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The inferior temporal cortex (IT) of primates is thought to be the final visual 

area in the ventral stream of cortical areas responsible for object 

recognition1,2. Consistent with this hypothesis, single IT neurons respond 

selectively to highly complex visual stimuli such as faces3,4,5,6. However, a 

direct causal link between the activity of face selective neurons and face 

perception has never been demonstrated. In the present study we 

artificially activated small clusters of IT neurons by means of electrical 

microstimulation while monkeys performed a categorization task, judging 

whether noisy visual images belonged to “face” or “non-face” categories. 

Microstimulation of face-selective sites, but not other sites, strongly biased 
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the monkeys’ decisions toward the face category. The magnitude of the 

effect depended upon the degree of face selectivity of the stimulation site, 

the size of the stimulated cluster of face-selective neurons, and the exact 

timing of microstimulation. Our results establish for the first time a causal 

relationship between the activity of face-selective neurons and face 

perception.

We trained two adult macaque monkeys to perform a face-nonface 

categorization task upon viewing single images from one or the other category 

that were systematically degraded by varying amounts of noise. We chose the 

noise levels to create a range of difficulties spanning psychophysical threshold: 

categorization was easy on some trials and difficult on others (Fig. 1A). On each 

trial, the monkey was presented briefly (54ms) with a face or non-face image 

degraded by noise. Subsequently, the monkey was required to make a saccadic 

eye movement to one of two targets to indicate whether the image was a face or 

non-face. Each correct response was rewarded by a drop of juice. For pure noise 

stimuli (Fig. 1A, “100%”), the monkey was rewarded randomly with a probability 

of 0.5.

Our central experimental question was whether electrical microstimulation of 

clusters of face-selective IT neurons would bias the monkeys’ choices toward the 
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face category. Because of its relatively precise temporal and spatial 

characteristics, microstimulation is a particularly powerful tool for establishing 

causal relationships between physiologically characterized neurons and 

behavioral performance7,8,9,10. Even weak microstimulation pulses excite many 

neurons simultaneously11,12,13; successful use of extracellular microstimulation 

therefore relies on structural regularities within the cortex, such as the presence 

of cortical columns14,15. Face selective neurons are found in relatively large 

clusters in IT16,17,18 making them an optimal target for microstimulation. 

In each experimental session, we assessed the face selectivity of multiunit 

clusters of neurons at regular intervals (minimum steps of 150µm) through a 

single electrode penetration in IT cortex. At each recording site, selectivity was 

determined by presenting a large number of face and non-face images while the 

monkey passively fixated a small fixation point on the monitor screen. Face/non-

face stimulus selectivity of multiunit responses was quantified with a d’ index.  A 

d’ value of zero indicates indistinguishable responses to faces and non-faces. 

Increasingly positive d’ values indicate progressively better selectivity for faces.   

After recording from several sites within a track (mean number of recorded sites 

in each track=4), the electrode was positioned in between the recorded sites and 

neural response selectivity was determined again. Altogether, we assessed 

stimulus selectivity at 348 recording sites in 86 electrode penetrations in two 
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monkeys (46 and 40 in monkey FR and KH, respectively). We conducted 

microstimulation experiments at 31 face-selective sites and 55 non-selective 

sites, while the monkey performed the object categorization task. Selectivity for 

faces was defined as having a d’ value > 1.   

Microstimulation consisted of bipolar current pulses of 50µA delivered at 200 

Hz19,20. The stimulation pulses were biphasic with the cathodal pulse leading. 

Each pulse was 0.2ms in duration with a 0.1ms between the cathodal and anodal 

phase. Each experiment contained three microstimulation conditions differing in 

the exact time of stimulation delivery as well as an un-stimulated control 

condition. Stimulating pulses were delivered for 50ms in one of three time 

periods following onset of the visual stimulus: zero to 50ms, 50 to 100ms or 100 

to 150ms. The first period was prior to the earliest visual responses normally 

observed in IT, and the latter two periods correspond to the earliest and later IT 

responses, respectively21,22,23. The three stimulation conditions and the control 

trials were randomly interleaved in each experiment.   

To reveal the impact of microstimulation on behavior, the monkey’s performance 

in the categorization task was plotted as the proportion of “face” choices as a 

function of the visual stimulus signal for face and non-face images (Fig. 2). We 

used positive visual signal values for faces and negative values for non-faces to 

create a continuum. Logistic regression analysis was used to determine whether 
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the three microstimulation time conditions caused a significant shift in the 

psychometric functions compared to the non-stimulated condition. A leftward shift 

in the psychometric function would indicate an increased tendency to choose 

faces on trials in which microstimulation was applied.

Figure 2 illustrates results obtained in two typical microstimulation experiments.  

In both experiments, microstimulation during the 50-100ms interval shifted the 

monkeys’ choices significantly toward the face category (Fig. 2A, logistic 

regression, p<0.001; Fig. 2B, p<0.01).  Microstimulation during the 100-150ms 

interval biased choices significantly in the experiment of Fig. 2A (p<0.001), but 

not in the other experimental session depicted in Fig. 2B (p=0.283).  

Microstimulation resulted in a significant leftward shift of the psychometric 

function in at least one of the stimulation conditions for 19 of 31 face selective 

sites (61%; 9 in right hemisphere and 10 in left hemisphere) and a significant 

leftward shift in one non-face site with d’=0.94 (see Fig. 3). No significant 

rightward shift was ever observed. 

The impact of microstimulation on perceptual decisions increased as a function 

of the neural face selectivity of the stimulated site. The scatter plots of figure 3 

show the correlation between the degree of face selectivity of the stimulated sites 

and the shift of the psychometric function in different microstimulation conditions. 

The strongest correlation was found for microstimulation at 50-100ms after image 
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onset (r=0.643, p<0.0001). Microstimulation at 100-150ms also showed a 

significant correlation (r=0.539, p<0.0001). No significant correlation was 

observed for 0-50ms (r=0.147, p=0.18).

Analysis of the change in reward rate received by monkey following 

microstimulation confirmed the logistic regression results. In face selective sites 

(d’>1) the reward rate increased significantly in stimulated conditions compared 

to non-stimulated condition in face presented trials and decreased significantly in 

non-face presented trials (ANOVA, F=15.1 and 10.9; p for both tests <0.001).

The impact of microstimulation on perceptual decisions was much larger when 

current was injected into larger clusters of face-selective neurons.  Recall that we 

measured stimulus selectivity at recording sites adjacent to the stimulation site as 

well as at the stimulation site itself.  When adjacent sites exhibit selectivity similar 

to that of the recorded site, we may infer that the cluster of physiologically 

homogenous neurons is larger, at least along the dimension of our electrode 

track.

Figure 4A summarizes the effect of stimulating clusters of different sizes.  

Stimulation effects were substantially more pronounced for larger clusters of face 

selective neurons (Fig. 4A; black bars) as compared to smaller clusters (Fig. 4A; 

gray bars). On average, there was no significant shift in the psychometric 

function following microstimulation of cortical clusters lacking face selectivity (Fig. 
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4B). A two-way ANOVA showed a significant effect of both neighborhood 

(F(1,87)=11.248, p=0.001) and stimulation timing (F(2,87)=6.092, p=0.003) on 

the averaged values of the psychometric function shifts across all face-selective 

sites (sites with d’>1). No such significant effect was observed in non-selective 

sites. The averaged d’ of neighboring sites was correlated with the effect of 

microstimulation: the correlation coefficients for 0-50, 50-100 and 100-150ms 

stimulation conditions are: r=0.12, p=0.31; r=0.49, p<0.001; r=0.44, p<0.001, 

respectively.

To prevent the monkeys to memorize specific exemplars we used a large image 

bank making it unlikely that the monkey could memorize the specific examples. 

To further examine the unlikely event of whether the monkeys simply memorized 

all the images in the image set a behavioral experiment was conducted after the 

completion of the training in each monkey. In these experiments 40 novel images 

(20 faces and 20 non-face objects) were intermixed with 40 familiar face and 

non-face images (randomly chosen from the learned image bank). The stimuli 

were presented to the monkey without any noise. Face/non-face discrimination 

performance of the monkeys was measured in several behavioral sessions. In 

each session we used a new set of novel images. Monkeys’ performance for 

novel stimuli was as good as it was for familiar stimuli (both above 95%) from the 

very beginning of the behavioral sessions. Furthermore, to prevent the monkeys 
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to use a general rule other than face/non-face categorization, such as detection 

of living versus non-living objects, we included non-face animate object images 

(ex., human and animal bodies from back view or with the face cut out) in our 

non-face set and included artifact faces (ex., masks and sculpture faces) in the 

face set. The possibility of familiarity being a factor was also controlled by using 

images of human and monkey bodies (which are presumably as familiar objects 

as faces) in the non-face set. 

Our findings demonstrate a causal relationship between IT neural activity and 

visual object perception and categorization. While a general role for IT cortex in 

object perception has been demonstrated previously in cortical ablation 

experiments24,25, our data extend causality to a much finer spatial scale. In 

addition, our data demonstrate that single neuron response properties provide 

important clues to the functional role of neurons in perception, even for highly 

complex stimuli such as faces. The functional role of face selective neurons in 

behavior has been hotly debated, but our data clearly shows that this role 

includes, at the very least, categorization of objects into faces and non-faces.   

Methods 

Behavioral tasks 

Each session started with a passive fixation task in which monkeys were required 

to maintain fixation in a 4ºx4º window at the center of the screen. Following 
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300ms of fixation, a sequence of visual stimuli (7ºx7º in size) was presented to 

the monkey. Each image was presented for 200ms without blank intervals 

between images26,27,23, 7-10 times pseudorandomly. 

The images were grayscale photographs of 30 face objects and 60 non-face 

objects chosen randomly from an image bank of 600 images. 

In the second phase of the experiment, monkeys performed a face-nonface 

categorization task. The monkey started a trial by fixating on the fixation spot for 

300ms. Then a noisy image was presented for 54ms, followed immediately, by 

two small response targets presented 10 degrees to the left and right of the 

screen center. The left and right targets represented face and non-face 

responses, respectively. The monkey was required to make a saccade to the 

correct target no later than 660ms after the onset of targets. 

To minimize monkey’s behavioral choice bias, we used a correction scheme7.

The monkey entered a set of correction trials if he made three consecutive errors 

within a single category (face or non-face).  Upon entering a correction trial, 

images from the neglected category were presented until the monkey chose that 

category correctly. All data collected from correction trials were discarded from 

the analysis. The monkey entered a correction trial in 32 of the 86 sessions, 

resulting in exclusion of 5.7% of trials in those sessions.  
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In the categorization task 6 or 5 noise levels were used in monkey Fr and 5 noise 

levels were used in monkey Kh. Each noise level was generated by assigning a 

uniformly distributed grayscale value to X percent of image pixels, where X is the 

noise level. Noisy face and nonface images create a continuum of task relevant 

visual signal extending from noiseless faces (100) to completely noisy images (0) 

to noiseless non-faces (-100). For each noise level, 16 face and 16 non-face 

images were randomly selected from the image bank.

Electrophysiology  

Recordings were made on an evenly spaced grid, with 1-mm intervals between 

penetrations over a wide region of lower bank of STS and TEa cortices23 (left 

hemisphere; A-P position 14 to 21 in FR and right hemisphere A-P position 14 to 

20 in KH). The recording positions were determined stereotaxically by referring to 

magnetic resonance images acquired before the surgery. Multiunit neural 

responses were recorded through tungsten microelectrodes (0.4-1.0 mega-ohm; 

FHC). Neural selectivity of neighboring sites within ±500µm from the stimulated 

site along each recording track was determined as the electrode was advanced. 

The recorded positions were separated by at least 150µm (mean=296µm). After 

determining the neighborhood selectivity the electrode tip was positioned in the 

middle of the recorded area and remained there through the rest of the 
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experiment. The neural selectivity in this site was verified before starting the 

categorization task.

Data Analysis 

Mean multiunit discharge for each stimulus was measured in a period 70-200ms 

after the image onset. The degree of selectivity of each cortical site for face vs. 

non-face images was measured by a d’ index28,29 based on the following formula: 

d`= [M(f)-M(nf)] / ([ 2(f)+ 2(nf)]/2)

Where M(f) and M(nf) are the mean multiunit response to face and non-face 

images respectively, 2(f) and 2(nf) are the variance of the distributions of neural 

responses to face and non-face images respectively. 

To calculate leftward shift in psychometric function, logistic curves were fit to the 

monkey’s responses in the categorization task based on the following formula: 

1 1 2 2 3 3( )
( )

1

1
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P x
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α β λ λ λ− + + + +=

+

Where x is the visual signal and P(x) is the probability of face response. I1, I2 and 

I3 indicate the presence or absence of microstimulation in the three periods. ,

and s are free parameters which were fit using the maximum likelihood fitting 

procedure30. The fit was performed separately for all of the behavioral data 

obtained in each experimental session (86 fits). Microstimulation effect in each 

site was considered significant if i was significantly different from zero (p<0.05). 



12

Leftward shift of the psychometric function in each stimulation condition was 

defined as the change in the visual signal that would have induced a behavioral 

effect comparable to that of the microstimulation. This is equal to i/  in the 

logistic fit. Similar methods have been used in other microstimulation studies7,19.

To reduce the number of the free parameters our logistic fit assumes a similar 

slope for the psychometric curves in different stimulation conditions. Allowing 

different slopes did not improve the fit and was not critical to the results.  
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Figure Captions: 

Figure 1) Each experimental session consisted of two parts: a passive fixation and an 

active categorization phase. First, the neural stimulus selectivity of several neighboring 

cortical sites was determined in a fixation task using luminance-matched face and 

nonface grayscale images. The images were randomly selected from a large set. (a) In 

the second part of the experiment face and non-face images with varying amounts of 

noise were used in a categorization task. These noisy face and nonface images could 

be arranged in a scale where 100 indicates noiseless faces, zero indicates complete 

noisy images and -100 indicates noiseless non-faces (b). In the categorization task the 

monkey had to fixate on a fixation point at the center of the screen for 300ms to begin a 

trial. In each trial a randomly-selected face or non-face noisy image was presented at 

the center of the screen for 54ms, followed by two targets in the left and right sides of 

the screen. To indicate whether the image was a face or nonface, the monkey had to 

make a saccade to the left or the right target, respectively. The monkey was rewarded 

with a drop of juice for each correct response. Full noise images (100%noise) were 

rewarded randomly. The two targets disappeared and the trial was aborted after 660ms 

if no response was made. In this task, there was a random sequence of 4 types of trials 

with equal proportions. A bipolar current (200Hz, 50uA) was injected for 50ms into 

cortex in 3 different periods (0-50ms, 50-100ms or 100-150ms from the image onset). In 

the remaining 25% of trials no current was injected. 

Figure 2) Leftward shift in psychometric functions due to microstimulation of two 

representative face-selective neural clusters in IT cortex of monkey Kh (top) and Fr 
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(bottom). Data points show the proportion of face choices for different levels of noise in 

the images for different microstimulation conditions. The curves are logistic regression 

fits to the data points. The insets show average multiunit responses of the 

corresponding stimulated site and their neighboring sites. Error bars represent SEM. 

Figure 3) Correlation between face selectivity of stimulated sites and the behavioral 

impacts of microstimulation. The correlation is significant for microstimulation at 50-

100ms (r=0.643, p<0.0001) and 100-150ms (r=0.539, p<0.0001) after image onset but 

not for 0-50ms (r=0.147, p=0.18). Face selectivity was measured by d’ index (see 

Methods). The microstimulation effect was quantified by leftward shift in the 

psychometric function (positive numbers in the Y-axis). Red data points indicate that 

microstimulation of the represented cortical site resulted in a statistically significant shift 

of the psychometric function (a). An average population histogram of multiunit neural 

responses to face (red line) and non-face (blue line) images (b). Different 

microstimulation time conditions are depicted by number of stars in (a) and (b) and 

vertical lines in the average response histogram. 

Figure 4) The effect of stimulus selectivity of neighboring cortical sites on microstimulation 

results. Averaged shift in the psychometric function for the three stimulation conditions is 

shown for all stimulated face (left plot) and non-selective (right plot) sites. Face and non-

selective sites were defined by d’>1 and d’ 1, respectively. Black columns represent sites

with face selective neighbors in their 500micron vicinity and gray columns show sites with  

non-selective neighbor(s). Error bars represent SEM. 
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Supplementary Figure 1) Leftward shift in psychometric functions due to microstimulation of 6 

cortical sites with a wide range of neuronal stimulus selectivity of the stimulated sites and their 

neighboring sites. The presented examples cover all of the main conditions of stimulus 

selectivity profile of neuronal clusters examined in this study. Data points show the proportion 

of face choices for different levels of noise in the images for different microstimulation 

conditions. The curves are logistic regression fits to the data points.












