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Here we used magnetoencephalography (MEG) to investigate stages of processing in face perception
in humans. We found a face-selective MEG response occurring only 100 ms after stimulus onset (the
*M100°), 70 ms earlier than previously reported. Further, the amplitude of this M100 response was
correlated with successful categorization of stimuli as faces, but not with successful recognition of
individual faces, whereas the previously-described face-selective ‘M170" response was correlated with
both processes. These data suggest that face processing proceeds through two stages: an initial stage
of face categorization, and a later stage at which the identity of the individual face is extracted.

Face recognition is one of the most important problems the
human visual system must solve. Here we used MEG to charac-
terize the sequence of cognitive and neural processes underlying
this remarkable ability.

Two candidate stages of face processing are the categoriza-
tion of a stimulus as a face, and the identification of a specific
individual. Several studies of object recognition suggest that
objects are first categorized at a ‘basic level’ (dog, bird) before
a finer ‘subordinate level’ identification is achieved (poodle,
sparrow) 2. Evidence that a similar sequence may occur in face
perception comes from single-unit recordings in macaques
showing that the initial transient response of face-selective neu-
rons in inferotemporal cortex reflects a rough categorization
of face versus nonface, whereas subsequent firing of the same
neural population represents finer information such as facial
expression or individual identity?. It has been argued, howev-
er, that visual expertise in discriminating exemplars of a spe-
cific visual category may shift the point of initial contact with
memory representations from the basic level to the subordi-
nate level"4. Given that we are all experts at face recognition,
this hypothesis predicts that people should be able to identify
an individual face as fast as they can determine that it is a face
at all. Although some behavioral evidence is consistent with
this hypothesis®, other evidence is not®.

MEG is an ideal technique for addressing these questions, as
its high temporal resolution enables us to tease apart processing
stages that may occur within tens of milliseconds of each other.
Prior work with MEG and event-related potentials (ERPs) has
characterized a response component called the N170 (or M170
in MEG) that occurs around 170 ms after stimulus onset, and is
about twice as large for face stimuli as for a variety of control
nonface stimuli such as hands, houses or animals’~10. This
response is thought to reflect the structural encoding of a
face”!112, that is, the extraction of a perceptual representation
of the face. Although several reports of even earlier category-
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selective responses have been published!>-18, they are open to
explanations invoking nonspecific repetition effects!® or differ-
ences in the low-level features of the stimuli?’.

When do the first truly face-selective responses occur? We
recorded MEG responses while subjects passively viewed a
sequence of photographs of faces and a variety of control stimuli
(experiments 1 and 2). These experiments found a new face-
selective response occurring only 100 ms after stimulus onset (the
M100), generated from extrastriate cortex (experiment 3). Fur-
ther, we tested whether the M100 and M170 amplitudes are cor-
related with success in face categorization and/or face
identification (experiment 4). Finally, we tested for further qual-
itative differences in the processes underlying the M100 and the
M170 by measuring the responses of each component to face
configurations and face parts (experiment 5).

REsULTS

A face-selective response at a latency of 100 ms

An interpolated map of the t-value comparing the MEG
response to faces versus houses for a typical subject (experi-
ment 1) shows the previously-described!” face-selective M170
response occurring at a latency of about 160 ms (Fig. 1a). This
response may correspond approximately to the N170 compo-
nent in ERP studies” and/or the N200 in intracranial ERP stud-
ies?!) as discussed later.

In addition to the M170, we found a smaller response peaking
at a mean latency of 105 ms (the ‘M100’; range 84.5-130.5 ms,
s.d. 16.1) that was significantly higher for faces than for houses.
This result was seen with the same polarity in 13 of 15 subjects.
The scalp distribution of the face-selective M100 response was
slightly posterior to that of the M170, but the sensors showing the
strongest face-selectivity for the M100 largely overlapped with
those showing the strongest face-selectivity for the M170. The MEG
response of a representative subject at a typical overlapping face-
selective sensor in the right hemisphere is shown in Fig. 1b.
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For a stronger test of face selectivity, we measured the mag-
nitude of the M100 response to a variety of control stimuli
(experiment 2). Subjects were asked to press a button whenever
two consecutive images were identical, obligating them to attend
to all stimuli regardless of inherent interest. Target trials con-
taining such repeated stimuli were excluded from the analysis.
Accuracy on this one-back matching task was high for all cate-
gories (>90% correct) except for hands (76%), which are visu-
ally very similar to each other. The MEG data from experiment 1
were first used to define sensors of interest (SOIs) in each sub-
ject—those sensors that produced significantly face-selective
responses for both the M100 and the M170 (Methods). Both the
amplitudes and latencies of peak responses to the new stimulus
conditions in experiment 2 in these same SOIs were then quan-
tified in the same subject in the same session. The M 100 response
to photographs of faces was greater (Fig. 2) than that to pho-
tographs of animals (F; ;, = 10.2, P < 0.01), human hands
(Fy 15 =9.0, P <0.02), houses (F; j, = 8.1, P <0.02) and nonface
objects (F) 1, =10.3, P <0.01). Therefore, the M100 is not gen-
erally selective for anything animate, or for any human body part;
instead, it seems to be selective for faces. However, both the mag-
nitude and selectivity of the M100 response were weaker than
those for the M 170 response.

The earlier latency and somewhat more posterior scalp dis-
tribution of the M100 compared to the M170 suggest that the
two components may not originate from the same anatomical
source. To test whether the M100 might originate in retino-
topically-organized visual cortex, we separately measured the

Fig. 2. Amplitudes of the peak M100 response, averaged across sub-
jects, to faces and a variety of nonface objects at predefined sensors of
interest. The error bars show the standard deviation across subjects of
the difference of the M100 amplitudes between faces and each category
of nonface object.
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I. MEG data from a typical subject. (a) Pairwise t-tests
between the responses at each sensor reveal early (M100) and
late (M170) significant differences in the MEG response to faces
versus houses over occipitotemporal cortex. (b) The MEG wave-
forms are averaged across all face and house trials at a typical sen-
sor of interest in the right hemisphere. Red, faces; blue, houses;
black, t-values. The left vertical scale indicates the amplitude of
the MEG response (103 tesla) whereas the right one shows the
t-value. A value t = 1.99 (horizontal green line) corresponds to
P < 0.05 (uncorrected for comparisons at multiple time points).
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amplitude of the M100 in each hemisphere to faces
presented in the contralateral versus ipsilateral visual
field (2.8° off fixation) in experiment 3. This manipu-
lation is known to affect responses in visual areas V1,
V2, V3, VP, V3A and V4v in humans?2. We found no
difference in the amplitude of the M100 in each hemi-
sphere for contralaterally versus ipsilaterally present-
ed faces (Fy o< 1), indicating that the source of this
component must be beyond retinotopic cortex.
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Decoupling categorization and identification
The results described so far implicate both the M100
and M170 in face processing, but do not indicate what
aspect of face processing each component reflects. In
experiment 4, we asked whether each component is
involved in the categorization of a stimulus as a face,
in the extraction of the individual identity of a face, or
both. Subjects were instructed to make two judgments about
each stimulus, determining both its category (face or house)
and its individual identity.

In this experiment, ten subjects matched front-view test images
of faces and houses to profile views (faces) or three-quarter views
(houses) of the same stimulus set presented earlier in the same trial
(Fig. 3a). There were three possible responses: ‘different category’
if the sample was a face and the test was a house or vice versa, ‘dif-
ferent individual but same category’ and ‘same individual’ Cor-
rect categorization required discrimination between ‘different
category’ trials and either ‘different individual’ or ‘same individ-
ual’ trials; correct identification required distinguishing between
‘different individual’ and ‘same individual’ trials.

A set of face and house stimuli (five exemplars each) were
constructed, each of which had identical spatial frequency,
luminance and contrast spectra. Subjects were first trained to
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Fig. 3. Stimulus and task for experiment 4. (a) In each trial, a sample stimulus was followed (after a delay) by a test stimulus. The sample images
(5 exemplars for each category) were profile-view faces or three-quarter-view houses. (b) Test stimuli were frontal views of the sample stimuli.
The phase coherence of the test stimuli was varied from 0% (visual noise) to 90% in four levels; original images with 100% coherence were also
included. Here we show the data for the stimuli presented at categorization and identification thresholds only.

match each face and house with its profile or three-quarter
view, respectively, at 100% accuracy. Using a technique simi-
lar to the recently proposed RISE technique?®?* (Methods),
each subject was then run on a psychophysical staircase pro-
cedure in which the percentage of phase coherence of each test
stimulus was gradually reduced until the subject reached
threshold performance on the matching task (75% correct, 20
steps by QUEST staircase?®). In this way, five threshold face
stimuli and five threshold house stimuli were constructed for
each subject for each of the two tasks (categorization and iden-
tification). Across all stimuli and subjects, the resulting thresh-
old face and house stimuli had a mean percent phase coherence
of 14% (face) and 18% (house) for the categorization task and
38% (face) and 51% (house) for the identification task, indi-
cating that more stimulus information was necessary for the
identification task than for the categorization task, as expected.

Next, each subject performed the same matching task (dif-
ferent category, different individual, or same individual) in the
MEG scanner, using face and house stimuli with phase coher-
ence varied across four levels: 0%, 90%, and the two previously-
derived sets of thresholds for that subject—one for the
categorization task, and the other for the identification task
(Fig. 3b). In addition, the original version of each image with
unmodified spatial frequencies was included to localize face-
selective SOIs. By measuring both categorization and identifi-
cation performance on each trial, the task allowed us to
decouple the MEG correlates of successful categorization from
those of successful identification. To obtain the MEG corre-
lates of successful categorization, we compared the average
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MEG response to the same test image when the subject cor-
rectly categorized but failed to identify it, versus when they cat-
egorized it incorrectly. For identification, we compared the
response to the same test image when the subject correctly
identified it versus when they incorrectly identified it but cat-
egorized it successfully.

MEG waveforms averaged across each subject’s face-selec-
tive SOIs from the face categorization and identification tasks
are shown in Fig. 4a. The magnitudes of both the M100
(Fp9=9.5, P<0.02) and the M170 (F} g = 5.8, P < 0.05) were
larger for successful than for unsuccessful categorization of faces
(Fig. 4b, top left). However, only the M170 (F, o = 43.3,
P <0.001), but not the M100 (F, g < 1), was higher for correct
than for incorrect identification of faces (interaction, F Lo =387,
P < 0.02) (Fig. 4b, bottom left). For house stimuli, neither the
M100 nor the M170 differed for correct versus incorrect trials in
either task (F < 1 in all cases; Fig. 4b, top right and bottom
right). The finding that the M 170 is specific for face identifica-
tion (not house identification) is further supported by a sig-
nificant three-way interaction (F; g = 6.73, P < 0.03) of face
versus house identification, success versus failure, and M100
versus M170 (Fig. 4b, bottom left and right). In addition, nei-
ther the main effect of hemisphere nor the interaction of task
by hemisphere was significant (F < 1 in both cases).

Accuracy on categorization and identification tasks at the two
levels of phase coherence (derived from the previous psy-
chophysical measurements) is shown in Table 1. Pairwise ¢-tests
revealed no significant difference (P > 0.2 in all cases) in accu-
racy as a function of stimulus category (faces versus houses) for
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Fig. 4. Categorization versus identification.

a Face categorization Face identification cati
— Success (a) MEG waveforms from the face categorization
= 06 & M100 06 ) (left) and identification (right) tasks. Blue, success;
B — Failure  |oq, failure. The waveforms were generated by
"—.(’3 02 0.2 averaging the selected raw data (Methods) from
Z 'ew ﬁ independently defined SOls in ten subjects. (b) The
g ~100-0.2 100 3 -1 o 100 0 amplitudes of the M100 and M170 at SOls averaged
§ across subjects. Successful categorization of faces
2 -06 -06 elicited higher amplitudes at both M100 and M170
Time (ms) < M170 (top left), but no significant difference was found
-1.0 -1.0 between successfully and unsuccessfully catego-
rized houses at the predefined SOls (top right).
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b Face House tified) faces produced a significantly larger ampli-
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8 & ) (Fig. 5a, left). Conversely, for ‘parts’ stimuli,
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o S—" — m— r.earranged into a novel nonface configura-
tion (Fig. 5a, right). We measured MEG
responses in 14 subjects who, while fixating,

= 127 1.2 passively viewed these two sets of face-like

g % stimuli (50 exemplars each) presented in a
g 2 o8] 8 random order.

_L.% = The responses to configuration and part

;&; I o stimuli recorded at independently defined

= E‘ face-selective sensors, averaged across subjects,

= 004 ' . ] ‘ are shown in Fig. 5b. Critically, we found a

: M100 M170 ! M100 MI170 significant two-way interaction of M100 ver-

either task (categorization versus identification). Therefore, any
difference between faces and houses seen in MEG responses can-
not be explained in terms of differences in behavioral perfor-
mance. Note that even when the stimuli were degraded to
‘categorization threshold level, the subjects’ performance in the
identification task was above chance (P < 0.01 in both cases).

In sum, both the M100 and M 170 are correlated with suc-
cessful face categorization, but only the later M170 component
is correlated with successful face identification, indicating a dis-
sociation between the two processes. One possible account of this
dissociation is that the selectivity of the underlying neural pop-
ulation may continuously sharpen over time, permitting crude
discriminations (for example, between a face and a house) ear-
lier, and more fine-grained discriminations (for example, between
two different faces) later. Indeed, the ratio of the response to faces
versus houses was lower for the M100 (1.6) than for the M170
(1.8, interaction P < 0.03), showing that selectivity does indeed
sharpen over time. However, this fact alone does not indicate
whether the selectivity changes only in degree, or whether qual-
itatively different representations underlie the M100 and the
M170. This question was addressed in experiment 5, in which
we measured the M100 and M 170 responses to information
about face configurations and face parts.

In experiment 5, two face-like stimulus categories were con-
structed from veridical human faces by orthogonally elimi-
nating or disrupting either face configuration or face parts
(eyes, nose and mouth; Fig. 5a). Specifically, for ‘configura-
tion” stimuli, face parts in each stimulus were replaced by solid
black ovals in their corresponding locations, preserving the
face configuration but removing the contribution of face parts
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(Fy,15=13.4, P <0.005). This interaction
reflects the fact that the amplitude of the M100 was significantly
larger for parts stimuli than for configuration stimuli
(Fy 13 = 11.5, P <0.005), whereas a trend in the opposite direction
was found for the M170 (F ;3 = 3.35, P = 0.09). Thus it is not
merely the degree of selectivity, but the qualitative nature of the
selectivity, that differs between the M100 and the M170. Again,
neither the main effect of hemisphere nor the interaction of stim-
ulus type by hemisphere was significant (F < 1 in both cases).

DiscussioN

In experiments 1-3, we report an MEG response component,
occurring over occipitotemporal cortex and peaking at a latency of
L1100 ms, that is significantly larger for faces than for a variety of
nonface objects. This result indicates that the categorization of a
stimulus as a face begins within 100 ms after stimulus onset, sub-
stantially earlier than previously thought”2%-26,

Unlike prior reports of very early category-selective ERP
responses!>~18, the M100 reported here cannot be explained in
terms of differences in the low-level features present in the
stimuli. The M100 response was stronger when the same face
stimulus was correctly perceived as a face than when it was
wrongly categorized as a nonface. This result shows that the
M100 reflects the subject’s percept, not simply the low-level
properties of the stimulus.

It is possible that a correlate of the face-selective M100 could
be obtained with ERPs. However, because MEG is sensitive to
only a subset of the neural activity that can be detected with scalp
ERPs?’, there is no simple correspondence between MEG
responses and scalp ERP responses, and selectivities that are clear
in the MEG response may be diluted with ERPs. Similarly, the
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Table I. Accuracy as a function of task and stimulus category

(experiment 4, guessing corrected).

Categorization task  Identification task

Face House Face House
Categorization threshold ~ 74% 72% 26% 19%
Identification threshold 95% 95% 73% 65%

M170 response measured with MEG probably corresponds to
only one of the two sources hypothesized to underlie the N170
response”>?8. On the other hand, direct correspondences may
exist between the M100 and M170 and the more focal intracranial
P150 and N200 ERPs?], respectively, assuming that the later laten-
cies in the intracranial case arise from medication and/or histo-
ries of epilepsy typical of that subject population. Unfortunately,
the limitations in current source localization techniques leave
these correspondences only tentative at present.

The latency of the M100 response is not directly compara-
ble to the category-selective response that occurs at a latency
of 100 ms in inferotemporal (IT) neurons in macaques?%3°
because all cortical response latencies are shorter in macaques
than humans. For example, V1 responses occur 40—-60 ms after
stimulus presentation in macaques®'—about 20 ms earlier than
they do in humans?®32,

Given that at least 60—-80 ms are thought to be necessary for
visual information to reach primary visual cortex in humans®?,
this leaves only an additional 20-40 ms for the first face-selective
responses to be generated in cortex. Such latencies are hard to
reconcile with models of visual categorization that rely heavily
on iterative feedback loops and/or recurrent processing, and
strengthen the claim that initial stimulus categorization is accom-
plished by largely feedforward mechanisms3?.

The second major finding of this study is that both the M100
and the M 170 are correlated with successful face categorization,
but only the later M170 component is correlated with successful
face identification. This finding indicates that processes critical
for the identification of a face begin at a substantially later laten-
cy than processes critical for the categorization of a stimulus as
a face. Evidently, our expertise with faces has not led us to be
able to identify individual faces as early as we can tell they are
faces at all (as argued in ref. 5).

The dissociation we report here between the processes
underlying face categorization and those underlying face iden-
tification do not simply reflect the greater difficulty of identi-
fication compared to categorization, because our results were
obtained even when the stimuli were adjusted to produce iden-
tical performance in the categorization and identification tasks
(experiment 4). Furthermore, the difference in the response
for successful versus unsuccessful trials on face stimuli cannot
be explained by general processes such as attention or associa-
tion, because neither the M100 nor the M170 amplitude dif-
fered for correct versus incorrect trials on house stimuli. Thus,
our data argue strongly that the categorization of a stimulus
as a face begins substantially earlier than the identification of
the particular face.

Are these two stages—categorization and identification—
simply different points on a continuous spectrum of discrimina-
tion, with cruder discriminations occurring at earlier latencies
and finer discriminations occurring later, perhaps as initially
coarse neural population codes get sharpened over time**3>? Con-
sistent with this hypothesis, the M170 shows stronger face selec-
tivity than the M100. However, this hypothesis predicts that the
rank ordering of preferred stimuli must be the same for the M100
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Fig. 5. Face configuration versus face parts. (a) Example stimuli. (b) Amp-
litudes of the M100 and the M170 response, averaged across subjects, to
configuration and parts stimuli at predefined sensors of interest.

and the M170. Contrary to this prediction, the M100 showed a
stronger response to stimuli depicting face parts than face con-
figurations, whereas the M 170 showed the opposite response pro-
file (experiment 5). If neural populations simply sharpened the
selectivity of their response over time, this preference reversal would
not be seen. Instead, our data suggest that qualitatively different
information is extracted from faces at 100 ms versus 170 ms after
stimulus onset. Finally, the observed change in response profile
cannot be easily explained in terms of a progression from
coarse/global information to fine/local information or in terms
of a progression from less to more clear face features. Instead,
information about relatively local face parts is more important in
determining the M100 response, whereas information about rel-
atively global face configurations is more important in the later
M170 response. Thus the most natural account of our data is that
the M100 and the M170 reflect qualitatively distinct stages of face
perception: an earlier stage that is critical for categorizing a stim-
ulus as a face, which relies more on information about face parts,
and a later stage that is critical for identifying individual faces,
which relies more on information about face configurations.

Will the findings reported here hold for stimulus classes other
than faces? Given the numerous sources of evidence that faces
are ‘special’®®, we cannot simply assume that they will. Unfortu-
nately, we cannot run experiments comparable to those reported
here on other stimulus categories, because we have not found
MEG markers selective for other categories. However, recent
behavioral experiments suggest that the stages of processing
reported here for face recognition will generalize to the visual
recognition of nonface objects as well®.

METHODS

MEG recordings for experiments 1-3 were made using a 64-channel
whole-head system with SQUID-based first-order gradiometer sensors
(Kanazawa Institute of Technology MEG system at the KIT/MIT MEG
Joint Research Lab at MIT); experiments 4 and 5 were run after the sys-
tem was upgraded to 96 channels. Magnetic brain activity was digitized
continuously at a sampling rate of 1,000 Hz (500 Hz for experiment 4)
and was filtered with 1-Hz high pass and 200-Hz low-pass cutoff and a
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60-Hz notch. Informed consent was obtained from all subjects, and the
study was approved by the MIT Committee on the Use of Humans as
Experimental Subjects (COUHES).

Experiments 1-3: the face-selective M100 response. Fifteen subjects
(age range 18-40) passively viewed 100 intermixed trials of faces and
houses (50 exemplars each) in experiment 1; two additional subjects’
data were discarded due to self-reported sleepiness. The thirteen subjects
who showed the early face preference over occipitotemporal cortex also
performed a one-back task on faces and a variety of nonface objects (50
exemplars each) in experiment 2. Each image subtended 5.7 % 5.7° of
visual angle and was presented at the center of gaze for 200 ms, followed
by an ISI of 800 ms. The design for experiment 3 is described in Results.
For each subject in experiment 1, ¢-tests were conducted between the
MEG responses to faces and houses at each time point (from —100 to
400 ms; 500 time points) and each sensor (64 channels) separately. SOIs
were defined as those sensors where the magnetic fields evoked by faces
were significantly larger than those by houses (P < 0.05) for at least five
consecutive time points both within the time window centered at the
latency of the M100 and within that of the M170. P-values for these SOI-
defining statistics were not corrected for multiple sensors or multiple
time point comparisons. All critical claims in this paper are based on
analyses of the average responses over these sensors in independent data
sets, and thus require no correction for multiple spatial hypotheses.
The peak amplitude of the M100 (maximum deflection) was deter-
mined for each stimulus type in each hemisphere within a specified time
window (width >40 ms) for each subject individually. Because there was
no main effect of hemisphere (P > 0.05) and no interaction of condition
by hemisphere (F < 1), in subsequent analyses the data from the left and
right hemisphere were averaged within each subject (after flipping the
sign of the data from the right hemisphere to match the polarities).

Experiment 4: categorization versus identification. Ten subjects (age
range 22-32) participated in experiment 4. The MEG recordings were
preceded by a training session (<10 min) and then a psychophysical stair-
case adjustment session conducted in the MEG room. MEG data from
two additional subjects were discarded, one because of performance that
was more than two standard deviations below the mean, the other
because of polarities of both M100 and M170 that were reversed com-
pared to all other subjects (although including the data from this sub-
ject did not change the pattern or significance of the results).

Noise images were generated by inverse Fourier transformation of the
mean amplitude spectra with randomized phase spectra?>?437_ Inter-
mediate images containing x% phase spectra of original images and
(100 — x)% random phase spectra were generated using linear interpo-
lation (phase spectra levels of 0% and 90% along with categorization and
identification thresholds). This procedure ensured that all images were
equated for spatial frequency, luminance and contrast.

Analyses were done on only the subset of data for which subjects
responded both correctly and incorrectly to an identical stimulus. That is,
for each stimulus, equal numbers of successful and unsuccessful trials were
chosen, and the extra trials were omitted from the analysis from whichev-
er condition had more trials. In particular, because there were more correct
than incorrect trials, each incorrect trial was paired with the temporally
closest correct trial. This analysis was conducted for each stimulus, guar-
anteeing that average MEG responses on successful and unsuccessful trials
were derived from identical stimuli. Finally, the MEG recordings were aver-
aged across stimuli separately for successful and unsuccessful trials. Note
that the trials used to generate the waveform for face categorization were
only selected from the MEG responses to those stimuli degraded to ‘cate-
gorization thresholds, and the trials used to generate the waveform for face
identification were only selected from the MEG responses to those stim-
uli degraded to ‘identification thresholds’ The same held for house cate-
gorization and identification. The exact number of success and failure trials
for each task varied across subjects, but ranged from 20 to 30 trials each
for successful and unsuccessful categorization and from 15 to 20 trials for
successful and unsuccessful identification.

Experiment 5: face configuration versus face parts. Two stimulus cate-
gories were constructed from veridical faces. In ‘configuration’ stimuli,
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face parts in each veridical face were replaced by solid black ovals in their
corresponding locations, whereas for ‘parts’ stimuli, the face parts were
kept intact but were rearranged into a novel nonface configuration. The
size of the black ovals in the configuration stimuli was matched to the
actual size of corresponding face parts, and the arrangements of nonface
configurations varied across all exemplars of parts stimuli. Photographs
of these stimuli were presented at the center of gaze for 200 ms with an
800-ms ISI. Fourteen subjects (age range 18—41) passively viewed 100
intermixed trials of each stimulus category (50 exemplars each); three
additional subjects’ data were discarded due to lack of a face-selective
MEG response in the independent localizer scan.
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