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Abstract
Facial threat conveys important information about imminent environmental danger. The rapid
detection of this information is critical for survival and social interaction. However, due to technical
and methodological difficulties, the spatiotemporal profile for facial threat processing is unknown.
By utilizing Magnetoencephalography (MEG), a brain-imaging technique with superb temporal
resolution and fairly good spatial resolution, Synthetic Aperture Magnetometry (SAM), a recently
developed source analysis technique, and a sliding window analysis, we identified the spatiotemporal
development of facial threat processing in the gamma frequency band. We also tested the dual-route
hypothesis by LeDoux who proposed, based on animal research, that there are two routes to the
amygdala: a quick subcortical routeand a slower and cortical route. Direct evidence with humans
supporting this model has been lacking. Moreover, it has been unclear whether the subcortical route
responds specifically to fearful expressions or to threatening expressions in general. We found early
event-related synchronizations (ERS) in response to fearful faces in the hypothalamus/thalamus area
(10–20 ms) and then the amygdala (20–30 ms). This was even earlier than the ERS response seen to
fearful faces in visual cortex (40–50 ms). These data support LeDoux’s suggestion of a quick,
subcortical thamaloamygdala route. Moreover, this route was specific for fear expressions; the ERS
response in the amygdala to angry expressions had a late onset (150–160 ms). The ERS onset in
prefrontal cortex followed that seen within the amygdala (around 160–210 ms). This is consistent
with its role in higher-level emotional/cognitive processing.

Introduction
Rapid detection of threat in the environment is critical for survival and social interaction. The
amygdala is thought to be crucially involved in such detection. It is proposed that the amygdala
receives information on potential threats by two parallel routes: a crude but fast subcortical
route (thalamus-amygdala) and a slower route allowing cortical analysis (thalamus-sensory
cortex-amygdala) (LeDoux, 1996). The purpose of this quick subcortical route is thought to
prepare an organism very rapidly for the incoming danger even before the nature of the danger
is known (LeDoux, 1996; also see Johnson, 2005; and Dolan, 2002, for a review).
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While LeDoux’s dual route hypothesis was based on rodent data (LeDoux, 1996; Quirk et al.,
1995), recent fMRI work in humans (Whalen et al., 1998; de Gelder et al., 1999 de Gelder et
al., 2003; Morris et al., 1999; Liddell et al., 2005) has suggested that the subcortical route is
also involved in processing facial expressions such as fear. However, due to the limited
temporal resolution of fMRI, the exact time course of this route is unknown. Moreover, what
happens after initial sensory and emotional encoding in the visual cortex and amygdala is
unclear. It has been proposed that prefrontal cortex (PFC) is involved in later processing,
particularly in higher-level emotional and cognitive evaluation (Ochsner & Gross, 2005).
However, the dynamic profile of such processing is unknown.

A second issue concerns the specificity of the subcortical route. LeDoux’s hypothesis is based
on fear conditioning in rodents and the subcortical route evidence in humans has largely been
based on fearful expression processing. It remains unknown whether the subcortical route
responds to threatening expressions in general or whether it is specific for fearful expressions.

Angry and fearful facial expressions appear to have different functional roles in human social
interaction (e.g., Averill, 1982; Blair 2003, Klinnert et al., 1987; van Honk et al., 2001;
2005). It is argued that angry facial expressions contribute to hierarchical relations (Blair,
2003; Knutson, 1996) and are met with either appeasement or retaliation, depending on the
receiver’s relative position in the dominance hierarchy (e.g., Blair, 2003, Van Honk et al.,
2001; 2005). In contrast, fearful expressions typically communicate an external threat to be
avoided or learnt to avoid (e.g., Blair, 2003; Klinnert et al., 1987; Mineka & Cook, 1993).
Previous neuroimaging studies have shown that while angry expressions may activate the
amygdala, they frequently do so to a significantly lesser degree than fearful expressions (Blair
et al., 1999; Fitzgerald; 2005; Whalen et al., 2001). It has been suggested that while fearful
expressions initiate stimulus-reinforcement learning, a function that the amygdala is crucially
involved in (Blair, 2003), angry expressions prompt the alteration of behavior by the observer
(e.g., Blair, 2003, van Honk et al., 2001; 2005). We predicted that fearful expressions might
activate the amygdala through the quick subcortical route because this expression effectively
prepares the individual for incoming danger even before the nature of the danger is known. In
contrast, we predicted that any amygdala response to angry expressions would implicate the
cortical route due to greater requirements for more elaborative cortical processing regarding,
for example, the identity of the displayer and their hierarchy status.

Magnetoencephalography (MEG) is ideal for examining these issues. In contrast to functional
Magnetic Resonance Imaging (fMRI), MEG provides excellent temporal resolution (in the
order of milliseconds) and good spatial resolution with appropriate source modeling methods.
Many previous MEG studies, however, were analyzed with relatively low spatial resolution
(hemispheric or lobar level) due to a lack of source modeling. Some studies did use source
modeling such as equivalent current dipole (ECD) fitting. However, ECD is limited by the
requirement for a priori hypotheses regarding the number and location of active sources.
Moreover, ECD requires averaged evoked responses that are time and phase-locked. Neuronal
responses that are not phase-locked but are time-locked cannot be assessed. Furthermore,
frequency information is not available with ECD (see Hillbrand et al., 2005 for a discussion
of ECD limitations). This is unfortunate as the functional significance of different frequency
bands is becoming an important issue in neuroimaging.

A recently developed source analysis method, Synthetic Aperture Magnetomery (SAM) based
on the beamformer approach (Vrba & Robinson, 2001) overcomes these limitations. SAM is
a spatial filtering technique based on the nonlinear constrained minimum-variance beamformer
and is capable of estimating source current power changes in an arbitrarily chosen voxel within
the whole brain with high resolution. SAM requires no a priori estimates of numbers or
approximate locations of sources. While including the ability to analyze phase locked data
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(averaged evoked responses), it can also reveal significant power changes of non-phase locked
data within selected frequency bands in the brain. Importantly, SAM retains the millisecond
temporal resolution needed to unravel cortical dynamics.

Because of these advantages, SAM has become an increasingly popular analytic tool for MEG
data (Vrba and Robinson, 2001; Hillebrand et al., 2005; Brooks et al., 2005; Hall et al.,
2005; Fawcett et al., 2004; Furlong et al., 2004; Singh et al., 2003). Moreover, event-related
oscillation as revealed by SAM also has a demonstrable spatial coincidence with the BOLD
(blood oxygenation level-dependent) fMRI response (Brookes et al., 2005; Foucher et al.,
2003; Singh et al., 2002; Hall et al., 2005; Crone, 1998; See, for a review, Hillebrand et al
2005). However, most previous studies adopting the SAM technique tend to use just one, fixed
active and control window pair. This means that it is difficult to see a dynamic spatiotemporal
profile brain activity related to a brain region. In the present study, the sliding window method
was adopted, enabling us to capture very fine-scale dynamic changes spatiotemporally.

There have been previous demonstrations of MEG’s ability to detect signal from deep
structures such as hippocampus (Ioannides et al., 1995; Rogers, 1990) and amygdala (Ioannides
et al., 1995; Streit et al., 2003) using evoked field methods. The sensitivity of a source method
to deep brain structure such as the amygdala depends on both the signal to noise ratio and the
spatial resolution it provides (Vrba & Robinson, 2001). SAM uses the second-order covariance
between channels rather than single-channel averages, and thus is sensitive to spatially
correlated activity. In addition, the use of the forward magnetic field solution for a source
means that SAM detects dipole sources and therefore is less sensitive to artifacts that do not
look like dipoles (Vrba & Robinson, 2001). In short, the detection of responses in the amygdala
should be possible using SAM. Indeed, as an adaptive technique, SAM is probably better at
localization of temporally uncorrelated sources than non-adaptive techniques (cf. Sekihara et
al., 2005).

With respect to MEG and EEG (electroencephalogram) studies, there has been much recent
interest in the frequency-specific oscillatory power changes that take place whenever a task is
performed. These changes are termed event-related desynchronization (ERD) or event-related
synchronization (ERS), defined as a localized decrease or increase in oscillatory power
(Pfurtscheller and Lopes da Silva 1999). While there is debate regarding the functional
implications of ERD/ERS, gamma band ERS is thought to reflect the cooperative behavior of
a large number of neurons associated with a task and active information processing allowing
rapid coupling between spatially separate cell assemblies (Pfurtscheller and Lopes da Silva
1999).

It has been suggested that gamma-band synchronization play a crucial role in integrating
distributed neural processes into highly ordered cognitive functions and is important in a wide
range of cognitive, perceptual, attentional and emotional processes (Bichot et al., 2005; Fries
et al., 2001; Tallon-Baudry et al., 2005; Müller et al., 1999; Taylor et al., 2000; Keil et al.,
2001, Oya et al., 2002). In regard to emotional processing, while there has been some interest
in theta-band oscillation in animal work (e.g., Seidenbecher et al., 2003), gamma-band
oscillation has been considered of special interest (Oya et al., 2002; Müller et al., 1999; Taylor
et al., 2000; Keil et al., 2001) and has been associated with emotional processing within the
amygdala (Oya et al., 2002).

In the present study, the neural dynamics of threatening face processing was explored using
faces with fearful, angry and neutral expressions. By adopting MEG and sliding window SAM,
we focused on gamma band ERS changes in the brain. We investigated the following questions.
1) Would gamma band oscillation reflect brain activity for emotional processing and if so, what
areas are sensitive to such modulation? 2) Would there be indications of a quick subcortical
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route in processing threatening faces? We predicted that if the amygdala receives early
subcortical information, there would be early activity in thalamus and amygdala to expression
information. This activity should be augmented following later cortical input. 3) If a subcortical
route exists, will it be responsive to both fearful and angry expressions? 4) Would PFC show
response after emotional and sensory encoding in the amygdala and visual cortex? If so, what
is the exact spatiotemporal profile?

Materials and methods
Subjects

Fifteen healthy volunteers, 7 males and 8 females, between the ages of 22 to 36 participated
in the experiment. All gave written informed consent to participate in the study, which was
approved by the NIMH Institutional Review Board.

Design
The stimuli were faces with fearful, angry and neutral expressions selected from the NimStim
Face Stimulus Set (http://www.macbrain.org/resource.htm). There were 52 (26 male)
exemplars of each expression. The face stimuli were presented without hair and have been
transformed into grayscale.

The stimuli were presented using Presentation software (www.neuro-bs.com). Each trial
involved the presentation of a face for 300 ms followed by a 200 ms blank screen (see Figure
1). There was then 1500 ms response window during which the participant chose one of two
buttons according to the gender of the stimulus. The button associated with each gender was
randomized across trials and the subjects were told which button corresponded with which
gender during the response window; i.e., “M F” indicated that the left button was the response
for male while “F M” indicated that the right button was the response for male. This was done
to reduce the subject’s expectancy and preparatory responses. An emotion-irrelevant gender
judgment task was adopted to avoiding possible attentional bias associated with certain
expression types. The response window was followed by a blank of 600 ms.

Data Acquisition
The MEG data were recorded at 600 Hz using a 275-channel CTF whole head MEG system
in a shielded environment. The CTF MEG system is equipped with synthetic 3rd gradient
balancing, an active noise cancellation technique that uses a set of reference channels to subtract
background interference. The resulting noise floor is in the order of 5–7 fT above 1 Hz. At the
beginning and end of each measurement, the participant’s head position was registered with
localization coils that were placed at the nasion and the bilateral preauricular points. It was
required that head movements did not exceed 0.5 cm. By registration of the head position at
these three points, the MEG data could be superimposed on the individual anatomical images
with an accuracy of a few millimeters.

Anatomical images were also recorded. High-resolution anatomical images were acquired
using a T1-weighted, three-dimensional, Spoiled GRASS imaging (spgr) sequence (1 X 1 X
1.5 mm3 ) with either a 1.5 Tesla or a 3 Tesla GE scanner (The resolution is almost the same
and adequate for the creation of the multisphere forward model).

Data Processing
VSM/CTF software (http://www.ctf.com/products/meg/ctf/software.htm) and softwares
developed at the NIMH MEG core facility in combination with AFNI
(http://www.afni.nimh.nih.gov) were used for MEG/MRI data processing.
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The DC (direct current) offset was removed, and the data were high-pass filtered at 0.61 Hz
and powerline-notch filtered at 60 Hz (width = 3.1 Hz). The data were then marked according
to the three stimulus types.

Before doing SAM analysis, a multisphere head model was created for each subject based on
anatomical images of each subject using AFNI. The advantage of using a multisphere over a
single sphere model is that in the former, each sphere (one per MEG sensor) is fit to a small
patch of the head model (directly under the sensor) in order to better model the local return
currents.

SAM was then used to analyze task-related activation differences in the gamma band
(30-50Hz). SAM estimates source power with high spatial resolution using an optimal linear
combination of sensors that suppresses signals from environmental and other brain noise
without attenuating power from the target voxel. SAM creates an optimum spatial filter from
the covariance between the active state and the control state to calculate a 3-d source image
comparing the source strength for specified time windows for the two states in a certain band.
It is based on the beamformer technique with the source strength of a beamformer at a voxel
being the weighted sum of the signal strength of all channels (Van Veen, 1997):

W = C−1B/BTC−1B

where W is the sum of weights and B is N × T matrix of the source magnetic field at the sensor
location.

To obtain an image of the dynamic spatiotemporal development of the brain’s activity, a sliding
window analysis was used in combination with SAM. A short time window length of 150 ms
was adopted to ensure a fine spatiotemporal profile. A drawback of a short window is that
sources are more likely to be correlated (Hillbrand et al., 2005). Correlated sources are not
detected by SAM. In short, it is possible that some sources are not identified because they are
correlated with one another. With a window length of 150 ms and a step of 10 ms, we estimated
the signal power in each voxel by using dual-state SAM imaging, in which the control state
(baseline) was the 150 ms before stimulus onset (or –150 ms—0 ms) and the active state was
a 150 ms window sliding with a 10 ms step: –150 ms—0 ms, −140 ms—10 ms, −130 ms—20
ms, … , 340 ms—490 ms, 350 ms—500 ms. With sliding window SAM, we were able to tell
quite accurately at what time significant ERS emerges, peaks and offsets. For example, if an
ERS in a region was not significant in the window beginning at –100 ms and ending at 40 ms,
but significant in the window beginning at –100 ms and ending at 50 ms, then we could conclude
that the ERS in this region became significant between 40 to 50 ms. Fifty dual-state SAM
imaging analyses were performed with a spatial resolution of 7 mm. The output results were
then concatenated, enabling us to obtain a time course in combination with spatial activation
maps across all the time points starting from 150 ms before the stimulus to 500 ms after the
stimulus. The high-performance computational capabilities of the NIH Biowulf PC/Linux
cluster, Bethesda, MD. (http://biowulf.nih.gov) was utilized to perform the above computation-
intensive tasks.

For group analysis, individual anatomical images were first spatially normalized to the
Talairach brain atlas. The SAM results of different subjects were also normalized (transformed
to z-score) and then registered to their anatomical Talairach images respectively. The group
analysis for each time window was then performed using a random-effects ANOVA model in
AFNI, which generates the ERS/ERD results for the three conditions and the contrast effect
between the three conditions. Fifty ANOVAs were performed. Voxels with a uncorrected p
< .05 were considered statistically significant.
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Results
There were no significant differences in reaction times (RT) between the three conditions
(RT_fear = 544.28±102.48 ms, RT_anger = 543.58±102.31 ms, RT_neutral = 535.60±109.68
ms; F (2,28) =1.115, p = .342). However, there was a significant difference in error rates (ER)
was significant (ER_fear = 7.44%±6.12%, ER_anger = 9.49%±5.21%, ER_neutral = 6.03%
±5.03% ms; F (2,28) = 3.438, p = .046). Follow up tests showed that this was due to the subjects
being significantly less active for angry relative to neutral faces (p < 0.01). All other trial types
did not significantly differ from one another.

Our MEG-SAM results revealed significant ERS in the brain in the gamma frequency band in
all the three conditions. We described the results by onset, peak and offset of ERS. Onset and
offset of ERS means that at a certain time, ERS became statistically significant/insignificant
versus the control period. Peak means that at a certain time, the activity reaches the highest
level.

The amygdala and related limbic structures
With respect to fearful expressions, the ERS in the hypothalamus/thalamus area became
significant shortly after stimulus onset (at around 10–20 ms). By 20–30 ms, a significant ERS
in the amygdala was seen. The ERS in the right amygdala peaked at around 230–240 ms and
offset by 300–310 ms. See Fig. 2 A and C for an illustration of response profiles in the right
amygdala.

With respect to angry expressions, we observed only a late ERS in the left amygdala, that
became significant (onset) at around 150–160 ms, peaked at around 210–220 ms and offset at
around 260–270 ms. See Fig.2 B and D for an illustration.

No significant ERS activity in the amygdala was seen in the neutral condition.

Fig. 2 is an illustration of the spatiotemporal profiles for the amygdalae

The occipitotemporal cortex
Our results indicate significant ERS in a large cluster in the posterior cortex evolved
dynamically, covering parts of occipital and temporal cortex (including fusiform gyrus) as well
as cerebellum. Here we used the term occipitotemporal cortex to refer to this cluster as the
occipital and temporal cortex constituted the bulk of it.

The occipitotemporal cortex showed significant ERS for the fearful, angry and neutral
expressions and the spatiotemporal profile was spatially homologous and qualitatively similar
between conditions. In all three conditions, the earliest significant ERS started at around 40
ms (fear: 40–50 ms; anger: 20–30 ms; neutral: 30–40 ms), peaked at around 140–150 ms and
offset at around 300 ms (fear: 300–310 ms; anger: 290–300 ms; neutral: 270–280 ms).

See Fig. 3 for an illustration of response profiles in the occipitotemporal cortex.

The prefrontal cortex (PFC)
Our results indicated that fear stimuli elicited a dynamic development of the ERS from the
right amygdala, to thalamus, basal ganglia and anterior insular that became significant within
inferior frontal gyrus (IFG, BA 47) at around 200–210 ms. This ERS in the right IFG peaked
at around 240–250 ms and offset at around 310–320ms. See Fig. 4 A and D for an illustration
of such dynamic evolvement.
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Angry stimuli elicited a significant ERS within right anterior cingulate cortex (ACC, BA 32)
that onset at around 170–180 ms, peaked at around 220–230 ms and offset at around 270–280
ms. See Fig. 4 B and E for an illustration. Angry stimuli also elicited a significant ERS in the
left orbitofrontal cortex (OFC, BA 10) that onset at around 170–180 ms, peaked at around 200–
210 ms and offset at around 230–240 ms.

General pattern of temporal profiles
In general, the time for ERS onset and peak in the occipitotemporal cortex and the amygdala
was earlier than that in PFC. This suggest a temporal sequence of lower-level visual/emotional
encoding and higher-level cognitive/emotional evaluation, consistent with the general
assumption about information processing stages in the brain.

Interestingly, despite differences in onset/peak time in different areas, the ERS offset time was
very consistent across regions. The ERS offset in the amygdala, occipitotemporal cortex and
PFC was generally around 300 ms, coincident with stimulus offset. This suggests that ERS is
closely stimulus-locked and task-related.

For a summary of spatiotemporal information of ERS of the above areas, see Table 1.

Discussion
Our results suggest that emotional processing is associated with gamma band synchronization,
consistent with some earlier scalp EEG and intracranial studies on emotional processing in
humans (Müller et al., 1999; Taylor et al., 2000; Keil et al., 2001, Oya et al., 2002).

A dynamic spatiotemporal profile was observed for threatening face processing. In the fear
condition, there was a very early ERS within hypothalamus/thalamus (at around 10–20 ms)
followed by an early ERS onset within the amygdala (onset at around 20–30 ms), earlier than
that seen in the occipitotemporal cortex, suggesting a fast subcortical route is involved in fearful
face processing. In the anger condition, the ERS onset in the amygdala was much later (at
around 150–160 ms), later than the ERS in the occipitotemporal cortex, suggesting that anger
face processing goes through the cortical route. ERS onset in PFC was seen at around 160–
210 ms, consistent with its role in integrating cognitive and social emotional information
(Ochsner & Gross, 2005).

Visual area
Gamma band synchronization in the visual area has been consistently observed during
recordings of single neuron activities or local field potentials (Bichot et al., 2005; Fries et al.,
2001, Logothetis et al., 2001), EEG and MEG (Tallon-Baudry et al., 1997; 2005,) and recently
using MEG-SAM methods (Brookes et al., 2005). In line with previous findings, our MEG-
SAM results showed significant gamma band synchronization in occipitotemporal cortex. We
found that visual ERS occurred as early as around 20–50 ms after stimulus onset, a time-range
consistent with previous reports on short visual latencies using single neuron recordings (Luck
et al., 1997; Cottaris & De Valois, 1998; Tovee et al., 1993) and MEG/EEG methods
(Braeutigam et a., 2001; Seeck et al, 1997). Our finding of significant ERS in the
occipitotemporal cortex including the fusiform face area is also consistent with fMRI findings
on face processing (Yovel and Kanwisher, 2004; Haxby et al., 2001).

Subcortical and cortical pathways to the amygdala
Our results provide direct support for suggestions of a fast subcortical route for emotional
expression processing. We observed a very early ERS within hypothalamus/ thalamus (with
an onset at around 10–20 ms) in response to fearful expressions. This was followed by an early
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ERS onset within the amygdala that became significant at around 20–30 ms (earlier than the
significant ERS seen to this expression in occipitotemporal cortex), suggesting that for fast
fearful face processing, the subcortical thalamus-amygdala route was involved. Such
processing is likely to be crude and coarse (LeDoux, 1996). This ERS peaked at around 230–
240 ms (later than that in the occipitotemporal cortex), presumably as a result of additional
cortical input from the visual cortex for a more elaborated processing. With respect to angry
expressions, the ERS within the amygdala was considerably later, onsetting at around 150–
160 ms and then peaking, similarly to fearful expressions, at 210–220 ms. In the anger
condition, a much later ERS onset in the amygdala compared to that in the visual cortex suggests
that in angry face processing, the amydala is activated following visual analysis in
occipitotemporal cortex through a cortical route.

Our finding of a very early ERS in the amygdala in response to fearful expressions is broadly
in line with studies on auditory fear conditioning in rats, which indicate that auditory fearful
signals can reach the amygdala through the thalamus with a latency of 12 ms (LeDoux,
1996; Quirk et al., 1995). The current data suggest that humans can also process fearful signals
in the visual channel through the subcortical route at a very short latency. Our results on
expression processing through the subcortical route are also consistent with previous fMRI
reports (Whalen et al., 1998; de Gelder et al., 1999; Morris et al., 1999; Liddell et al., 2005).
In addition, our finding on increased gamma band activity in the amygdala in response to
emotional expressions is consistent with a previous report using intracranial recordings (Oya
et al., 2002).

We found no evidence of an early ERS to angry expressions, suggesting that angry expression
processing does not adopt the subcortical thalamo-amygdala route. We believe that fearful, but
not angry, expressions elicit quick, subcortical responding because of their different functional
roles in human social interaction (e.g., Averill, 1982; Blair, 2003, Klinnert et al., 1987; van
Honk et al., 2001; 2005). Fearful expressions are crucial for social aversive conditioning
(Mineka & Zinbarg, 1995), they provide very rapid transmission of environmental threat
information from caregivers to infants, informing the infant what objects should be avoided
(e.g., Blair, 2003; Klinnert, 1987; Mineka & Cook, 1993). Fearful expressions may activate
the amygdala through the quick subcortical route (thalamus-amygdala) because they prepare
the individual for incoming danger/ learning even before the nature of the danger is known. At
a later time, the amygdala’s response is reinforced with additional cortical input.

Angry expressions, in contrast, contribute to hierarchical relations (Blair, 2003; Knutson,
1996). The response to these expressions depends on the relative positions of the displayer and
receiver in the dominance hierarchy (e.g., Blair, 2003, Van Honk et al., 2001; 2005). We believe
that the amygdala’s response to angry expressions requires the cortical route (visual cortex-
amygdala) because of the need for elaborative cortical processing regarding the identity of the
displayer/ their hierarchy status.

One caveat should be mentioned with respect to the current results. It is possible that the
subcortical route responds to specific physical characteristics of face stimuli that are
independent of their emotional implications. Unfortunately, it is difficult to disentangle the
effect of physical characteristics from emotional expressions given that these physical
differences can be part of the emotional expression. For example, eye whites may be larger in
fearful expressions rather than happy or angry expressions. Whalen et al (2004) reported
increased amygdala responses to masked larger eye whites than masked smaller eye whites. It
is possible that the subcortical activation seen in the current study could be a response to the
relatively large eye whites seen to the fearful expressions. Future work will be needed to
determine what properties of the stimulus determine the recruitment of the subcortical route.
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The present study showed ERS in the right amygdala in response to fear faces and in the left
amygdala to anger faces. The involvement of the left (e.g. Whalen et al., 2001) or the right
(Pegna et al., 2005) amygdala in response to fear and anger face processing has both been
reported using fMRI. The reason why individual studies report greater lateralization for one
or other side, whether, for example, it reflects functional lateralization or of task demands,
strategy or subject variability, remain unclear.

From the amygdala to PFC: integrative emotional/cognitive processing in PFC
For one to evaluate the threat and to decide on what action to take, the amygdala needs to
communicate the threat signal to PFC. Our finding that ERS onset in PFC was later than that
in the amygdala strongly suggests such a cognitive sequence. This was mostly vividly seen in
the fear condition, where there was a dynamic evolvement of ERS from the right amygdala to
thalamus, basal ganglia, insular and the right IFG. Previous fMRI studies have also implicated
the involvement of IFG in responding to fearful expressions (Sprengelmeyer, 1998) and OFC
and ACC in responding to angry expressions (Blair et al., 1999; Harmer et al., 2001).

Conclusions
In the present study, we investigated the neural dynamics for processing facial threat in the
gamma frequency band using MEG and SAM. We found that emotional processing is
associated with gamma band synchronization. We also demonstrated specific spatiotemporal
profiles in different areas of the brain including amygdala, visual cortex and PFC in the gamma
band. Our results provide support for the involvement of the quick subcortical route to the
amygdala in facial threat processing and suggest that it selectively responds to fearful but not
angry expressions.

Interestingly, while MEG signals mainly arise from synaptic currents, the cortical loci of ERS
in the gamma band identified in our study are broadly similar to those described by BOLD
fMRI. This supports a recently suggested link between synaptic and BOLD responses
(Logothetis et al., 2001) and a relationship between gamma synchronization and BOLD
responses (Niessing et al., 2005; Crone, 1998; Brookes, 2005; Foucher, 2003; Kilner et al.,
2005).
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Fig. 1. Stimuli presentation sequence
Each face was presented for 300 ms followed by a 200 ms blank screen. The subject made a
gender judgment after seeing the subsequent 1500 ms response window, which was either “M
F” or “F M”. The response window was followed by a blank of 600 ms.
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Fig. 2. Spatiotemporal profiles for the amygdalae
Fig. 2 A) indicates selected brain maps showing ERS in the right amygdala and adjacent areas
(pointed by the yellow arrows) in the fearful condition at different times. The green arrows
point to early ERS in limbic structures including hypothalamus/thalamus. No significant ERS
was found in the angry or neutral condition. B) indicates selected brain maps showing ERS in
the left amygdala (pointed by the yellow arrows) in the angry condition at different times. No
significant ERS was found in the fearful or neutral condition. C) represents temporal profiles
extracted from a peak voxel in the right amygdala in the three conditions respectively. D)
represents temporal profile curves extracted from a peak voxel in the left amygdala in the three
conditions respectively.
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Fig. 3. Spatiotemporal profiles for the occipitotemporal cortex
Fig. 3 A-C) indicate selected brain maps showing ERS (pointed by the yellow arrows) in the
occipitotemporal cortex in the fearful, angry and neutral condition at different times. D)
represents temporal profile curves obtained from a peak voxel in the area in the three conditions
respectively.
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Fig. 4. Spatiotemporal profiles for prefrontal cortex
Fig. 4 A) indicates selected brain maps showing ERS in the right IFG (pointed by the yellow
arrows) in the fearful condition at different times. The green arrows point to the ERS in right
amygdala. As shown in the maps, the ERS in the right amygdala dynamically extended into
thalamus, basal ganglia, insular and IFG. No significant ERS was found in the angry or neutral
condition. B) indicates selected brain maps showing ERS in the left ACC (pointed by the yellow
arrows) in the angry condition at different times. No significant ERS was found in the fearful
or neutral condition. C) indicates selected brain maps showing ERS in the left OFC by the
yellow arrows) in the angry condition at different times. No significant ERS was found in the
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fearful or neutral condition. D-F) represents temporal profile curves obtained from a peak voxel
in the right IFG, left ACC and left OFC in the three conditions respectively.
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Table 1
Spatiotemporal information for brain regions showing significant ERS

Structure L/
R

Broadman area Onset time Peak time Offset time x (at
the

peak
time)

y (at
the

peak
time)

z (at
the

peak
time)

t (at
the

peak
time)

Fear (Active vs. Control), p < .05
Amygdala R 20–30 ms 230–

240 ms
300–

310 ms
18 −8 −8 3.40

Occipitotemporal cortex R/
L

17/18/19/37 40–50 ms 140–
150 ms

300–
310 ms

7 −88 −8 6.53

IFG R 47 200–
210 ms

240–
250 ms

310–
320 ms

33 35 −8 3.37

Anger (Active vs. Control), p < .05
Amygdala L 150–

160 ms
210–

220 ms
260–

270 ms
−29 −7 −20 2.56

Occipitotemporal cortex R/
L

17/18/19/37 20–30 ms 140–
150 ms

290–
300 ms

−6 −92 2 8.65

ACC R 32 160–
170 ms

220–
230 ms

270–
280 ms

8 18 27 3.25

OFC L 10 170–
180 ms

200–
210ms

230–
240 ms

−18 43 −2.5 2.73

Neutral (Active vs. Control), p < .05
Occipitotemporal cortex R/

L
17/18/19/37 30–40 ms 140–

150 ms
270–

280 ms
−2 −81 2 9.42
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