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Face perception and recognition is an intriguing ability, already present in neonates. Numerous
studies in patients with brain lesions identified the temporo-occipital cortex as the crucial structure
for this capacity. Analysis of electrical signals (EEG) inside the brain of patients implanted with
intracranial electrodes for diagnostic purposes allows researchers to describe the temporal and
spatial organization of responses to various aspects of face processing in human subjects. Several
findings have emerged and appear relevant for cerebral organization in general: (1) Selective face
responses were obtained from the basal temporo-occipital cortex at around 200 ms (N200); however,
other structures such as the lateral temporal lobe and frontal cortex also participate in face recog-
nition and perception tasks. (2) Each structure has a distinct “response profile”; that is, with respect
to a given task certain structures respond strongly, others less or not at all. This profile might change
with a different task, although the physical parameters of the stimuli remain the same. (3) The right
hemispheric predominance of face processing, as suggested by patient data and studies in healthy
volunteers, seemed to be restricted to its early stages (i.e., before 100–150 ms). (4) Recognition of
faces might be associated with differential intracranial responses, despite an incorrect overt re-
sponse, reflecting neurophysiological correlates of implicit memory. (5) The more the stimulus re-
sembled a complete human face, the earlier and larger the N200 response was found, in particular
over the basal temporobasal cortex. Analysis of electrical signals from intracranial electrodes might
help to improve our understanding of the underlying physiological and anatomical constraints of
cognitive processes. © 2001 Elsevier Science
Face recognition, one of the first higher-order visual
processes to develop in humans, is already observed
in 3-day-old human neonates (1). Successful face per-
ception, recognition of face identity, and correct inter-
pretation of facial expressions are mandatory for
proper social functioning. Bodamer was the first to
describe the failure to recognize familiar persons by
their face (2) (as compared with nonface visual stim-
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uli) and called this disorder “prosopagnosia.” Subse-
quently interest in disturbed face recognition in-
creased and led to several reports of similar deficits.
Damasio et al. reviewed these reports and found that,
in humans, the most crucial structures for face recog-
nition are localized bilaterally in the temporo-occipital
junction, including the fusiform and lingual gyri (3).
However, tachistoscopic studies in healthy volunteers
showed repeatedly that the right hemisphere plays a
more crucial role in face perception/recognition (4).
These results, as well as the observation of face recog-



546 Seeck et al.
nition by the neonate (which also includes recognition
of faces other than the mother’s (1)), add to other
recent evidence obtained from imaging studies sug-
gesting that the right hemisphere develops earlier
than the left (5). Further evidence for a predominant
role of the right hemisphere came from an autopsy
case of a patient who suffered from prosopagnosia just
prior to her death. Postmortem revealed a fresh infarc-
tion only in the right temporo-occipital cortex (6). The
right hemispheric predominance for face recognition
is not absolute and might change depending on task
requirements (7).

After the anatomical correlates of face recognition
were identified, interest arose in the electrophysiolog-
ical correlates of this complex visual process as mea-
sured by scalp EEG in healthy volunteers and in pa-
tients with prosopagnosia. Cognitive evoked potential
(EP) studies were carried out, i.e., EEG recordings
triggered by the presentation of faces and control
stimuli. The earliest studies, using only a few scalp
electrodes, showed a large EP component at 170 to 200
ms that was related to faces but not to other stimuli
(8–11). However, while these studies demonstrated
relevant time epochs, the localization of these pro-
cesses needs to be done using complementary tech-
niques. Thus, over the last 10 to 20 years, positron
emission tomography (PET) and functional MRI stud-
ies looked further into the anatomical correlates in vivo
(12–14). While the underlying brain structures can
now be precisely localized to within a precision of a
few millimeters, no information about the temporal
aspects of face processing was obtained using these
techniques. This can be done by two other methods:
the magnetoencephalogram (MEG) and the electroen-
cephalogram (EEG). However, if based on routine
scalp electrodes these techniques lack spatial resolu-
tion. Evoked potentials obtained from intracranial
electrodes offer both an adequate time resolution in
the millisecond range and, with the knowledge of
electrode positions, also the precise localization of dis-
tinct EP components, reflecting underlying cognitive
activity. As we will see in this review, cognitive pro-
cesses, such as face perception and recognition, acti-
vate a large-scale network in which each participating
brain structure has its specific performance profile.

CATEGORY-RELATED PROCESSING:
FACES VERSUS NONFACE STIMULI

Invasive EP studies in patients who otherwise have
no significant problem with face perception are par-
© 2001 Elsevier Science
All rights reserved.
ticularly useful for elucidating anatomical and func-
tional correlates. In the paradigms used for this par-
ticular question, pictures of unknown faces were
shown together with objects or abstract pattern. Dif-
ferential responses to faces versus other nonface cate-
gories are then analyzed with respect to their latency
and/or location.

Allison and co-workers studied neurophysiological
correlates of face perception in 98 epileptic patients
using subdural recordings over the extrastriate cortex
(15, 16). Unknown faces, front views of cars, scram-
bled faces, and scrambled cars were used as visual
stimuli. To enhance attention, photographs of butter-
flies were interspersed and the subject had to press a
button whenever this stimulus appeared. Recordings
were obtained from the basal and lateral aspects of the
posterior temporal and occipital lobes of both hemi-
spheres. From the left and right fusiform gyri, more
rarely from the inferior temporal gyrus, a large peak
between 150 and 200 ms (N200) was evoked by faces
but not by the other stimuli. This latency is in agree-
ment with the face-specific components measured in
scalp studies (8–11). Additional components (P150,
P290, N700) were markedly less face-specific (N and P
indicate polarity and the number is the average la-
tency in milliseconds).

The localization in the basal temporo-occipital cor-
tex and the fact that the components were obtained
from both hemispheres are concordant with previous
lesion studies (3). Some of these patients were studied
with color stimuli, i.e., blue and red checkerboards on
which the subject had to indicate if the colors were the
same or not (17). It was shown that the “face region”
is somewhat anterior to the “color region,” which was
found in the posterior fusiform gyrus. No overlap of
these two regions was observed in any patient, al-
though both were close. This confirms the clinical
observation of the often-noted coexistence of prosop-
agnosia and achromatopsia in cases of a vascular ac-
cident in this part of the brain (4). A few sites over the
lateroposterior temporal cortex (left and right hemi-
spheres) showed a face-related N200 as well as the
remaining components (16). There were anatomically
separate from the ventral N200 site. Interestingly, the
latencies of the P150 and N200 occurred earlier over
the lateral than the basal sites.

The neurophysiological correlates of face preception
and their anatomical location were investigated in a
study of a total of 33 patients with depth electrodes
(18, 19). The subjects had to indicate by a pushbutton
response if the face has been repeated or not. Ten faces
were repeated 12 times and the associated responses
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were compared with those of 120 novel faces. As a
control task, the same paradigm was presented with
four- to seven-letter words. Although the neurophys-
iological correlates of the mnestic aspects of face pro-
cessing were addressed (discussed below), overall dif-
ferences of responses to faces and words were ana-
lyzed as well. Results were described separately for
posterior (18) and frontal (19) recordings sites. Eight
distinct components were found in the posterior cor-
tex of their patients: N75–P105, N130–P180–N240,
N310–N430, P630. Interestingly, the first component
complex (N75–105 ms) was evoked primarily by faces
and localized in the lingual gyrus. Of the following
component complex, the P180 was even more specific
to faces and located in the fusiform gyrus. This com-
ponent might correspond to the “face-specific” poten-
tial at a latency of 170 to 200 ms described in several
scalp studies (8–11). In comparison, word-specific
components did not start before 190 ms and correlated
to a potential sequence P190–P250 (instead of N130–
P180–N240). The last components occurring between
310 and 630 ms were noted in several brain areas,
maximally in the hippocampus. These components
revealed only little category specificity.

In the frontal and central areas (19), a triphasic
waveform N120–P170–N220 is evoked by faces, re-
sembling the posterior N130–P180–N240 complex.
The amplitudes are larger than those found for words,
so it was conjectured that these responses are face-
specific. They are observed in the ventrolateral aspect
of the prefrontal cortex and probably generated lo-
cally. This observation is in agreement with animal
studies that found face-selective neurons in the ventral
part of the frontal lobe of nonhuman primates (20).
Taken together, face-related responses appear already
at 120 ms outside the temporo-occipital cortex, where
the first processing is carried out. The results suggest
that face recognition involves a large-scale network,
which leaves the striate and extrastriate cortex be-
tween 105 and 120 ms. Already at this short latency,
the temporal, parietal, and frontal cortices are impli-
cated. As in the previous study (5, 16), no major hemi-
spheric predominance seemed to be effective for the
EP components. That a multitude of brain regions
participated in face processing was supported by a
recent fMRI study (14).

In one patient (19), face-specific potentials were re-
corded at or near the motor face area. A link between
perception of other people’s faces and control of one’s
own face is suggested, as evident already in the new-
born (22, 23).
The ventral processing stream, projecting from the
occipital to temporal structures, is implicated in cate-
gory-related perception, i.e., “what” of the visual stim-
ulus (see above). As such, we explored more specifi-
cally the contribution of temporal structures to the
differentiation between face and nonface stimuli and
compared it with frontal lobe responses (24). Pairs of
objects or faces were sequentially presented in pa-
tients with depth electrodes bilaterally in the frontal
and temporal lobes. All faces were front view and
unknown to the viewer. The objects were tools of daily
use (e.g., toothbrush). The subject had to indicate with
a pushbutton response if both faces or objects within
the pair were the same or not. Regarding the category
effect, differential responses to faces versus objects
were analyzed. The “match effect” corresponds to EPs
related to “same faces and objects” versus “different
faces/objects.” Four different anatomical regions of
each subject were subjected to analysis: amygdala,
hippocampus, temporal neocortex, and dorsolateral
frontal cortex.

When comparing responses to face and object stim-
uli, differential EPs were found mainly in the mid- to
inferior temporal neocortex, corresponding to a total
of 59% of all relevant differential responses. Moreover,
they were seen more often in the right than left hemi-
sphere. However, responses were also seen in the
hippocampus and dorsolateral frontal cortex. No re-
sponse was noted in the amygdala. When responses
related to matching versus nonmatching items were
analyzed (for both stimulus categories), we found the
same distribution. All subjects had such responses in
the temporal neocortex (73% of all relevant responses)
and some subjects also had responses in the hip-
pocampus and dorsolateral frontal cortex, but none
were found in the amygdala. Of the 17 sites where
differential category responses were observed, 13 also
displayed a “match effect.” Thus, the category and
perceptual match effects displayed a very similar an-
atomical distribution (Fig. 1).

With microelectrodes, Ojemann and collaborators
recorded the activity of single neurons or neuronal
units in the exposed right lateral temporal lobe. Neu-
ronal activity was measured during several tasks in-
volving face, object, and complex pattern matching as
well as the labeling of facial emotional expressions
(25). In all 11 patients, 21 neuronal populations were
described that showed significant changes in neuronal
activity in one of these tasks. One-third showed exci-
tation whenever a face was shown, confirming animal
studies that revealed neuronal responses specifically
to faces in the superior and inferior temporal cortex
© 2001 Elsevier Science
All rights reserved.
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(26, 27). Faces elicited the most frequent activity in-
crease: 62% during a face matching task (of unknown
faces), and 52% during the emotion labeling task. Only
38% of the units responded to complex figure match-
ing or naming, respectively. A few neurons responded
during matching per se, i.e., associated with both face
and complex figure matching. Since no recordings
from the left temporal lobe were reported, it is unclear
if these findings represent a lateralized response pat-
tern.

Another line of research made use of microelectrode
recordings in patients with implanted electrodes. In
these cases (e.g., (28)), the depth electrodes served as
vehicle containing in their lumens small wires that
allowed the recording of one or a few neurons at the
end of the depth electrode. Since most studies were
carried out in patients with electrodes implanted in
both temporal lobes, conclusions can be drawn only
from mesial structures such as the hippocampus,
amygdala, and entorhinal cortex.

Fried and co-workers (28) recorded neuronal activ-
ity from these structures in nine patients. They de-
scribed cells that differentiated between face and non-
face stimuli, gender, and emotional expression or de-
gree of familiarity of the face. Interestingly, in the
entorhinal cortex and hippocampus, 37% of the units
responded only to certain conjunctions of gender, fa-
cial expression, and stimulus novelty. This finding
provides evidence that the human hippocampus and
functionally related structures are not merely a stor-
age site, but are capable of extracting stimulus infor-

FIG. 1. Differential responses between faces and objects in four
distinct anatomical sites. AMY, amygdala; HIP, hippocampus;
MITC, mid- to inferior temporal neocortex; DLFC, dorsolateral fron-
tal cortex. The same profile of the relative response frequency is
observed for both effects (category: face vs object; Match: same vs
different). Light bars: left side. Dark bars: right side. Note that most
of the responses were obtained in the in midtemporal and infero-
temporal cortex (accounting for 59 and 73% of all relevant differen-
tial responses. Adapted, with permission, from Seeck et al. (24).
© 2001 Elsevier Science
All rights reserved.
mation and relating it to a situational context or fur-
ther memory processing.

PERCEPTION OF HUMAN FACES AS
COMPARED WITH FACES FROM
OTHER SPECIES

Faces of some animal species have features similar
to those of human faces and are more popular as pets.
Dogs and cats are the most common pets, and this
might be due to their resemblance to human faces. The
fact that animal faces may be represented in distinct
cortical areas is illustrated by the case report of Assal
and co-workers: a farmer continued to have difficul-
ties in recognizing his cows (by their heads/“faces”)
but was able to recognize human faces (29). In patients
with subdural electrodes, faces of dogs and cats have
been presented and the evoked responses compared
with the responses evoked by human faces and scram-
bled faces (resembling abstract pattern) (16). Twenty-
eight sites (13 in the left hemisphere) showing differ-
ential responses were analyzed. Only the face-specific
component at 200 ms (see above) revealed significant
differences with respect to stimulus category. It was of
significantly higher amplitude and shorter latency to
human than to animal faces. This was true for the
basal and laterotemporal recordings in both hemi-
spheres. Comparisons with other species that have
faces with a less consistent degree of “human resem-
blance” (e.g., reptiles, poultry) have not yet been per-
formed.

PERCEPTION OF HUMAN FACES AS
COMPARED WITH FACE PARTS AND
OTHER BODY PARTS, DIFFERENT
GAZE, AND HEAD POSITION

There is evidence that parts of faces, in particular
the eyes, are scanned more frequently than other parts
(e.g., the nose) (30). Whole faces or eyes, lips, nose,
and face contours alone were shown to patients with
subdural electrodes, yielding a total number of 45
ventral and 6 lateral temporal sites with differential
responses. It was found that full faces evoked earlier
and larger amplitudes of the N200 at all sites. The
amplitude decreases and becomes later progressively
in the order eyes/contours, lips, nose.

The positions of the head and eyes have been var-
ied. Experimentally, only the N200 component
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seemed to change with respect to changes in the eye
and head positions. While gaze did not significantly
influence any of the EP components, head position
changed the N200. It was larger and earlier when the
head faced the viewer. An earlier N200 was found
when the eyes faced the viewer as compared when the
eyes were averted. With respect to eye and head po-
sitions, a right hemispheric predominance of differen-
tial responses was noted (16).

Since in the monkey temporal lobe, not only face-
but also hand-responsive cells have been reported (31,
32), pictures of hands, faces, and objects were pre-
sented to the same patients with subdural electrodes
(16). Over the sites where face-specific responses were
expected, hands did not induce significant differences.
However, hands elicited “hand-specific” components
(P165–N230–P310) which were recorded at different
sites. While there were no hemispheric differences for
hand EPs recorded from the basal cortex, a left pre-
dominance was seen over the lateral and posterior
aspects of the temporal lobe. The latter finding is
concordant with PET studies that stress the implica-
tion of left temporoparietal regions in the perception
of biological motion (33). Moreover, patients with le-
sions in this region may suffer not only from aphasia,
but also from ideomotor or ideatory apraxia, suggest-
ing that this region is critical for the meaningful use of
one or both hands.

RECOGNITION OF PREVIOUSLY
KNOWN FACES (FACE MEMORY)

A very important social capacity is the ability to
recognize previously seen people. This encompasses
several aspects: (a) the recognition of highly familiar
faces such as mother and father, (b) the recognition of
celebrities who are highly familiar due to repetitive
visual exposure but lack the direct encounter and the
associated emotional impact, (c) recently seen faces
who are otherwise unknown to the viewer. In the
context of psychological or neurophysiological para-
digms, the last variant is used most often when inves-
tigating mnestic face processes.

1. Recognition of Highly Familiar Faces
Personally Known by the Viewer

Parts of the temporal lobe such as the amygdala and
association cortex play a major role in memory func-
tion and emotional labeling that both come into the act
of recognizing a close friend or family member (34). To
investigate this type of face recognition, photographs
of family members and close friends, as well as un-
known faces with similar facial expressions, were pre-
sented to patients with epilepsy who had depth elec-
trodes in the frontal and temporal lobes (35).

In all patients, prominent differences between famil-
iar and unfamiliar faces were found in mesial and
lateral temporal lobe recordings, but not in frontal
lobe recordings. The right amygdala was most fre-
quently associated with differential responses. Over-
all, a right hemispheric predominance was noted
(Fig. 2).

These results suggest that the temporal lobe, in par-
ticular the right amygdala, is specialized for recogniz-
ing experiential attributes such as familiarity. The en-
coding of “familiarity” by structures of the medial
temporal lobe is consistent with phenomena such as
“déjà vu/véçu” that are frequently reported by epi-
leptic patients as part of their seizure semiology or
after electrical stimulation of medial temporal lobe
structures. The relatively high association of this re-
sponse is consistent with neuropsychological evidence
that the right hemisphere is more closely involved in
face recognition (6, 36). The relatively high percentage
of differential responses in the amygdala corroborates
animal studies that attribute a critical role in associat-
ing complex visual information with emotional states
(37, 38). Recognition of familiarity also entails the
retrieval of visual long-term memory. The hippocam-
pus and the inferotemporal cortex are crucial for this
function, which explains why these structures were

FIG. 2. Relative frequency of differential responses to very famil-
iar faces in the amygdala, hippocampus, lateral temporal neocortex
(mid- to inferior temporal gyrus), and dorsolateral frontal cortex
(DLFC). Note the relative high frequency of responses in the right
amygdala and their absence in the frontal cortex. More right and left
hemispheric responses were obtained. Adapted, with permission,
from Seeck et al. (35).
© 2001 Elsevier Science
All rights reserved.
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engaged by the familiar face recognition task whereas
lateral frontal cortex was not.

2. Recognition of Famous Faces

In a report by Puce and co-workers, famous faces
and unfamiliar faces, matched for sex, age, and attrac-
tiveness, were presented to patients implanted with
subdural electrodes (39). Potentials were obtained
from a wide array of electrodes over temporo-occipital
and lateral temporal sites. Both stimulus categories
were presented together with dog faces, which served
as targets. A negative peak at 200 ms (N200), identified
as the most face-specific component in this brain re-
gion, did not show any difference between famous
and nonfamous faces. None of the later components
(up to 700 ms) differentiated between both categories
in any of the recorded sites. Thus, brain regions that
reveal face-specific responses do not necessarily dif-
ferentiate within different face categories. The distinc-
tion between famous and unknown faces seems to
need the recruitment of semantic information which is
localized elsewhere. However, since the number of
correctly identified famous faces is not given (i.e., the
overall performance score in this task), it is possible
that the lack of differences is due to an impaired
knowledge of famous faces.

3. Recognition of Previously Presented Faces
Unknown to the Viewer

Recognition of previously unknown faces is a fun-
damental capacity for social interaction and survival
and present already in the newborn (1). Where and
when a previously unknown face becomes known or
even familiar has been the subject of several studies.

In the studies of Halgren and co-workers (18, 19)
(discussed above) the consecutive stages of face rec-
ognition and their anatomical location were investi-
gated in patients with depth electrodes. Face and
word repetition paradigms were presented as outlined
above. Discrete changes related to face repetition were
observed after 130 ms, localized in the lingual gyrus.
The relatively face-specific component around 180 ms
seemed to be unchanged; however, after 240 ms the
identified components showed amplitude decrease at
various sites in posterior and frontal cortices when
repeated faces were presented.

In a study using subdural electrodes, a paired-asso-
ciate paradigm was applied (39). In the learning pe-
riod, the subject had to learn 10 unfamiliar names
paired with fictional names. After a distractor phase,
© 2001 Elsevier Science
All rights reserved.
during which 10 new faces had to be labeled as male
or female, the subject reviewed the 10 learned faces
and indicated by a pushbutton response if the associ-
ated name was correct (50% were correct). Among the
components associated with face perception (N200,
P290, N700, see also above), only P290 and N700 re-
vealed changes related to repetition. The amplitude of
P290 was significantly larger during the learning pe-
riod and the amplitude of N700 was significantly
larger during the identification phase. The authors
concluded that there are “face recognition units” and
“matching templates” as proposed elsewhere (3, 40),
both occurring at temporally distinct processing lev-
els. However, it should be noted that this paradigm
confounds face and name recognition, although the
retrieval of face–name pairs may be intimately associ-
ated with face recognition.

Intracranial microelectrode studies investigated face
recognition of previously unknown faces as well (41,
42). In 14 patients with depth electrodes, neuronal
activity and evoked potentials were recorded during
recognition memory paradigms with words and faces.
With respect to the face paradigm, the subject had to
manually respond to the repeated stimulus. Thirty
neuronal units were found that preferentially fired
after the repetition of individual faces or words, but
not to the face category as a whole. They were prefer-
ably found in the anterior hippocampus, showing
maximal firing rate between 300 and 500 ms. In 11 of
these 30 units, there was also increased excitation
related to the motor response itself. Interestingly, one
visual sensory unit, located in the posterior hippocam-
pus, had an extremely short onset latency of less than
50 ms. Overall, no responses associated with recogni-
tion per se of previously seen faces were noted in
mesial temporal structures.

IMPLICIT MEMORY OF FACES

Recognition is not necessarily a conscious experi-
ence. This has been investigated in seven patients with
bilateral depth electrodes in the frontal and temporal
lobes (43). Pairs of unknown faces were presented
some of which contained a repetition of a previous
face. The subject had to indicate with a pushbutton
response if one of the faces had already been pre-
sented or not. No face was repeated more than once.
The subjects found the task difficult, so the perfor-
mance showed considerable intersubject variability.
On average, the subjects performed at chance level
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although they accomplished almost perfectly a sim-
pler face-matching task (35).

Despite their inability to discriminate between re-
peated and nonrepeated faces in the behavioral task,
all subjects showed differential visual EPs to the two
types of stimuli.

Differential responses were more frequent in neo-
cortical structures, such as the mid-inferotemporal
cortex, the orbitofrontal cortex, and the lateral frontal
cortex, than in limbic sites (amygdala, hippocampus).
Among the neocortical sites, the mid- and inferotem-
poral cortex yielded most of the differential responses
without consistent hemispheric predominance. How-
ever, in the amygdala, differential EPs were obtained
more from the right than the left, and in the lateral
frontal cortex, more from the left than the right hemi-
sphere (Fig. 3).

This study has two principal findings. First, subjects
who were unable to distinguish repeated from nonre-
peated faces in an explicit behavioral task displayed
differential EPs to these stimuli, demonstrating im-
plicit encoding of the distinction between the two.
Second, the differential responses were seen much
more frequently in the temporal neocortex than in the
limbic leads.

The recent literature has emphasized the existence
of clear distinctions between “explicit” and “implicit”
knowledge. Explicit knowledge leads to the inten-
tional, declarative, and conscious awareness of re-
cently experienced events. Implicit memory refers to
priming or nondeclarative memory, and represents a
nonconscious influence of past experience on current
behavior, without the necessity of conscious recall of

FIG. 3. Intracranial responses differentiating between repeated
and novel faces, despite impaired overt performance, representing
neurophysiological correlates of implicit knowledge. Note the pre-
dominance of responses in neocortical structures, in particular the
temporal neocortex. Adapted, with permission, from Seeck et al.
(43).
the prior exposure. The existence of implicit memory
was repeatedly shown in several studies with amnesic
patients and patients with face recognition deficits (44,
45). The amnesic syndrome, in which patients have
severe deficits of explicit memory but relative preser-
vation of implicit memory, is seen when the medial
temporal lobes and diencephalon are damaged (46,
47), suggesting that these areas are not crucial for
implicit memory. This notion is supported by our
findings as well as by imaging studies (48–50). Further
support comes from single-unit studies in nonhuman
primates showing that the inferotemporal neurons
give differential responses to novel versus previously
seen objects (51, 52). In a microelectrode study in
humans, neurons were found that responded to pre-
vious stimulus exposure but were unrelated to the
subject’s recollection (28). Taken together, these obser-
vations are consistent with current concepts (46, 53)
that link implicit encoding to posterior unimodal as-
sociation cortices. With respect to implicit face mem-
ory, the anatomic substrate is provided by the mid-
and inferotemporal cortex. In certain circumstances,
this process cannot access the neural circuits that lead
to conscious awareness. This dissociation between im-
plicit and explicit memory adds further evidence for
the emerging view that consciousness is not a given
by-product of cortical activity.

WORKING MEMORY FOR FACES

Apart from the distinction between implicit and
explicit, memory can be defined along the duration or
longevity of mnestic traces. Working memory is the
type of memory that has limited capacities and is
active or relevant only for a short period. Its duration
is considered to be in the range of seconds (“scratch-
pad memory”) and is distinguished from associative
memory, which remains stable over time. The neuro-
physiological correlates of working memory for faces
were investigated by comparing the responses to faces
in two different paradigms. In the first paradigm, the
patients had to decide if the face was familiar or not
(24). This was an immediate decision and did not need
to be put on hold. In the other paradigm the patients
were asked to decide if two consecutive faces were the
same or not. In that case, the first face had to be briefly
memorized to be able to compare it with the second
face (43). Thus response differences between these face
categories should reflect differences in the working
memory load. Both paradigms were carried out in the
same patients, and the responses from four anatomical
© 2001 Elsevier Science
All rights reserved.
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sites were analyzed (amygdala, hippocampus, mid-
to inferior temporal neocortex, dorsolateral frontal
cortex).

The working memory effect was found in all four
structures analyzed; however, it was not uniquely
distributed. Lateral frontal cortex and, to a lesser ex-
tent, the hippocampus displayed differential response
patterns most frequently when the task that required
the very brief on-line storage of information in work-
ing memory was compared with the task that had no
such requirement (Fig. 4). No hemispheric differences
were seen. There is anatomical and physiological evi-
dence that the prefrontal cortex plays a pivotal role in
working memory processes (54, 55). Our results are in
line with this notion. The dorsolateral frontal cortex
has rich connections with the hippocampal formation
and adjacent cortex; most of these connections are
bidirectional (54). This observation, obtained in non-
human primates, might explain the relatively frequent
responses also in the latter structure.

THE SPEED OF FACE RECOGNITION

The studies outlined above described intracerebral
correlates of face or object perception as well as dif-
ferent types of face memory. These findings were cor-
roborated by a large body of microelectrode studies in
monkeys that revealed neurons in the superior or
inferior temporal cortex that responded selectively to
a certain stimulus category, such as faces or recogni-
tion of previously seen items (37, 38, 56, 57). These
studies, together with findings from human scalp
studies (58), consistently described differential effects
during visual recognition tasks between 250 and 600

FIG. 4. Relative frequency of differential responses in the analyzed
sites. DLFC, dorsolateral frontal cortex. Note that the almost half of
the responses were found in the frontal cortex. Adapted, with
permission, from Seeck et al. (24).
© 2001 Elsevier Science
All rights reserved.
ms, occasionally as early as 150 ms (59). On the other
hand there is a growing body of evidence that visual
processing occurs faster than previously thought. Sev-
eral human depth studies (18, 19, 60, 61), and micro-
electrode studies in humans (41) and monkeys (for
review see 62) showed increased neuronal activity at
30–50 ms in the striate and extrastriate visual cortex as
well as in the temporal lobe after onset of simple
visual stimuli such as flashes, pattern reversal, and
moving pattern. Since evidence accumulates that vi-
sual analysis is computed in a parallel rather than in a
serial fashion, there is reason to believe that recogni-
tion memory of complex visual pattern starts before
100 ms.

The same paradigm as described in (43) was pre-
sented to 12 male volunteers (group I). Moreover; the
EPs obtained from patients with depth electrodes (43)
(group II) were reanalyzed with special reference to
early components (63). While the patients performed
only at chance level, the normal subjects found the
task also relatively difficult although the error rate
was lower (about 6%). We analyzed the data with
particular emphasis on the period between 0 and
150 ms.

EEG data were obtained from 13 electrodes, at-
tached on the scalp according to the 10/20 system.
With respect to group I, averages for each subject and
category were calculated and compared statistically
across subjects. Of these visual EPs, epochs of 20 ms
were determined and the mean voltages within each
epoch were analyzed statistically across subjects. With
respect to group II, intracranial visual EPs were ob-
tained and analyzed individually as described above.

In group I, differential responses between repeated
and novel faces were seen as early as 50 ms, with a
trend already present between 30 and 50 ms. The
following intervals between 90 and 190 ms did not
show significant differences between novel and re-
peated faces. Between 190 and 600 ms, the visual EPs
of the healthy subjects revealed almost continuously
highly significant effects, which is consistent with pre-
vious studies (64).

In all subjects of group II, early responses (,110 ms)
were also found, although overt performance differed
from that of the control group (Fig. 5). The responses
were independent of the site of the epileptogenic fo-
cus. While late responses were distributed evenly in
both hemispheres, the early responses were obtained
twice as often in the right hemisphere (P 5 0.0006).
Most of the differential visual EPs were found in the
mid- and inferior temporal cortex (46% of all re-
sponses, P , 0.001).
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We concluded that face recognition processes are
extremely fast and already present at 50–70 ms, con-
firming two earlier scalp studies that found differen-
tial responses between 45 and 60 ms (65, 66). Analysis
of neuronal responses with information theory meth-
ods indicated that sufficient visual information can be
transmitted within 30 ms (67). Moreover, the early
components are modulated in patients with left or
right temporal lobectomy, indicating that their pres-
ence relies on the integrity of the temporal lobe struc-
tures (66).

CONCLUSION

Face perception and recognition is an intriguing
capacity, present since birth, that constitutes an essen-
tial part of social perception in general. Efficient face
processing is vital for social survival, and is not re-
stricted to our species. From studies in monkeys, care-
ful patient observations, and imaging studies, the an-
atomical correlates of this complex visual task are
known. The approaches that have been used to assess
the anatomical and physiological study of face percep-
tion may serve as a model to study the neurophysio-
logical aspects of other higher cognitive processing
and may give some insight into cerebral organization.

Several findings appear important in the frame of
this review. First, complex visual processing, such as
face perception and recognition, involves a distributed
but regionally specialized neuronal network. The
same brain regions, or more specifically the same elec-
trode contacts, show differential responses to a variety
of tasks but not in a uniform fashion. For example, the

FIG. 5. Topographic maps (nose up, left ear left) of the statistica
nonrepeated faces in group II. *Electrodes with P , 0.05; **electrod
10 and 130 ms are shown. Below the maps, the results of global tests
for each 20-ms epoch. The F and P values for the condition factor a
a trend between 30 and 50 ms. Reprinted, with permission, from S
differentiation of faces from other nonface stimuli
seemed to be carried out primarily in the lingual and
fusiform gyrus of the basal temporo-occipital cortex
and/or in the lateral temporal neocortex, but less fre-
quently in the amygdala. The reverse is true when a
close family member has to be recognized on a photo.
If novel faces have to be discriminated from repeated,
otherwise unknown faces, the lateral temporal and, to
a lesser degree, also the lateral frontal and fronto-
orbital cortex but not the basal temporo-occipital cor-
tex become active. Other structures are less important
for primary visual processing. While the frontal lobe
differentiates somewhat between faces and nonfaces,
it seems that it does not contribute to identification of
the family member. However, if the working memory
aspect becomes relevant, the frontal lobe contribution
increases. The analysis of the relative frequency of
differential responses with respect to the recorded
brain regions is shown in Fig. 6. The distinct profile of
the “specialization” of each brain region represents an
efficient and economic way of functioning.

Concerning the lateralization of differential re-
sponses between face and nonface stimuli, the intra-
cranial studies suggest a right hemispheric predomi-
nance in lateral temporal cortex rather than in the
fusiform/lingual gyrus. This may corroborate the ob-
servation of Damasio and co-workers and recent im-
aging studies that did not find evidence of a clear-cut
lateralization in patients with lesions in the fusiform
gyrus (3, 68). It may suggest that the lateral extrastri-
ate cortex is more of a higher-order visual association
cortex than the basal temporo-occipital junction. It is
only within the hierarchically higher cortex, where the
right hemisphere predominance for nonverbal pro-

arisons of the voltages over 20-ms epochs between repeated and
P , 0.01. The results for the early differential responses between

13 3 2 repeated-measure analysis of variances (ANOVAs) are given
en. Significant differences were found between 50 and 90 ms, with
al. (63).
l comp
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cessing becomes active. In other words, even within
the visual association cortex, an internal hierarchy
exists with more or less lateralized contribution. The
unraveling of various degrees of hemispheric special-
ization within distinct steps of cognitive processing
seemed to be best elucidated with neurophysiological
techniques.

Most studies agree that face processing is more
rapid than previously thought. Halgren and co-work-
ers as well as our own studies indicate that already at
50–70 ms, differential responses between face and
nonface stimuli or between novel and repeated faces
occur. Human microelectrode studies found neuronal
responses in the range of 50 ms. Between 100 and 120
ms, face-related responses are already seen in the fron-
tal cortex, consistent with our own observation that
parts of the frontal cortex (i.e., the frontal eye field)
participate in visual processing around 100 ms (69).
Interestingly, studies revealing early differential re-
sponses used depth rather than subdural electrodes.
Whether this represents a chance finding or indicates
that fast processing is carried out preferentially by
neurons in the depth of the sulcus, less well recorded
by subdural electrodes, is yet unknown.

Regarding the anatomical pathways of rapid face
processing, several explanations emerge. Projections
to extrastriate areas from the pulvinar or the lateral
geniculate nucleus (70, 71) may become active and

FIG. 6. Regional variations in the frequency (indicated on the y ax
of visual encoding that were investigated. AMY, amygdala; HI
inferotemporal cortex. Reprinted, with permission, from Seeck et al
© 2001 Elsevier Science
All rights reserved.
send a “copy” to the temporo-occipital cortex without
passing through the striate cortex. This pathway may
also be active in blind people showing the “blind-
sight” phenomenon (72). Alternatively, the normal
pathway to visual association cortex via the striate
cortex may work faster and more efficiently than pre-
viously thought. Since studies using subdural elec-
trodes in basal temporo-occipital cortex did not show
components earlier than 100 ms (17), this may speak in
favor for the “short-cut” hypothesis. Moreover, as de-
scribed in subdural electrode studies, face-specific re-
sponses between 150 and 200 ms, anatomically dis-
tinct from the basal N200 site, occurred earlier over the
lateral cortex (16). Because category identification
(e.g., face vs flower) is also known to be carried out
predominantly in the temporal neocortex, this brain
region would harbor an efficient local network for face
identification. Whether rapid processing is specific for
face stimuli remains to be shown in future studies (73).

Hemispheric predominance seems not to be a
steady state of mind but present at certain processing
levels. Only early components of face recognition
were significantly more often found in the right hemi-
sphere. Late aspects of face processing are carried out
in both hemispheres (39, 43), and during that stage the
left hemisphere may be able to compensate a right
hemispheric breakdown. However, since the right
hemisphere treats face stimuli more rapidly and effi-

h which different parts of the brain were engaged in the four types
pocampus; LFC, lateral frontal cortex; MITC, midtemporal and
is) wit
P, hip
. (24).
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ciently than the left hemisphere, it is the period up to
100 ms that is most relevant for this capacity.

Analyzing the latencies of differential responses might
shed light on how the brain works. As outlined in sev-
eral studies, perception of a repeated (vs novel) face
elicits a differential response up to 90 ms, then no differ-
ence until 190–200 ms, and then again up to 600 ms (18,
19, 39, 63). One could imagine that a rough analysis of
the visual stimulus is carried out early in the processing.
This could implicate mnestic templates, since the pres-
ence of early components relies on the integrity of the
temporal lobes (66). However, scalp and intracranial EP
studies consistently described differences between faces
and nonface stimuli between 170 and 200 ms (8–11, 16,
17). Thus, a detailed analysis of the visual category is not
the first stage of analysis, as one would imagine, but
follows the rough analysis “item is known or unknown.”
Detailed analysis with respect to the task, i.e., reprise of
the analysis “item is known or unknown” or “matches to
previously shown item,” is carried out after the category
has been determined, during a relatively long period of
several hundred milliseconds. These results are in line
with the concept of “brain functional microstates” de-
rived from the observation of lasting periods of stable
configuration of the electric fields on the scalp surface
(74, 75).

The contribution of microelectrode studies is diffi-
cult to appreciate. It seems that on the neuronal level
(i.e., of one or several neurons), the responses are
much more specific. As pointed out above, neurons
responded to certain faces (but not to faces as percep-
tual category) or to certain conjunctions of face, gen-
der, and age. It is only with EP studies that the differ-
ential responses along predefined categories are found
(e.g., repeated vs novel). Thus, particularly the record-
ing of neuronal activity from a larger brain region
(corresponding to the “net activity” at a given elec-
trode site) permits one to draw conclusions about the
regional specialization.

When it comes to intracranial EP studies, the objection
that the results are obtained in nonhealthy brains might
be easily raised. However, the similarity of the latencies
of the face-specific components in patients with intracra-
nial electrodes and healthy volunteers with scalp elec-
trodes suggests that both groups are comparable with
respect to their functional organization.
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