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Abstract
Magnetoencephalography was used to examine the effect of individual differences on the temporal
dynamics of emotional face processing by grouping subjects based on their ability to detect masked
valence-laden stimuli. Receiver operating characteristic curves and a nonparametric sensitivity
measure were used to categorize subjects into those that could and could not reliably detect briefly
presented fearful faces that were backward-masked by neutral faces. Results showed that, in a cluster
of face-responsive sensors, the strength of the M170 response was modulated by valence only when
subjects could reliably detect the masked fearful faces. Source localization of the M170 peak using
synthetic aperture magnetometry identified sources in face processing areas such as right middle
occipital gyrus and left fusiform gyrus that showed the valence effect for those target durations at
which subjects were sensitive to the fearful stimulus. Subjects who were better able to detect fearful
faces also showed higher trait anxiety levels. These results suggest that individual differences
between subjects, such as trait anxiety levels and sensitivity to fearful stimuli, may be an important
factor to consider when studying emotion processing.
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Face processing is one of the most important aspects of human cognition, and processing of
emotional faces in particular has high evolutionary and social relevance. The neural dynamics
underlying face processing have been widely studied. Electroencephalography (EEG) studies
(Bentin et al., 1996; Botzel & Grusser, 1989; George, Evans, Fiori, Davidoff, & Renault,
1996) have revealed a characteristic negative deflection around 170 ms after the onset of a
face, referred to as the face-selective N170 response. Using magnetoencephalography (MEG),
investigators (Furey et al., 2006; Halgren, Raij, Marinkovic, Jousmaki, & Hari, 2000; Lee,
Simos, Sawrie, Martin, & Knowlton, 2005; Liu, Harris, & Kanwisher, 2002; Liu, Higuchi,
Marantz, & Kanwisher, 2000; Sams, Hietanen, Hari, Ilmoniemi, & Lounasmaa, 1997;
Swithenby et al., 1998) have reported a similar increase in magnetic field strength measured
at the scalp about 170 ms after face onset (M170). An important social aspect of face processing
is how the emotional content (especially negative) of a face is processed. There is growing
evidence from both EEG and MEG studies that the face-selective N170/M170 component may
also be sensitive to emotion. In particular, negative expressions have been shown to elicit larger
amplitudes of the N170/M170 response than neutral expressions (Blau, Maurer, Tottenham,
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& McCandliss, 2007; Eger, Jedynak, Iwaki, & Skrandies, 2003; Lewis et al., 2003; Liu,
Ioannides, & Streit, 1999; Streit et al., 1999).

Emotion processing is a complex process that can vary widely from individual to individual.
Recent studies have shown that an individual’s ability to process emotional stimuli can depend
on several factors, including personality traits such as introversion and extraversion (Fink,
2005; Hamann & Canli, 2004), emotional abilities (Freudenthaler, Fink, & Neubauer, 2006),
and anxiety levels (Cornwell, Johnson, Berardi, & Grillon, 2006; Engels et al., 2007; Fox,
Russo, & Georgiou, 2005; Rossignol, Philippot, Douilliez, Crommelinck, & Campanella,
2005), to name only a few. Each of these factors may influence performance on the task at
hand and processing of the emotional faces. A popular task employed in studies of emotion
processing (especially fear processing) is the detection of emotional stimuli during near-
threshold presentation using backward masking (Liddell, Williams, Rathjen, Shevrin, &
Gordon, 2004; Ohman, 2005; Pessoa, Japee, Sturman, & Ungerleider, 2006; Pessoa, Japee, &
Ungerleider, 2005; Phillips et al., 2004; Soares & Ohman, 1993; Suslow et al., 2006; Williams,
Palmer, Liddell, Song, & Gordon, 2004). However, few studies have looked at the direct effects
of individual differences in fear detection thresholds on the neural correlates and dynamics of
emotional face processing.

In a recent functional magnetic resonance imaging (fMRI) study, Pessoa et al. (2006)
investigated the neural correlates of target detectability using a near-threshold fear detection
task and found that masked fearful stimuli evoked stronger responses than neutral ones in the
fusiform gyrus (FG) and amygdala only when subjects were able to reliably detect the fearful
stimuli. In that study, a method based on signal detection theory was used to quantify the ability
to detect fearful faces for each subject, and the results showed that a valence effect (fearful >
neutral) was observed in BOLD signals only when subjects’ sensitivity to fearful faces was
significantly higher than that expected based purely on chance.

The goal of the present study was to extend this work using magnetoencephalography to
investigate the neural dynamics that underlie the modulation of emotion processing by fear
detection, thus taking into consideration individual differences in target detectability among
subjects. As the M170 response has been linked to face and emotion processing by others, in
this study the effect of different abilities to detect emotion on the M170 face response was
investigated. Of particular interest was the comparison of the M170 response to fearful and
neutral faces between groups of subjects who could reliably detect briefly presented and
masked fearful faces and those who could not. To this end, MEG data were collected while
subjects performed a near-threshold fear detection task involving backward masking of
emotional and neutral faces. Using a sensitivity index based on signal detection theory, groups
of subjects who were aware or unaware of briefly presented and masked fearful faces, were
first identified (Pessoa et al., 2006; Szczepanowski & Pessoa, 2007). Neuromagnetic signals
related to processing of emotional faces that were detected or undetected were then compared.
Trait anxiety scores for a subset of subjects were used to examine the correlation of general
anxiety levels with behavior. Furthermore, synthetic aperture magnetometry (SAM) was used
for source localization to identify regions in the brain that gave rise to the valence-related
differences in M170 response measured at the scalp.

Method
Subjects

Thirty-one normal volunteers (17 women) aged 28.9 (mean) ± 5.8 (SD) years participated in
the study, which was approved by the National Institute of Mental Health (NIMH) Institutional
Review Board. All subjects were in good health with no past history of psychiatric or
neurological disease (as assessed by a medical history, physical and neurological examination
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administered by a board-certified clinician) and gave informed consent. Subjects had normal
or corrected-to-normal vision, achieved via nonmetallic glasses during the scan. Eight of the
31 subjects also completed a State–Trait Anxiety Inventory (STAI), which is a questionnaire
that measures anxiety levels in adults and differentiates between the temporary condition of
“state anxiety” and the more general and long-standing quality of “trait anxiety” (Spielberger,
1983).

Trial Structure
Trial structure and stimuli used were almost identical to those used in our previous fMRI study
(Pessoa et al., 2006). In short, each trial began with a white fixation cross shown for 300 ms,
followed by a 50-ms blank screen, followed by a pair of faces presented consecutively (see
Figure 1). Each pair of faces consisted of a fearful, happy or neutral target face that was
immediately followed by a neutral face, which served as a mask. The duration of the first face
was either 33 or 67 ms. The total duration of the face pair was fixed at 150 ms. Subjects were
instructed that the stimulus would always comprise two faces, but that the first would be very
brief and the pair could appear as a single face. They were instructed to respond “fear” if they
perceived fear, however briefly. Following the presentation of each face pair, subjects indicated
“fear” or “no fear” with a button press using an MEG compatible fiber-optic response device.
On each trial, subjects also rated the confidence (via button press) in their response on a scale
of 1 to 3, with 1 = low confidence, and 3 = high confidence. Subjects were allowed 1.5 s to
make their first “fear—no fear” response and another 1.5 s to provide their confidence rating.
Total trial duration was 3.5 s. Each subject was shown 108 fearful, 54 happy and 108 neutral
target faces at each stimulus duration (67 and 33 ms), in a total of 9 runs, each lasting 5 min
34 s. Thus within each run, the subject viewed 60 stimuli (belonging to 6 different conditions)
presented in a random order. Faces subtended 4 degrees of visual angle. Target presentation
times (onset and durations) were recorded along with MEG data via an ADC channel using an
optical sensor placed directly in front of the projector lens during the experiment.

Stimuli
Face stimuli were obtained from the Ekman set (Ekman & Friesen, 1976), the Karolinska
Directed Emotional Faces (KDEF) set (Lundqvist et al., 1998), as well as from a set developed
and validated by Alumit Ishai at NIMH. A mix of faces from different face datasets was used
to increase the number of unique faces, so that subjects would not habituate to any particular
face. All faces were cropped and intensity normalized to the same mean intensity to minimize
differences between the three face datasets. Fifty-four instances each of fearful, happy, and
neutral faces were employed Thus each fearful face was repeated only four times throughout
the entire experiment (displayed twice for 33 ms and twice for 67 ms). Happy faces were
included to closely match fearful faces in terms of low-level features, such as brightness around
the mouth and eyes, as both fearful and happy faces tend to be brighter than neutral ones in
these regions. Thus, the inclusion of happy faces precluded subjects from utilizing a strategy
of “detecting” fearful faces by simply using such low-level cues. The inclusion of happy faces
also precluded subjects from adopting a strategy of indicating “fear” whenever facial features
deviated from those of a neutral face. However, happy faces were not included in the MEG
data analyses.

Behavioral Data Analysis
Behavioral response data were analyzed using receiver operating characteristic (ROC) curves
(Green & Swets, 1966; Macmillan & Creelman, 1991), in a manner previously described
(Pessoa et al., 2006, 2005). In brief, ROC curves were created for each subject based on yes-
no fear response and confidence rating data; sensitivity to fearful stimuli was determined using
A’, the area under the ROC curve, and tested for significance for each individual. Fear detection
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was considered reliable when A’ values were significantly greater than 0.5 (Hanley & McNeil,
1982), the value of the area under the ROC curve associated with chance performance (y = x
line). Otherwise, fearful stimuli were considered undetected. The p value adopted for statistical
significance of A’ was 0.05.

MEG Data Acquisition
MEG data were acquired using a whole-head CTF MEG system (VSM MedTech Systems Inc.
Coquitlam BC, Canada). The system comprised a whole-head array of 275 first-order
gradiometer/ SQUID sensors housed in a magnetically shielded room (Vacuumschmelze,
Germany). Synthetic third-gradient balancing was used to remove background noise during
acquisition. Head localization was performed at the beginning and at the end of each session
to determine the position of the subject’s head and quantify movement during the recording
session. Subjects whose movement exceeded 1 cm from the start to end of the recording session
were excluded from analysis. A sampling rate of 600 Hz and a bandwidth of 0 to 150 Hz were
used for data acquisition.

MEG Data Analysis
Preprocessing—Each subject’s MEG data were first preprocessed using CTF software.
Specifically, data were baseline corrected by removing DC offset based on each run. A high-
pass filter at 0.7 Hz (zero phase-shift 4th order Butterworth IIR filter with roll-off of 160 dB/
decade) was applied to remove low-frequency components along with a 3.1 Hz width notch
filter at 60 Hz (zero phase-shift 2nd order Butterworth IIR filter with roll-off of 80 dB/decade)
to remove power-line noise and its harmonics. As onset and duration of stimuli were critical
to the study, markers were created using an optical sensor signal recorded on a supplementary
ADC channel. Four types of markers were created tagging the onsets of the 4 stimulus types
(2 target stimulus durations × 2 emotion types) along with markers identifying subjects’ button
presses (yes-fear or no-fear).

Identification of face-sensitive sensors—To identify sensors that responded maximally
to faces for each subject, an average waveform for each of the four conditions (fearful faces
displayed for 33 ms, neutral faces displayed for 33 ms, fearful faces displayed for 67 ms and
neutral faces displayed for 67 ms) at each sensor was created. The scalp distributions of the
resulting average waveforms were examined to locate groups of sensors in the left and right
hemispheres that responded maximally to faces around 170 ms after stimulus onset
(traditionally called the M170 response). Four sensors in each hemisphere that showed the
largest M170 response were picked for further analysis (see Supplementary Figure 1 for data
from a representative subject). Data from these eight sensors were first baseline corrected and
then low-pass filtered at 30 Hz (zero phase-shift 6th order Butterworth IIR filter with roll-off
of 240 dB/decade) to remove high-frequency oscillations. Next, for each subject, data were
rectified by computing the root-mean-square at each time point, and an average waveform for
each group of face-responsive sensors for each of the four conditions was created. All further
analyses were performed on these baseline corrected, low-pass filtered and rectified averages
(one waveform for each condition for each hemisphere for each subject). A similar procedure
was adopted to identify sensors that responded maximally to faces at approximately 100 ms
poststimulus and referred to here as the M100 response. Two subjects did not show an M100
response and were excluded from the M100 analysis.

Analysis of M170 response—To study differences in the M170 response based on
emotion, the temporal location of the peak of the M170 response for each of the four conditions
of interest (masked fearful and neutral targets, each displayed for 33 ms or 67 ms) was first
identified for each hemisphere for each subject. As there was a certain amount of between-
subjects variability in the temporal location of this peak (range of latencies across subjects:
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120 to 188 ms, see Results), each subject’s data were then recentered about the M170 peak and
a window of width ± 100 ms (± 60 samples) around the M170 peak was extracted for each
subject. This allowed a comparison of the M170 response across conditions at the group level,
which was done in two ways. First, to quantify the magnitude of the M170 valence effect,
average amplitudes of the fearful and neutral traces in a ± 10 ms window around the M170
peak were computed for each subject, for each hemisphere, and for each stimulus duration.
Next, these valence effects were compared using a four-way repeated measures analysis of
variance (ANOVA); (group between-subjects factor; normals and high-performers; see Results
for how these groups were defined) × hemisphere (left and right) × stimulus duration (67 ms
and 33 ms) × valence (fearful and neutral)). Second, to locate exactly where around the M170
peak the fear trace differed from the neutral trace, paired two-sample t tests were conducted at
each time point to compare responses to fearful faces versus neutral faces for 67- and 33-ms
conditions, separately. The M100 data were analyzed in a similar way.

Source localization using event-related field synthetic aperture magnetometry
(SAMerf)—SAMerf is a tool to estimate source activity of event-related responses within the
brain based on sensor covariance (Cheyne, Bostan, Gaetz, & Pang, 2007; Robinson, 2004). It
is based on the traditional SAM technique (Vrba & Robinson, 2001), which uses a beamformer
method to create a linear combination of MEG sensors, such that MEG signals from the desired
source are summed constructively while those at other locations are suppressed. The procedure
is repeated independently for a specified set of voxel locations (in this case 6 mm × 6 mm × 6
mm voxels covering the entire brain). Unlike traditional SAM, SAMerf attenuates phase-
locked activity by averaging virtual channels at each voxel location and creating a source image
based on the average. To compute the SAMerf maps, a traditional SAM covariance matrix was
first calculated for a window beginning 300 ms prior to stimulus onset and ending 300 ms after
stimulus onset. Since SAMerf primarily localizes the evoked response, which tends to be
mainly low frequency, a frequency band of 1–30 Hz was used to compute this matrix. In order
to perform the SAM analyses, high resolution anatomical MRI scans were required for each
subject. These were obtained on a 1.5 Tesla or 3 Tesla GE scanner using standard SPGR (FOV
= 24 cm; 256 × 256 matrix; flip angle = 20°; Bandwidth = 15.63; 124 slices; slice thickness =
1.3 mm) or MPRAGE (FOV = 22 cm; 256 × 256 matrix; flip angle = 12°; Bandwidth = 31.25;
124 slices; slice thickness = 1.2 mm) anatomical sequences. Each subject’s anatomical scan
was spatially normalized to the Talairach brain atlas (Talairach & Tournoux, 1988) using AFNI
(Cox, 1996).

Event Related Field SAM (SAMerf) was then computed for an active window of ± 20 ms
around the peak of the M170 response for each subject and a control window spanning 40 ms
of prestimulus baseline from −115 ms to −75 ms prior to stimulus onset. In SAMerf (Cheyne
et al., 2007; Robinson, 2004), the estimated time series of activity at each voxel are averaged
around an event before calculating mean source power in the time windows of interest. The
resulting SAMerf images represent the logarithmic ratio of mean power in the active window
to mean power in a control window for each condition. Each subject’s SAMerf images were
then converted to z-scores (by rescaling the values such that the standard deviation equals 1
and subtracting the mean) and coregistered to that subject’s Talairach-normalized anatomical
scan. These images were then entered into a group-level two-sample paired t test to identify
sources that differed in their response to fearful compared to neutral targets for the 67- and 33-
ms conditions separately. To correct for multiple comparisons a cluster size threshold
correction was applied to the resulting statistical maps, allowing only clusters with a volume
of at least 864 mm3 and a p-threshold <0.01. This threshold was determined by running Monte
Carlo simulations using AlphaSim in AFNI and was associated with a probability <0.01
corrected for multiple comparisons.
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Results
Of the 31 subjects scanned, four subjects exhibited considerable movement during the scan
and were excluded from analysis (see Methods for exclusion criterion).

Behavior
To characterize behavioral performance, for each subject, the area under the ROC curve (called
A’) was determined for the 33-and 67-ms conditions, separately. A total of 12/27 subjects
reliably detected 67-ms target faces (A’ values significantly greater than 0.5; p < .05), but could
not detect 33-ms targets (A’ values not significantly greater than 0.5; p > .1). These subjects
who were aware of masked 67-ms targets but unaware of masked 33-ms targets were referred
to as “normals” (Figure 2A). Nine of the 27 subjects were able to reliably detect both 33- and
67-ms masked targets (p < .05). These subjects, who were aware of both 67- and 33-ms masked
targets, were referred to as “high performers” (Figure 2B). An additional 3 participants
exhibited a trend toward being high performers (0.05 < p < .1 at 33 ms) but did not qualify for
inclusion in either group, and were therefore excluded from further analysis. Three subjects
were discarded as they were unable to detect either 67-ms or 33-ms masked targets. Twelve
“normals” and 9 “high performers” were used in the final analyses.

MEG
Sensor analysis—Statistical analyses of the average waveforms centered around the M170
response (see Figure 3A and B) revealed a strong laterality effect (right > left; F(1, 19) = 49.8;
p = .000001), a main effect of valence (fearful > neutral; F(1, 19) = 8.5; p = .009) and a
hemisphere by valence interaction (F(1, 19) = 6.7; p = .02). No significant interactions by group
were observed. However, since the behavioral data provided a strong a priori hypothesis that
the two groups would show differences in the M170 valence effect, these data were further
explored via pairwise comparisons separately for the two groups.

For the group of normals, for the right hemisphere data, pairwise comparisons revealed a
significant difference between M170 responses to masked fearful and neutral target stimuli
displayed for 67 ms. Specifically, in a 20-ms window centered about the peak, the M170
amplitude for the fearful trace was significantly greater than the neutral trace, but only for the
67-ms condition (one-tailed paired t test, t(11) = 1.8; p = .05). No difference between the fearful
and neutral traces was seen for the group of normals for the 33-ms condition (t(11) = 0.8; p = .
22). Left hemisphere pairwise comparisons did not reveal any significant results for this group.

Similar pairwise comparisons for the group of high-performers revealed significantly greater
right hemisphere M170 responses to fearful relative to neutral targets for both 67-ms (t(11) =
2.2; p = .03) and 33-ms (t(11) = 1.8; p = .05) conditions. For the left hemisphere data, only the
comparison of M170 responses for fearful relative to neutral targets displayed for 67 ms reached
significance (t(11) = 2.1; p = .03).

To further probe the temporal location of this difference, the right hemisphere fearful and
neutral traces (which showed the stronger valence effects) were compared at each time point
in the recentered data for each group using paired t tests. These comparisons showed that for
the group of normals the response to fearful targets was greater than the response to neutral
targets in a window ranging from −27 ms to + 3 ms around the peak of the M170 for the 67-
ms condition (p < .05). No significant difference was observed for the 33-ms condition. Figures
4A and 4B show the group-averaged right hemisphere fearful and neutral waveforms for the
normal group for the 67- and 33-ms conditions, respectively. For the high performing group,
the response to fearful targets differed significantly from neutral targets (p < .05) in a window
ranging from −12 ms to + 20 ms around the peak of the M170 for the 67-ms condition (Figure
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4C). For the 33-ms condition, the valence difference for the high performing group was seen
in a smaller window, ranging from about −7 ms to + 2 ms around the peak of the M170 response
(Figure 4D). In summary, differential M170 responses for fearful versus neutral faces were
observed only when subjects were able to reliably detect the fearful faces.

The latency of the peak of the M170 response was also examined via a similar analysis of
variance. No significant effects of group, hemisphere, stimulus duration or valence, or
interactions between these factors were observed.

With respect to the M100, a four-way analysis of variance (group × hemisphere × duration ×
valence) revealed a strong laterality effect, right > left; F(1, 17) = 98.9; p = .00000002; a group
by stimulus duration interaction, F(1, 17) = 7.9; p = .01, and a group by hemisphere by duration
interaction, F(1, 17) = 7.1; p = .02. These interactions were further explored via pairwise
comparisons between responses to fearful and neutral targets for the two groups separately.
For the normal group, these tests showed no significant differences between responses to fearful
and neutral targets for either the 67-ms, left: t(9) = 0.7; p = .5, right: t(9) = 0.9; p = .4; or 33-
ms, left: t(9) = −0.1; p = .9, right: t(9) = 0.5; p = .6, conditions. Similar pairwise analyses of
M100 data for the high-performing group, revealed a valence effect only for the 33-ms
condition. In this condition, both left and right hemispheres showed a strong trend toward larger
M100 magnitudes for neutral relative to fearful target, left: t(8) = −1.5; p = .08; right: t(8) =
−1.7; p = .06. Pairwise comparisons for the 67-ms condition did not yield significant results,
left: t(9) = −0.7; p = .5, right: t(9) = −0.4; p = .7. Latency of the M100 response was also
examined, but no significant effects of group, hemisphere, duration or valence, or interactions
between these factors were found.

Source analysis—SAMerf images were used to localize sources of the M170 evoked
response for each subject. Only eight subjects of the nine were included in the SAM analysis
for the group of high performers, as an anatomical MRI scan (required for SAM computation)
for one subject could not be collected due to relocation. In the normal group, all 12 subjects
were included in the SAM analysis. For the normal group, a paired two-sample t test
(thresholded at p < .01, corrected) between the SAM volumes for fearful targets versus neutral
targets displayed for 67 ms showed a significant source localized to the right middle occipital
gyrus (MOG; peak Talairach coordinates: x = 36, y = −78, z = 5; Figure 5A). Critically,
however, this same location did not show a difference between fearful and neutral target faces
displayed for 33 ms for this group (see Figure 5B). In contrast, for the high performing group,
statistical analysis of the SAM volumes (thresholded at p < .01, corrected) for fearful versus
neutral targets revealed a source localized to the left FG (peak Talairach coordinates: x = −22,
y = −66, z = −8; Figure 5C) for the 67-ms condition, and one localized to the right MOG (peak
Talairach coordinates: x = 36, y = −78, z = −2; Figure 5D) for the 33-ms condition. Thus, the
valence effect that was observed at the sensor level was localized to face processing areas
within the brain (Grill-Spector, Knouf, & Kanwisher, 2004; Haxby et al., 2001; Ishai,
Ungerleider, Martin, & Haxby, 2000; Ishai, Ungerleider, Martin, Schouten, & Haxby, 1999;
Kanwisher, McDermott, & Chun, 1997), but only for conditions in which the subject could
reliably detect the fearful stimulus.

Trait Anxiety Scores
Five of the 12 normal subjects and 3 of the 9 high-performing subjects completed the STAI.
Trait anxiety data for these eight subjects were tabulated and compared across the two groups
of subjects. A nonparametric Mann–Whitney U test showed that the trait anxiety scores for the
group of high performers, N = 3; 35.3 (mean) ± 1.5 (SD), were significantly higher (U = 0.5;
p = .04) than those of the group of normal individuals, N = 5; 25.4 (mean) ± 5.1 (SD).
Furthermore, the trait anxiety scores for these 8 subjects showed a significant positive
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correlation with the A’ values for the 33-ms condition (nonparametric Spearman rank order
correlation; R = 0.8; p = .03). Trait anxiety did not correlate significantly with A’ values for
the 67-ms condition (R = 0.5; p = .2) or with the average M170 amplitude difference in a ± 10
ms window between fear and neutral traces for the 33-ms (R = −0.2; p = .6) or 67-ms conditions
(R = −0.4; p = .4).

Discussion
The current study examined the link between individual differences in sensitivity to fearful
faces and the emotional modulation of the M170 face-selective response. Subjects were
grouped based on their ability to reliably detect fearful faces during a fear detection task and
the difference between the evoked response to masked fearful and neutral target faces was
measured.

First, it was found that, only for those conditions where subjects could reliably detect the fearful
stimuli were the M170 amplitudes larger for fearful faces than neutral faces. Second, using
SAM techniques, this valence effect of the M170 was localized to face processing areas located
on the FG and MOG. These results parallel those of our fMRI study (Pessoa, 2005; Pessoa et
al., 2006), where activation in the FG and amygdala was found only for conditions in which
subjects could reliably detect the fearful faces. There has been considerable debate in the
literature about the automaticity of emotion processing, with some researchers suggesting that
emotional stimuli (especially fearful) may be processed without reaching conscious awareness
(Dolan & Vuilleumier, 2003; Ohman, 2002). Some studies have reported brain activations in
response to emotional stimuli even when these stimuli were not consciously perceived (as
assessed by the subjects’ subjective report; (Morris, Ohman, & Dolan, 1998; Ohman, Esteves,
& Soares, 1995; Whalen et al., 1998). The current study, along with the previous fMRI study,
assessed perception of emotional stimuli via objective signal detection theory measures. Both
showed brain activations only when subject’s reported having seen the emotional stimulus.
Thus both studies provide important support for the alternate notion that emotion processing
may not be an entirely automatic process.

Third, trait anxiety scores from a subset of subjects indicated that those subjects who were
better able to detect briefly presented fearful faces had higher generalized anxiety levels. Trait
anxiety is a measure of a subject’s “anxiety proneness and refers to a general tendency to
respond with anxiety to perceived threats in the environment” (Spielberger, 1983). In the
present study, the high performing group that was able to better and more reliably detect rapidly
presented fearful faces showed higher trait anxiety scores. Not only did trait anxiety
differentiate the two groups categorically, the significant correlation between trait anxiety
scores and A’ at 33-ms (the condition that critically differentiated the two groups of subjects),
showed that sensitivity to rapidly presented fearful faces varied parametrically with general
anxiety levels. This suggests that the higher a person’s anxiety proneness, the more they are
aware of the presence of threatening or fearful stimuli in their environment. Thus, it is likely
that the behavioral differences observed in the two groups may reflect underlying differences
in trait anxiety. Taken together, these results indicate that successful target detection is tightly
linked to the effect of valence on the M170 face response and that individual differences
between subjects (here generalized anxiety levels) is an important factor to consider in studies
of emotion processing.

Individual Differences in M170
A survey of the literature related to the effects of emotion (especially negative) on face
processing reveals mixed results. On the one hand, there is growing evidence from EEG and
MEG studies that emotion modulates the N170/M170 response. For example, using EEG,
several groups (Blau et al., 2007; Eger et al., 2003; Williams et al., 2006) have reported that
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negative facial expressions compared to neutral and positive ones elicited the largest amplitude
change at the N170. Similarly, using MEG, several investigators (Lewis et al., 2003; Liu et al.,
1999; Streit et al., 1999) have demonstrated that the M170 is sensitive to emotional expressions.
On the other hand, there are both EEG and MEG studies (Ashley, Vuilleumier, & Swick,
2004; Esslen, Pascual-Marqui, Hell, Kochi, & Lehmann, 2004; Herrmann, Ehlis, Ellgring, &
Fallgatter, 2002; Ishai, Bikle, & Ungerleider, 2006), including some masking studies of
subliminal perception (Liddell et al., 2004; Williams et al., 2004), that have found no effect of
emotion on the N170/M170, reporting instead only an affect-sensitive later component,
typically around 230 ms poststimulus. What could be a possible explanation for this
discrepancy regarding the N170/M170 in the literature?

Emotion processing is a complex process and an individual’s ability to detect and process
emotional information can depend on several factors. There are of course differences in visual
perception per se among subjects. For example, some studies have reported individual
differences in contrast sensitivity (Peterzell & Teller, 1996) and in the ability to detect low-
contrast patterns (Ress, Backus, & Heeger, 2000), Accordingly, one interpretation of the
present data could be that, due to differences in visual perception, some subjects may be better
at detecting rapidly presented and masked stimuli. Hence, the difference in valence modulation
of the M170 response between the two groups of subjects shown here may reflect differences
in speed and/or efficiency of processing of these rapidly presented faces.

Alternatively, other factors can influence emotion processing, including personality traits such
as introversion and extraversion (Bono & Vey, 2007; Canli, 2004; Fink, 2005; Hamann &
Canli, 2004), emotional abilities (Freudenthaler et al., 2006; Meriau et al., 2006), affective
synchrony (Rafaeli, Rogers, & Revelle, 2007), neuroticism (Haas, Omura, Constable, & Canli,
2007), mood and anxiety levels (Cornwell et al., 2006; Engels et al., 2007; Etkin et al., 2004;
Fox et al., 2005; McClure et al., 2007; Most, Chun, Johnson, & Kiehl, 2006; Rossignol et al.,
2005; Somerville, Kim, Johnstone, Alexander, & Whalen, 2004; Vasey, el-Hag, & Daleiden,
1996; Wang, LaBar, & McCarthy, 2006), stress (Zorawski, Blanding, Kuhn, & LaBar, 2006;
Zorawski, Cook, Kuhn, & LaBar, 2005) and psychopathy (Gordon, Baird, & End, 2004). All
of these factors may influence performance on a task that involves emotional faces and, in turn,
the dynamics of face processing itself.

Indeed, the present study specifically shows that detection of fearful faces presented in a
masked fashion is linked to valence modulation of the M170 response, but that this modulation
is seen only under conditions where a subject reliably detects the emotional stimuli. Anxiety
measures obtained from some of the subjects, indicate that the performance differences
reported in this study may in fact be driven by underlying differences in anxiety levels among
the subjects. Most previous studies examining the N170/M170 and its modulation by emotion
did not account for individual differences between subjects. Thus, it is conceivable that this
key factor may, at least in part, account for the conflicting reports in the literature of the effects
of emotion on the temporal dynamics of face processing.

Although differences in the M170 valence effects were observed between the two groups, this
difference did not manifest itself as a group by duration by valence interaction. A likely reason
for the lack of interaction in the ANOVA is the combination of subtle valence effects and low
number of subjects in the two groups (normals = 12; high performers = 9). This limitation could
be overcome by collecting data from a larger group of subjects. With respect to the correlation
of the valence effects with anxiety scores, STAI trait anxiety scores have previously been
reported to correlate with measures of depression (Dobson, 1985; Nitschke, Heller, Imig,
McDonald, & Miller, 2001). Thus, further work is necessary to assess the relative contributions
of anxiety and depression to the different behavioral profiles of the two groups of subjects in
this study.
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One factor that this study does not address is the issue of causality between behavior and the
valence modulation of the M170. Based on the current results, one can surmise a link between
a subject’s ability to detect masked fearful faces and the modulation of that subject’s M170
response by the emotional content of the masked faces. However, it remains an open question
of whether successful target detection is required for valence modulation of the M170 response,
or whether perception of fear depends on an enhanced M170 response for fearful compared to
neutral faces. Further experiments, perhaps using transcranial magnetic stimulation (to
suppress activity in one or more regions involved in emotion processing such as FG and
amygdala), may be able to address this issue of causality.

Source Localization of M170
SAM results show that the peak of the M170 response was localized to the FG and MOG. Both
these regions have been shown by others to be involved in face processing (Grill-Spector et
al., 2004; Haxby et al., 2001; Ishai et al., 2000, 1999; Kanwisher et al., 1997). The difference
between fearful and neutral conditions was localized to these regions only for situations where
the subjects were able to reliably detect the fearful stimulus. It is interesting that the SAM
analysis for the 67-ms data of the normal group and the 33-ms data of the high performing
group localized to the same region in right MOG. This paralleled the behavioral similarity that
was evident from the ROC curves (see Figure 2) and the average sensitivity for the two groups
for these target durations. The average A’ for the group of normals for the 67-ms target duration
was .65, which was remarkably close in value to the average A’ of 0.64 for the group of high
performers for the 33-ms target duration. Thus, the behavior and M170 source location of the
high performing group for the 33-ms condition mimicked those of the normal group for the
67-ms condition.

The average A’ of 0.82 for the high performing group for the 67-ms condition is a significant
deviation from the value expected for chance performance (A’ = 0.5), and this was associated
with a more anterior source in the left FG compared with the right MOG. It is possible that
anterior regions in the face processing network are more involved in the processing of a face
and its emotional content when the target object’s visibility is higher (i.e., when images are
more clearly visible to subjects). Similarly, earlier areas in the face processing network may
be involved when subjects, although able to detect faces better than chance, have a slightly
lower sensitivity to fearful faces that are presented for short durations and masked by neutral
faces.

There is some evidence for the idea of a link between “clarity” or “recognizability” of an object
with the locus of cortical activity in visual processing areas. For example, in an fMRI study
involving subliminal visual priming of masked object images, Bar and colleagues (Bar et al.,
2001) showed that activity in the temporal lobe strengthened and was situated more anteriorly
as subjects were able to more confidently identify the objects. This phenomenon may in turn
be linked to the decline in temporal frequency tuning that has been observed along the object
processing stream. For example, McKeeff and colleagues (McKeeff, Remus, & Tong, 2007;
McKeeff & Tong, 2007) have found that early processing areas respond best to rapidly
presented objects, while more anterior regions such as the FG respond best to objects presented
at a slower rate. The present results are thus consistent with the idea that FG activation is linked
to perception occurring under “more confident” visual awareness, compared to activation in
earlier processing areas (such as the MOG in the present study), which may be linked more to
perception under lower confidence.

The larger M170 amplitudes observed in the right hemisphere compared to the left hemisphere
are consistent with reports of greater right hemisphere activation during face perception in
general (Yovel & Kanwisher, 2004). This lateralization effect is also consistent with a model
of emotion processing (Heller, 1993) that suggests that a right-hemisphere network (including
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frontal, parietal, temporal and occipital regions), is involved in detecting and responding to
threat-related stimuli. Further, activity in the nodes of this right-hemisphere network has also
been shown to depend on the level of threat and anxiety, especially anxious arousal (Engels et
al., 2007; Heller, Nitschke, Etienne, & Miller, 1997; Nitschke, Heller, Palmieri, & Miller,
1999). The greater right-sided activity seen in this study, especially in the individuals with
higher trait anxiety levels, may thus be related to the functional specialization of the right
hemisphere in processing threat-related information.

The lateralization of SAM group results followed all the results that were observed at the scalp,
except for the 67-ms condition in the high-performing group. For this condition, at the sensor
level a significant difference between fearful and neutral targets was found in both hemispheres.
At the source level however, only a lateralized source in left FG was found in the SAM results
for this group. On further examination of these data, another source in right FG was revealed
at a lower threshold (p < .05; uncorrected) Thus, an asymmetry between left and right
hemisphere intersubject variance in the relative difference between fearful and neutral targets
may be the reason for the left lateralization of this result observed at the source level.

Magnitude of M100
Previous studies of face perception have suggested that the M100 response, although often
greater for faces than other stimuli, such as houses (Liu et al., 2002), buildings (Herrmann et
al., 2005) and scrambled faces (Herrmann et al., 2005), is more sensitive to image features and
reflects an early perceptual processing phase (Halgren et al., 2000; VanRullen & Thorpe,
2001). With regard to the sensitivity of the M100 to emotion, there are very few reports in the
literature that find valence effects at this early latency (Williams et al., 2006). The larger M100
response observed in the present study for neutral targets compared to fearful targets for the
33-ms condition in the high-performing group is an unexpected result that warrants further
investigation.

Conclusions
The M170 is characteristically associated with face processing and there is growing evidence
that this component is emotion-sensitive. The present study provides evidence that individual
differences in behavior among subjects (in this case sensitivity to masked fearful faces) are
linked to the temporal dynamics of emotional face processing. The presence and absence of
the M170 valence modulation were demonstrated simultaneously by taking into account
behavioral differences between individual subjects. Specifically, those subjects that could
reliably detect masked fearful faces showed larger M170 amplitudes for those fearful faces
compared to neutral faces. This suggests that behavioral performance and personality
measures, such as trait anxiety, are important aspects to consider when studying emotion
processing.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of trial structure. On each trial, subjects fixated and viewed a fearful (F), happy (H),
or neutral (N) target presented for 33 ms or 67 ms and masked by a neutral face presented for
117 ms or 83 ms. Subjects indicated with an appropriate button press whether they had seen a
fearful face or not and then rated (via button press) the confidence in their response using a 1
to 3 scale. A modified version of a figure originally published in Cerebral Cortex (2006, Vol.
16, No. 3, Oxford University Press).
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Figure 2.
Receiver Operating Characteristic (ROC) curves used to quantify sensitivity to fearful target
faces. Chance performance is indicated by the diagonal line (i.e., the same number of false
alarms and hits) and better-than-chance behavior is indicated by curves that extend to the upper
left corner. The area under the ROC curve is the nonparametric sensitivity measure A.’ A. ROC
curves from a representative individual from the group of 12 normals who reliably detected
67-ms targets but were not able to detect 33-ms targets. B. ROC curves from a representative
individual from the group of 9 high performers who reliably detected both 67- and 33-ms
targets.
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Figure 3.
Average M170 amplitudes in femtoTesla (fT) within a 200-ms window centered around the
peak. Panel A and B show average amplitudes for the two groups of subjects for 67 and 33 ms
conditions, for left and right hemisphere sensors, respectively. Dark gray boxes are for fearful
targets and light gray boxes for neutral targets. Asterisks indicate those conditions where
response to fearful targets in greater than neutral targets at p < .05.
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Figure 4.
Average recentered waveforms (see Methods) in right hemisphere face-sensitive sensors for
the two groups of subjects for the four conditions. Panels A and B show average waveforms
for the group of normals for the 67- and 33-ms target durations, respectively. Panels C and D
show data for the group of high performers for the 67- and 33-ms conditions, respectively.
Black traces are for fearful targets and gray traces are for neutral targets. Vertical dashed line
indicates location of M170 peak. Y-axis shows waveform amplitude in femtoTesla (fT) and
x-axis shows time around peak of M170 response in milliseconds (ms). Shaded areas indicate
time points at which difference between fearful and neutral target faces was significant (p < .
05).
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Figure 5.
SAMerf results: Images show paired t test comparison of SAMerf volumes of M170 evoked
response for fearful versus neutral target faces. Panels A and B show SAMerf results for group
of normals for 67-and 33-ms conditions, respectively. Panels C and D show SAMerf data for
group of high performers for 67- and 33-ms conditions, respectively. Threshold for paired t
test: p < .01 (corrected). Frequency band: 1–30 Hz; Active window: 40-ms adaptive window
around M170 for each subject; Control window: −115 ms to 75 ms prestimulus baseline. In
panels A and D, significant sources were localized to the right medial occipital gyrus (MOG)
and in panel C to the left fusiform gyrus (FG).
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