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There is a population of neurons in the cortex in the middle and anterior part of the superior temporal sulcus (STS) of the monke~ 
with responses which are selective for faces. If, consistent with the effects of damage to the temporal lobe, these neurons arc involved 
in face recognition or in making appropriate social responses to different individuals, then it might be expected that at least some oi 
these neurons might respond differently to different faces. To investigate whether at least some of these neurons do respond diffcrem- 
ly to different faces, their responses were measured to a standard set of faces, presented in random sequence using a video framestorc. 
It was found that a considerable proportion of the neurons with face-selective responses tested (34/44 or 77% ) responded differer~tly to 
different faces, as shown by, analyses of variance. An index of the discriminability of the most and least effective face stimulus (d') 
ranged between 0.2 and 5.0 for the different neurons. Although these neurons often responded differently to different faces, the~ did 
not usually respond to only one of the faces in the set, so that information that a particular face had been shown was present across an 
ensemble of neurons, rather than in the responses of an individual neuron. These findings indicate that the responses of these neurons 
would be useful in providing information on which different behavioral responses made to different faces could be based. These neu- 
rons could thus be filters, the output of which could be used for recognition of different individuals and in emotional responses made to 
different individuals. 

INTRODUCTION 

A smal l  p r o p o r t i o n  of  the  n e u r o n s  in the  t e m p o r a l  

lobe  visual  co r t ex  wh ich  r e s p o n d  to v isual  s t imul i  

have  r e s p o n s e s  w h i c h  o c c u r  p r i m a r i l y  to  faces  6,172-~. 

W e  have  d e s c r i b e d  o n e  such  p o p u l a t i o n  (48 of  497 

cells r e c o r d e d )  in the  co r t ex  in the  s u p e r i o r  t e m p o r a l  

sulcus (STS)  23. T h e  r e s p o n s e s  of  t he se  n e u r o n s  to 

faces ( rea l  or  p r o j e c t e d ,  h u m a n  or  r h e s u s  m o n k e y )  

were  se lec t ive  in t h a t  t h e y  we re  2 - 1 0  t imes  as large  

to faces  as to g ra t ings ,  s imp le  g e o m e t r i c a l  s t imul i  or  

c o m p l e x  t h r e e - d i m e n s i o n a l  (3 -D)  ob j ec t s .  T h e  re-  

sponses  to  faces we re  exc i t a to ry ,  s u s t a i n e d  a n d  were  

t i m e - l o c k e d  to the  s t imu lus  p r e s e n t a t i o n  wi th  a l a t en -  

cy of  b e t w e e n  80 a n d  160 ms.  T h e  cells we re  un res -  

pons ive  to a u d i t o r y  o r  tac t i le  s t imul i  a n d  to the  s ight  

of  a r o u s i n g  or  ave r s ive  s t imul i .  T h e  m a g n i t u d e  of  the  

r e s p o n s e s  of  the  cells was  r e l a t ive ly  c o n s t a n t  desp i t e  

i s o m o r p h i c  t r a n s f o r m a t i o n s  such  as r o t a t i o n  so tha t  

the  face was i n v e r t e d  or  h o r i z o n t a l ,  a n d  a l t e r a t i o n s  of  

color ,  size or  d i s t ance .  R o t a t i o n  to prof i le  s u b s t a n -  

tially r e d u c e d  the  r e s p o n s e s  of  2 i  cells. M a s k i n g  out  

or  p r e s e n t i n g  pa r t s  of  the  face (i .e.  eyes,  m o u t h  or  

ha i r )  in i so la t ion  r e v e a l e d  t ha t  d i f f e ren t  cells re- 

s p o n d e d  to d i f f e ren t  f e a t u r e s  or  subse t s  of  f ea tu res .  

For  severa l  cells, r e s p o n s e s  to  the  n o r m a l  o rgan iza -  

t ion  of  cu t -ou t  or  l i n e - d r a w n  facial  f e a t u r e s  were  sig- 

n i f icant ly  l a rge r  t h a n  to j u m b l e d  con t ro l s .  T h e s e  

f indings  i n d i c a t e d  t ha t  e x p l a n a t i o n s  in t e r m s  of  

a rousa l ,  e m o t i o n a l  or  m o t o r  r e a c t i o n s ,  s imple  visual  

f e a tu r e  sens i t iv i ty  or  r ecep t i ve  f ie lds  are  insuf f ic ien t  

to a c c o u n t  for  the  se lec t ive  r e s p o n s e s  to  faces  and  

face f ea tu r e s  o b s e r v e d  in this  p o p u l a t i o n  of  STS neu-  

rons.  It was s u g g e s t e d  t ha t  t he se  n e u r o n s  are  pa r t  of  a 

sys tem spec ia l i zed  to code  for  faces or  f e a t u r e s  pres-  

en t  in faces23.25.2% Simi la r  f ind ings  have  r ecen t ly  
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been reported by Desimone et al.t:. It is possi- 
ble25 27,,~2 that damage to this system is related to pro- 

sopagnosia, or difficulty in face recognition, m 
man 5,to,~'/,-~, and to the tameness and social disturb- 

ances which follow temporal lobe damage and are 

part of the Kluver -Bucy  syndrome in the mon- 
keyl.lS-20. 

If these neurons are involved in face recognition ~, 

or in making appropriate social responses to different 

individuals ~4, then it might be expected that at least 

some of these neurons might respond differently to 

different faces. [In our previous study 23, the re- 

sponses 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 ref. 23)]. It was the 

aim of the study described here 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 complete- 

ly standardized method of presenting the set of 

images repeatedly in a random sequence and to al- 
low, in addition, quantitative manipulations of the 

images, the faces, together with a large range of non- 

face images, were digitized, stored on a computer  

disk and loaded in random sequence into a video fra- 

mestore ready for presentation on a video monitor  on 
each trial. This method of stimulus presentation also 

allowed the responses of the neurons to be measured 

to sine wave gratings and to boundary curvature de- 

scriptors 33, in order to provide evidence on whether 
these neurons could be activated by such stimuli var- 

ied systematically over a wide range of parameters.  

MATERIALS AND METHODS 

Recording techniques 
The activity of single neurons was recorded with 

glass-insulated tungsten microelectrodes (after Mer- 
rill and Ainsworth 23, but without the platinum plat- 

ing) in 3 alert macaque monkeys (Macaca mulatta) 
(weight 3 .0-6.5 kg) seated in a primate chair using 
techniques that have been described previously 2~. 

The action potentials of single cells were amplified 
using techniques described previously 2~, were con- 
verted into digital pulses using the trigger circuit of 

an oscilloscope and were analyzed on-tree cising ~ 

PDP11 computer. The computer collected pcristimti- 

lus rastergrams of neuronal activity for each trial and 

displayed, printed and stored each trial, ',~s ~.ctl ~ts 

computing the peristimulus time histogram by sum- 

ming trials of a given type. To facilitate latency meas- 

urements, the cumulative sum distribution was cal- 

culated from the sum peristimulus time histogram, l:or 

each trial the number of action potentials occurring 

in a 500-ms period (and a 250-ms period) starting 

100 ms after the stimulus onset was prmtcd. This pe- 

riod was chosen because the neurons studied re- 

sponded to visual stimuli with latencies which were 

typically 10(I ms or more.  and the monkeys consis- 

tently fixated the stimuli for this period. Fixation of 

the stimuli was confirmed using permanently im- 

planted silver-silver chloride electrodes for electro- 
oculogram (EOG)  recording. The EOG recordings 

provided eye position with an accuracy of 1-2 °, and 

were sampled by the computer  every 10 ms and saved 

with the action potentials for each trial. 

X-radiographs were used to locate the position of 

the microelectrode on each recording track relative 

to permanently implanted reference electrodes and 

bony landmarks such as the posterior tip of the sphe- 

noid bone-'. The position of cells was reconstructed 

from the X-ray coordinates taken together with serial 

50-#m histological sections which showed the refer- 

ence electrodes and microlesions made at the end of 

some of the mieroelectrode tracks. 
The monkey's  behavioral reactions to the sight of 

the visual stimuli were monitored through a small 

hole in the side of the chair. 

Stimulus presentation 
The visual stimuli were presented in one of two 

ways. First, stimuli were digitized, stored on comput- 

er disk and displayed on a video monitor using a vi- 
deo framestore. The resolution of these images was 
256 pixels wide by 256 pixels high with 256 gray lev- 
els. The computer randomized the order of presenta- 

tion of these stimuli, switched the stimuli on and off 
for each trial, and synchronized its data collection so 
that the stimulus was turned on at the start of the 21st 
bin of the peristimulus time histogram. This method 
allowed completely standardized and randomized 

presentation of quantitatively specified stimuli as di- 
verse as sine wave gratings and faces, and allowed 



image processing techniques such as spatial frequen- 

cy filtering and subregion extraction to be applied to 

the stimuli presented. Second, the stimuli were pre- 

sented by the opening of a fast rise time (less than 15 

ms), large aperture shutter (Compur  Electronic 

5FM, 6.4 cm aperture) which opened for 1.5 s after a 

0.5-s signal tone (400 Hz) provided to allow the mon- 

key to fixate before the shutter opened. The stimuli 

were presented against a uniform background (a 

large white screen). This method allowed the presen- 

tation of 3-D stimuli such as real faces and 3-D ob- 

jects which differed along a wide range of parameter  

such as size, shape and color, and also allowed 2-D 

stimuli such as photographs of a wide range of faces 

to be presented. 
The monkeys performed a visual discrimination 

task during the testing to ensure that they looked at 

the stimuli. 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 discrimina- 

tive 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 before the stimulus appeared, he 

had sufficient time to perform 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 pro- 

cedure was designed to ensure fixation of the stimu- 

lP  ). If any other stimulus appeared (such as a grating, 
a 3-D object or a face), then if the monkey 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. The E O G  recordings con- 

firmed that this procedure resulted in consistent fixa- 

tion of the stimuli. 
When digitized visual stimuli were being presented 

on the video monitor, one set of 5-20 visual stimuli 
were 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 included 5 
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 curva- 
ture descriptor (see below) and a complex visual 

image (see Fig. 1), to provide an indication of wheth- 
er the neuron responded differently to face and to 
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non-face stimuli. Another  set consisted of sine wave 

gratings with different spatial frequencies and anoth- 

er of boundary curvature descriptors (see below). 

The computer randomized the sequence in which the 

members of the set were presented, and after it had 

presented the sequence once, it restarted the set with 

another random sequence. The computer  was allow- 

ed to repeat the set 4 -10  times in order to provide 

sufficient data for an analysis of variance in order to 

determine whether the neuron responded differently 

to the different stimuli within the set. After data had 

been collected on one set, the experimenter then 

started a different set, Within each set. S -  trials ap- 

peared with a probability which was usually specified 

as 0.25 but could be reduced. 

Visual stimuli 

Non-face stimuli 
The responses of the cells were tested to a wide 

range of non-face stimuli, as follows. 
Sine-wave gratings. A set of sine wave gratings 

with spatial frequencies of 1-64 cycles/image and 

with orientations spaced ~/4 rad apart was presented 

on the video monitor in random sequence. Each 

image subtended 12 ° at the retina. 

Boundary curvature descriptors. A set of boundary 

curvature descriptors with frequencies of 0-15 cy- 

cles, with amplitudes which ranged from 0.5 to 2.0 

and with 4 different phases was presented -~3. 
Three-dimensional objects. Over 1000 3-D junk 

objects were collected, and 6-30  of these, chosen 

randomly, were used to test whether there was any 

indication that a neuron responded to a complex non- 

face stimulus. If there was any indication of a re- 

sponse, much more extensive testing with non-face 

stimuli was performed. The obiects 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 dimen- 
sions, testing neuronal responses to several of them 
could potentially reveal selectivity for particular vis- 
ual characteristics. Objects were held either by long 
forceps or by hand between 2 cm and 1 m behind the 
shutter, or they were placed on the surface of a matt 

black board tilted towards the monkey. 
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Face stimuli 
Photographs were prepared of macaque monkey 

faces (looking directly at the camera) and of human 
faces. The photographic negatives were digitized us- 

ing a Scandig 3 (Joyce-Loebl,  Gateshead,  U.K.)  

scanning digitizer and stored in an image file with a 

resolution of 256 × 256 x 8 bits, ready for presenta- 

tion on the Matrox (Quebec,  Canada) Q R G B  256 

framestore. To determine whether a neuron re- 

sponded differently to different faces, its responses 

were measured and compared to a standard subset of 

the digitized images of faces. The faces in this set are 

included in Fig. 1. In addition, a set of real faces and 

photographs of faces could be shown with the shutter 

method of presentation. 

Arousing and aversive stimuli 

Responses to a variety of arousing and aversive 

stimuli were tested to determine whether general 

arousal could account for the neuronal responses 

which occurred to faces. 

Arousing auditory and tactile stimuli 
To elicit general arousal (as indicated by the mon- 

keys' behavioral responses such as movement) ,  audi- 

tory and tactile stimuli were used. Auditory stimuli 

included various loud noises and human voices made 

out of sight of the monkey. (Screens limited the field 

of view of the monkey to the shutter through which 

visual stimuli were presented or to the video mon- 

itor.) The monkey 's  legs were touched out of sight to 

test the effects of tactile stimulation, which produced 

arousal. 

Visually aversive stimuli 
Stimuli that the monkey found aversive (as shown 

by the monkeys '  behavioral responses such as open 
mouth threat) included an air puffer, a large brush 

and objects looming towards the monkey. 
Other  potentially arousing or interesting visual 

stimuli included food and reward-related stimuli 
(used in a visual discrimination task), stimuli that 
might be taken by the monkey to mean 'human '  (e.g. 
hands or lab coats), and model animals (such as a 

large snake, a spider with dangling legs and a centi- 

pede). 
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Treatment of results 

For each cell measures of responses were calcu- 

lated from the total number  of action potentials oc- 

curring on each trial in the period 100-600 ms follow- 

ing stimulus onset. This period was chosen because 

the cells studied typically responded to visual stimuli 

with latencies just greater than 100 ms. Recordings of 

fixation usually confirmed that the monkeys fixated 

during this period of firing rate measurement,  but tri- 

als with poor fixation were rejected from the analy- 

sis. 

Analyses of variance were then performed on the 

responses of each cell to the different stimuli. If a sig- 

nificant difference between the responses to the dif- 

ferent stimuli was indicated, then subsequent mul- 

tiple t, Tukey and Newman-Keu l s '  analyses (see ref. 
7) were performed to determine how the different 

stimuli differed in their efficacy. One analysis of vari- 

ance was performed over the responses to a wide 

range of non-face and face stimuli, to determine 

whether a neuron responded differently to the face as 

compared to the non-face stimuli. Other  analyses of 

variance were performed to analyze the differences 

of response to stimuli within one group, such as dif- 

ferent faces. In the figures, the mean firing rate and 

its standard error to each stimulus based on typically 

4-10 presentations of the stimulus are shown. The 
results of the analysis of variance are also usually in- 

dicated. 

RESULTS 

Examples of the responses of different neurons 

(a -d)  to the different faces ( A - E )  and non-face stim- 

uli (F-J )  in the standard set of digitized images are 

shown in Fig. 2. Their responses to a range of 3-D ob- 
jects, and to food, are also shown, on the left. All re- 

sponses 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, Fig. 2 illustrates that the responses of the neu- 
rons classified here 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, Fig. 2 shows that some of the neurons 
responded primarily to one of the faces in the set 
(e.g. neuron Z0060), some neurons responded to 
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many of the faces (e.g.  neuron  Y IU77) and some  of 

the neurons  r e s p o n d e d  to a subset  of  the faces. 

Examples  of  the responses  of  these  neurons  on in- 

dividual  trials are  shown in the raster  displays and 

per is t imulus  t ime h is tograms of  firing rate in Fig. 3. 

The  figure shows that  even  on individual  trials these  

neurons  r e s p o n d e d  d i f ferent ly  to d i f ferent  faces. Fig. 

3 also shows that  the response  to the d i f ferent  faces 

became  di f ferent ia l  to d i f fe ren t  faces nea r  the  begin-  

ning of  the neu rona l  r e sponse ,  i.e. with a latency of  

approx imate ly  110 ms for this neuron .  II is also 

shown that  while r e spond ing  with an increase of  fir- 

ing rate to an ef fec t ive  face,  these  neurons  can de- 

crease  thei r  f ir ing rate  be low the s p o n t a n e o u s  level  to 

o the r  faces. This  impl ies  act ive fi l tering.  

To  analyze whe the r  a neu ron  r e sponded  d i f fe ren t -  

ly to the d i f ferent  faces in a set,  an analysis of  vari- 

ance was p e r f o r m e d  of the responses  to the 5 faces 

( A - E )  in the set. The  F rat io,  and its s ignif icance,  are 

indica ted  ove r  each  set of  faces in Fig. 2. For  all the  

neurons  i l lus t ra ted,  the  F rat io indica ted  that  the re  

were  d i f fe rences  in the  responses  of  each neu ron  to 

the d i f ferent  faces in the  set. O f  44 neurons  ana lyzed  

in this way in the cor tex  of  the STS of 3 m o n k e y s ,  34 

had significantly d i f ferent  responses  to d i f fe ren t  

faces in the digi t ized set. 50 
~00 

F = 37 [p< 05) 

"; 3o i 
2o I 

- 1 0  
~_ ~ A B C D E F G H [ J 

Fig. 2. The responses of 4 cells (a-d) in the cortex in the STS to 
a variety of face (A-E)  and non-face (F-J) stimuli, which are 
illustrated in Fig. 1. The bar represents the mean firing rate re- 
sponse above the spontaneous base!ine firing rate with the 
standard error calculated over 4-10 presentations~ The F ratio 
for the analysis of variance calculated over the face sets indi- 
cates that the units shown range from very selective (Z0060) to 
relatively non-selective (Y1077). 
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Fig. 3. A raster plot showing the response to some stimuli for 
cell Z0060. Each vertical line represents one action potential. 
These data are from the neuron whose response histogram Is 
shown in Fig. la and are representative of the data from which 
Fig. 2 was calculated. 
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Fig. 4. a: the discriminability indices (d'). b: the breadths of tuning, c: generalization indices calculated across thc standard set of faces 
for the cells recorded in the cortex in the STS. 

To measure the extent to which a neuron respond- 

ed differently to different faces, the difference be- 

tween the response to the most effective face stimu- 

lus and the least effective face stimulus (both aver- 

aged over  all 4 -10  presentations of the face) was cal- 

culated and presented as a ratio to the standard de- 

viation of the responses. This measure thus repre- 

sents the number  of standard deviations which sepa- 

rate the two neuronal  responses and is intended to be 

analogous to detectability, d ' ,  in signal discrimina- 

tion theory (see refs. 13, 16 and 30). This measure 

has also been chosen so that it may be compared with 

d' measures of the discriminability of faces to human 

observers. As we did not wish to assume that the 

standard deviations of the responses to the two stim- 

uli were equal, a measure of the joint standard devia- 

tion was calculated (by summing the two variances 

and taking the square root,  see Green  and Swetsl~'). 

For the neurons shown in Fig. 2, 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 neurons tested in this way are 

shown in Fig. 4a. 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 effec- 

tive 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' greater  than 1.0). 

To assess the breadth of tuning of these neurons to 

different faces using a measure derived from infor- 

mation theory, the breadth of tuning metric devel- 

oped by Smith and Travers 35 was calculated. This is a 

coefficient of entropy (H) for each cell which ranges 

from 0.0, representing total specificity to one stimu- 

lus, to 1.0, which indicates an equal response to the 

different stimuli*. The breadth of tuning calculated 

over the 5 face stimuli in the set was {I.52 for neuron 

Z0060, (t.67 for neuron Z0530, 0.77 for neuron 

Y1082 and 0.94 for neuron Y1077. The breadth of tun- 

ing of the population of neurons analyzed in this way 

is shown in Fig. 4b. 

To provide a measure of the proport ion of thc 

faces to which a given neuron responded,  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. This is named 

the generalization index. The fraction of face stimuli 

in the set to which neuron Z006t) responded was thus 

0.2, for neuron Z0530 it was 0.2, for neuron Y1082 it 

was 0.2 and for neuron Y1077 it was 0.6. The propor- 

tion of faces in the set to which each neuron respond- 

ed in this way is indicated for each neuron in Fig. 4c. 

It is clear that some neurons were highly selective, 

responding primarily to one face in the set, while oth- 

er neurons responded to several or many faces in the 

set. 

The value of d' for each neuron is shown as a func- 

tion of its breadth of tuning in Fig. 5. Neurons which 

had a high degree of discriminability (d ')  between the 

response to the most and the least effective face 

* H = -k '~ Pi log Pi, where H = breadth of responsiveness, k = scaling constant (set so that H = 1.0 when the neuron rcsponds 
i =  I 

equally well to all stimuli in the set of size n) and Pi = the response to stimulus i expressed as a proportion of the total response to all 
the stimuli in the set. 
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Fig. 5. The discrimination index (d') is shown as a function of 
the breadth of tuning metric (H). Each point represents the 
values of the indices for one neuron. 

tended to respond to few faces, i.e. to have a low 

breadth of tuning value.  

The latencies of  the responses  of  these neurons  are 

shown in Fig. 6. The  majority  of  the neurons  had re- 
sponse latencies between 70 and 150 ms. A compari- 

son of the latency at which a neuron responded with 

its selectivity for different faces as shown by its value 

for d' and for the generalization index did not reveal 

that the neurons in this population which responded 

more selectively to different faces had longer re- 

sponse latencies. 

To analyze whether different neurons tended to 

respond best to the same face, the number of neurons 

which responded best to each face in the digitized se- 

ries is shown in Table I separately for each monkey.  

The table shows that different neurons recorded re- 

sponded best to different faces, although in one mon- 

key one of the faces was particularly effective. The 

possible reasons for and significance of  this relative 

0 
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Fig. 6. The response latencies of the neurons in the cortex in the 
STS with responses selective for faces. 

preponderance of best responses to one of  the faces 

in the series found in one of the monkeys  is consider- 

ed in the discussion. 

The sites at which these neurons were recorded are 
shown in Figs. 7 and 8. The majority of the neurons 

with face-selective responses were in the cortex in 

the anterior part of the STS and on the ventral lip of 

the sulcus. Many of the neurons were found in the 

dorsal bank of the STS, in area TPO as defined cy- 

toarchitectonically and myeioarchitectonically 34. 

DISCUSSION 

These results show that neurons in the cortex in the 

STS which respond to faces can respond differently 

to different faces. A considerable proportion (34/44 

or 77%) of the neurons with face-selective visual re- 

sponses had this type of differential response  (as 

shown by an analysis of variance) to different faces. 

TABLE I 

The number of neurons in each of 3 monkeYS for which the dif- 
ferent faces in the standard set o f  faces was the optimal stimulus 

If two of the faces were equally and optimally effective, the 
neuronal count for each stimulus was increased by 0.5. 

Monkey Face 

A B C D E 

Y 9.5 2 0 3~5 1 
Z 0 6.5 2.5 3 3 
R 0.5 2.5 2.5 1.5 1 
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Fig. 7. The locations of neurons with responses selective for 
faces arc shown by triangles. The upper inset shows the levels 
at which these coronal sections were taken. The position at 
which the sections were taken is indicated in millimeters poster- 
ior to the sphenoid process-', which was 18-21 mm anterior to 
the external auditory meatus in these rhesus monkeys. The 
lower inset shows a coronal section of the whole brain to indi- 
cate the area shown in the enlarged sections at the middle of the 
region. Scale bar = 5.0 mm. 

These results extend our previous study of neurons in 

the STS 23, in which the majority of the neurons with 

face-selective responses responded well to at least 

one monkey face presented as a photograph and one 

real human face but were not tested routinely on an 

extensive series of different faces. 

In both this study and our previous study 23, the 

neurons classified as having face-selective responses 

were tested on a wide range of non-face stimuli. In 

the present study these included sine wave gratings 

and series of boundary descriptors presented on a vi- 

deo screen, a large number  of 3-D junk objects and 

complex images digitized from the television which 
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were presented as novel and familiar for a particular 

day as part of a recognition memory experiment  4. To 

be classified as a face-selective neuron in this study. 

the neuron had to respond to the optimal face stimu- 

lus with a change of firing rate which was at least 

twice that to any non-face stimulus tested. In fact, the 

majority of the neurons in the cortex in the STS classi- 

fied as showing responses selective for faces re- 

sponded much more specifically than this. For half 

these neurons,  their response to the most effective 

face was more than 5 times as large as to the most ef- 

fective non-face stimulus, and for 25% of these neu- 

rons, the ratio was greater than 10:1. These ratios 

show that while responding preferentially to faces, 

these neurons do not have absolute specificity for 

faces. Indeed, we view them as a population which, 

in that they respond well to faces but generally poorly 

to other stimuli, and in that they can respond differ- 

ently to different faces, conveys information which 

could be useful in recognition of different faces. 

Some further evidence which suggests that they may 

perform a common computat ion is that they appear 

to be grouped together in the cortex in the STS rather 

than spread uniformly throughout the inferior tem- 

poral cortex, as shown by our earlier observations > , 

by the results presented here and by Desimone et 
a l l 2  

The values of the discriminability of the different 

faces as shown by the estimate o fd '  between the most 

and least effective face had values in the range 0.2 to 

5.0, as shown in Fig. 4. These values compare to 

values of 0 .5-2 .4  found in human studies of face rec- 

ognition with rather larger set sizesS,~J. 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 conditions used in this neurophysiological study. 

It is worth noting that the period of neuronal  firing 

from which d' was estimated in the present study fin- 

ished 600 ms after stimulus onset. 

Given that it has been shown in this study that neu- 

rons in the cortex in the anterior part of the STS can 

respond differently to different faces, a number  of 

explanations of this, which are not necessarily mu- 

tually exclusive, are considered next. Further investi- 

gations will be needed to determine how these differ- 

ent factors contribute to the face selectivity found. 
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a 

b 

Fig. 8. Recording sites (marked by small lesions) in the cortex in the S tS  of neurons which responded selcc'ci~el}~ to, f~lc~:~ i h e  scc~lon 
in a was stained by the Gallyas 15 method to show myeloarchitecturc and in b with cresyl violet to sho\~ cytoarehitcclur,~ ~ 5;ec'Lic~13 :~ ix 
from monkey R and b from monkey Y. The lesions are in area TPO -~. 



One possibil i ty 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. 

Ano the r  possibil i ty is that  the expression on the face 

provided the basis for the cells' responses. One face in 
the set was for example  a threat  face, whereas  anoth-  

er had the mouth closed. However ,  there  is little evi- 

dence so far that differences in expression accounted 

for the differences in the responses of the maior i ty  of 

the neurons recorded in this par t icular  popula t ion ,  

for when the facial expression was a l tered on a hu- 

man face to which these neurons responded ,  this 

usually did not alter the responses of these neurons 

(in 9/12 cases). Ano the r  possibil i ty is that  the re- 

sponses of these neurons reflected the at tent ion 

shown by the monkey  to the different  faces in the set. 

It is known for example that  in a monkey  group,  dif- 

ferent individuals pay different  amounts  of at tent ion 

to each other ,  and that  the informat ion conveyed by 

some faces is more impor tan t  than that conveyed by 

others  '),24. It is unlikely,  however ,  that differential  at- 

tent ion accounted for the differences in the neuronal  

responses studied here,  for different single neurons 

recorded on the same track were found to respond 

preferent ia l ly  to different faces in the set, and in ad- 

dition fixation of the different  faces in the set was 

shown by the E O G  recordings to be equal ly good in 

the 500-ms per iod in which the neuronal  responses 

were measured.  

Ano the r  interesting set of factors which could have 

contr ibuted  to the different  responses of the neurons 

descr ibed here is suggested by the data shown in 

Table I. This shows that 9/16 cells in one monkey ,  

Yasmin, responded  best to stimulus A (the two wean- 

ling monkeys) ,  whereas only 1/28 of the cells in the 

other  two monkeys  did. 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 pr imary experience of o ther  

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,  in order  to resolve the rel- 

ative contr ibut ions of age, experience and sex in the 

tuning of these neurons,  detai led longitudinal  studies 

in animals with different experience are required.  
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In that the responses of these neurons were differ- 

ent to the different  face stimuli presented  in this 

study, it is l ikely that these neurons would be useful 

for distinguishing between different individuals.  Fur-  

ther evidence consistent with this is that when differ- 

ent ( though pr imari ly  frontal)  views of the face of an 

individual monkey  were used as stimuli,  the neurons 

typically responded  similarly to the different views. It 

is also known that the responses of these neurons to a 

given face are relat ively constant  over  a number  of 

physical t ransformat ions  such as size and contrast  

(ref. 25 and exper iments  of Rolls and Baylis, unpub-  

lished), so that the differences in the responses to the 

different face stimuli used here are more likely to be 

related to the different individual ra ther  than to the 

slightly different size, contrast  and angle at which 

each photograph is taken.  However ,  we do not be- 

lieve that these neurons respond to a face regardless 

of view, as shown by the observat ion that their  re- 

sponses can decrease if the face is shown in profile 2~. 

The findings described here show that the re- 

sponses of each of these neurons in the cortex in the 

STS do not uniquely code for the face of a part icular  

individual. However ,  the findings do show that 

across a populat ion of such cells information is con- 

veyed which would be useful in making different  be- 

havioral  responses to different  faces. Thus informa- 

tion which specifies an individual face is present  

across an ensemble  of such cells. In that each neuron 

does not respond to only one face, and in that a par- 

ticular face can activate many neurons,  these are not 

'grandmother" cells~. However ,  in that their  re- 

sponses are relatively specialized both for the class 

'faces'  and within this class, they could contr ibute  to 

relatively economic coding of information over  rela- 

tively few cells 3. It may be noted that even if individu- 

al neurons in this popula t ion  are not tuned to respond 

completely specifically to only face stimuli, it is nev- 

ertheless the case that  the output  of such an ensemble 

of neurons would be useful for distinguishing be- 

tween different faces. The appropr ia teness  of these 

neurons for such a function is enhanced by the find- 

ings that their  responses to a face are somewhat  resis- 

tant to physical transforms. These findings lead us to 

consider these neurons as filters, the output  of which 

could be used for recognit ion of different individuals 

and in emotional  responses made to different  individ- 

uals. 
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