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Summary. There are populations of neurons in the temporal 
lobe of the macaque which appear to be specialised to re-
spond to faces. These neurons are relatively rare in the in-
ferior temporal visual cortex, area TE, but are more common 
in the cortex in the middle and anterior parts of the superior 
temporal sulcus. In some cases these neurons can respond to 
parts of faces such as the eyes, and in other cases a fuller 
complement of the features present in faces, with even the 
correct configuration of these features, appears to be neces-
sary for these neurons to respond. In experiments to invest-
igate whether the responses of these neurons would be use-
ful for recognition of an individual, it has been shown that in 
many cases (77% of one sample), these neurons are sensitive 
to differences between faces. In experiments designed to in-
vestigate the information required for these neurons to re-
spond, it has been shown that these neurons can respond to 
blurred images of faces, and to faces with only the high 
spatial frequencies included. A population of neurons with 
face-selective responses has also been found in the amygdala, 
which receives inputs from the temporal lobe visual cortex. 
In many cases these neurons respond differently to different 
faces. It is suggested that the importance of this type of 
neuron may be in the different emotional and social re-
sponses which occur to different faces, and which are dis-
rupted by damage to the amygdala. 
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There have been reports in the clinical literature for many 
years of deficits in face recognition (prosopagnosia) after 
damage to the brain in the occipito-temporal region in man 
(see Meadows 1974; Whiteley and Warrington 1977; Benton 
1980; Damasio et al. 1982). It is also known that bilateral 
damage to the temporal lobe of the monkey leads to the 
Kluver-Bucy syndrome, in which the lesioned monkeys be-
come tame, repeatedly fail to avoid noxious stimuli, and 
select and place in their mouths non-food as well as food 
items (Kluver and Bucy 1939; Jones and Mishkin 1972). The 
syndrome can be produced by lesions of the temporal lobe 
which damage primarily the amygdala (Weiskrantz 1956), 
and has also been described in man (Terzian and Dalle Ore 

1955). Damage to the amygdala also leads to a failure of nor-
mal social interactions with other monkeys (Kling and Steklis 
1976; Kling 1981). In this paper, recordings of the activity 
of single neurons in the temporal lobe which respond to 
faces, and which appear to be relevant to understanding the 
deficits in face recognition and in emotional and social re-
sponses to faces produced by brain damage in the primate 
are described. The recordings were made in a non-human 
primate, the rhesus monkey, in order to make them as rele-
vant as possible to understanding these mechanisms and their 
defects in man. 

Visual inputs reach the inferior temporal visual cortex 
(area TE of von Bonin and Bailey 1947; areas 20 and 21 of 
Brodmann 1909) on the inferior convexity of the monkey 
temporal lobe via a number of prestriate visual cortical areas, 
the inputs to which originate in the primary visual cortex 
(the striate cortex, area 17) (Jones and Powell 1970; Chavis 
and Pandya 1976; Streitfield 1980). In the dorsally adjacent 
cortex in the anterior and middle parts of the superior tem-
poral sulcus there are a number of different cortical regions 
(Seltzer and Pandya 1978), as follows. Area TE itself extends 
across the ventral lip of the sulcus, there is an area in the 
ventral bank which receives from area TE, and in addition 
there are areas which receive from the parietal cortex (area 7) 
and from the superior temporal (auditory association) cor-
tex. The amygdala of the primate receives major inputs from 
the temporal lobe cortex, including the inferior temporal 
visual cortex and the cortex in the superior temporal sulcus 
(Jones and Powell 1970; Herzog and Van Hoesen 1976; 
Aggleton et al. 1980; Turner et al. 1980). 

Given that damage to the inferior temporal visual cortex 
impairs visual discrimination learning (see Dean 1976), that 
visual inputs reach the amygdala via the temporal lobe visual 
cortex, and that many of the deficits produced by damage 
to the amygdala can be accounted for by a deficit in learning 
to associate stimuli with reinforcement (Jones and Mishkin 
1972; Spiegler and Mishkin 1981; Rolls 1985), Rolls and his 
colleagues have analysed the activity of neurons in the 
inferior temporal visual cortex and amygdala during visual 
discrimination and feeding behavior (Rolls et al. 1977; 
Sanghera et al. 1979; Rolls 1981a, b, 1984). During these 
investigations, small populations of neurons were found 
which responded well to faces, but not to other stimuli. For 
example, Rolls et al. (1977) found some neurons in the tem-
poral visual cortex which did not respond to the discrim- 
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inanda, or to a range of three-dimensional objects, but did 
respond to faces. Bruce et al. (1981) also reported that 7 of 
199 neurons tested in the cortex in the superior temporal 
sulcus had responses which appeared to be selective for 
faces. In the amygdala, a small number of neurons was also 
observed which had visual responses which occurred selective-
ly to faces (Sanghera et al. 1979; Rolls 1981b). These neu-
rons were approximately 10% of those with visual responses 
(11/113). These neurons typically (1) responded to human 
or monkey faces, which were presented to the monkey 
through a large aperture shutter so that response laten-
cies could be measured, or were simply shown to the mon-
key, (2) responded to 2-dimensional representations of faces, 
such as photographs or the sight of the monkey's own face 
in a mirror, as well as to real 3-dimensional faces, (3) had no 
responses or only small responses to gratings, simple geo-
metrical stimuli, other complex 3-D stimuli, arousing and 
aversive stimuli such as the sight of the syringe from which 
the monkey was fed saline, or to tactile or auditory stimuli 
which produced arousal, and (4) had response latencies of 
100-180 ms. Examples of these neurons were found in 
all five monkeys in which recordings were made in the 
amygdala. Nine of the neurons responded to faces by increas-
ing their firing rates, and two neurons responded (by an 
increase of firing rate) to all stimuli shown except faces. An 
additional six neurons in the category of neurons with pos-
sible or longer latency visual responses also responded 
selectively to faces (Rolls 1981b). 

Having seen that neurons in the temporal lobe can re-
spond apparently with some selectivity to faces, a more de-
tailed analysis of their responses was performed (Perrett 
et al. 1979, 1982). Of 497 cells recorded in the cortex in the 
superior temporal sulcus, 48 responded selectively to faces. 
The responses of these neurons to faces (real or projected, 
human or rhesus monkey) were selective in that they were 
2-10 times as large to faces as to gratings, simple geometrical 
stimuli or complex 3-D objects. The responses to faces were 
excitatory, sustained and were time-locked to the stimulus 
presentation with a latency of between 80 and 160 ms. The 
cells were unresponsive to auditory or tactile stimuli and to 
the sight of arousing or aversive stimuli. The magnitude of 
the responses of the cells was relatively constant despite 
transformations such as rotation so that the face was invert-
ed or horizontal, and alterations of color, size or distance. 
Rotation to profile substantially reduced the responses of 
21 cells. Masking out or presenting parts of the face (i.e. eyes, 
mouth or hair) in isolation revealed that different cells re-
sponded to different features or subsets of features. For 
several cells, responses to the normal organization of cut-out 
or line-drawn facial features were significantly larger than to 
jumbled controls. These findings indicated that explanations 
in terms of arousal, emotional or motor rections, and simple 
visual feature sensitivity or receptive fields, are insufficient 
to account for the selective responses to faces and face 
features observed in this population of neurons in the cortex 
in the superior temporal, sulcus (Perrett et al. 1982). Observa-
tions consistent with these findings have recently been pub-
lished by Desimone et al. (1984), who described a similar 
population of neurons located primarily in the cortex in the 
superior temporal sulcus which responded to faces but not 
to simpler stimuli such as edges and bars or to complex non-
face stimuli. 

Methods and criteria used to identify neurons with responses 
selective for faces 

In order to allow quantitatively defined visual stimuli to be 
presented, and the responses of the neurons to them to be 
measured fully objectively, the following methods have been 
developed and are being used for the studies described below 
(Baylis et al. 1985; Rolls et al. 1985; Leonard et al. 1985). 
The visual stimuli are presented in one of two ways. First, 
stimuli are digitized, stored on computer disc, and displayed 
on a video monitor using a video framestore. The resolution 
of these images is 256 pixels wide by 256 pixels high with 
256 gray levels. A computer randomizes the order of present-
ation of these stimuli, switches the stimuli on and off for 
each trial, and synchronizes its data collection so that the 
stimulus is turned on at the start of the 21st bin of a peri-
stimulus time histogram. This method allows completely 
standardized and randomized presentation of quantitatively 
specified stimuli as diverse as sine wave gratings and faces, 
and allows image processing techniques such as spatial fre-
quency filtering and subregion extraction to be applied to 
the stimuli presented. Second, visual stimuli can be present-
ed by the opening of a fast rise time (less than 15 ms), large 
aperture shutter (Compur Electronic 5FM, 6.4 cm aperture) 
which opens for 1.5 s after a 0.5 s signal tone (400 Hz) pro-
vided to allow the monkey to fixate before the shutter opens. 
The stimuli are presented against a uniform background 
(a large white screen). This method allows the presentation 
of three-dimensional stimuli such as real faces and 3-D ob-
jects which differ along a wide range of parameters such as 
size, shape, and color, and also allows 2-D stimuli such as 
photographs of a wide range of faces to be presented. 

The monkeys are alert and perform a visual discrimina-
tion task during the testing to ensure that they look at the 
stimuli. [Although Bruce et al. (1981) have found neurons 
in the cortex in the superior temporal sulcus which respond 
to faces in the anesthetized monkey, the neuronal response 
latencies reported were long, in the range 200-300 ms, 
compared with typical latencies of 80-150 ms in the studies 
described here. Because of this possible interference by 
anesthetic with the activity of these neurons in this high 
order part of the visual system, and because the risk must 
be even greater in structures further on such as the amygdala, 
all the recordings described here are being made in the alert 
preparation.] If a circle, the positive discriminative stimulus 
(St), appeared the monkeys could lick to obtain a fruit juice 
reward, and if a square of the same area and luminance, the 
negative discriminative stimulus (S), appeared the monkey 
had to withhold licking in order to avoid aversive hypertonic 
saline. A 0.5-s signal tone (400 Hz) preceded the presentation 
of the stimulus, and if the monkey was fixating correctly be-
fore the stimulus appeared, he had sufficient time to per-
form the discrimination and obtain multiple licks of the fruit 
juice tube in the short (1.5 s) period in which the stimulus 
was on. This procedure was designed to ensure fixation of 
the stimuli (Rolls et al. 1979). If any other stimulus appeared 
(such as a grating, a 3-D object, or a face), then if the mon-
key licked he obtained fruit juice (i.e. all stimuli except the 
square were treated as St). The order of presentation of the 
stimuli was randomized. Recordings of the electro-oculo-
gram confirmed that this procedure resulted in consistent 
fixation of the stimuli. 
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to simpler stimuli such as edges and bars or to complex non-
face stimuli.

Methods and criteria used to identify neurons with responses
selective for faces

In order to allow quantitatively defined visual stimuli to be
presented, and the responses of the neurons to them to be
measured fully objectively, the following methods have  been
developed and are being used for the studies described below
(Baylis et al.  1985; Rolls et al. 1985; Leonard et al. 1985).
The visual stimuli are presented in one of two ways. First,
stimuli are digitized, stored on computer disc, and displayed
on a video monitor using a video framestore. The resolution
of these images is 256 pixels wide by 256 pixels high with
256 gray levels. A computer randomizes the order of present-
ation of these stimuli, switches the stimuli on and off for
each trial, and synchronizes its data collection so  that the
stimulus is turned on at the start of the 21st bin of a peri-
stimulus time histogram. This  method allows  completely
standardized and randomized presentation of quantitatively
specified stimuli as diverse as sine wave  gratings and faces,
and allows image processing  techniques such as spatial fre-
quency filtering and subregion extraction to be applied to
the stimuli presented. Second, visual stimuli can be present-
ed by the opening of a fast rise time  (less  than 15  ms), large
aperture shutter (Compur Electronic 5FM, 6.4 cm aperture)
which opens for 1.5 s after a 0.5 s signal  tone  (400 Hz) pro-
vided  to allow the monkey  to fixate  before  the  shutter opens.
The stimuli are presented against a uniform background
(a large white screen). This method allows the presentation
of three-dimensional  stimuli  such as real faces and 3-D ob-
jects which differ along a wide range of parameters such as
size, shape, and color, and also allows 2-D stimuli such as
photographs of a wide range of faces to be presented.

The monkeys are alert and perform a visual discrimina-
tion task during the testing to ensure  that they look at the
stimuli. [Although Bruce et al.  (1981) have found neurons
in the cortex in the superior temporal sulcus which respond
to faces in the anesthetized monkey, the neuronal response
latencies reported were long, in the range 200—300 ms.
compared with typical latencies of  80-150 ms in the studies
described here. Because of this possible interference by
anesthetic with the activity of these neurons in this high
order part of the visual system, and because the risk must
be even greater in structures further on such as the amygdala,
all the recordings described here are being made in the alert
preparation.] If a circle, the positive discriminative stimulus
(S+), appeared the monkeys could lick to obtain a fruit juice
reward, and if a square of the same area and luminance, the
negative discriminative stimulus (S~), appeared the monkey
had to withhold licking in order to avoid aversive hypertonic
saline. A 0.5-s signal tone  (400 Hz) preceded the presentation
of the stimulus, and if the monkey was fixating correctly be-
fore the stimulus appeared, he had sufficient time to  per-
form the discrimination and obtain multiple licks of the fruit
juice tube in the short  (1.5 s) period in which the stimulus
was on. This procedure was designed to ensure fixation of
the stimuli  (Rolls et al.  1979). If any other stimulus appeared
(such as a grating, a 3-D object, or a face),  then if the mon-
key licked he obtained fruit juice  (i.e.  all  stimuli  except  the
square were treated as S+). The order of presentation of the
stimuli was randomized. Recordings of the electro-oculo-
gram confirmed  that  this procedure resulted in  consistent
fixation of the stimuli.
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Fig. la—e. The responses of four cells (a—d) in the cortex in the 
superior temporal sulcus to a variety of face (A—E) and nonface 
(F—J) stimuli. Some of the stimuli are shown in e. A: Two infants; 
B: Juvenile; C: 5-year-old threat face; D: 10-year-old stare; E: Human 
experimenter; F: Complex texture; G: Spatial grating; H: Boundary 
descriptor; I: Circle (S*); J: Square (S-). The bar represents the mean 
response above baseline with the standard error calculated over 4 to 
10 presentations. The F ratio for the analysis of variance calculated 
over the face sets indicates that the units shown range from very 
selective to relatively nonselective between faces. The responses to 
three-dimensional objects and to foods are shown on the left 
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When digitized visual stimuli were being presented on the 
video monitor, one set of 5-10 visual stimuli was used at 
a time. Each set of stimuli was designed to provide neuronal 
response data relevant to one or several hypotheses. For 
example, one set of stimuli included five different faces, to 
test whether the neuron responded differently to different 
faces, and some non-face stimuli such as a sine wave grating, 
a boundary curvature descriptor (see below), and a complex 
visual image (see Figure le), to provide an indication of 
whether the neuron responded differently to face and to 
non-face stimuli. Another set consisted of sine wave gratings 
with different spatial frequencies, and another of boundary 
curvature descriptors (see below). The computer randomized 
the sequence in which the members of the set were present-
ed, and after it had presented the sequence once, it restarted 
the set with another random sequence. The computer was 
allowed to repeat the set 5-10 times in order to provide 
sufficient data for an analysis of variance in order to deter-
mine whether the neuron responded differently to the 
different stimuli within the set. After data had been collect-
ed on one set, the experimenter then started a different set. 
Within each set, S-  trials appeared with a probability which 
was usually specified as 0.25, but could be reduced. 

Two main criteria are being used in these studies to select 
neurons with responses which occur primarily to faces for 
analysis. First, their responses to one or more faces had to be 
at least twice as large as to any other of the wide range of 
visual stimuli tested. (In fact, the majority of the neurons 
in the cortex in the superior temporal sulcus classified as 
showing responses selective for faces responded much more 
specifically than this. For half these neurons, their response 
to the most effective face was more than five times as large 
as to the most effective non-face stimulus, and for 25% of 
these neurons, the ratio was greater than 10:1.) Second, an 
analysis of variance performed over the set of face and non- 
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Fig. la—e. The responses of four cells (a—d) in the cortex in the
superior temporal sulcus to a variety of face (A—E) and nonface
(F—J) stimuli. Some of the stimuli are shown in e. A: Two infants;
B: Juvenile; C: 5-year-old threat face; D: 10-year-old stare; E: Human
experimenter; F: Complex texture; G: Spatial grating; H: Boundary
descriptor; I: Circle (St); J: Square (S - ). The bar represents the mean
response above baseline with the standard error calculated over 4 to
10 presentations. The F ratio for the analysis of variance calculated
over the face sets indicates that the units shown range from very
selective to relatively nonselective between faces. The responses to
three-dimensional objects and to foods are shown on the left
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When digitized visual stimuli were being presented on the

video monitor, one set of 5-10 visual stimuli was used at
a time. Each set of stimuli was designed to provide neuronal
response data relevant to one or several hypotheses. For
example, one set of stimuli included five different faces, to
test whether the neuron responded differently to different
faces, and some non-face stimuli such as a sine wave grating,
a boundary curvature descriptor (see below), and a complex
visual image (see Figure le), to provide an indication of
whether the neuron responded differently to face and to
non-face stimuli. Another set consisted of sine wave gratings
with different spatial frequencies, and another of boundary
curvature descriptors (see below). The computer randomized
the sequence in which the members of the set were present-
ed, and after it had presented the sequence once, it restarted
the set with another random sequence. The computer was
allowed to repeat the set 5-10 times in order to provide
sufficient data for an analysis of variance in order to deter-
mine whether the neuron responded differently to the
different stimuli within the set. After data had been collect-
ed on one set, the experimenter then started a different set.
Within each set, S - trials appeared with a probability which
was usually specified as 0.25, but could be reduced.

Two main criteria are being used in these studies to select
neurons with responses which occur primarily to faces for
analysis. First, their responses to one or more faces had to be
at least twice as large as to any other of the wide range of
visual stimuli tested. (In fact, the majority of the neurons
in the cortex in the superior temporal sulcus classified as
showing responses selective for faces responded much more
specifically than this. For half these neurons, their response
to the most effective face was more than five times as large
as to the most effective non-face stimulus, and for 25% of
these neurons, the ratio was greater than 10:1.) Second, an
analysis of variance performed over the set of face and non-
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Fig.  la-e.  The  responses  of four  cells (a-d)  in the  cortex  in the
superior temporal sulcus to a variety of face (A-E) and nonface
(F—J) stimuli. Some of the stimuli are shown in e. A: Two infants;
B: Juvenile; C: 5-year-old  threat face; D:  10-year-old stare; E: Human
experimenter;  F:  Complex  texture;  G:  Spatial  grating;  H: Boundary
descriptor; I: Circle (S*); J: Square (S~). The bar represents the mean
response above baseline with the standard error calculated over 4 to
10 presentations. The F ratio for the analysis of variance calculated
over the face  sets  indicates  that  the  units  shown  range from very
selective  to relatively  nonselective  between faces.  The  responses  to
three-dimensional objects and to foods are shown on the left

When digitized visual stimuli were being presented on the
video monitor, one set of 5—10 visual stimuli was used at
a time. Each set of stimuli was designed to provide neuronal
response data relevant to one or several hypotheses. For
example, one set of stimuli included five different faces, to
test whether the neuron responded differently to different
faces, and some non-face stimuli such as a sine wave grating,
a boundary curvature descriptor (see below), and a complex
visual image (see Figure  le), to provide an  indication of
whether the neuron responded differently to face and to
non-face stimuli. Another set consisted of sine wave  gratings
with different spatial frequencies, and  another of boundary
curvature descriptors (see below). The computer randomized
the sequence in  which the members of the set were present-
ed, and after it had presented the sequence once, it restarted
the set with another random sequence. The computer was
allowed to repeat the set 5—10 times in order to provide
sufficient data for an analysis of variance in order to deter-
mine whether the neuron responded differently to the
different stimuli within the set. After data had been collect-
ed on one set, the experimenter then started a different set.
Within each set, S~ trials appeared with a probability which
was usually specified as 0.25, but could be reduced.

Two main criteria are being used in these studies to select
neurons with responses which occur primarily to faces for
analysis. First, their responses to one or more faces  had to be
at least twice as large as to any  other of the wide range of
visual stimuli tested. (In fact, the majority of the neurons
in the cortex in the superior temporal sulcus classified as
showing responses selective for faces responded much more
specifically than this. For half these neurons,  their  response
to the most effective face was more than five times as large
as to the most effective non-face stimulus, and for 25% of
these neurons, the ratio was greater than  10:1.) Second, an
analysis of variance performed over the set of face and non-
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face stimuli should show a significant effect of stimulus type, 
and subsequent multiple t, Tukey, and Newman-Keuls' 
analyses (see Bruning and Kintz 1977) should show that the 
response to the optimal face stimulus was significantly great-
er (p < 0.05) than the response to the optimal non-face 
stimulus. (In fact, the difference was significant at the 0.01 
level for the great majority of the neurons described in this 
paper.) It should be noted that the neurons were tested on 
a wide range of non-face stimuli. These included a set of sine 
wave gratings with spatial frequencies of 1-64 cycles/image 
and with orientations spaced pi/4 radians apart; a set of 
boundary curvature descriptors with frequencies of 0-15 cy-
cles, with amplitudes which ranged from 0.5-2.0, and with 
4 different phases (Schwartz et al. 1983); and three-dimen-
sional objects. Over one thousand of these three-dimensional 
objects were collected, and used to test whether responses 
could be obtained from neurons to a wide range of non-face 
complex stimuli. The objects were chosen to differ from one 
another in size, shape, color, surface pattern and texture but 
for convenience of storage the objects were less than 20 cm 
long. Since these junk objects varied along different visual 
dimensions, testing neuronal responses to several of them 
could potentially reveal selectivity for particular visual 
characteristics. 

Neurons in the cortex of the superior temporal sulcus with 
different responses to different faces 

If these neurons in the cortex of the superior temporal 
sulcus with responses to faces are involved in face recogni-
tion, or in making appropriate social responses to different 
individuals, then it might be expected that at least some 
of these neurons might respond differently to different faces. 
In the study by Perrett et al. (1982) the responses of the 
neurons were measured to only a few faces, but to a wide 
range of non-face stimuli, as one aim of that study was to 
investigate the extent to which these neurons responded 
differently to face as compared to non-face stimuli (see 
Perrett et al. 1982). It was the aim of the next study (Baylis 
et al. 1985) to test whether at least some of these neurons do 
respond differently to different faces. To investigate this, the 
responses of different neurons in this region to a standard 
set of faces were measured. In order to provide a completely 
standardized method of presenting the set of images 

edly in a random sequence, and to allow in addition quanti-
tative manipulations of the images, the faces, together with 
a large range of non-face images, were digitized, stored on 
a computer disc, and loaded in random sequence into a video 
framestore ready for presentation on a video monitor on 
each trial, as described above. 

It was found that a number of the neurons with face-
selective visual responses responded significantly differently 
to different faces. Examples of the responses of different 
neurons (a—d) to the different faces (A—E) and non-face 
stimuli (F—J) in the standard set of digitized images are 
shown in Figure 1. Their responses to a range of three dimen-
sional objects, and to food, are also shown, on the left. All 
responses are shown as changes in firing rate in spikes/s from 
the spontaneous firing rate (with the standard error calculat-
ed over 4-10 observations indicated). First, Figure 1 illus-
trates that the responses of the neurons classified as having 
responses selective for faces showed responses to one or more 
faces which were at least twice as large as to any other stimulus 
tested. Second, Figure 1 shows that some of the neurons re-
sponded primarily to one of the faces in the set (e.g. neuron 
Z0060), some neurons responded to many of the faces 
(e.g. neuron Y1077), and some of the neurons responded to 
a subset of the faces. 

To analyse whether a neuron responded differently to 
the different faces in a set, an analysis of variance was per-
formed of the responses to the five faces (A—E) in the set. 
The F ratio, and its significance, are indicated over each set 
of faces in Figure 1. For all the neurons illustrated, the F ratio 
indicated that there were differences in the responses of each 
neuron to the different faces in the set. Of 44 neurons an-
alysed in this way in the sulcus of the superior temporal 
cortex of three monkeys, 34 (77%) had significantly differ-
ent responses to different faces in the digitized set. This find-
ing was implications for the function of these neurons. It 
implies that their responses would be useful in providing 
information on which different behavioral responses made 
to different faces could be based. These neurons could for 
example be filters, the output of which could be used for 
recognition of different individuals, and for emotional re-
sponses made to different individuals. 

To measure the extent to which a neuron responded 
differently to different faces, the difference between the 
response to the most effective face stimulus and the least 
effective face stimulus (both averaged over all 4-10 present- 
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neurons in the cortex in the
superior temporal sulcus

face stimuli should show a significant effect of stimulus type,
and subsequent multiple t, Tukey, and Newman-Keuls'
analyses (see Bruning and Kintz 1977) should show that the
response to the optimal face stimulus was significantly great-
er (p < 0.05) than the response to the optimal non-face
stimulus. (In fact, the difference was significant at the 0.01
level for the great majority of the neurons described in this
paper.) It should be noted that the neurons were tested on
a wide range of non-face stimuli. These included a set of sine
wave gratings with spatial frequencies of 1-64 cycles/image
and with orientations spaced pi/4 radians apart; a set of
boundary curvature descriptors with frequencies of 0-15 cy-
cles, with amplitudes which ranged from 0.5-2.0, and with
4 different phases (Schwartz et al. 1983); and three-dimen-
sional objects. Over one thousand of these three-dimensional
objects were collected, and used to test whether responses
could be obtained from neurons to a wide range of non-face
complex stimuli. The objects were chosen to differ from one
another in size, shape, color, surface pattern and texture but
for convenience of storage the objects were less than 20 cm
long. Since these junk objects varied along different visual
dimensions, testing neuronal responses to several of them
could potentially reveal selectivity for particular visual
characteristics.

Neurons in the cortex of the superior temporal sulcus with
different responses to different faces

If these neurons in the cortex of the superior temporal
sulcus with responses to faces are involved in face recogni-
tion, or in making appropriate social responses to different
individuals, then it might be expected that at least some
of these neurons might respond differently to different faces.
In the study by Perrett et al. (1982) the responses of the
neurons were measured to only a few faces, but to a wide
range of non-face stimuli, as one aim of that study was to
investigate the extent to which these neurons responded
differently to face as compared to non-face stimuli (see
Perrett et al. 1982). It was the aim of the next study (Baylis
et al. 1985) to test whether at least some of these neurons do
respond differently to different faces. To investigate this, the
responses of different neurons in this region to a standard
set of faces were measured. In order to provide a completely
standardized method of presenting the set of images repeat-

edly in a random sequence, and to allow in addition quanti-
tative manipulations of the images, the faces, together with
a large range of non-face images, were digitized, stored on
a computer disc, and loaded in random sequence into a video
framestore ready for presentation on a video monitor on
each trial, as described above.

It was found that a number of the neurons with face-
selective visual responses responded significantly differently
to different faces. Examples of the responses of different
neurons (a—d) to the different faces (A—E) and non-face
stimuli (F—J) in the standard set of digitized images are
shown in Figure 1. Their responses to a range of three dimen-
sional objects, and to food, are also shown, on the left. All
responses are shown as changes in firing rate in spikes/s from
the spontaneous firing rate (with the standard error calculat-
ed over 4-10 observations indicated). First, Figure 1 illus-
trates that the responses of the neurons classified as having
responses selective for faces showed responses to one or more
faces which were at least twice as large as to any other stimulus
tested. Second, Figure 1 shows that some of the neurons re-
sponded primarily to one of the faces in the set (e.g. neuron
Z0060), some neurons responded to many of the faces
(e.g. neuron Y1077), and some of the neurons responded to
a subset of the faces.

To analyse whether a neuron responded differently to
the different faces in a set, an analysis of variance was per-
formed of the responses to the five faces (A—E) in the set.
The F ratio, and its significance, are indicated over each set
of faces in Figure 1. For all the neurons illustrated, the F ratio
indicated that there were differences in the responses of each
neuron to the different faces in the set. Of 44 neurons an-
alysed in this way in the sulcus of the superior temporal
cortex of three monkeys, 34 (77%) had significantly differ-
ent responses to different faces in the digitized set. This find-
ing was implications for the function of these neurons. It
implies that their responses would be useful in providing
information on which different behavioral responses made
to different faces could be based. These neurons could for
example be filters, the output of which could be used for
recognition of different individuals, and for emotional re-
sponses made to different individuals.

To measure the extent to which a neuron responded
differently to different faces, the difference between the
response to the most effective face stimulus and the least
effective face stimulus (both averaged over all 4-10 present-
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b Values of the generalization
index, a measure of the extent
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neurons in the cortex in the
superior temporal sulcus

face stimuli should show a significant effect of stimulus  type,
and subsequent  multiple  t,  Tukey,  and Newman-Keuls'
analyses (see Bruning and Kintz 1977) should show  that the
response to the optimal face stimulus was significantly great-
er (p < 0.05)  than the response to the optimal non-face
stimulus. (In fact, the difference was significant at the 0.01
level for the great majority of the neurons described in this
paper.) It should be noted  that the neurons were tested on
a wide range of non-face stimuli. These included a set of sine
wave gratings with spatial frequencies of 1-64 cycles/image
and with orientations spaced pi/4 radians apart; a set of
boundary curvature descriptors with frequencies of 0—15 cy-
cles, with amplitudes which ranged from 0.5—2.0, and with
4 different phases (Schwartz et al.  1983); and three-dimen-
sional objects. Over  one  thousand  of  these  three-dimensional
objects were collected, and used to test whether responses
could be obtained from neurons to a wide range of non-face
complex stimuli. The objects were chosen to differ from one
another in size, shape, color, surface pattern and texture but
for convenience of storage the objects were less  than 20 cm
long. Since these junk objects varied along different visual
dimensions, testing neuronal responses to several of them
could potentially reveal selectivity for particular visual
characteristics.

Neurons in the cortex of the superior temporal sulcus with
different responses to different faces

If these neurons in the cortex of the superior temporal
sulcus with responses to faces are involved in face recogni-
tion, or in making  appropriate social responses to different
individuals, then it might be expected  that at least some
of these neurons might respond differently to different faces.
In the study by Perrett et al.  (1982)  the responses  of the
neurons were measured to  only a few faces, but to a wide
range of non-face  stimuli,  as one aim of  that  study  was to
investigate the extent to which these neurons responded
differently to face as compared to non-face stimuli (see
Perrett et al.  1982). It was the aim of the next study (Baylis
et al. 1985) to test whether at least some of these neurons do
respond differently to different faces. To investigate this, the
responses of different neurons in  this region to a standard
set of faces were measured. In order to provide a completely
standardized method of presenting the set of images repeat-

edly in a random sequence, and to allow in addition quanti-
tative manipulations  of the images,  the faces,  together  with
a large range of non-face images, were digitized, stored on
a computer disc, and loaded in random sequence into a video
framestore ready for presentation on a video monitor on
each trial, as described above.

It was found that a number of the neurons with face-
selective visual responses responded significantly differently
to different faces. Examples of the responses of different
neurons (a—d) to the different faces (A—E) and non-face
stimuli (F-J) in the standard  set of digitized images  are
shown in Figure 1. Their responses to a range of three dimen-
sional objects, and to food, are also shown, on the left. All
responses are shown as changes in firing rate in spikes/s from
the spontaneous firing  rate  (with  the  standard error  calculat-
ed over 4—10 observations indicated). First, Figure 1 illus-
trates that the responses of the neurons classified as having
responses selective for faces showed responses to one or more
faces which were at least twice as large as to any other stimulus
tested. Second, Figure 1 shows  that some of the neurons re-
sponded primarily to one of the faces in the set (e.g. neuron
Z0060), some neurons responded to many of the faces
(e.g. neuron  Y1077), and some of the neurons responded to
a subset of the faces.

To analyse whether a neuron responded differently to
the different faces in a set, an analysis of variance was per-
formed of the responses to the five faces (A—E) in the set.
The F ratio,  and its significance,  are indicated over  each  set
of faces in Figure 1. For all the neurons illustrated, the F ratio
indicated  that there were differences in the responses of each
neuron to the different faces in the set. Of 44 neurons an-
alysed in this way in the sulcus of the superior temporal
cortex of three monkeys, 34 (77%) had significantly differ-
ent responses to different faces in the digitized set. This find-
ing was implications for the function of these neurons. It
implies  that their responses would be useful in providing
information on  which different  behavioral  responses  made
to different faces could be based. These neurons could for
example be filters, the output of which could be used for
recognition of different individuals, and for emotional re-
sponses made to different individuals.

To measure the extent to which a neuron responded
differently to different faces, the difference between the
response to the most effective face stimulus and the least
effective face stimulus  (both averaged over all 4—10 present-
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ations of that face) was calculated, and presented as a ratio 
to the standard deviation of the responses. This measure 
thus represents the number of standard deviations which 
separate the two neuronal responses, and is intended to be 
analogous to detectability, d', in signal discrimination theory 
(see Green and Swets 1966; Egan 1975; Rolls et al. 1984). 
This measure has also been chosen so that it may be com-
pared with d' measures of the discriminability of faces to 
human observers. For the neurons shown in Figure 1, d' had 
a value of 8.77 for neuron Z0060, 6.35 for neuron Z0530, 
4.03 for neuron Y1082, and 2.62 for neuron Y1077. The 
values of d' for the 45 neurons analysed in this way are 
shown in Figure 2a. It is clear that a range of degrees of 
selectivity for different faces was found, with some neurons 
responding quite well even to the least effective face (values 
of d' less than 1.0), and with some neurons responding very 
differently to the different faces in the set (values of d' great-
er than 1.0). The value of d' was in the range 0.2-5.0 for the 
majority of the neurons. These values compare to values of 
0.5-2.4 found in human studies of face recognition with 
rather larger set sizes (see Carey 1981; Davies et al. 1981). 
Given that the value of d' obtained depends considerably 
on testing conditions such as the duration of exposure of the 
stimulus, it will be of interest to measure d' with human 
subjects discriminating between faces under the same con-
ditions used in neurophysiological investigations. 

To assess the breadth of tuning of these neurons to dif-
ferent faces, the number of faces in the digitized set to which 
the neuron had a response greater than half that to the most 
effective face stimulus in this set was calculated. The fraction 
of face stimuli in the set to which neuron Z0060 responded 
was thus 0.2, for neuron Z0530 was 0.16, for neuron Y1082 
was 0.2, and for neuron Y1070 was 0.6. The proportion of 
faces in the set to which each neuron responded in this way 
is indicated for a sample of 48 neurons in Figure 2b. It is 
clear that some neurons were highly selective, responding 
primarily to one face in the set, while other neurons respond-
ed to several or many faces in the set. 

There are a number of possible explanations, which are 
not necessarily mutually exclusive, of the different responses 
of these neurons to different faces. One possibility is that 
these neurons are tuned to respond to physical features 
which are different in different faces. The faces in the 
stimulus set differed for example in eye shape, white facial 
markings, etc. Another possibility is that the expression 
on the face provided the basis for the cells' responses. One  

face in the set was for example a face making an open-mouth 
threat, whereas another had the mouth closed. However, 
when the facial expression was altered on a human face to 
which these neurons responded, this usually did not alter 
the responses of these neurons (in 9/12 cases). This makes 
it unlikely that differences in expression accounted for the 
differences in the responses of the majority of the neurons 
recorded in this particular population. Another possibility 
is that the responses of these neurons reflected the attention 
shown by the monkey to the different faces in the set. It is 
known for example that in a monkey group, different indi-
viduals pay different amounts of attention to each other, and 
that the information conveyed by some faces is more im-
portant than that conveyed by others. It is unlikely, how-
ever, that differential attention accounted for the differences 
in the neuronal responses studied here, for different single 
neurons recorded on the same track were found to respond 
preferentially to different faces in the set (see Baylis et al. 
1985), and in addition fixation of the different faces in the 
set was shown by the electro-oculogram recordings to be 
equally good in the 500 ms period in which the neuronal 
responses were measured. 

Another interesting set of factors which could have con-
tributed to the different responses of the neurons to differ-
ent faces is raised by the finding that in different monkeys 
some faces were more often optimal stimuli for the neurons 
than other faces. For example, 9/17 cells in one monkey, 
Yasmin, responded best to stimulus A (the two weanling 
monkeys, see Figure 1), whereas only 1/28 of the cells in 
the other two monkeys in which recordings were made in 
this study responded best to stimulus A (Baylis et al. 1985). 
It happened that Yasmin was the youngest monkey (1 year 
6 months old) in which recordings were made, and that she 
had been reared with one other monkey in the same cage, 
a female of the same age, so that her primary experience of 
other monkeys had been with a monkey of the same age. 
This raises the question of the extent to which age and 
experience are factors which influence how these neurons 
respond. Clearly, to resolve the contributions of age and ex-
perience to the tuning of these neurons, detailed longitudinal 
studies in animals of different ages and with different ex-
perience are required. The findings described here do raise 
the possibility that these factors do influence the tuning of 
these neurons in the cortex in the superior temporal sulcus 
which respond primarily to faces. 
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ations of that face) was calculated, and presented as a ratio
to the standard deviation of the responses. This measure
thus represents the number of standard deviations which
separate the two neuronal responses, and is intended to be
analogous to detectability, d', in signal discrimination theory
(see Green and Swets 1966; Egan 1975; Rolls et al. 1984).
This measure has also been chosen so that it may be com-
pared with d' measures of the discriminability of faces to
human observers. For the neurons shown in Figure 1, d' had
a value of 8.77 for neuron Z0060, 6.35 for neuron Z0530,
4.03 for neuron Y1082, and 2.62 for neuron Y1077. The
values of d' for the 45 neurons analysed in this way are
shown in Figure 2a. It is clear that a range of degrees of
selectivity for different faces was found, with some neurons
responding quite well even to the least effective face (values
of d' less than 1.0), and with some neurons responding very
differently to the different faces in the set (values of d' great-
er than 1.0). The value of d' was in the range 0.2-5.0 for the
majority of the neurons. These values compare to values of
0.5-2.4 found in human studies of face recognition with
rather larger set sizes (see Carey 1981; Davies et al. 1981).
Given that the value of d' obtained depends considerably
on testing conditions such as the duration of exposure of the
stimulus, it will be of interest to measure d' with human
subjects discriminating between faces under the same con-
ditions used in neurophysiological investigations.

To assess the breadth of tuning of these neurons to dif-
ferent faces, the number of faces in the digitized set to which
the neuron had a response greater than half that to the most
effective face stimulus in this set was calculated. The fraction
of face stimuli in the set to which neuron Z0060 responded
was thus 0.2, for neuron Z0530 was 0.16, for neuron Y1082
was 0.2, and for neuron Y1070 was 0.6. The proportion of
faces in the set to which each neuron responded in this way
is indicated for a sample of 48 neurons in Figure 2b. It is
clear that some neurons were highly selective, responding
primarily to one face in the set, while other neurons respond-
ed to several or many faces in the set.

There are a number of possible explanations, which are
not necessarily mutually exclusive, of the different responses
of these neurons to different faces. One possibility is that
these neurons are tuned to respond to physical features
which are different in different faces. The faces in the
stimulus set differed for example in eye shape, white facial
markings, etc. Another possibility is that the expression
on the face provided the basis for the cells' responses. One

face in the set was for example a face making an open-mouth
threat, whereas another had the mouth closed. However,
when the facial expression was altered on a human face to
which these neurons responded, this usually did not alter
the responses of these neurons (in 9/12 cases). This makes
it unlikely that differences in expression accounted for the
differences in the responses of the majority of the neurons
recorded in this particular population. Another possibility
is that the responses of these neurons reflected the attention
shown by the monkey to the different faces in the set. It is
known for example that in a monkey group, different indi-
viduals pay different amounts of attention to each other, and
that the information conveyed by some faces is more im-
portant than that conveyed by others. It is unlikely, how-
ever, that differential attention accounted for the differences
in the neuronal responses studied here, for different single
neurons recorded on the same track were found to respond
preferentially to different faces in the set (see Baylis et al.
1985), and in addition fixation of the different faces in the
set was shown by the electro-oculogram recordings to be
equally good in the 500 ms period in which the neuronal
responses were measured.

Another interesting set of factors which could have con-
tributed to the different responses of the neurons to differ-
ent faces is raised by the finding that in different monkeys
some faces were more often optimal stimuli for the neurons
than other faces. For example, 9/17 cells in one monkey,
Yasmin, responded best to stimulus A (the two weanling
monkeys, see Figure 1), whereas only 1/28 of the cells in
the other two monkeys in which recordings were made in
this study responded best to stimulus A (Baylis et al. 1985).
It happened that Yasmin was the youngest monkey (1 year
6 months old) in which recordings were made, and that she
had been reared with one other monkey in the same cage,
a female of the same age, so that her primary experience of
other monkeys had been with a monkey of the same age.
This raises the question of the extent to which age and
experience are factors which influence how these neurons
respond. Clearly, to resolve the contributions of age and ex-
perience to the tuning of these neurons, detailed longitudinal
studies in animals of different ages and with different ex-
perience are required. The findings described here do raise
the possibility that these factors do influence the tuning of
these neurons in the cortex in the superior temporal sulcus
which respond primarily to faces.
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ations of that face) was calculated, and presented as a ratio
to the standard deviation of the responses. This measure
thus represents the number of standard deviations which
separate the two neuronal responses, and is intended to be
analogous to detectability,  d', in signal discrimination theory
(see Green and Swets 1966; Egan 1975; Rolls et al.  1984).
This measure has also been chosen so  that it may be com-
pared with d' measures of the discriminability of faces to
human observers. For the neurons shown in Figure 1,  d' had
a value" of 8.77 for neuron  Z0060, 6.35 for neuron  Z0530,
4.03 for neuron Y1082, and 2.62 for neuron Y1077. The
values of  d' for the 45 neurons analysed in this way are
shown in Figure 2a. It is clear that a range of degrees of
selectivity for different faces was found, with some neurons
responding quite well even to the least effective face (values
of d' less than 1.0), and with some neurons responding very
differently to the different faces in the set (values of  d' great-
er than 1.0). The value of  d' was in the range  0.2-5.0 for the
majority of the neurons. These values compare to values of
0.5—2.4 found in human studies of face recognition with
rather larger set sizes (see Carey 1981; Davies et al.  1981).
Given that the value of d' obtained depends considerably
on testing conditions such as the duration of exposure of the
stimulus, it will be of interest to measure  d' with human
subjects discriminating between faces under the same con-
ditions used in neurophysiological investigations.

To assess the breadth of tuning of these neurons to dif-
ferent faces, the number of faces in the digitized set to which
the neuron had a response greater than half that to the most
effective face stimulus in this set was calculated. The fraction
of face stimuli in the set to which neuron Z0060 responded
was thus 0.2, for neuron Z0530 was 0.16, for neuron Y1082
was 0.2, and for neuron Y1070 was 0.6. The proportion of
faces in the set to which each neuron responded in this way
is indicated for a sample of 48 neurons in Figure 2b. It is
clear that some neurons were highly selective, responding
primarily to one face in the set, while other neurons respond-
ed to several or many faces in the set.

There are a number of possible explanations, which are
not necessarily mutually exclusive, of the different responses
of these neurons to different faces. One possibility is  that
these neurons are tuned to respond to physical features
which are different in different faces. The faces in the
stimulus set differed for example in eye shape, white facial
markings, etc. Another possibility is  that the expression
on the face provided the basis for the cells' responses. One

face in the set was for example a face making an open-mouth
threat, whereas another had the mouth closed. However,
when the facial expression was altered on a human face to
which these neurons responded, this usually did not alter
the responses of these neurons (in 9/12 cases). This makes
it unlikely that differences in expression accounted for the
differences in the responses of the majority of the neurons
recorded in this particular population. Another possibility
is that the responses of these neurons reflected the attention
shown by the monkey to the different faces in the set. It is
known for example that in a monkey group, different indi-
viduals pay different amounts of attention to each  other, and
that the information conveyed by some faces is more im-
portant than that conveyed by others. It is unlikely, how-
ever, that differential attention accounted for the differences
in the neuronal responses studied here, for different single
neurons recorded on the same track were found to respond
preferentially to different faces in the set (see Baylis et al.
1985), and in addition fixation of the different faces in the
set was shown by the electro-oculogram recordings to be
equally good in the 500 ms period in which the neuronal
responses were measured.

Another interesting set of factors which could have con-
tributed to the different responses of the neurons to differ-
ent faces is raised by the finding that in different monkeys
some faces were more often optimal stimuli for the neurons
than other faces. For example, 9/17 cells in one monkey,
Yasmin, responded best to stimulus A (the two weanling
monkeys, see Figure 1), whereas only 1/28 of the cells in
the other two monkeys in which recordings were made in
this study responded best to stimulus A (Baylis et al.  1985).
It happened that Yasmin was the youngest monkey (1 year
6 months old) in which recordings were made, and  that she
had been reared with one other monkey in the same cage,
a female of the same age, so that her primary experience of
other monkeys had been with a monkey of the same age.
This raises the question of the extent to which age and
experience are factors which influence how these neurons
respond. Clearly, to resolve the contributions of age and ex-
perience to the tuning of these neurons, detailed longitudinal
studies in animals of different ages and with different ex-
perience are required. The findings described here do raise
the possibility that these factors do influence the tuning of
these neurons in the cortex in the superior temporal sulcus
which respond primarily to faces.
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One way in which the information which leads these neurons 
to respond has been analysed further has been to measure 
their responses to spatial frequency filtered faces (Rolls 
et al. 1985). For example, responses to a series of low-pass 
frequency filtered faces with different cutoff frequencies 
(i.e. faces with different degrees of blurring) showed the ex-
tent to which different neurons could respond to the general 
configuration of features in a face without any fine detail. 
Responses were also measured to a series of high-pass fre-
quency filtered faces to determine the extent to which the 
sharp edge information present in faces might represent 
sufficient information for the responses of these neurons to 
occur. Spatial frequency filtering in fact provided a way to 
parametrically alter the information present in a face and 
thus to obtain evidence on the type of information to which 
these neurons respond. In addition to allowing analysis of 
the information which leads these neurons to respond, these 
experiments (Rolls et al. 1985) allowed comparisons to be 
made between the spatial frequencies in faces to which these 
neurons respond and the spatial frequencies necessary for 
face recognition by humans. Thus Harmon and Julesz (1973) 
and Harmon (1973) have shown that frequencies below 
10 cycles/face image are sufficient for humans to recognize 
faces to at least some extent. Fiorentini et al. (1984) have 
extended this by showing that spatial frequencies above 
8 cycles/face, as well as those below 8 cycles/face, are ade-
quate for recognizing different individuals' faces. It was thus 
of interest to determine how the responses of these neurons 
compared to those found to be important for face recog-
nition. 

In order to provide a completely standardized method of 
presenting a set of precisely spatial frequency filtered images 
repeatedly in a random sequence, faces, together with a large 
range of non-face images, were digitized, spatially frequency 
filtered on a PDP11 computer, stored on the computer disc, 
and loaded in random sequence into a video framestore ready 
for presentation on a video monitor on each trial. Examples 
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Fig. 4. The responses of a neuron in the cortex in the superior tem-
poral sulcus to the low-pass (closed circles) and high-pass spatial fre-
quency filtered images of a face 

of the filtered stimuli are shown in Figure 3 (see further 
Rolls et al. 1985). 

It was possible to measure the responses to low-pass 
and high-pass filtered images of faces of 32 neurons in the 
cortex in the superior temporal sulcus. An example of one of 
these response functions is shown for one of the neurons in 
Figure 4. The responses are shown as the change of firing rate 
from the spontaneous value produced by each of the filtered 
images. Each point represents the mean of 4-10 observa-
tions. For the low-pass filtered images (see closed circles in 
Figure 4), the response to the most blurred image (2 and be-
low cycles per stimulus) was small, and as the low-pass filter 
included more and more high frequencies (as the curve is 
followed to the right), the neuronal response increased. The 
unfiltered image is plotted at the 128 cycles per stimulus 
point on the low-pass graph, as this represented all frequen-
cies in the 256 by 256 pixel image. For the highpass filtered 
images (see open circles in Figure 4), the response to the 
image with only the highest frequencies included (64 and 
above cycles per image) was small, and increased as the high-
pass filter included more and more low frequencies (as the 
curve is followed to the left). The unfiltered image is plotted 
at the 0 cycles per stimulus point on the low-pass graph, as 
this represented all frequencies in the 256 by 256 pixel 
image. 

To enable the response functions of the different neurons 
to be compared, high-pass and low-pass cutoff frequencies 
were obtained from the curves as follows. The cutoff fre-
quencies were measured from the curves as the frequencies 
at which the response had decreased to half its value to the 
unfiltered stimulus. Interpolation was used along the log-
arithmic frequency axis. Thus for the neuron illustrated in 
Figure 4, the low-pass cutoff frequency was 4.3 Hz, and the 
high-pass cutoff frequency was 24.3 Hz. The difference be-
tween these cutoff frequencies was also calculated to give 
an estimate of the bandwidth of the neuron, and for the 
example shown in Figure 4 was 4.6-2.1 (i.e. 2.5) octaves. 
The distribution of these cutoff frequencies for the low-pass 
and the high-pass filtered stimuli is shown for the different 
neurons in Figure 5. It is clear from Figure 5 and the response 
functions of the different neurons (see Rolls et al. 1985) 
that the cutoff frequencies and the pattern of the responses 
to the filtered stimuli were different for the different cells. 
The mean value of the low-pass cutoff frequency was 3.3 Hz, 
and for the high-pass cutoff frequency was 29.7 Hz. 
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Fig. 5. The low-pass and high-pass cutoff frequencies to spatial fre-
quency filtered faces of different neurons in the cortex in the super-
ior temporal sulcus 
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One way in which the information which leads these neurons
to respond has been analysed further has been to measure
their responses to spatial frequency filtered faces (Rolls
et al. 1985). For example, responses to a series of low-pass
frequency filtered faces with different cutoff frequencies
(i.e. faces with different degrees of blurring) showed the ex-
tent to which different neurons could respond to the general
configuration of features in a face without any fine detail.
Responses were also measured to a series of high-pass fre-
quency filtered faces to determine the extent to which the
sharp edge information present in faces might represent
sufficient information for the responses of these neurons to
occur. Spatial frequency filtering in fact provided a way to
parametrically alter the information present in a face and
thus to obtain evidence on the type of information to which
these neurons respond. In addition to allowing analysis of
the information which leads these neurons to respond, these
experiments (Rolls et al. 1985) allowed comparisons to be
made between the spatial frequencies in faces to which these
neurons respond and the spatial frequencies necessary for
face recognition by humans. Thus Harmon and Julesz (1973)
and Harmon (1973) have shown that frequencies below
10 cycles/face image are sufficient for humans to recognize
faces to at least some extent. Fiorentini et al. (1984) have
extended this by showing that spatial frequencies above
8 cycles/face, as well as those below 8 cycles/face, are ade-
quate for recognizing different individuals' faces. It was thus
of interest to determine how the responses of these neurons
compared to those found to be important for face recog-
nition.

In order to provide a completely standardized method of
presenting a set of precisely spatial frequency filtered images
repeatedly in a random sequence, faces, together with a large
range of non-face images, were digitized, spatially frequency
filtered on a PDP11 computer, stored on the computer disc,
and loaded in random sequence into a video framestore ready
for presentation on a video monitor on each trial. Examples
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Fig. 4. The responses of a neuron in the cortex in the superior tem-
poral sulcus to the low-pass (closed circles) and high-pass spatial fre-
quency filtered images of a face

of the filtered stimuli are shown in Figure 3 (see further
Rolls et al. 1985).

It was possible to measure the responses to low-pass
and high-pass filtered images of faces of 32 neurons in the
cortex in the superior temporal sulcus. An example of one of
these response functions is shown for one of the neurons in
Figure 4. The responses are shown as the change of firing rate
from the spontaneous value produced by each of the filtered
images. Each point represents the mean of 4-10 observa-
tions. For the low-pass filtered images (see closed circles in
Figure 4), the response to the most blurred image (2 and be-
low cycles per stimulus) was small, and as the low-pass filter
included more and more high frequencies (as the curve is
followed to the right), the neuronal response increased. The
unfiltered image is plotted at the 128 cycles per stimulus
point on the low-pass graph, as this represented all frequen-
cies in the 256 by 256 pixel image. For the highpass filtered
images (see open circles in Figure 4), the response to the
image with only the highest frequencies included (64 and
above cycles per image) was small, and increased as the high-
pass filter included more and more low frequencies (as the
curve is followed to the left). The unfiltered image is plotted
at the 0 cycles per stimulus point on the low-pass graph, as
this represented all frequencies in the 256 by 256 pixel
image.

To enable the response functions of the different neurons
to be compared, high-pass and low-pass cutoff frequencies
were obtained from the curves as follows. The cutoff fre-
quencies were measured from the curves as the frequencies
at which the response had decreased to half its value to the
unfiltered stimulus. Interpolation was used along the log-
arithmic frequency axis. Thus for the neuron illustrated in
Figure 4, the low-pass cutoff frequency was 4.3 Hz, and the
high-pass cutoff frequency was 24.3 Hz. The difference be-
tween these cutoff frequencies was also calculated to give
an estimate of the bandwidth of the neuron, and for the
example shown in Figure 4 was 4.6-2.1 (i.e. 2.5) octaves.
The distribution of these cutoff frequencies for the low-pass
and the high-pass filtered stimuli is shown for the different
neurons in Figure 5. It is clear from Figure 5 and the response
functions of the different neurons (see Rolls et al. 1985)
that the cutoff frequencies and the pattern of the responses
to the filtered stimuli were different for the different cells.
The mean value of the low-pass cutoff frequency was 3.3 Hz,
and for the high-pass cutoff frequency was 29.7 Hz.
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Fig. 5. The low-pass and high-pass cutoff frequencies to spatial fre-
quency filtered faces of different neurons in the cortex in the super-
ior temporal sulcus
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One way in which the information which leads these neurons
to respond has been analysed further has been to measure
their responses to spatial frequency filtered faces (Rolls
et al. 1985). For example, responses to a series of low-pass
frequency filtered faces  with different cutoff frequencies
(i.e. faces with different degrees of blurring) showed the ex-
tent to which different neurons could respond to the general
configuration of features in a face  without any fine  detail.
Responses were also measured to a series of high-pass fre-
quency filtered faces to determine the extent to which the
sharp edge  information present in faces might represent
sufficient information for the responses of these neurons to
occur. Spatial frequency filtering in fact provided a way to
parametrically alter the information present in a face and
thus to obtain evidence on the type of information to which
these neurons respond. In addition to allowing analysis of
the information which leads these neurons to respond, these
experiments (Rolls et al. 1985) allowed comparisons to be
made between the spatial frequencies in faces to which these
neurons respond and the spatial frequencies necessary for
face  recognition by humans. Thus Harmon and Julesz  (1973)
and Harmon  (1973) have shown that frequencies below
10 cycles/face image are sufficient for humans to recognize
faces to at least some extent. Fiorentini et al.  (1984) have
extended this by showing that spatial frequencies above
8 cycles/face, as well as those below 8 cycles/face, are ade-
quate for recognizing different individuals' faces. It was thus
of interest to determine how the responses of these neurons
compared to  those found to be  important for face  recog-
nition.

In order to provide a completely standardized method of
presenting a set of precisely spatial frequency filtered images
repeatedly in a random sequence, faces, together with a large
range of non-face images, were digitized, spatially frequency
filtered on a PDP11 computer, stored on the computer disc,
and loaded in random sequence into a video framestore ready
for presentation on a video  monitor on  each  trial. Examples
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Fig. 4. The responses  of a  neuron  in the  cortex  in the  superior tem-
poral sulcus to the low-pass (closed circles) and high-pass spatial fre-
quency filtered images of a face

of the filtered stimuli are shown in Figure 3 (see further
Rolls etal.  1985).

It was possible to measure the responses to low-pass
and high-pass filtered images of faces of 32 neurons in the
cortex in the superior temporal sulcus. An example of one of
these response functions is shown for one of the neurons in
Figure 4. The responses are shown as the change of firing rate
from the spontaneous value produced by each of the filtered
images. Each point represents the mean of 4-10 observa-
tions. For the low-pass filtered images (see closed circles in
Figure 4), the response to the most blurred image (2 and be-
low cycles per stimulus) was small, and as the low-pass filter
included more and more high frequencies (as the curve is
followed to the right), the neuronal response increased. The
unfiltered image is  plotted at the 128 cycles per stimulus
point on the low-pass graph, as this represented all frequen-
cies in the 256 by 256 pixel image. For the highpass filtered
images (see open circles in Figure 4), the response to the
image with only the highest frequencies included (64 and
above cycles per image) was small, and increased as the high-
pass filter included more and more low frequencies (as the
curve is followed to the left). The unfiltered image is plotted
at the 0 cycles per  stimulus  point  on the low-pass graph,  as
this represented all frequencies in the 256 by 256 pixel
image.

To enable the response functions of the different neurons
to be compared, high-pass and low-pass cutoff frequencies
were obtained from the curves as follows. The cutoff fre-
quencies were measured from the curves as the frequencies
at which the response had decreased to half its value to the
unfiltered stimulus.  Interpolation was used along the log-
arithmic frequency axis. Thus for the neuron illustrated in
Figure 4, the low-pass  cutoff frequency was 4.3 Hz, and the
high-pass cutoff frequency was 24.3 Hz. The difference be-
tween these cutoff frequencies was also calculated to give
an estimate of the bandwidth of the neuron, and for the
example shown in Figure 4 was  4.6^2.1 (i.e. 2.5) octaves.
The distribution of these cutoff frequencies for the low-pass
and the high-pass filtered stimuli is shown for the different
neurons in Figure 5. It is clear from Figure 5 and the response
functions of the different neurons (see Rolls et al. 1985)
that the cutoff frequencies  and the  pattern  of the  responses
to the filtered stimuli were different for the different cells.
The mean value of the low-pass cutoff frequency was 3.3 Hz,
and for the high-pass cutoff frequency was 29.7 Hz.
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Fig. 5. The low-pass  and high-pass cutoff frequencies  to  spatial fre-
quency filtered faces of different neurons in the cortex in the super-
ior temporal sulcus
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It was found that many of the neurons could respond to 
a low-pass and a high-pass filtered image of a face even when 
the filtered images had no frequencies in common. The mean 
separation between the cutoff frequencies was 3.0 octaves, 
calculated over the different neurons. Thus many of these 
neurons could respond to a blurred image of a face, and a 
face with primarily edge information in it, when these images 
were so different that their nearest common spatial frequen-
cies were 3 octaves apart. 

The responses to low-pass and high-pass filtered faces 
described above were to the optimal face stimulus in the 
digitized series. Different types of response were obtained 
if the neuronal response was measured to low-pass and high-
pass images from a face which was not optimal for that 
neuron (see Rolls et al. 1985). For example, some neurons 
responded less or not at all to most of the filtered stimuli 
of the non-optimal face as compared to the optimal face. 
On the other hand, more interestingly, other neurons re-
sponded to some but not to other of the filtered stimuli of 
the non-optimal face stimulus. This is consistent with the 
possibility that information relevant to some aspects of the 
neuron's criteria for responsiveness were met by some of 
the filtered stimuli, but that introducing further frequencies 
from the non-optimal face introduced information which 
produced inhibition and was normally responsible for the 
lack of response of the neuron to the non-optimal face. 

The responses of these neurons to low-pass and high-pass 
filtered faces show that these neurons can in many cases 
respond to simplified images of faces, that is to faces in 
which considerable information has been removed. The re-
sponses to these filtered images also indicate the type of in-
formation necessary to activate these neurons. For example, 
many of the neurons responded to low-pass filtered faces 
which included frequencies up to 4 cycles/face (see Figures 4 
and 5 and Rolls et al. 1985). These images are very blurred 
(see Figure 3) and contain relatively little information. This 
opens the way for further analyses of the minimal stimulus 
configuration necessary to activate these neurons. For ex-
ample, it will be of interest to determine how rearrangement 
of different parts of these low-pass filtered images of faces 
influences the responses of these neurons, to determine how 
sensitive these neurons are to the configuration of the fea-
tures present in these images. Many of the neurons also 
responded to high-pass filtered images of faces which includ-
ed only frequencies above 16 cycles/face (see Figures 4 and 
5 and Rolls et al. 1985). Thus low frequencies are not es-
sential for the activation of these neurons, and edge informa-
tion is sufficient. It is of interest that in many cases a neuron 
could be activated by either low frequencies or high frequen-
cies present in a face (see Figures 4 and 5 and Rolls et al. 
1985), even when these frequencies were separated by 
3 octaves. This could be useful in a system in which respons-
es to a face should occur irrespective of whether the face was 
blurred or was presented as edges, as in a line drawing. It 
may be noted here that it is a property of human perception 
that objects including faces can be recognized even when an 
object is blurred, and even when a line drawing of an object 
containing only edge information is presented. 

The tuning of the neurons to the different low-pass and 
high-pass filtered faces was different for the different neurons 
(see Rolls et al. 1985), so that an explanation for the tuning 
in terms of a single function such as the overall modulation  

transfer function of the visual system is not sufficient to ac-
count for the results. Indeed, the fact that the neurons re-
sponded differently to the different frequencies is further 
evidence that these neurons could act as filters useful in con-
veying information useful in distinguishing between faces 
(see above). The finding that the response of the neurons was 
not always a smooth function of frequency, but could for 
example decrease as higher frequencies were included in the 
low-pass filtered images of faces or as low frquencies were 
included in the high-pass filtered images of faces, indicates 
that information in certain frequency bands was able to in-
hibit these neurons. This was particularly likely to occur for 
the non-optimal face stimulus for a given neuron, indicating 
that the selectivity of these neurons to different faces was 
a combination of the excitation produced by some aspects 
of faces and inhibition produced by others. Such inhibition 
was particularly likely to occur for high spatial frequencies, 
implying that these frequencies might be particularly import-
ant in distinguishing between individual faces. 

Harmon and Julesz (1973) and Harmon (1973) have 
shown that low spatial frequencies, below for example 
10 cycles/face, are sufficient for the recognition of the faces 
of different individuals in man. Fiorentini et al. (1984) 
have extended this work, and shown that the spatial fre-
quencies above 8 cycles/face present in a face can also pro-
vide the basis for face recognition. It is of interest that the 
great majority of the cells described here had low-pass cutoff 
frequencies below 8 cycles per face, that is they responded 
well to faces containing only frequencies below 8 cycles/face 
(see Figure 5). Similarly, the great majority of the cells de-
scribed here had high-pass cutoff frequencies above 8 cycles 
per face (and even above 16 cycles/face), that is they re-
sponded well to faces containing only frequencies above 
8 cycles/face (see Figure 5). Thus almost all of the cells de-
scribed here responded well to both the low frequencies 
shown by Harmon and Julesz (1973) to be sufficient for face 
recognition, and to the high spatial frequencies shown by 
Fiorentini et al. (1984) to be sufficient for face recognition. 
The responsiveness of these neurons to both low and to high 
spatial frequencies present in faces could thus provide a basis 
for these psychophysical findings. 

One series of investigations which would provide useful 
further evidence on this neural system would be to determine 
to what extent these neurons can distinguish between differ-
ent faces when these are low-pass or high-pass filtered with 
cutoff frequencies of 8 cycles per face. There is some evid-
ence that even when frequencies below 8 cycles/face are in-
cluded in the stimulus, the neurons still respond differently 
to different faces. Although more experiments on this are 
needed, this preliminary evidence suggests a very close paral-
lel between the ability of the human observer to distinguish 
between the faces of different individuals when only for ex-
ample low spatial frequencies are present, and a correspond-
ing property of the neurons described here. 

The relatively wide range of frequencies within which in-
formation can activate these neurons is of interest in relation 
to the hypotheses that there are tuned spatial frequency 
channels at earlier stages of the visual system. The width of 
these channels has been estimated as 1.5 octaves (Campbell 
1983; Kulikowski et al. 1982). Insofar as the neurons de-
scribed here can respond to information from a wider fre-
quency range than this, if there are spatial frequency chan- 
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It was found that many of the neurons could respond to
a low-pass and a high-pass filtered image of a face even when
the filtered images had no frequencies in common. The mean
separation between the cutoff frequencies was 3.0 octaves,
calculated over the different neurons. Thus many of these
neurons could respond to a blurred image of a face, and a
face with primarily edge information in it, when these images
were so different that their nearest common spatial frequen-
cies were 3 octaves apart.

The responses to low-pass and high-pass filtered faces
described above were to the optimal face stimulus in the
digitized series. Different types of response were obtained
if the neuronal response was measured to low-pass and high-
pass images from a face which was not optimal for that
neuron (see Rolls et al. 1985). For example, some neurons
responded less or not at all to most of the filtered stimuli
of the non-optimal face as compared to the optimal face.
On the other hand, more interestingly, other neurons re-
sponded to some but not to other of the filtered stimuli of
the non-optimal face stimulus. This is consistent with the
possibility that information relevant to some aspects of the
neuron's criteria for responsiveness were met by some of
the filtered stimuli, but that introducing further frequencies
from the non-optimal face introduced information which
produced inhibition and was normally responsible for the
lack of response of the neuron to the non-optimal face.

The responses of these neurons to low-pass and high-pass
filtered faces show that these neurons can in many cases
respond to simplified images of faces, that is to faces in
which considerable information has been removed. The re-
sponses to these filtered images also indicate the type of in-
formation necessary to activate these neurons. For example,
many of the neurons responded to low-pass filtered faces
which included frequencies up to 4 cycles/face (see Figures 4
and 5 and Rolls et al. 1985). These images are very blurred
(see Figure 3) and contain relatively little information. This
opens the way for further analyses of the minimal stimulus
configuration necessary to activate these neurons. For ex-
ample, it will be of interest to determine how rearrangement
of different parts of these low-pass filtered images of faces
influences the responses of these neurons, to determine how
sensitive these neurons are to the configuration of the fea-
tures present in these images. Many of the neurons also
responded to high-pass filtered images of faces which includ-
ed only frequencies above 16 cycles/face (see Figures 4 and
5 and Rolls et al. 1985). Thus low frequencies are not es-
sential for the activation of these neurons, and edge informa-
tion is sufficient. It is of interest that in many cases a neuron
could be activated by either low frequencies or high frequen-
cies present in a face (see Figures 4 and 5 and Rolls et al.
1985), even when these frequencies were separated by
3 octaves. This could be useful in a system in which respons-
es to a face should occur irrespective of whether the face was
blurred or was presented as edges, as in a line drawing. It
may be noted here that it is a property of human perception
that objects including faces can be recognized even when an
object is blurred, and even when a line drawing of an object
containing only edge information is presented.

The tuning of the neurons to the different low-pass and
high-pass filtered faces was different for the different neurons
(see Rolls et al. 1985), so that an explanation for the tuning
in terms of a single function such as the overall modulation

transfer function of the visual system is not sufficient to ac-
count for the results. Indeed, the fact that the neurons re-
sponded differently to the different frequencies is further
evidence that these neurons could act as filters useful in con-
veying information useful in distinguishing between faces
(see above). The finding that the response of the neurons was
not always a smooth function of frequency, but could for
example decrease as higher frequencies were included in the
low-pass filtered images of faces or as low frquencies were
included in the high-pass filtered images of faces, indicates
that information in certain frequency bands was able to in-
hibit these neurons. This was particularly likely to occur for
the non-optimal face stimulus for a given neuron, indicating
that the selectivity of these neurons to different faces was
a combination of the excitation produced by some aspects
of faces and inhibition produced by others. Such inhibition
was particularly likely to occur for high spatial frequencies,
implying that these frequencies might be particularly import-
ant in distinguishing between individual faces.

Harmon and Julesz (1973) and Harmon (1973) have
shown that low spatial frequencies, below for example
10 cycles/face, are sufficient for the recognition of the faces
of different individuals in man. Fiorentini et al. (1984)
have extended this work, and shown that the spatial fre-
quencies above 8 cycles/face present in a face can also pro-
vide the basis for face recognition. It is of interest that the
great majority of the cells described here had low-pass cutoff
frequencies below 8 cycles per face, that is they responded
well to faces containing only frequencies below 8 cycles/face
(see Figure 5). Similarly, the great majority of the cells de-
scribed here had high-pass cutoff frequencies above 8 cycles
per face (and even above 16 cycles/face), that is they re-
sponded well to faces containing only frequencies above
8 cycles/face (see Figure 5). Thus almost all of the cells de-
scribed here responded well to both the low frequencies
shown by Harmon and Julesz (1973) to be sufficient for face
recognition, and to the high spatial frequencies shown by
Fiorentini et al. (1984) to be sufficient for face recognition.
The responsiveness of these neurons to both low and to high
spatial frequencies present in faces could thus provide a basis
for these psychophysical findings.

One series of investigations which would provide useful
further evidence on this neural system would be to determine
to what extent these neurons can distinguish between differ-
ent faces when these are low-pass or high-pass filtered with
cutoff frequencies of 8 cycles per face. There is some evid-
ence that even when frequencies below 8 cycles/face are in-
cluded in the stimulus, the neurons still respond differently
to different faces. Although more experiments on this are
needed, this preliminary evidence suggests a very close paral-
lel between the ability of the human observer to distinguish
between the faces of different individuals when only for ex-
ample low spatial frequencies are present, and a correspond-
ing property of the neurons described here.

The relatively wide range of frequencies within which in-
formation can activate these neurons is of interest in relation
to the hypotheses that there are tuned spatial frequency
channels at earlier stages of the visual system. The width of
these channels has been estimated as 1.5 octaves (Campbell
1983; Kulikowski et al. 1982). Insofar as the neurons de-
scribed here can respond to information from a wider fre-
quency range than this, if there are spatial frequency chan-
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It was found that many of the neurons could respond to
a low-pass and a high-pass filtered image of a face  even when
the filtered images had no frequencies in common. The mean
separation between the cutoff frequencies was 3.0 octaves,
calculated over the different neurons. Thus many of these
neurons could respond to a blurred image of a face, and a
face with primarily edge information in it, when these images
were so different that their nearest common spatial frequen-
cies were 3 octaves apart.

The responses to low-pass and high-pass filtered faces
described above were to the optimal face stimulus in the
digitized series. Different types of response were obtained
if the neuronal response was measured to low-pass and high-
pass images from a face which was not optimal for that
neuron (see Rolls et al.  1985). For  example, some  neurons
responded less or not at all to most of the filtered stimuli
of the non-optimal face as compared to the optimal face.
On the other hand, more interestingly, other neurons re-
sponded to some but not to  other of the filtered stimuli of
the non-optimal face stimulus. This is consistent with the
possibility that information relevant to some aspects of the
neuron's criteria for responsiveness were met by some of
the filtered stimuli, but that introducing further frequencies
from the non-optimal face introduced information which
produced inhibition and was normally responsible for the
lack of response of the neuron to the non-optimal face.

The responses of these neurons to low-pass and high-pass
filtered faces  show  that  these neurons can in  many cases
respond to simplified images of faces,  that is to faces in
which considerable information has been removed. The re-
sponses to these filtered images also indicate the type of in-
formation necessary to activate these neurons. For example,
many of the neurons responded to low-pass  filtered faces
which included frequencies up to 4 cycles/face (see Figures 4
and 5 and Rolls et al.  1985). These  images are very blurred
(see Figure 3) and contain relatively  little information. This
opens the way for further analyses of the minimal stimulus
configuration necessary to activate these neurons. For ex-
ample, it will be of interest to determine how rearrangement
of different parts of these low-pass filtered images of faces
influences the responses of these neurons, to determine how
sensitive these neurons are to the configuration of the fea-
tures present in these images. Many of the neurons also
responded to high-pass filtered images of faces which includ-
ed only frequencies above 16 cycles/face (see Figures 4 and
5 and Rolls et al.  1985). Thus low frequencies are not es-
sential for the activation of these neurons, and edge informa-
tion is sufficient. It is of interest  that in many cases a neuron
could be activated by either low frequencies or high frequen-
cies present in a face (see Figures 4 and 5 and  Rolls et al.
1985), even when  these frequencies were separated by
3 octaves. This could be useful in a system in which respons-
es to a face should occur irrespective of whether the face was
blurred or was presented as edges, as in a line drawing. It
may be noted here  that it is a property of human perception
that objects including faces can be recognized even when an
object is blurred, and even when a line drawing of an object
containing only edge information is presented.

The tuning of the neurons to the different low-pass  and
high-pass filtered faces was different for the different neurons
(see Rolls et al. 1985), so that an explanation for the tuning
in terms of a single function such as the overall modulation

transfer function of the visual system is not sufficient to ac-
count for the results. Indeed, the fact  that the  neurons re-
sponded differently to the different frequencies is further
evidence that these neurons could act as filters useful in con-
veying information useful in distinguishing between faces
(see above). The finding  that the response of the neurons was
not always a smooth function of frequency, but could for
example decrease as higher frequencies were included in the
low-pass filtered images of faces or as low frquencies were
included in the high-pass  filtered images of faces, indicates
that information in certain frequency bands was able to in-
hibit these neurons. This was particularly likely to occur for
the non-optimal face stimulus for a given neuron, indicating
that the selectivity of these neurons to different faces was
a combination of the  excitation produced  by some  aspects
of faces and inhibition produced by others. Such inhibition
was particularly likely to occur for high spatial frequencies,
implying that these frequencies might be particularly import-
ant in distinguishing between individual faces.

Harmon and Julesz (1973) and Harmon  (1973) have
shown that low spatial frequencies, below for example
10 cycles/face, are sufficient for the recognition of the faces
of different individuals in man. Fiorentini et al.  (1984)
have extended  this work, and shown  that the spatial fre-
quencies above 8 cycles/face present in a face can also pro-
vide the basis for face recognition. It is of interest that the
great majority of the cells described here had low-pass  cutoff
frequencies  below 8  cycles per face,  that is  they responded
well to faces containing only frequencies below 8 cycles/face
(see Figure 5). Similarly, the great majority of the cells de-
scribed here had high-pass cutoff frequencies above 8 cycles
per face (and even above 16 cycles/face),  that is they re-
sponded well to faces containing only frequencies above
8 cycles/face (see Figure 5). Thus almost all of the cells de-
scribed here responded well to  both the low frequencies
shown by Harmon and Julesz  (1973) to be sufficient for face
recognition, and to the high spatial frequencies shown  by
Fiorentini et al.  (1984) to be sufficient for face recognition.
The responsiveness of these neurons to both low and to high
spatial frequencies present in faces could thus provide a basis
for these psychophysical findings.

One series of investigations which would provide useful
further evidence on this neural system would be to determine
to what extent these neurons can distinguish between differ-
ent faces when these are low-pass or high-pass filtered with
cutoff frequencies of 8 cycles per face. There is some  evid-
ence that even when  frequencies below 8 cycles/face are in-
cluded in the stimulus, the neurons still respond differently
to different faces. Although more experiments on this are
needed,  this preliminary evidence suggests a very  close paral-
lel between the ability of the human observer to distinguish
between the faces of different individuals when only for ex-
ample low spatial frequencies are present, and a correspond-
ing property of the neurons described here.

The relatively wide range of frequencies within which in-
formation can activate these neurons is of interest in relation
to the hypotheses that there are tuned spatial frequency
channels at earlier stages of the visual system. The width of
these channels has been  estimated as 1.5  octaves (Campbell
1983; Kulikowski et al.  1982). Insofar as the neurons de-
scribed here can respond to information from a wider fre-
quency range than this, if there are spatial frequency chan-
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nels earlier in the visual system, than information from these 
channels would need to be recombined (in a particular way) 
in order to account for the width of tuning of the neurons 
described here. It is also worth noting here that although the 
neurons described here are tuned to accept information in 
a certain range of spatial frequencies, this does not mean that 
any power in this frequency band will activate these neurons. 
Indeed, the contrary is the case, in that these neurons were 
activated by only some of the face stimuli and not by non-
face stimuli such as gratings or complex stimuli, so that to 
the extent that their response properties depend on the 
spatial frequency of the stimulus, an additional constraint is 
that the phase information within this frequency band must 
also be appropriate. 

Location of these neurons in the temporal visual cortex 

The sites at which these neurons were recorded are shown in 
Figure 6. The majority of the neurons with face-selective re-
sponses were in the cortex in the middle to anterior part of 
the superior temporal sulcus, in for example cytoarchitectonic 
area TPO (Seltzer and Pandya 1978), and on the ventral lip 
of the sulcus. It should be noted that although these neurons 
are in the cortex in the superior temporal sulcus, they are 
very far anterior to area MT (Newsome and Wurtz 1982). 

Neurons in the amygdala of the monkey with responses 
selective for faces 

Bilateral damage to the temporal lobe of primates leads to 
the Kluver-Bucy syndrome, in which the lesioned monkeys 

select and place in their mouths non-food as well as food 
items, repeatedly fail to avoid noxious stimuli, and are tame 
(Kluver and Bucy 1939; Jones and Mishkin 1972). The syn-
drome is produced by lesions of the temporal lobe which 
damage primarily the amygdala (Weiskrantz 1956). Damage 
to the amygdala also leads to a failure of normal social 
interactions with other monkeys (Kling and Steklis 1976; 
Kling 1981). 

Given that damage to the amygdala alters emotional and 
social responses to faces (see Introduction), and that some 
neurons have been found in the amygdala which respond to 
faces (Sanghera et al. 1979; Rolls 1981b), a more detailed 
investigation has been performed to obtain further informa-
tion on the neurons in the amygdala which respond to faces 
(Leonard et al. 1985). The aims were to investigate the 
regions of the amygdala in which neurons which responded 
to faces were found, to investigate how selective their re-
sponses were for faces as compared to non-face stimuli, and 
to investigate whether they responded in any way different-
ly to different faces, as might be expected of a system which 
would be useful in making differentiated behavioral responses 
to different faces. 

Recordings were made from more than 1000 neurons in 
the amygdalas of 4 monkeys (Leonard et al. 1985). Of these 
neurons, approximately 12% were found to have visual re-
sponses, using the critera defined previously (Sanghera et al. 
1979). 36 of the visual neurons responded primarily to faces, 
and the responses of these neurons are described next. 

Examples of the responses of neurons recorded in the 
amygdala which responded preferentially to faces are shown 
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to b shows where the coronal sections are taken, in mm posterior to the sphenoid process, which was 18-21 mm anterior to the external audi-
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nels earlier in the visual system, than information from these
channels would need to be recombined (in a particular way)
in order to account for the width of tuning of the neurons
described here. It is also worth noting here that although the
neurons described here are tuned to accept information in
a certain range of spatial frequencies, this does not mean that
any power in this frequency band will activate these neurons.
Indeed, the contrary is the case, in that these neurons were
activated by only some of the face stimuli and not by non-
face stimuli such as gratings or complex stimuli, so that to
the extent that their response properties depend on the
spatial frequency of the stimulus, an additional constraint is
that the phase information within this frequency band must
also be appropriate.

Location of these neurons in the temporal visual cortex

The sites at which these neurons were recorded are shown in
Figure 6. The majority of the neurons with face-selective re-
sponses were in the cortex in the middle to anterior part of
the superior temporal sulcus, in for example cyto architectonic
area TPO (Seltzer and Pandya 1978), and on the ventral lip
of the sulcus. It should be noted that although these neurons
are in the cortex in the superior temporal sulcus, they are
very far anterior to area MT (Newsome and Wurtz 1982).

Neurons in the amygdala of the monkey with responses
selective for faces

Bilateral damage to the temporal lobe of primates leads to
the Kluver-Bucy syndrome, in which the lesioned monkeys

select and place in their mouths non-food as well as food
items, repeatedly fail to avoid noxious stimuli, and are tame
(Kluver and Bucy 1939; Jones and Mishkin 1972). The syn-
drome is produced by lesions of the temporal lobe which
damage primarily the amygdala (Weiskrantz 1956). Damage
to the amygdala also leads to a failure of normal social
interactions with other monkeys (Kling and Steklis 1976;
Kling 1981).

Given that damage to the amygdala alters emotional and
social responses to faces (see Introduction), and that some
neurons have been found in the amygdala which respond to
faces (Sanghera et al. 1979; Rolls 1981b), a more detailed
investigation has been performed to obtain further informa-
tion on the neurons in the amygdala which respond to faces
(Leonard et al. 1985). The aims were to investigate the
regions of the amygdala in which neurons which responded
to faces were found, to investigate how selective their re-
sponses were for faces as compared to non-face stimuli, and
to investigate whether they responded in any way different-
ly to different faces, as might be expected of a system which
would be useful in making differentiated behavioral responses
to different faces.

Recordings were made from more than 1000 neurons in
the amygdalas of 4 monkeys (Leonard et al. 1985). Of these
neurons, approximately 12% were found to have visual re-
sponses, using the critera defined previously (Sanghera et al.
1979). 36 of the visual neurons responded primarily to faces,
and the responses of these neurons are described next.

Examples of the responses of neurons recorded in the
amygdala which responded preferentially to faces are shown
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nels earlier in the visual system, than information from these
channels would need to be recombined (in a particular way)
in order to account for the width of tuning of the neurons
described here. It is also worth noting here  that although the
neurons described here are tuned to accept information in
a certain range of spatial frequencies, this does not mean that
any power in this frequency band will activate these neurons.
Indeed, the contrary is the case, in that these neurons were
activated by only some of the face stimuli and not by non-
face stimuli such as gratings or complex stimuli, so  that to
the exten t  that  their response properties depend  on the
spatial frequency of the stimulus, an additional constraint is
that the phase information within this frequency band must
also be appropriate.

Location of these neurons in the temporal visual cortex

The sites at which these neurons were recorded are shown in
Figure 6. The majority of the neurons  with face-selective re-
sponses were in the cortex in the middle to anterior part of
the superior temporal sulcus, in for example cytoarchitectonic
area TPO (Seltzer and Pandya 1978), and on the ventral lip
of the sulcus. It should be noted that although these neurons
are in the cortex in the superior temporal sulcus, they are
very far anterior to area MT (Newsome and Wurtz 1982).

Neurons in the amygdala of the monkey with responses
selective for faces

Bilateral damage to the temporal lobe of primates leads to
the Kluver-Bucy syndrome, in which the lesioned monkeys

select and place in their mouths non-food as well as food
items, repeatedly fail to avoid  noxious stimuli, and are tame
(Kluver and Bucy 1939; Jones and Mishkin 1972). The syn-
drome is produced by lesions of the temporal lobe which
damage primarily the amygdala (Weiskrantz 1956). Damage
to the amygdala also leads to a failure of normal social
interactions with other monkeys (Kling and Steklis 1976;
Kling 1981).

Given that damage to the amygdala alters emotional and
social responses to faces (see Introduction), and that some
neurons have been  found in the amygdala  which respond to
faces (Sanghera et al. 1979; Rolls 1981b), a more detailed
investigation has been performed to obtain further informa-
tion on the neurons in the amygdala which respond to faces
(Leonard et al. 1985). The aims were to investigate the
regions of the amygdala in which neurons which responded
to faces were found, to investigate how selective their re-
sponses were for faces as compared to non-face  stimuli, and
to investigate whether they responded in any way different-
ly to different faces, as might be expected of a system which
would be useful in making differentiated behavioral responses
to different faces.

Recordings were made from more than 1000 neurons in
the amygdalas of 4 monkeys (Leonard et al.  1985). Of these
neurons, approximately 12% were found to have visual re-
sponses,  using the critera defined previously (Sanghera et al.
1979). 36 of the visual neurons responded primarily to faces,
and the responses of these neurons are described next.

Examples of the responses of neurons recorded in the
amygdala which responded preferentially to faces are shown
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in Figure 7. The responses of four different neurons (a—d) to 
the different faces (A—E) and non-face stimuli (F—J) in a set 
of digitized images are shown. The responses to a range of 
three dimensional objects, and to food, are also shown, on 
the left. In addition, responses to other faces (K—P) are 
shown on the right, because many amygdaloid neurons did 
not respond very well to the faces which happened to be in 
the digitized series, but could respond well to other faces 
(e.g. neuron Y1225). The faces in this second set were photo-
graphs of monkeys or were real human faces, and they were 
presented in random order when a large aperture shutter 
opened. All responses are shown as changes in firing rate in 
spikes/s from the spontaneous firing rate (with the standard 
error calculated over 4-10 observations indicated). 

First, Figure 7 shows that the responses of these neurons 
to one or more faces were at least twice as large as to any 
other of the wide range of visual stimuli tested (see the 
criteria described above for neurons classified as having 
face-selective responses). Second, Figure 7 shows that some 
of the neurons responded primarily to one of the faces in 
the set (e.g. neuron Y0809, Figure 7b), some neurons re-
sponded to many of the faces (e.g. neuron Z0264, Figure 7c), 
and some of the neurons responded to a subset of the faces 
(e.g. neuron Y0801, Figure 7d). 

To analyse whether a neuron responded differently to 
the different faces in a set, an analysis of variance was per-
formed on the responses to the five faces (A—E) in the 
digitized set, and to the set of real and photographic faces. 
The F ratio, and its significance, are indicated over each set 
of faces. For all the neurons illustrated in Figure 7, the F ratio 
indicated that there were differences in the responses of each 
neuron to the different faces in one of the sets. Of 26 neurons 
analysed in this way in the amygdala of 4 monkeys, 22 had 
significantly different responses to individual faces. 

To measure the extent to which a neuron responded dif-
ferently to different faces, d' was calculated as for neurons 
in the cortex in the superior temporal sulcus (see above). 
These values are for thephotographic set of images as indi-
cated in Figure 7. The d' values for the population of neu-
rons in the amygdala of one monkey are shown in Figure 8a 
(top left). The discriminability (d' ) values shown in Figure 8 
were calculated over the photographic and real set of (5-8) 
monkey and human faces, in order to have comparable values 
for all neurons. It is clear that a range of degrees of selec-
tivity for different faces was found, with some neurons 
responding quite well even to the least effective face (d' of 
less than 1.0), and with some neurons responding very 
differently to the different faces in the set (d' of 1.0 and 
above). 

To assess the breadth of tuning of these neurons to dif-
ferent faces, the number of faces in the set to which the 
neuron had a response greater than half that the most effec-
tive face stimulus was calculated. The fraction of face stimuli 
in the set to which neuron Y1225 responded was thus 0.17, 
for neuron Y0809 was 0.17, for neuron Z0264 was 0.5, and 
for neuron Y0801 was 0.67. The proportion of faces in the 
set to which each neuron responded in this way (the "gener-
alization index", again calculated over the set of real and 
photographic faces) is indicated for each neuron in Figure 8b 
(top right). It is clear that some neurons were highly selective, 
responding primarily to one face in the set, while other 
neurons responded to several or many faces in the set. 
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Fig. 8. a Values of d', a measure of the extent to which a neuron re-
sponded differently to the most and the least effective face stimulus 
(see text), for different neurons in the amygdala. b For comparison 
the values of d' for neurons recorded in the cortex in the superior 
temporal sulcus are also shown. The shaded parts of the histogram 
represent cells recorded in the same monkey. a Values of the general-
ization index, a measure of the extent to which a neuron responded 
to all the face stimuli in the standard set (see text), for different 
neurons in the amygdala. b The comparison with cells recorded in the 
cortex in the superior temporal sulcus is also shown 

Further evidence on the nature of the tuning of these 
amygdaloid neurons to faces was obtained. First, it was 
found that although some neurons did respond to the set 
of 5 digitized video faces (see Figure 7), the majority of 
neurons in the amygdala tested with this set (10/13) were 
relatively unresponsive to the images in this set. This made 
is necessary to introduce the second set of images, which 
included photographs of monkey faces and real human faces. 
In that it was only when the number of face stimuli available 
were extended in this way that good responses were obtain-
ed from these amygdaloid neurons, they appeared to be able 
to differentiate between a considerable range of different 
faces. (It may be noted that it was not that digitized video 
images per se were ineffective for these neurons, as shown by 
responses to the same face in a number of cases if it was in-
cluded in both the digitized and photographic sets.) Another 
property of some of these neurons in the amygdala (5/17) 
was that while increasing their firing rate to effective stimuli, 
they decreased their firing rates to non-effective stimuli, 
sometimes including faces (see for example cells Y0801 
and Y0809 in Figure 7). It was also found that inputs from 
other modalities could sometimes activate neurons in the 
amygdala which responded to faces. For example, 6 of 
11 face-responsive neurons tested with auditory stimuli 
responded to complex sounds, and 3 of 11 neurons with 
face-selective visual responses responded to touch to the 
abdomen or leg. 

The latencies of the responses of the majority of these 
neurons in the amygdala which responded selectively to faces 
were in the range 110-200 ms. These response latencies were 
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in Figure 7. The responses of four different neurons (a—d) to
the different faces (A—E) and non-face stimuli (F—J) in a set
of digitized images are shown. The responses to a range of
three dimensional objects, and to food, are also shown, on
the left. In addition, responses to other faces (K—P) are
shown on the right, because many amygdaloid neurons did
not respond very well to the faces which happened to be in
the digitized series, but could respond well to other faces
(e.g. neuron Y1225). The faces in this second set were photo-
graphs of monkeys or were real human faces, and they were
presented in random order when a large aperture shutter
opened. All responses are shown as changes in firing rate in
spikes/s from the spontaneous firing rate (with the standard
error calculated over 4-10 observations indicated).

First, Figure 7 shows that the responses of these neurons
to one or more faces were at least twice as large as to any
other of the wide range of visual stimuli tested (see the
criteria described above for neurons classified as having
face-selective responses). Second, Figure 7 shows that some
of the neurons responded primarily to one of the faces in
the set (e.g. neuron Y0809, Figure 7b), some neurons re-
sponded to many of the faces (e.g. neuron Z0264, Figure 7c),
and some of the neurons responded to a subset of the faces
(e.g. neuron Y0801, Figure 7d).

To analyse whether a neuron responded differently to
the different faces in a set, an analysis of variance was per-
formed on the responses to the five faces (A—E) in the
digitized set, and to the set of real and photographic faces.
The F ratio, and its significance, are indicated over each set
of faces. For all the neurons illustrated in Figure 7, the F ratio
indicated that there were differences in the responses of each
neuron to the different faces in one of the sets. Of 26 neurons
analysed in this way in the amygdala of 4 monkeys, 22 had
significantly different responses to individual faces.

To measure the extent to which a neuron responded dif-
ferently to different faces, d' was calculated as for neurons
in the cortex in the superior temporal sulcus (see above).
These values are for the photographic set of images as indi-
cated in Figure 7. The d' values for the population of neu-
rons in the amygdala of one monkey are shown in Figure 8a
(top left). The discriminability (d' ) values shown in Figure 8
were calculated over the photographic and real set of (5-8)
monkey and human faces, in order to have comparable values
for all neurons. It is clear that a range of degrees of selec-
tivity for different faces was found, with some neurons
responding quite well even to the least effective face (d' of
less than 1.0), and with some neurons responding very
differently to the different faces in the set (d' of 1.0 and
above).

To assess the breadth of tuning of these neurons to dif-
ferent faces, the number of faces in the set to which the
neuron had 'a response greater than half that the most effec-
tive face stimulus was calculated. The fraction of face stimuli
in the set to which neuron Y1225 responded was thus 0.17,
for neuron Y0809 was 0.17, for neuron Z0264 was 0.5, and
for neuron Y0801 was 0.67. The proportion of faces in the
set to which each neuron responded in this way (the "gener-
alization index", again calculated over the set of real and
photographic faces) is indicated for each neuron in Figure 8b
(top right). It is clear that some neurons were highly selective,
responding primarily to one face in the set, while other
neurons responded to several or many faces in the set.
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Fig. 8. a Values of d', a measure of the extent to which a neuron re-
sponded differently to the most and the least effective face stimulus
(see text), for different neurons in the amygdala. b For comparison
the values of d' for neurons recorded in the cortex in the superior
temporal sulcus are also shown. The shaded parts of the histogram
represent cells recorded in the same monkey. a Values of the general-
ization index, a measure of the extent to which a neuron responded
to all the face stimuli in the standard set (see text), for different
neurons in the amygdala. b The comparison with cells recorded in the
cortex in the superior temporal sulcus is also shown

Further evidence on the nature of the tuning of these
amygdaloid neurons to faces was obtained. First, it was
found that although some neurons did respond to the set
of 5 digitized video faces (see Figure 7), the majority of
neurons in the amygdala tested with this set (10/13) were
relatively unresponsive to the images in this set. This made
is necessary to introduce the second set of images, which
included photographs of monkey faces and real human faces.
In that it was only when the number of face stimuli available
were extended in this way that good responses were obtain-
ed from these amygdaloid neurons, they appeared to be able
to differentiate between a considerable range of different
faces. (It may be noted that it was not that digitized video
images per se were ineffective for these neurons, as shown by
responses to the same face in a number of cases if it was in-
cluded in both the digitized and photographic sets.) Another
property of some of these neurons in the amygdala (5/17)
was that while increasing their firing rate to effective stimuli,
they decreased their firing rates to non-effective stimuli,
sometimes including faces (see for example cells Y0801
and Y0809 in Figure 7). It was also found that inputs from
other modalities could sometimes activate neurons in the
amygdala which responded to faces. For example, 6 of
11 face-responsive neurons tested with auditory stimuli
responded to complex sounds, and 3 of 11 neurons with
face-selective visual responses responded to touch to the
abdomen or leg.

The latencies of the responses of the majority of these
neurons in the amygdala which responded selectively to faces
were in the range 110-200 ms. These response latencies were
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in Figure 7. The responses of four different neurons  (a-d) to
the different faces (A—E) and non-face stimuli (F-J) in a set
of digitized images are shown. The responses to a range of
three dimensional objects, and to food, are also shown, on
the left. In addition, responses to other faces  (K-P) are
shown on the right, because many amygdaloid neurons did
not respond very well to the faces which happened to be in
the digitized series, but could respond well to other faces
(e.g. neuron Y1225). The faces in this second set were photo-
graphs of monkeys or were real human faces, and  they were
presented in random order when a large aperture shutter
opened. All responses are shown as changes in firing rate in
spikes/s from the spontaneous firing rate (with the standard
error calculated over 4—10 observations indicated).

First, Figure 7 shows that the responses of these neurons
to one or more faces were at least twice as large as to any
other of the wide range of visual stimuli tested (see the
criteria described above for neurons classified as having
face-selective responses). Second, Figure 7 shows  that some
of the neurons responded primarily to one of the faces in
the set (e.g. neuron Y0809, Figure 7b), some  neurons re-
sponded to many of the faces (e.g. neuron Z0264, Figure 7c),
and some of the neurons responded to a subset of the faces
(e.g. neuron Y0801, Figure 7d).

To analyse whether a neuron responded differently to
the different faces in a set, an analysis of variance was per-
formed on the responses to the five faces (A-E) in the
digitized set, and to the set of real and photographic faces.
The F ratio, and its significance, are indicated over each set
of faces. For all the neurons illustrated in Figure 7, the F ratio
indicated that there were differences in the responses of each
neuron to the different faces in one of the sets. Of 26 neurons
analysed in this way in the amygdala of 4 monkeys, 22 had
significantly different responses to individual faces.

To measure the extent to which a neuron responded dif-
ferently to different faces, d' was calculated as for neurons
in the cortex in the superior temporal sulcus (see above).
These values are for the photographic set of images as indi-
cated in Figure 7. The d* values for the population of neu-
rons in the amygdala of one monkey are shown in Figure 8a
(top left). The discriminability  (d') values shown in Figure 8
were calculated over the photographic and real set of (5—8)
monkey and human faces, in order to have comparable values
for all neurons. It is clear that a range of degrees of selec-
tivity for different faces was found, with some neurons
responding quite well even to the least effective face  (d' of
less than 1.0), and with some  neurons responding very
differently to the different faces in the set (a of  1.0 and
above).

To assess the breadth of tuning of these neurons to dif-
ferent faces, the number of faces in the set to which the
neuron had 'a response greater than half  that the most effec-
tive face stimulus was calculated. The fraction of face stimuli
in the set to which neuron Y1225 responded was thus  0.17,
for neuron Y0809 was 0.17, for neuron Z0264 was 0.5, and
for neuron Y0801 was 0.67. The proportion of faces in the
set to which each neuron responded in this way (the "gener-
alization index", again  calculated over the set of real and
photographic faces) is indicated for each neuron in Figure 8b
(top right). It is clear that some  neurons were highly selective,
responding primarily to one face in the set, while other
neurons responded to several or many faces in the set.
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Fig. 8. a Values of d', a measure of the  extent to which a neuron re-
sponded differently to the most and the least effective face stimulus
(see text), for different neurons in the amygdala, b For comparison
the values of d' for neurons recorded in the cortex in the superior
temporal sulcus are also shown. The shaded parts of the histogram
represent cells recorded in the same monkey, a Values of the general-
ization index, a measure of the extent to which a neuron responded
to all the face  stimuli  in the standard  set (see  text),  for different
neurons in the amygdala, b The comparison with cells recorded in the
cortex in the superior temporal sulcus is also shown

Further evidence on the nature of the tuning of these
amygdaloid neurons to faces was obtained. First, it was
found that although some  neurons did respond to the set
of 5 digitized video  faces (see Figure 7), the majority of
neurons in the amygdala tested with this set  (10/13) were
relatively unresponsive to the images in this set. This made
is necessary to introduce the second set of images, which
included photographs of monkey faces and real human faces.
In that it was only when the number of face stimuli available
were extended in this way that good responses were obtain-
ed from these amygdaloid neurons, they appeared to be able
to differentiate between a considerable range of different
faces. (It may be noted that it was not that digitized video
images per se were ineffective for these neurons, as shown by
responses to the same face in a number of cases if it was in-
cluded in  both the digitized  and photographic  sets.) Another
property of some of these neurons in the amygdala (5/17)
was that while increasing their firing rate to effective stimuli,
they decreased their firing rates to non-effective stimuli,
sometimes including faces (see for example cells  Y0801
and Y0809 in Figure 7). It was also found that inputs from
other modalities could sometimes activate neurons in the
amygdala which responded to faces. For example, 6 of
11 face-responsive neurons tested with auditory stimuli
responded to complex sounds, and 3 of 11 neurons with
face-selective visual responses responded to  touch to the
abdomen or leg.

The latencies of the responses of the majority of these
neurons in the amygdala which responded selectively to faces
were in the range 110—200 ms. These  response latencies were



219 

4.5 P 

Fig. 9. a The distribution of neurons responsive to faces in the amygdala of five monkeys. The cells are plotted on three coronal sections at 
different distances (in mm) posterior (P) to the sphenoid. Filled triangles: cells selective for faces; open triangles: cells responding to face and 
hands. b Other responsive neurons. Closed circles: cells with other visual responses; open circles: cells responding to cues, movement, or arousal. 
c The locations of nonresponsive cells 
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hands. b Other responsive neurons. Closed circles: cells with other visual responses; open circles: cells responding to cues, movement, or arousal.
c The locations of nonresponsive cells
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Fig. 9. a The distribution of neurons responsive to faces in the amygdala of five monkeys. The cells are  plotted on three coronal sections at
different distances (in mm) posterior (P) to the sphenoid. Filled triangles: cells selective for faces; open triangles: cells responding to face and
hands, b Other responsive neurons. Closed circles: cells with other visual responses; open circles: cells responding to cues, movement, or arousal,
c The locations of nonresponsive cells
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somewhat longer (and also more variable) than the response 
latencies of 22 neurons with face-selective responses record-
ed in the cortex of the superior temporal sulcus of the same 
monkey (see Leonard et al. 1985). 

The sites in the amygdala at which the neurons with re-
sponses to faces, and the neurons with other visual responses, 
were recorded are shown in Figure 9. Many of the neurons 
with face-selective visual responses were in and close to the 
basal accessory nucleus of the amygdala. 

These results provide further evidence that there is a pop-
ulation of neurons in the amygdala which respond when 
a monkey sees a face. These neurons did not respond to 
arousing or aversive • visual stimuli, so that their responses 
were not produced simply by arousal induced by visual 
stimuli. Further evidence for this is that different faces were 
optimal stimuli for different neurons in this population, so 
that it is unlikely that any unitary explanation of their re-
sponsiveness such as induced arousal can explain their re-
sponses. It was, however, of interest that a number of these 
neurons could be activated by stimuli from other modalities, 
for example by auditory or somatosensory stimuli, and such 
convergence may be of importance for the functions of these 
neurons. 

A small number of amygdaloid neurons (3/20 tested) 
responded differentially to threat as compared to non-threat 
faces, and this provided some evidence that their responses 
reflected decoding of the emotional value of a face. The 
other neurons with face-selective responses did not appear 
to respond along such a simple continuum, but in that they 
responded differently to different faces, and these faces 
were often of monkeys of different ages or with different 
expressions, it is possible that these neurons conveyed in-
formation which could be useful in making differentiated 
emotional responses. 

These neurons were recorded in and around the basal 
accessory nucleus of the amygdala. This part of the amygdala 
receives inputs from relatively anterior temporal lobe cortex, 
area TG, but probably not directly from the cortex in the 
superior temporal sulcus (Aggleton et al. 1980) in which we 
have described neurons which responded selectively to faces 
(Perrett et al. 1982; Rolls et al. 1985; Baylis et al. 1985). 
Possible routes by which the amygdaloid neurons described 
here receive their inputs are via a stage of processing in area 
TG which in turn may be influenced by processing within the 
cortex in the anterior part of the superior temporal sulcus, or 
via intra-amygdaloid connections from more lateral parts of 
the amygdala, which do receive directly from the cortex in 
the anterior part of the superior temporal sulcus. These 
possibilities are now being investigated. 

These findings provide evidence that in the amygdala, 
there is a neuronal system specialized to respond to faces. 
Damage to the amygdala produces tameness, and it is suggest-
ed that this aspect of the Kluver-Bucy syndrome is due to 
disruption of this neuronal system specialized to mediate 
responses to faces. Indeed, the lack of the normal emotional 
responses to the sight of a face found in the Kluver-Bucy 
syndrome suggests that the elicitation of appropriate emo-
tional responses to faces is a function of these neurons. 
Similarly, the altered social behavior of monkeys produced 
by amygdala lesions, in which the lesioned monkeys do not 
respond appropriately to other monkeys in the group and so 
are unable to maintain their normal position in the domin- 

ance hierarchy (see Kling and Steklis 1976), may be due, it 
is proposed, to damage to a neuronal system specialized for 
the perception of and elicitation of appropriate emotional 
responses to different individuals. The importance for social 
behavior in the primate of the rapid and reliable recognition 
of individuals by the sight of the face could provide selec-
tion pressure which would allow a neuronal system special-
ized for this processing to evolve. As the responses of the 
majority of the amygdaloid neurons did not reflect the de-
gree of the emotional response of the monkey made to the 
different faces, their activity probably does not represent 
the general emotionality of a face. Rather, it is possible that 
these neurons are part of an association memory mechanism 
for emotional responses to faces (see Rolls 1985). Under this 
hypothesis, their firing could reflect the function of a series 
of perceptual filters which provide the input to this mechan-
ism, it could reflect activity in the association mechanism it-
self, or it could reflect a set of outputs which code for the 
subtly different facial expressions present in the stimulus set. 

Conclusions 

The series of studies described here show that there are pop-
ulations of neurons in the temporal lobe which appear to be 
specialized to respond to faces. These neurons are relatively 
rare in the inferior temporal visual cortex, area TE, but are 
more common in the cortex in the middle and anterior parts 
of the superior temporal sulcus. However, even in the cortex 
in the superior temporal sulcus, these neurons are not found 
as a homogeneous population, but are found with other 
types of neuron in the vicinity which respond to for example 
simpler visual stimuli such as boundary descriptors, or to 
moving visual stimuli. In view of this intermingling of differ-
ent cell types, the considerable anterior-posterior extent of 
these neurons (see Figure 6), and the finding that these 
neurons are not found exclusively in the cortex in the super-
ior temporal sulcus, it is not very likely that it will be pos-
sible to produce experimentally a deficit only in face recog-
nition by damage to the cortex in the superior temporal 
sulcus. Similarly, although it may be proposed that in man 
damage to a population of neurons of this type could 
account for one type of prosopagnosia, it might be expect-
ed on the basis of the observations made here that this de-
ficit would not be entirely specific to face recognition, and 
that it might not be possible to dissociate it fully from other 
impairments. 

The responses of the neurons in the cortex in the superior 
temporal sulcus are consistent with the hypothesis that they 
are filters specialized to respond to different aspects of faces. 
In some cases these neurons can respond to parts of faces 
such as the eyes, and in other cases a fuller complement of 
the features present in faces, with even the correct con-
figuration of these features, appears to be necessary for these 
neurons to respond. It has been shown that the information 
required for these neurons to respond can be present in 
blurred images of faces, and in faces with only the high 
spatial frequencies included. As shown here, in many cases 
(77%), these neurons are sensitive to differences between 
faces, and this aspect of their responsiveness makes them 
particularly appropriate as filters to be used in the recog-
nition of individuals by their faces. However, in that these 
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somewhat longer (and also more variable) than the response
latencies of 22 neurons with face-selective responses record-
ed in the cortex of the superior temporal sulcus of the same
monkey (see Leonard et al. 1985).

The sites in the amygdala at which the neurons with re-
sponses to faces, and the neurons with other visual responses,
were recorded are shown in Figure 9. Many of the neurons
with face-selective visual responses were in and close to the
basal accessory nucleus of the amygdala.

These results provide further evidence that there is a pop-
ulation of neurons in the amygdala which respond when
a monkey sees a face. These neurons did not respond to
arousing or aversive • visual stimuli, so that their responses
were not produced simply by arousal induced by visual
stimuli. Further evidence for this is that different faces were
optimal stimuli for different neurons in this population, so
that it is unlikely that any unitary explanation of their re-
sponsiveness such as induced arousal can explain their re-
sponses. It was, however, of interest that a number of these
neurons could be activated by stimuli from other modalities,
for example by auditory or somatosensory stimuli, and such
convergence may be of importance for the functions of these
neurons.

A small number of amygdaloid neurons (3/20 tested)
responded differentially to threat as compared to non-threat
faces, and this provided some evidence that their responses
reflected decoding of the emotional value of a face. The
other neurons with face-selective responses did not appear
to respond along such a simple continuum, but in that they
responded differently to different faces, and these faces
were often of monkeys of different ages or with different
expressions, it is possible that these neurons conveyed in-
formation which could be useful in making differentiated
emotional responses.

These neurons were recorded in and around the basal
accessory nucleus of the amygdala. This part of the amygdala
receives inputs from relatively anterior temporal lobe cortex,
area TG, but probably not directly from the cortex in the
superior temporal sulcus (Aggleton et al. 1980) in which we
have described neurons which responded selectively to faces
(Perrett et al. 1982; Rolls et al. 1985; Baylis et al. 1985).
Possible routes by which the amygdaloid neurons described
here receive their inputs are via a stage of processing in area
TG which in turn may be influenced by processing within the
cortex in the anterior part of the superior temporal sulcus, or
via intra-amygdaloid connections from more lateral parts of
the amygdala, which do receive directly from the cortex in
the anterior part of the superior temporal sulcus. These
possibilities are now being investigated.

These findings provide evidence that in the amygdala,
there is a neuronal system specialized to respond to faces.
Damage to the amygdala produces tameness, and it is suggest-
ed that this aspect of the Kluver-Bucy syndrome is due to
disruption of this neuronal system specialized to mediate
responses to faces. Indeed, the lack of the normal emotional
responses to the sight of a face found in the Kluver-Bucy
syndrome suggests that the elicitation of appropriate emo-
tional responses to faces is a function of these neurons.
Similarly, the altered social behavior of monkeys produced
by amygdala lesions, in which the lesioned monkeys do not
respond appropriately to other monkeys in the group and so
are unable to maintain their normal position in the domin-

ance hierarchy (see Kling and Steklis 1976), may be due, it
is proposed, to damage to a neuronal system specialized for
the perception of and elicitation of appropriate emotional
responses to different individuals. The importance for social
behavior in the primate of the rapid and reliable recognition
of individuals by the sight of the face could provide selec-
tion pressure which would allow a neuronal system special-
ized for this processing to evolve. As the responses of the
majority of the amygdaloid neurons did not reflect the de-
gree of the emotional response of the monkey made to the
different faces, their activity probably does not represent
the general emotionality of a face. Rather, it is possible that
these neurons are part of an association memory mechanism
for emotional responses to faces (see Rolls 1985). Under this
hypothesis, their firing could reflect the function of a series
of perceptual filters which provide the input to this mechan-
ism, it could reflect activity in the association mechanism it-
self, or it could reflect a set of outputs which code for the
subtly different facial expressions present in the stimulus set.

Conclusions

The series of studies described here show that there are pop-
ulations of neurons in the temporal lobe which appear to be
specialized to respond to faces. These neurons are relatively
rare in the inferior temporal visual cortex, area TE, but are
more common in the cortex in the middle and anterior parts
of the superior temporal sulcus. However, even in the cortex
in the superior temporal sulcus, these neurons are not found
as a homogeneous population, but are found with other
types of neuron in the vicinity which respond to for example
simpler visual stimuli such as boundary descriptors, or to
moving visual stimuli. In view of this intermingling of differ-
ent cell types, the considerable anterior-posterior extent of
these neurons (see Figure 6), and the finding that these
neurons are not found exclusively in the cortex in the super-
ior temporal sulcus, it is not very likely that it will be pos-
sible to produce experimentally a deficit only in face recog-
nition by damage to the cortex in the superior temporal
sulcus. Similarly, although it may be proposed that in man
damage to a population of neurons of this type could
account for one type of prosopagnosia, it might be expect-
ed on the basis of the observations made here that this de-
ficit would not be entirely specific to face recognition, and
that it might not be possible to dissociate it fully from other
impairments.

The responses of the neurons in the cortex in the superior
temporal sulcus are consistent with the hypothesis that they
are filters specialized to respond to different aspects of faces.
In some cases these neurons can respond to parts of faces
such as the eyes, and in other cases a fuller complement of
the features present in faces, with even the correct con-
figuration of these features, appears to be necessary for these
neurons to respond. It has been shown that the information
required for these neurons to respond can be present in
blurred images of faces, and in faces with only the high
spatial frequencies included. As shown here, in many cases
(77%), these neurons are sensitive to differences between
faces, and this aspect of their responsiveness makes them
particularly appropriate as filters to be used in the recog-
nition of individuals by their faces. However, in that these
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ed in the cortex of the superior temporal sulcus of the same
monkey (see Leonard et al. 1985).

The sites in the amygdala at which the neurons with re-
sponses to faces, and the neurons with other visual responses,
were recorded are shown in Figure 9. Many of the neurons
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These  results provide further evidence that there is a pop-
ulation of neurons in the amygdala which respond when
a monkey sees a face. These neurons did not respond to
arousing or aversive • visual stimuli, so that their responses
were not produced simply by arousal induced by visual
stimuli. Further evidence for this is  that different faces were
optimal stimuli for different neurons in this population, so
that it is unlikely that any unitary explanation of their re-
sponsiveness such as induced arousal can explain their re-
sponses. It was, however, of interest  that a number of  these
neurons could be activated by stimuli from other modalities,
for example by auditory or somatosensory stimuli, and such
convergence may be of importance for the functions of these
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A small number of amygdaloid neurons (3/20 tested)
responded differentially to threat as compared to non-threat
faces, and this provided some evidence  that their responses
reflected decoding of the emotional value of a face. The
other neurons with face-selective responses did not appear
to respond along such a simple continuum, but in  that they
responded differently to different faces, and  these faces
were often of monkeys of different ages or with different
expressions, it is possible that these neurons conveyed in-
formation which could be useful in making differentiated
emotional responses.

These neurons were recorded in and around the basal
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receives inputs from relatively anterior temporal lobe cortex,
area TG, but probably not directly from the cortex in the
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have described neurons which responded selectively to faces
(Perrett et al. 1982; Rolls  et al. 1985; Baylis  et al.  1985).
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via intra-amygdaloid connections from more lateral parts of
the amygdala, which do receive directly from the cortex in
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These findings provide evidence that in the amygdala,
there is a neuronal system specialized to respond to faces.
Damage to the amygdala produces tameness, and it is suggest-
ed that this aspect of the Kluver-Bucy syndrome is due to
disruption of this neuronal system specialized to mediate
responses to faces. Indeed, the lack of the normal emotional
responses to the sight of a face found in the Kluver-Bucy
syndrome suggests  that the elicitation of appropriate emo-
tional responses to faces is a function of these neurons.
Similarly, the altered social behavior of monkeys produced
by amygdala lesions, in which the lesioned monkeys do not
respond appropriately to other monkeys in the group and so
are unable to maintain their normal position in the domin-

ance hierarchy (see Kling and  Steklis  1976), may be due, it
is proposed, to damage to a neuronal system specialized for
the perception of and elicitation of appropriate emotional
responses to different individuals. The importance for social
behavior in the primate of the rapid and reliable recognition
of individuals by the sight of the face could provide selec-
tion pressure which would allow a neuronal system special-
ized for  this processing to evolve. As the responses of the
majority of the amygdaloid neurons did not reflect the de-
gree of the emotional response of the monkey made to the
different faces, their activity probably does not represent
the general emotionality of a face. Rather, it is possible  that
these neurons are part of an association memory mechanism
for emotional responses to faces (see Rolls 1985). Under this
hypothesis, their firing could reflect the function of a series
of perceptual filters which provide the input to  this mechan-
ism, it could reflect activity in the association mechanism it-
self, or it could reflect a set of outputs which code for the
subtly different facial expressions present in the stimulus set.

Conclusions

The series of studies described here show that there are pop-
ulations of neurons in the temporal lobe which appear to be
specialized to respond to faces. These  neurons are relatively
rare in the inferior temporal visual cortex, area TE, but are
more common in the cortex in the middle and anterior parts
of the superior temporal sulcus. However, even in the  cortex
in the superior temporal sulcus, these neurons are not found
as a homogeneous population, but are found with other
types of neuron in the vicinity which respond to for example
simpler visual stimuli such as boundary descriptors, or to
moving visual stimuli. In view of this intermingling of differ-
ent cell types, the considerable anterior-posterior extent of
these neurons (see Figure 6), and the finding that these
neurons are not found exclusively in the cortex in the super-
ior temporal sulcus, it is not very likely  that it will be pos-
sible to produce experimentally a deficit only in face recog-
nition by damage to the cortex in the superior temporal
sulcus. Similarly,  although it may be proposed  that in man
damage to a population of neurons of this  type could
account for one type of prosopagnosia, it might be expect-
ed on the basis of the observations made here  that this de-
ficit would not be entirely specific to face recognition, and
that it might not be possible to dissociate it fully from other
impairments.

The responses of the neurons in the cortex in the superior
temporal sulcus are consistent with the hypothesis that they
are filters specialized to respond to different aspects effaces.
In some cases these neurons can respond to parts of faces
such as the eyes, and in  other cases a fuller complement of
the features present in faces, with even the correct con-
figuration of these features, appears to be necessary for these
neurons to respond. It has been shown that the information
required for these neurons to respond can be present in
blurred images of faces, and in faces with only the high
spatial frequencies included. As shown here, in many cases
(77%), these neurons are sensitive to differences between
faces, and this aspect of their responsiveness makes them
particularly appropriate as filters to be used in the recog-
nition of individuals by their faces. However, in that these
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neurons did not usually respond exclusively to one of the 
faces, we do not consider them as "grandmother" neurons 
(Barlow 1972). Rather, the activity of a particular subset 
of these neurons, each firing at a particular level, could con-
vey the information necessary to individuate a face. Thus, 
they may be a set of neurons particularly useful in face per-
ception, in that they are specialized as filters which could 
provide an input, appropriate for distinguishing between 
faces, to a recognition system. Such a system of neurons 
which respond primarily to faces may be particularly useful 
because of the importance of rapid and reliable identification 
of individuals by their faces for primates, and because the 
differences which are useful in distinguishing between in-
dividual faces may be quite subtle and require fine tuning. 

The population of neurons with face-selective responses 
in the amygdala also in many cases respond differently to 
different faces, and it is suggested above that the importance 
of this type of neuron may be in the different emotional and 
social responses which occur to different faces, and which 
are disrupted by damage to the amygdala. 
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neurons did not usually respond exclusively to one of the
faces, we do not consider them as "grandmother" neurons
(Barlow 1972). Rather, the activity of a particular subset
of these neurons, each firing at a particular level, could con-
vey the information necessary to individuate a face. Thus,
they may be a set of neurons particularly useful in face per-
ception, in that they are specialized as filters which could
provide an input, appropriate for distinguishing between
faces, to a recognition system. Such a system of neurons
which respond primarily to faces may be particularly useful
because of the importance of rapid and reliable identification
of individuals by their faces for primates, and because the
differences which are useful in distinguishing between in-
dividual faces may be quite subtle and require fine tuning.

The population of neurons with face-selective responses
in the amygdala also in many cases respond differently to
different faces, and it is suggested above that the importance
of this type of neuron may be in the different emotional and
social responses which occur to different faces, and which
are disrupted by damage to the amygdala.
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neurons did not usually respond exclusively to one of the
faces, we do not consider them as  "grandmother" neurons
(Barlow  1972).  Rather,  the activity  of a  particular subset
of these neurons, each firing at a particular level, could con-
vey the information necessary to individuate a face. Thus,
they may be a set of neurons  particularly useful  in face per-
ception, in  that  they are specialized as filters which could
provide an input, appropriate for distinguishing between
faces, to a recognition system.  Such a system of neurons
which respond  primarily  to faces  may be  particularly useful
because of the importance of rapid and reliable identification
of individuals by their faces for primates, and because the
differences  which are useful in distinguishing  between in-
dividual faces may be quite subtle and require fine tuning.

The population of neurons with face-selective responses
in the amygdala  also  in  many cases  respond differently  to
different faces, and it is suggested above  that the importance
of this type of neuron may be in the different emotional and
social responses  which  occur  to different faces,  and  which
are disrupted by damage to the amygdala.
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