given the usual caveats about in-
ferences using DCM (namely, that these inferences are only as good as
the models considered).

With regard to LGN-pulvinar we acknowledge that there is a possi-
bility that we are picking up activity from a nearby region. This is miti-
gated by the fact that the spatial resolution of MEG is much less of an
issue for DCM than for source reconstruction, where strong a priori hy-
potheses can be drawn from a body of extant research. Spatial resolu-
tion does not affect the inversion of electromagnetic forward models
implicit in DCM, because source locations are predefined and DCM
does not need to detect a source directly. A deep source that has effects
on evoked responses in (detectable) superficial sources will still con-
tribute to the data, such that the contribution of deep sources to evoked
responses can be assessed. This is a fundamental advantage of DCM over
classic electromagnetic reconstruction procedures that do not have a
forward model of coupling among sources. In short, the validity of
DCM is not compromised by the ability to record high signal-to-noise
ratio data from all sources present in the model (Attal et al., 2012). In-
deed, others have successfully used DCM to emulate hidden or silent
sources (i.e., sources that do not contribute to the activity recorded at
the scalp) in application to language models (David et al., 2011). Models
with a hidden (thalamic) source explained the data much better than
models without. However, we acknowledge that our anatomical label-
ling and interpretation of sources cannot be validated empirically using
MEG. In other words, our hypotheses include the functional architectures
(and anatomical designations) implicit in our forward model, and the
ensuing model comparisons are therefore tests of these hypotheses.

In summary, our data demonstrate the importance of a functional vi-
sual subcortical pathway to the amygdala during early time periods of
face processing, and thereby contribute to our understanding of the
brain circuitry involved in salient information processing.

Acknowledgments

This work was supported by the Wellcome Trust (4-year PhD stu-
dentship to MMG, 097267/Z/11/Z, Programme Grant to KJF, 088130/
Z/09/Z, and Senior Investigator Award to R]D, 098362/Z/12/Z) and
the Australian Research Council (Discovery Early Career Researcher
Award to MIG, DE130101393). The Wellcome Trust Centre for Neuro-
imaging is supported by core funding from the Wellcome Trust
(091593/Z/10/Z). We are grateful to David Bradbury and Janice
Glensman for help with data collection and to the volunteers for partic-
ipating in this study. The authors acknowledge the use of the UCL Legion
High Performance Computing Facility (Legion@UCL), and associated
support services, in the completion of this work.

Conflict of interest

The authors declare that there are no conflicts of interest.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.07.047.

References

Anderson, A.K., Christoff, K., Panitz, D.,Rosa, E.D., Gabrieli, J.D.E., 2003. Neural
correlates of the automatic processing of threat facial signals. ]J. Neurosci.
23,5627-5633.

Attal, Y.,Bhattacharjee, M., Yelnik, ., Cottereau, B. Lefévre, J.,Okada, Y.,Bardinet, E.,Chupin,
M., Baillet, S., 2009. Modelling and detecting deep brain activity with MEG and EEG.
IRBM 30, 133-138. http://dx.doi.org/10.1016/j.irbm.2009.01.005.

Attal, Y.,Maess, B.,Friederici, A.,David, O., 2012. Head models and dynamic causal model-
ing of subcortical activity using magnetoencephalographic/electroencephalographic
data. Rev. Neurosci. 23. http://dx.doi.org/10.1515/rns.2011.056.

Attal, Y.,Schwartz, D., 2013. Assessment of subcortical source localization using deep
brain activity imaging model with minimum norm operators: a MEG study. PLoS
ONE 8, e59856. http://dx.doi.org/10.1371/journal.pone.0059856.

Attal, Y., Yelnik, J., Bardinet, E., Chupin, M., Baillet, S., 2010. MEG detects alpha-power
modulations in pulvinar. In: Supek, S., Susac, A. (Eds.), 17th International Conference
on Biomagnetism Advances in Biomagnetism — Biomag2010IFMBE Proceedings.
Springer, Berlin Heidelberg, pp. 211-214.

Attar, CH,, Miiller, M.M.,Andersen, S.K, Biichel, C,,Rose, M., 2010. Emotional processing in
a salient motion context: integration of motion and emotion in both V5/hMT + and
the amygdala. . Neurosci. 30, 5204-5210. http://dx.doi.org/10.1523/JNEUROSCI.
5029-09.2010.

Auksztulewicz, R., Spitzer, B.,Blankenburg, F., 2012. Recurrent neural processing and so-
matosensory awareness. ]. Neurosci. 32, 799-805. http://dx.doi.org/10.1523/
JNEUROSCIL.3974-11.2012.

Beer, J., Blakemore, C., Previc, F.H., Liotti, M., 2002. Areas of the human brain activated by
ambient visual motion, indicating three kinds of self-movement. Exp. Brain Res.
143, 78-88. http://dx.doi.org/10.1007/s00221-001-0947-y.

Campeau, S., Davis, M., 1995. Involvement of subcortical and cortical afferents to the lat-
eral nucleus of the amygdala in fear conditioning measured with fear-potentiated
startle in rats trained concurrently with auditory and visual conditioned stimuli. J.
Neurosci. 15, 2312-2327.

Canli, T, Sivers, H., Whitfield, S.L., Gotlib, I.H., Gabrieli, ].D.E., 2002. Amygdala response to
happy faces as a function of extraversion. Science 296, 2191-2191. http://dx.doi.
org/10.1126/science.1068749.

Cornwell, B.R, Carver, EW., Coppola, R., Johnson, L., Alvarez, R.,Grillon, C., 2008. Evoked
amygdala responses to negative faces revealed by adaptive MEG beamformers.
Brain Res. 1244, 103-112. http://dx.doi.org/10.1016/j.brainres.2008.09.068.

Daunizeau, J.,Kiebel, SJ., Friston, KJ., 2009. Dynamic causal modelling of distributed elec-
tromagnetic responses. Neuroimage 47, 590-601. http://dx.doi.org/10.1016/j.
neuroimage.2009.04.062.

David, O.,Kiebel, S.J.,Harrison, L.M., Mattout, ].,Kilner, J.M., Friston, K.J., 2006. Dynamic
causal modeling of evoked responses in EEG and MEG. Neuroimage 30, 1255-1272.
http://dx.doi.org/10.1016/j.neuroimage.2005.10.045.

David, O.,Maess, B.,Eckstein, K., Friederici, A.D., 2011. Dynamic causal modeling of subcor-
tical connectivity of language. J. Neurosci. 31, 2712-2717. http://dx.doi.org/10.1523/
JNEUROSCL3433-10.2011.

De Gelder, B.,Hortensius, R., Tamietto, M., 2012. Attention and awareness each influence
amygdala activity for dynamic bodily expressions—a short review. Front. Integr.
Neurosci. 6, 54. http://dx.doi.org/10.3389/fnint.2012.00054.

De Gelder, B.,Snyder, J.,Greve, D.,Gerard, G.,Hadjikhani, N., 2004. Fear fosters flight: a
mechanism for fear contagion when perceiving emotion expressed by a whole
body. Proc. Natl. Acad. Sci. U. S. A. 101, 16701-16706. http://dx.doi.org/10.1073/
pnas.0407042101.

Dumas, T.,Attal, Y.,Chupin, M., Jouvent, R.,Dubal, S.,George, N., 2010. MEG study of
amygdala responses during the perception of emotional faces and gaze. In:
Supek, S., Susac, A. (Eds.), 17th International Conference on Biomagnetism
Advances in Biomagnetism — Biomag2010IFMBE Proceedings. Springer, Berlin
Heidelberg, pp. 330-333.

Dumas, T.,Attal, Y.,Dubal, S., Jouvent, R.,George, N., 2011. Detection of activity from the
amygdala with magnetoencephalography. IRBM 32, 42-47. http://dx.doi.org/10.
1016/j.irbm.2010.11.001.

Dumas, T.,Dubal, S., Attal, Y.,Chupin, M.,Jouvent, R., Morel, S.,George, N., 2013. MEG evi-
dence for dynamic amygdala modulations by gaze and facial emotions. PLoS ONE 8,
€74145. http://dx.doi.org/10.1371/journal.pone.0074145.

Friston, KJ., Harrison, L., Penny, W., 2003. Dynamic causal modelling. Neuroimage 19,
1273-1302.

Gao, Z., Goldstein, A., Harpaz, Y., Hansel, M., Zion-Golumbic, E., Bentin, S., 2012. A
magnetoencephalographic study of face processing: M170, gamma-band oscillations
and source localization. Hum. Brain Mapp. http://dx.doi.org/10.1002/hbm.22028.

Garrido, M.L,Barnes, G.R.,Sahani, M.,Dolan, R.J., 2012. Functional evidence for a dual route
to amygdala. Curr. Biol. 22, 129-134. http://dx.doi.org/10.1016/j.cub.2011.11.056.

Garrido, ML.L, Kilner, ].M., Kiebel, S.J., Friston, KJ., 2007. Evoked brain responses are gener-
ated by feedback loops. Proc. Natl. Acad. Sci. U. S. A. 104, 20961-20966. http://dx.doi.
org/10.1073/pnas.0706274105.

Gothard, K.M., Battaglia, F.P.,Erickson, C.A., Spitler, K.M., Amaral, D.G., 2007. Neural re-
sponses to facial expression and face identity in the monkey amygdala. ].
Neurophysiol. 97, 1671-1683. http://dx.doi.org/10.1152/jn.00714.2006.

Guitart-Masip, M.,Barnes, G.R.,Horner, A.,Bauer, M.,Dolan, R.J.,Duzel, E., 2013. Synchroni-
zation of medial temporal lobe and prefrontal rhythms in human decision making. J.
Neurosci. 33, 442-451. http://dx.doi.org/10.1523/JNEUROSCI.2573-12.2013.

Hasnain, M.K,, Fox, P.T.,Woldorff, M.G., 1998. Intersubject variability of functional areas in
the human visual cortex. Hum. Brain Mapp. 6, 301-315. http://dx.doi.org/10.1002/
(SICI)1097-0193(1998) 6:4<301::AID-HBMS8>3.0.C0O;2-7.

Haubensak, W., Kunwar, P.S., Cai, H., Ciocchi, S.,Wall, N.R., Ponnusamy, R., Biag, ]J.,
Dong, H.-W., Deisseroth, K., Callaway, E.M., Fanselow, M.S., Liithi, A., Anderson,


http://dx.doi.org/10.1016/j.neuroimage.2014.07.047
http://dx.doi.org/10.1016/j.neuroimage.2014.07.047
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0005
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0005
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0005
http://dx.doi.org/10.1016/j.irbm.2009.01.005
http://dx.doi.org/10.1515/rns.2011.056
http://dx.doi.org/10.1371/journal.pone.0059856
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0355
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0355
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0355
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0355
http://dx.doi.org/10.1523/JNEUROSCI.5029-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.5029-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.3974-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.3974-11.2012
http://dx.doi.org/10.1007/s00221-001-0947-y
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0045
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0045
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0045
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0045
http://dx.doi.org/10.1126/science.1068749
http://dx.doi.org/10.1016/j.brainres.2008.09.068
http://dx.doi.org/10.1016/j.neuroimage.2009.04.062
http://dx.doi.org/10.1016/j.neuroimage.2009.04.062
http://dx.doi.org/10.1016/j.neuroimage.2005.10.045
http://dx.doi.org/10.1523/JNEUROSCI.3433-10.2011
http://dx.doi.org/10.1523/JNEUROSCI.3433-10.2011
http://dx.doi.org/10.3389/fnint.2012.00054
http://dx.doi.org/10.1073/pnas.0407042101
http://dx.doi.org/10.1073/pnas.0407042101
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0360
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0360
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0360
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0360
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0360
http://dx.doi.org/10.1016/j.irbm.2010.11.001
http://dx.doi.org/10.1016/j.irbm.2010.11.001
http://dx.doi.org/10.1371/journal.pone.0074145
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0100
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0100
http://dx.doi.org/10.1002/hbm.22028
http://dx.doi.org/10.1016/j.cub.2011.11.056
http://dx.doi.org/10.1073/pnas.0706274105
http://dx.doi.org/10.1152/jn.00714.2006
http://dx.doi.org/10.1523/JNEUROSCI.2573-12.2013
http://dx.doi.org/10.1002/(SICI)1097-0193(1998) 6:4<301::AID-HBM8>3.0.CO;2-7
http://dx.doi.org/10.1002/(SICI)1097-0193(1998) 6:4<301::AID-HBM8>3.0.CO;2-7
http://dx.doi.org/10.1002/(SICI)1097-0193(1998) 6:4<301::AID-HBM8>3.0.CO;2-7
http://dx.doi.org/10.1002/(SICI)1097-0193(1998) 6:4<301::AID-HBM8>3.0.CO;2-7

316 M.M. Garvert et al. / Neurolmage 102 (2014) 309-316

D.J., 2010. Genetic dissection of an amygdala microcircuit that gates conditioned
fear. Nature 468, 270-276. http://dx.doi.org/10.1038/nature09553.

Hess, R.F,, Thompson, B.,Gole, G.,Mullen, K.T., 2009. Deficient responses from the lateral
geniculate nucleus in humans with amblyopia. Eur. J. Neurosci. 29, 1064-1070.
http://dx.doi.org/10.1111/j.1460-9568.2009.06650.x.

Jansen, B.H.,Rit, V.G., 1995. Electroencephalogram and visual evoked potential generation
in a mathematical model of coupled cortical columns. Biol. Cybern. 73, 357-366.
http://dx.doi.org/10.1007/BF00199471.

Jiang, Y.,Shannon, RW.,Vizueta, N.,Bernat, E.M.,Patrick, CJJ.,He, S., 2009. Dynamics of pro-
cessing invisible faces in the brain: automatic neural encoding of facial expression in-
formation. Neuroimage 44, 1171-1177. http://dx.doi.org/10.1016/j.neuroimage.
2008.09.038.

Kastner, S.,0'Connor, D.H.,Fukui, M.M.,Fehd, H.M.,Herwig, U.,Pinsk, M.A., 2004. Functional
imaging of the human lateral geniculate nucleus and pulvinar. ]. Neurophysiol. 91,
438-448. http://dx.doi.org/10.1152/jn.00553.2003.

Kumar, S.,von Kriegstein, K., Friston, K., Griffiths, T.D., 2012. Features versus feelings:
dissociable representations of the acoustic features and valence of aversive sounds.
J. Neurosci. 32, 14184-14192. http://dx.doi.org/10.1523/JNEUROSCIL.1759-12.2012.

Lamme, V.A,, Roelfsema, P.R., 2000. The distinct modes of vision offered by feedforward
and recurrent processing. Trends Neurosci. 23, 571-579.

Liddell, BJ.,Brown, KJ., Kemp, A.H.,Barton, MJ,, Das, P.,Peduto, A, Gordon, E.,Williams, L.M.,
2005. A direct brainstem-amygdala—cortical “alarm” system for subliminal signals of
fear. Neuroimage 24, 235-243. http://dx.doi.org/10.1016/j.neuroimage.2004.08.016.

Litvak, V., Mattout, J.,Kiebel, S., Phillips, C.,Henson, R, Kilner, ].,Barnes, G.,Oostenveld, R.,
Daunizeau, J.,Flandin, G.,Penny, W., Friston, K., 2011. EEG and MEG data analysis in
SPMS. Comput. Intell. Neurosci. 2011, 1-32. http://dx.doi.org/10.1155/2011/852961.

Luo, Q.,Holroyd, T., Jones, M., Hendler, T., Blair, J., 2007. Neural dynamics for facial threat
processing as revealed by gamma band synchronization using MEG. Neuroimage
34, 839-847. http://dx.doi.org/10.1016/j.neuroimage.2006.09.023.

Luo, Q.,Holroyd, T.,Majestic, C.,Cheng, X.,Schechter, J.,Blair, R}, 2010. Emotional automa-
ticity is a matter of timing. J. Neurosci. 30, 5825-5829. http://dx.doi.org/10.1523/
JNEUROSCI.BC-5668-09.2010.

Meeren, H.K.M.,de Gelder, B.,Ahlfors, S.P.,,Himdldinen, M.S.,Hadjikhani, N., 2013. Different
cortical dynamics in face and body perception: an MEG study. PLoS ONE 8, e71408.
http://dx.doi.org/10.1371/journal.pone.0071408.

Mitchell, D.G.V.,Nakic, M., Fridberg, D.,Kamel, N.,Pine, D.S.,Blair, R.R.,, 2007. The impact of
processing load on emotion. Neuroimage 34, 1299-13009. http://dx.doi.org/10.1016/j.
neuroimage.2006.10.012.

Moran, RJ.,Mallet, N.,Litvak, V., Dolan, R.J., Magill, P.J., Friston, KJ., Brown, P., 2011. Alter-
ations in brain connectivity underlying beta oscillations in Parkinsonism. PLoS
Comput. Biol. 7, e1002124.

Mormann, F. Kornblith, S.,Quiroga, R.Q.,Kraskov, A.,Cerf, M., Fried, I.,Koch, C., 2008. Laten-
cy and selectivity of single neurons indicate hierarchical processing in the human
medial temporal lobe. ]. Neurosci. 28, 8865-8872. http://dx.doi.org/10.1523/
JNEUROSCI.1640-08.2008.

Morris, J.S.,0hman, A, Dolan, RJ., 1998. Conscious and unconscious emotional learning in
the human amygdala. Nature 393, 467-470. http://dx.doi.org/10.1038/30976.

Moses, S.N.,Houck, J.M., Martin, T.,Hanlon, F.M.,Ryan, ].D., Thoma, RJ., Weisend, M.P.,
Jackson, E.M., Pekkonen, E., Tesche, C.D., 2007. Dynamic neural activity recorded
from human amygdala during fear conditioning using magnetoencephalography.
Brain Res. Bull. 71, 452-460. http://dx.doi.org/10.1016/j.brainresbull.2006.08.016.

Mullen, K.T.,Thompson, B.,Hess, R.F., 2010. Responses of the human visual cortex and LGN
to achromatic and chromatic temporal modulations: an fMRI study. J. Vis. 10. http://
dx.doi.org/10.1167/10.13.13.

Parkkonen, L., Fujiki, N., Mdkeld, ].P., 2009. Sources of auditory brainstem responses
revisited: contribution by magnetoencephalography. Hum. Brain Mapp. 30,
1772-1782. http://dx.doi.org/10.1002/hbm.20788.

Pegna, A.J.,Khateb, A, Lazeyras, F.,Seghier, M.L., 2005. Discriminating emotional faces
without primary visual cortices involves the right amygdala. Nat. Neurosci. 8,
24-25. http://dx.doi.org/10.1038/nn1364.

Penny, W.D.,, Stephan, K.E., Daunizeau, J.,Rosa, M., Friston, KJ., Schofield, T.M., Leff, A.P.,
2010. Comparing families of dynamic causal models. PLoS Comput. Biol. 6,
e1000709. http://dx.doi.org/10.1371/journal.pcbi.1000709.

Pessoa, L., 2005. To what extent are emotional visual stimuli processed without attention
and awareness? Curr. Opin. Neurobiol. 15, 188-196.

Pessoa, L., Adolphs, R., 2010. Emotion processing and the amygdala: from a “low road” to
“many roads” of evaluating biological significance. Nat. Rev. Neurosci. 11, 773-783.
http://dx.doi.org/10.1038/nrn2920.

Poch, C,Fuentemilla, L.,Barnes, G.R.,Diizel, E., 2011. Hippocampal theta-phase modulation
of replay correlates with configural-relational short-term memory performance. J.
Neurosci. 31, 7038-7042. http://dx.doi.org/10.1523/JNEUROSCL.6305-10.2011.

Quraan, M.A.,Moses, S.N.,Hung, Y.,Mills, T., Taylor, M.J., 2011. Detection and localization of
hippocampal activity using beamformers with MEG: a detailed investigation using
simulations and empirical data. Hum. Brain Mapp. 32, 812-827. http://dx.doi.org/
10.1002/hbm.21068.

Rudrauf, D, David, O, Lachaux, J.P.,Kovach, CK.,Martinerie, ], Renault, B, Damasio, A., 2008.
Rapid interactions between the ventral visual stream and emotion-related structures
rely on a two-pathway architecture. J. Neurosci. 28, 2793-2803.

Santos, A., Mier, D.,Kirsch, P.,Meyer-Lindenberg, A., 2011. Evidence for a general face
salience signal in human amygdala. Neuroimage 54, 3111-3116. http://dx.doi.org/
10.1016/j.neuroimage.2010.11.024.

Schneider, K.A., Richter, M.C,, Kastner, S., 2004. Retinotopic organization and functional
subdivisions of the human lateral geniculate nucleus: a high-resolution functional
magnetic resonance imaging study. J. Neurosci. 24, 8975-8985. http://dx.doi.org/10.
1523/JNEUROSCL.2413-04.2004.

Shi, C,Davis, M., 2001. Visual pathways involved in fear conditioning measured with fear-
potentiated startle: behavioral and anatomic studies. ]. Neurosci. 21, 9844-9855.
Silvert, L., Lepsien, J., Fragopanagos, N., Goolsby, B., Kiss, M., Taylor, ].G.,Raymond, J.E.,
Shapiro, K.L., Eimer, M., Nobre, A.C., 2007. Influence of attentional demands on the
processing of emotional facial expressions in the amygdala. Neuroimage 38,

357-366. http://dx.doi.org/10.1016/j.neuroimage.2007.07.023.

Stephan, K.E.,Penny, W.D.,Moran, RJ.,den Ouden, H.E.M.,Daunizeau, J., Friston, KJ., 2010.
Ten simple rules for dynamic causal modeling. Neuroimage 49, 3099-3109. http://dx.
doi.org/10.1016/j.neuroimage.2009.11.015.

Styliadis, C., Ioannides, A.A., Bamidis, P.D., Papadelis, C., 2013. Amygdala responses to va-
lence and its interaction by arousal revealed by MEG. Int. . Psychophysiol. http://
dx.doi.org/10.1016/j.ijpsycho.2013.05.006.

Tamietto, M., de Gelder, B., 2010. Neural bases of the non-conscious perception of
emotional signals. Nat. Rev. Neurosci. 11, 697-709. http://dx.doi.org/10.1038/
nrn2889.

Tamietto, M.,Pullens, P.,de Gelder, B., Weiskrantz, L.,Goebel, R., 2012. Subcortical connec-
tions to human amygdala and changes following destruction of the visual cortex.
Curr. Biol. 22, 1449-1455. http://dx.doi.org/10.1016/j.cub.2012.06.006.

Tesche, C.D.,Karhu, J., 2000a. Theta oscillations index human hippocampal activation dur-
ing a working memory task. Proc. Natl. Acad. Sci. U. S. A. 97, 919-924.

Tesche, C.D.,Karhu, J.J., 2000b. Anticipatory cerebellar responses during somatosensory
omission in man. Hum. Brain Mapp. 9, 119-142.

Tsuchiya, N.,Moradi, F.,Felsen, C.,Yamazaki, M.,Adolphs, R., 2009. Intact rapid detection of
fearful faces in the absence of the amygdala. Nat. Neurosci. 12, 1224-1225. http://dx.
doi.org/10.1038/nn.2380.

Villeneuve, M.Y.,Kupers, R.,Gjedde, A.,Ptito, M.,Casanova, C., 2005. Pattern-motion selec-
tivity in the human pulvinar. Neuroimage 28, 474-480. http://dx.doi.org/10.1016/j.
neuroimage.2005.06.015.

Vuilleumier, P.,Armony, L., Driver, ], Dolan, RJ., 2001. Effects of attention and emotion on
face processing in the human brain: an event-related fMRI study. Neuron 30,
829-841.

Vuilleumier, P.,Armony, J.L., Driver, ], Dolan, RJ., 2003. Distinct spatial frequency sensitiv-
ities for processing faces and emotional expressions. Nat. Neurosci. 6, 624-631.
http://dx.doi.org/10.1038/nn1057.

Wager, T.D.,Keller, M.C,, Lacey, S.C.,Jonides, J., 2005. Increased sensitivity in neuroimaging
analyses using robust regression. Neuroimage 26, 99-113. http://dx.doi.org/10.1016/
j-neuroimage.2005.01.011.

Whalen, P.J,,Rauch, S.L, Etcoff, N.L, McInerney, S.C.,Lee, M.B.,Jenike, M.A., 1998. Masked
presentations of emotional facial expressions modulate amygdala activity without
explicit knowledge. ]. Neurosci. 18, 411-418.

Williams, L.M., Phillips, M.L.,, Brammer, M.J., Skerrett, D., Lagopoulos, J., Rennie, C.,
Bahramali, H., Olivieri, G.,David, A.S., Peduto, A.,Gordon, E., 2001. Arousal dissociates
amygdala and hippocampal fear responses: evidence from simultaneous fMRI and
skin conductance recording. Neuroimage 14, 1070-1079. http://dx.doi.org/10.1006/
nimg.2001.0904.

Wohlschldger, AM.,Specht, K, Lie, C, Mohlberg, H., Wohlschldger, A.,Bente, K., Pietrzyk, U.,
Stocker, T., Zilles, K., Amunts, K., Fink, G.R., 2005. Linking retinotopic fMRI mapping
and anatomical probability maps of human occipital areas V1 and V2. Neuroimage
26, 73-82. http://dx.doi.org/10.1016/j.neuroimage.2005.01.021.

Xu, Y., Liu, ], Kanwisher, N., 2005. The M170 is selective for faces, not for expertise.
Neuropsychologia 43, 588-597. http://dx.doi.org/10.1016/j.neuropsychologia.2004.07.016.


http://dx.doi.org/10.1038/nature09553
http://dx.doi.org/10.1111/j.1460-9568.2009.06650.x
http://dx.doi.org/10.1007/BF00199471
http://dx.doi.org/10.1016/j.neuroimage.2008.09.038
http://dx.doi.org/10.1016/j.neuroimage.2008.09.038
http://dx.doi.org/10.1152/jn.00553.2003
http://dx.doi.org/10.1523/JNEUROSCI.1759-12.2012
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0160
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0160
http://dx.doi.org/10.1016/j.neuroimage.2004.08.016
http://dx.doi.org/10.1155/2011/852961
http://dx.doi.org/10.1016/j.neuroimage.2006.09.023
http://dx.doi.org/10.1523/JNEUROSCI.BC-5668-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.BC-5668-09.2010
http://dx.doi.org/10.1371/journal.pone.0071408
http://dx.doi.org/10.1016/j.neuroimage.2006.10.012
http://dx.doi.org/10.1016/j.neuroimage.2006.10.012
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0195
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0195
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0195
http://dx.doi.org/10.1523/JNEUROSCI.1640-08.2008
http://dx.doi.org/10.1523/JNEUROSCI.1640-08.2008
http://dx.doi.org/10.1038/30976
http://dx.doi.org/10.1016/j.brainresbull.2006.08.016
http://dx.doi.org/10.1167/10.13.13
http://dx.doi.org/10.1002/hbm.20788
http://dx.doi.org/10.1038/nn1364
http://dx.doi.org/10.1371/journal.pcbi.1000709
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0235
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0235
http://dx.doi.org/10.1038/nrn2920
http://dx.doi.org/10.1523/JNEUROSCI.6305-10.2011
http://dx.doi.org/10.1002/hbm.21068
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0255
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0255
http://dx.doi.org/10.1016/j.neuroimage.2010.11.024
http://dx.doi.org/10.1523/JNEUROSCI.2413-04.2004
http://dx.doi.org/10.1523/JNEUROSCI.2413-04.2004
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0270
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0270
http://dx.doi.org/10.1016/j.neuroimage.2007.07.023
http://dx.doi.org/10.1016/j.neuroimage.2009.11.015
http://dx.doi.org/10.1016/j.ijpsycho.2013.05.006
http://dx.doi.org/10.1038/nrn2889
http://dx.doi.org/10.1038/nrn2889
http://dx.doi.org/10.1016/j.cub.2012.06.006
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0300
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0300
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0305
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0305
http://dx.doi.org/10.1038/nn.2380
http://dx.doi.org/10.1016/j.neuroimage.2005.06.015
http://dx.doi.org/10.1016/j.neuroimage.2005.06.015
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0320
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0320
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0320
http://dx.doi.org/10.1038/nn1057
http://dx.doi.org/10.1016/j.neuroimage.2005.01.011
http://dx.doi.org/10.1016/j.neuroimage.2005.01.011
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0335
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0335
http://refhub.elsevier.com/S1053-8119(14)00630-2/rf0335
http://dx.doi.org/10.1006/nimg.2001.0904
http://dx.doi.org/10.1006/nimg.2001.0904
http://dx.doi.org/10.1016/j.neuroimage.2005.01.021
http://dx.doi.org/10.1016/j.neuropsychologia.2004.07.016

	Subcortical amygdala pathways enable rapid face processing
	Introduction
	Materials and methods
	Participants
	Experimental procedure
	Data pre-processing and analysis
	Dynamic causal modelling specification and Bayesian model selection
	DCM contribution analysis

	Results
	Discussion
	Acknowledgments
	Appendix A. Supplementary data
	References


