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Significance

 Recognizing faces can be 
challenging when they are partially 
occluded, but the neural 
mechanisms underlying this 
process remain unclear. We 
investigated two vital brain 
regions, the ventrolateral 
prefrontal cortex (vlPFC) and the 
inferior temporal cortex (ITC), to 
elucidate this phenomenon. Our 
findings revealed that in the 
presence of partially occluded 
faces, the vlPFC exhibits 
heightened activity, whereas the 
ITC demonstrates a preference for 
intact facial stimuli. Intriguingly, the 
ITC appears to decode occluded 
facial features subsequent to vlPFC 
processing, indicative of 
collaborative neural processing. 
This underscores the pivotal role 
of vlPFC facilitation in the ITC’s 
comprehension of occluded facial 
cues and reveals unique insights 
into neural processing 
mechanisms. Deciphering these 
processes enhances our 
understanding of visual perception 
and cognitive processing.
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Primates are known for their exceptional ability to recognize faces. However, we 
still have much to learn about how their brains process faces when they are partially 
hidden. When we cover parts of a face, it affects how our brains respond, even though 
we still perceive the face as a whole. This suggests that complex brain networks are 
at work in understanding partially hidden faces. To explore this further, we studied 
two brain regions, the ventrolateral prefrontal cortex (vlPFC) and the inferior tem-
poral cortex (ITC), while showing primate images of faces with parts occluded. We 
found that vlPFC neurons were more active when faces were partially covered, while 
ITC neurons preferred fully visible faces. Interestingly, the ITC seemed to process 
occluded faces in a separate phase after the vlPFC responded. Our research revealed 
a coordinated effort between these brain regions based on the level of facial obstruc-
tion. Specifically, the vlPFC seemed to play a crucial role, driving the representation 
of occluded faces in the later phase of ITC processing. Importantly, we also found 
that the brain processes occluded faces differently from those that are fully visible, 
suggesting specialized mechanisms for handling these situations. These findings high-
light the importance of feedback from the vlPFC in understanding occluded faces in 
the ITC region of the brain. Understanding these neural processes not only enhances 
our understanding of how primates perceive faces but also provides insights into 
broader aspects of visual cognition.

face recognition | occlusion | inferior temporal cortex | ventrolateral prefrontal cortex

 Face recognition is a remarkable cognitive ability in primates, allowing them to accurately 
detect and respond to faces despite variations in facial appearance ( 1   – 3 ). Face occlusion 
poses a critical challenge to social interactions, obstructing successful recognition ( 4 ,  5 ). 
Despite extensive research on the neural mechanisms of face representation, the neural 
processes underlying the recognition of partially occluded faces remain poorly understood. 
Understanding these processes is crucial for comprehending the mechanisms involved in 
robust face recognition.

 The inferior temporal cortex (ITC) contains important neurons involved in face detec­
tion and processing ( 6     – 9 ). Previous research indicates that partial occlusion affects IT 
neuron responses in various ways ( 10 ,  11 ). Specifically, 60% of IT neurons show increased 
activity to partially occluded geometrical shapes, with responses influenced more by the 
occlusion area than by the occluder’s color or shape. In contrast, a smaller group of highly 
shape-selective neurons responds best to complete shapes ( 10 ). Additionally, while IT 
neurons maintain shape selectivity with both static and moving occluders, their respon­
siveness decreases with greater occlusion and requires longer stimulus durations compared 
to nonoccluded shapes ( 11 ). Similarly, research on V4 neurons reveals that their shape 
selectivity also diminishes with increased occlusion, although some neurons retain their 
selectivity even with significant occlusion levels ( 12 ). In the PL brain area, many cells 
respond strongly to faces, particularly when an eye is visible. However, the response of 
these cells decreases if the eye is occluded, paralleling the decrease seen when the entire 
face is occluded. This suggests a direct and consistent processing of face features across 
different brain areas ( 13 ).

 Similarly, the ventrolateral prefrontal cortex (vlPFC) in macaque monkeys also has spe­
cific regions dedicated to facial processing ( 14 ). In addition to the role of the vlPFC in 
high-level cognitive function, it has been demonstrated that the vlPFC plays a particularly 
crucial role when stimuli are ambiguous ( 15 ). It has been proposed that the activity of the 
vlPFC plays a role in representing occluded images in the ITC ( 16 ,  17 ). Electrophysiological 
studies demonstrate that the coordination between ITC and vlPFC activity is crucial for 
comprehending challenging visual stimuli ( 18     – 21 ). While existing research underscores 
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the significance of these areas, the collaboration between the two 
in processing occluded visual information and the dissociation of 
occluded face processing from face identity processing remain 
unclear.

 Although theoretical and brain signal studies have predo­
minantly focused on feedforward architecture ( 22 ,  23 ), there 
is extensive evidence supporting the role of feedback signaling 
in visual processing ( 16 ,  17 ,  23 ). However, little is known 
about the collaboration of vlPFC feedback in occluded face 
processing at the ITC. In this study, we aimed to investigate 
the frontotemporal networks that contribute to the representa­
tion of challenging occluded faces. We employed a large dataset 
of occluded face images and simultaneously recorded neural 
activity from two regions of interest, namely the vlPFC and 
the ITC.

 Our study reveals distinctive neural response patterns in the 
vlPFC and ITC during occluded face processing. We observed 
delayed processing in ITC neurons following vlPFC responses, par­
ticularly for highly occluded faces. Furthermore, we demonstrated 
retrograde communication between the ITC and vlPFC, highlight­
ing feedback’s crucial role in resolving occluded face processing. We 
found higher frontotemporal coordination for processing of faces 
with higher degree of occlusion, emphasizing the importance of 
long recurrent connections for effective occluded face processing. 
Overall, our findings argue that vlPFC feedback is critical for par­
tially occluded face representation and contributes to the develop­
ment of more robust computational models for occluded face 
processing. 

Results

 In this study, we recorded neural activity from two single elec­
trodes simultaneously, targeting the ITC and vlPFC (110 sessions, 
184 neurons in the ITC, 161 neurons in the vlPFC, 2 monkeys). 
Initially, we used the selectivity task to identify the face-selective 
neurons, and then we conducted the main task of our study on 
these neurons. We measured the neuronal response while the mon­
keys were performing a passive task ( Fig. 1A  ), wherein the monkey 
was required to maintain its gaze fixed on a specific point. In our 
study, the main task involved presenting the stimulus for 350 ms 
with 500 ms intervals. The monkeys received a reward every 3 s 
for maintaining their gaze on the fixation point. In our study, we 
used one-way ANOVA to evaluate the representation of complex 
features in the ITC and vlPFC regions ( Fig. 1B  ). We found that 
neurons in the ITC exhibited a more pronounced representation 
of these features compared to neurons in the vlPFC, highlighting 
the ITC’s specialized role in visual object recognition.        

 First, we tested how different artificial occluders affected neuronal 
responses. SI Appendix, Fig. S12  shows that none of the three types 
of occluders caused a significant difference in responses to face images. 
We also tested these occluders on images of monkeys and humans, 
both separately and together, and found no significant differences. 
For this reason, we focus more on natural stimuli in our analyses.

 The impact of facial image occlusion on the response charac­
teristics of ITC and vlPFC neurons remains unexplored. In this 
study, we aimed to bridge this gap by systematically presenting 
facial images with varying degrees of occlusion, thereby elucidating 
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Fig. 1.   The behavioral task involved processing category information. (A) In the passive task, monkeys fixated on a central point on the computer monitor while 
the stimulus was presented at that point. Simultaneously, spike activity and LFPs were recorded using a single electrode from the ITC and vlPFC regions of the 
monkey. Each stimulus condition was presented for 350 ms, followed by a 500 ms interstimulus interval (ISI). Example stimuli used in this study are shown. (B) 
In terms of category coding, ITC and vlPFC neurons exhibited category representations. Significance differences with baseline (−100 to 0 ms) were indicated by 
blue and red dots under the graph (error bars represent SEM; Wilcoxon rank-sum test; P < 0.01). (C and D) Sample PSTHs for neurons from the ITC and vlPFC at 
different occlusion levels are shown in (C and D), respectively.
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the relationship between occlusion and neural responses in these 
cortical regions. 

Different Representations for Occluded Faces in the ITC and 
vlPFC. The neural response of ITC neurons exhibits variability 
concerning distinct degrees of occlusion. The example neuron 
illustrated in Fig. 1C (for more example SI Appendix, Fig. S2A) 
exhibits a reduction in response as occlusion increases. Notably, 
intact stimuli elicit the highest firing rates, while those with full 
occlusion evoke the lowest firing rates. To find the relationship 
between neural responses and the level of stimulus occlusion (from 
intact to fully occluded faces in 4 levels), we used linear regression. 
The tuning curve illustrates how a neuron’s firing rate changes in 
response to various levels of occlusion. A negative slope means the 
neuron’s firing rate decreases as the level of occlusion increases, 
while for a positive slope, it is the opposite. The slope of the tuning 
curve demonstrates whether neurons prefer intact face stimuli 
(negative slope) or occluded ones (positive slope). It was observed 
that 71% of ITC neurons, specifically 131 out of 184, exhibited 
a negative slope, it was significantly more than 0.5 (binomial 
test, P < 10−9). This indicates a preference for intact face images, 
classifying them as intact-sensitive neurons (ISNs). Conversely, 
29% of neurons (53 out of 184; binomial test, P < 10−9) displayed 
a positive slope, indicating a preference for responding to faces 
with occlusion, categorizing them as occlusion-sensitive neurons 
(OSNs) (Fig. 2 A and B and SI Appendix, Figs. S4 and S5 for 
both monkeys). The observed difference in the percentage of 
ITC neurons preferring intact stimuli between the two monkeys 
(Monkey J: 78%; Monkey Z: 53%) may be influenced by the 
nonuniform distribution of recorded neurons across anatomical 
regions, as shown in SI  Appendix, Fig.  S11 illustrating the 
anatomical recording locations in both the ITC and vlPFC. The 
results suggest that neurons within the ITC exhibit a higher degree 
of slope toward intact face stimuli (Fig. 2D; mslope = −0.19 ± 0.016, 
P < 10−12). The representation of the average response over time for 
ISNs in the ITC reveals a statistically significant increase in their 
average response from 90 ms until the end of the stimulus display 
when comparing intact face stimuli to those with full occlusion 
(N = 131, µintact = 0.58 ± 0.024, µfull = 0.03 ± 0.005, Wilcoxon 
signed-rank test, P < 10−9; Fig. 2C).

 Our study also identified neurons in the ITC with two distinct 
response phases (SI Appendix, Fig. S2B﻿ ). During the first phase, 
many ITC neurons exhibited decreasing response with increased 
occlusion, while in the vlPFC region, neural activity increased pro­
portionally with the level of occlusion in the presented facial stimuli 
( Fig. 1D  ; for more examples, see SI Appendix, Fig. S2C﻿ ). The tuning 
curve slope for vlPFC neurons showed that over half of them had a 
positive slope at different occlusion levels (61%, 98/161, P  = 0.003, 
 Fig. 2 E  and F  ), This suggests that vlPFC neurons can be categorized 
as OSNs ( Fig. 2H  ; mslope = 0.05 ± 0.017, binomial test, P  < 10−5 ). 
Furthermore, the analysis of the average response in the peristimulus 
time histogram (PSTH) for OSNs in the vlPFC revealed a signifi­
cant increase in neural response for fully occluded images compared 
to intact ones (N = 98, µintact  = 0.10 ± 0.021, µfull  = 0.18 ± 0.026; 
Wilcoxon signed-rank test, P  < 10−16 ;  Fig. 2G   and SI Appendix, 
Fig. S4  for Monkey J and SI Appendix, Fig. S5  for Monkey Z).

 The study’s findings on artificial occluder placement show that 
different facial features hold varying importance to ITC neurons. 
When an occluder is placed over the left eye (location 4) or both 
eyes (location 5), neural responses differ significantly compared to 
other positions (Wilcoxon signed-rank test, P  < 0.05) (SI Appendix, 
Fig. S13A﻿ ). For human faces, placing the occluder at location 4 
significantly affects neural responses (Wilcoxon signed-rank test, 
﻿P  < 0.05) (SI Appendix, Fig. S13C﻿ ). In monkey faces, occluder 

placements at location 4 and location 5 lead to a significant decrease 
in ITC neuron activity compared to other positions, such as loca­
tion 1 (Top Left ), location 3 (Top Right), location 8 (Bottom Left ), 
and location 9 (Bottom Right) (Wilcoxon signed-rank test,  
P  < 0.05) (SI Appendix, Fig. S13D﻿ ).  

Representation of Occluded Faces in the Population of the ITC 
and PFC. To compare the similarity structure of neural response 
patterns to the similarity structure of experimental stimuli, we used 
representational dissimilarity matrix (RDM). An RDM reveals 
which differences between stimuli are highlighted and which are 
downplayed in the representation, effectively encapsulating, in an 
intuitive manner, the information content of the representation 
(24). Furthermore, to investigate the response pattern observed 
in ITC neurons, we employed the occluded models to indicate 
the incorporating level of occlusion. Each model represents a 
distinct degree of occlusion (Fig. 3C). The correlation between 
the occluded models and ITC ISN RDM was used to measure 
population coding (PC) of occlusion in neural circuits. We 
observed that the coding of occluded faces was robust in ITC 
neurons, as demonstrated in Fig. 3G. This finding indicates that 
even when parts of the faces were hidden, the neurons in the ITC 
were still able to process and represent the occluded faces. Notably, 
the highest ITC coding was observed in the neuronal responses of 
ITC ISN subpopulation for intact faces (µintact = 0.16 ± 0.043, µfull 
= 0.01 ± 0.045; bootstrap test, P = 0.04; as depicted in Fig. 3E). 
Similarly, this approach was employed to examine occluded face 
coding in vlPFC OSN subpopulation. Consistent with tuning 
curve analyses, the vlPFC OSN subpopulation showed increased 
coding activity for more occluded faces, with the lowest activity 
observed for intact faces (µintact = −0.02 ± 0.044, µfull = 0.10 ± 
0.057; bootstrap test, P = 0.06 Fig. 3H). These results demonstrate 
that consistent with individual neurons, different levels of occluded 
stimuli are represented on the activities of population in both the 
ITC and vlPFC.

Dissociation of Occlusion from Identity Processing in the ITC 
and vlPFC. To distinguish the effects of occlusion processing from 
identity processing, we employed GLM analysis. Additionally, 
we mitigated the impact of confounding factors, including 
luminance, identity information, and the first and second principal 
components obtained through principal component analysis (PCA) 
of the stimuli (refer to the Materials and Methods section). This 
approach allowed us to dissociate the specific impact of occlusion 
level on the outcome, regardless of the influence of identity or 
other features. As depicted in Fig. 4A, the contribution of occlusion 
processing of the ITC decreases with the increase of occlusion 
level (in ISNs; compared to the baseline, µIT = −3.61 ± 0.749, 
Wilcoxon signed-rank test; P < 10−11). This analysis shows that as 
more of the face is covered, the response of ITC neurons decreases. 
This reduction indicates that ITC neurons are specifically tuned 
to process complete facial features and their response diminishes 
as the face becomes more occluded. In contrast, the response of 
vlPFC neurons increases with occlusion (in OSNs; µvlPFC = 1 ± 
0.561, vs. baseline, Wilcoxon signed-rank test; P = 0.002). The 
responses of both groups of ISNs and OSNs in the ITC and vlPFC 
are depicted in SI Appendix, Fig. S6. This finding suggests that 
the vlPFC neurons’ responses become more pronounced as the 
level of occlusion increases. This indicates that the vlPFC neurons 
are specifically influenced by increasing levels of occlusion, even 
after accounting for potential confounding variables, including 
luminance and identity information.

 Examining the temporal dynamics in the GLM shown in  Fig. 4 , 
the ITC figure displays two clear phases. The first phase occurs around 
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122 ms (mean first phase = 122 ± 2.4 ms), followed by the second 
phase around 260 ms (mean second phase = 260 ± 4.3 ms) ( Fig. 4 
﻿B  , Top ). In the vlPFC graph, a single phase is observed at approxi­
mately 150 ms (m = 150 ± 8.4 ms) ( Fig. 4 B  , Down ), which occurs 
between the first and second phases seen in the ITC. This temporal 
relationship suggests a potential interaction and coordination between 
the neural activity in the vlPFC and the two phases observed in the 
ITC.  

Decoding of Occluded Face Representation in the ITC and vlPFC. 
To explore the decrease in ITC neuron response and the increase in 
vlPFC neuron response to occluded images, we studied the decoding 
of male and female images at various occlusion levels. Does the 
decoding accuracy between male and female classes in the ITC and 
vlPFC remain consistent across levels of occlusions? If the decoding 
accuracy remains consistent across all occlusion levels in both areas, 
it suggests that occlusion is not a factor in this category. Otherwise, 
it indicates that ITC and vlPFC neurons encode occlusion.

 We labeled our stimuli as male and female to assess the decoding 
of neuronal populations at different occlusion levels in both regions. 
We used a linear support vector machine (SVM) to analyze the 
decoding accuracy between male and female faces at each occlusion 
level individually. We measured the decoding of two phases in ITC 

neuronal responses separately. In  Fig. 5A  , we illustrate the decoding 
of the initial phase of ITC neurons. Without occlusion, the decod­
ing accuracy is higher compared to fully occluded images in the 
ITC region for distinguishing between male and female faces. 
However, as the occlusion level rises, the decoding accuracy in the 
ITC region gradually declines (µintact  = 90.7% ± 9.9; µfull  = 43% ± 
15.6, bootstrap test, P  = 0.03). This suggests that the ability to 
accurately decode gender information in the ITC region is affected 
by the presence of occlusion. On the other hand, in the vlPFC, the 
decoding accuracy for intact face images was low and similar to 
chance levels. However, with an increase in occlusion, the decoding 
accuracy showed improvement (µintact  = 50.2% ± 14.2 vs. µfull  = 
88.5% ± 11.6). Decoding between male and female classes showed 
significant differences when comparing intact stimuli to fully 
occluded images in both regions (bootstrap test, pIT  = 0.049, pvlPFC  
= 0.036).  Fig. 5B   illustrates the difference in decoding for male and 
female faces between the vlPFC and ITC. The plot indicates that 
as the level of occlusion in the stimuli increases, the accuracy of 
decoding in the vlPFC region increases, while it decreases in the 
ITC region (Δµintact  = −36.4% ± 14.4, Δµfull  = 37% ± 12., bootstrap 
test, P  = 0.03). These findings indicate that the ITC area specializes 
in processing images without occlusion, while the vlPFC area is 
involved in processing information related to occlusion. During the 
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Fig. 2.   Population responses in ITC and vlPFC neurons. (A) Average responses (0 to 350 ms) to occlusion were normalized (columns). The visible area is ranked 
along the abscissa, so each column may show a different amount of occlusion for each neuron. From left to right, the level of occlusion increases while the visible 
area decreases. Neurons were studied with four levels of occlusion (184 ITC neurons and 161 vlPFC neurons). Responses were normalized to each neuron’s highest 
response. (B) Most ITC neurons responded strongly (yellow) to low-level occluded faces and weakly (blue) to higher levels of occlusion. (C) Most vlPFC neurons 
responded strongly (yellow) to occluded faces and less strongly (blue) to low-level occluded faces. Specifically, 131/184 (71%) of ITC neurons and 63/161 (39%) of 
vlPFC neurons responded to intact faces. The responses of ITC and vlPFC neurons to occluded faces were 29% (53/184) and 61% (98/161), respectively. (D) Average 
responses normalized using data from ISN and OSN vlPFC at intact and full occlusion levels. The purple dots indicate significant differences between responses 
to intact and fully occluded images (error bars represent SEM; Wilcoxon signed-rank test; P < 0.05). (E) The responses in panels A and D were fitted using the 
distribution of linear regression slopes. (F) Negative slopes were present in the majority of ITC neurons (131/184), indicating stronger responses to intact stimuli; 
the median slope was −0.19. (G) In contrast, positive slopes were observed for the majority of vlPFC neurons (98/161), indicating higher responses to occluded 
stimuli; the median slope was 0.05. (H) Overall, these findings highlight the differential neural responses in the ITC and vlPFC to various levels of occlusion.
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second phase of decoding occlusion levels in the ITC, there was a 
clear difference compared to the first phase. Specifically, in the sec­
ond phase, the accuracy of decoding between images of male and 
female faces was higher, particularly for high and full levels of occlu­
sion (Decoding ITC Phase 2–Phase 1; µintact  = 7.5% ± 10.6, µlow  = 
5% ± 13.1, µhigh  = 19.4% ± 21.5, µfull  = 33% ± 19.3). This indicates 
that the second phase of the ITC provides better decoding accuracy 
compared to the first peak, particularly for more occluded images. 
However, the difference in decoding accuracy between intact images 
and fully occluded images is not statistically significant in the second 
phase of the ITC (Bootstrap test, P  = 0.06), suggesting that the 
accuracy for fully occluded images increases and approaches that of 
intact images. This increase indicates that, during the second phase 
of neuronal response decoding, occluded images are decoded 
approximately 30% more accurately compared to the first phase 
decoding by the same neurons. The difference between the vlPFC 
and the first phase of the ITC for intact images is around 36% 
(ΔvlPFC-ITC1 ; µintact  = −36.4% ± 14.4), increasing to about 43% 
(ΔvlPFC-ITC2 ; µintact  = −43.9% ± 14.4), with the second phase of the 
ITC. There is no significant distinction in intact images between 
the first and second phases of the ITC. However, for full occluded 
images, the difference between the vlPFC and the first and second 
phases of the ITC is 37% (ΔvlPFC-ITC1 ; µfull  = 37% ± 13, P  = 0.03), 
and 6% (ΔvlPFC-ITC2 ; µfull  = 6.8% ± 13, P  = 0.03), respectively. This 
indicates that during the second phase of the ITC, decoding of 
occluded images is more pronounced compared to the first phase 
and is similar to vlPFC decoding.  Fig. 5B   shows the differences in 
decoding between the vlPFC and the first phase of the ITC across 
all levels of occlusion. A value below zero indicates that the ITC 
outperforms the vlPFC in decoding, while a value above zero indi­
cates better decoding by the vlPFC. When subtracting the decoding 
values for the fully occluded level, the difference between the vlPFC 
and the first phase of the ITC is more pronounced, while the dif­
ference for the second phase is smaller. This suggests that the second 
phase of ITC decoding is more similar to that of the vlPFC 
(ΔvlPFC-ITC1 , P  = 0.03, ΔvlPFC-ITC2 , P  = 0.03).        

 Comparisons of decoding accuracy between intact and low 
occlusion levels in the ITC revealed a significant difference from 

the shuffled data (intact vs. low, P  < 10−3 ). In contrast, decoding 
accuracies for high and full occlusion levels did not exhibit signif­
icant differences from the shuffled data. In the PFC region, all 
occlusion levels except for the intact condition showed significant 
deviations from the shuffled data, with low, high, and full occlu­
sion levels each differing significantly (P  < 0.01).  

The Influence of the vlPFC on Shaping ITC Representation. From 
the findings in the earlier figures, it was evident that the processing 
of the initial and second phases in ITC neurons differs when 
dealing with occluded images. The vlPFC or higher regions likely 
contribute different information during the second phase of ITC 
neuron response to enhance the processing of occluded images. To 
explore this further, we conducted a Granger causality analysis on 
the RDMs to investigate whether the second ITC peak receives 
information from the vlPFC. The RDMs enable us to compare the 
representations of the ITC and vlPFC. By assessing how much the 
RDMs of one region can predict or “cause” the RDMs of another 
brain region, we calculate the influential relation between the 
two areas (24). This analysis helps to uncover the directional flow 
of information and the influence of one brain area on another. 
Statistically significant information transfer curves are observed 
between 95 and 130 ms (µITC→vlPFC = 0.009 ± 0.002), 145 to 220 
ms (µITC→vlPFC = 0.033 ± 0.004), and 305 to 320 ms (µITC→vlPFC 
= 0.010 ± 0.003) from the ITC to the vlPFC when compared to 
baseline activity (bootstrap test, P < 0.05) (Fig. 6B). Data transfer 
from the ITC to the vlPFC begins around 95 ms, reaching its peak 
between 145 and 220 ms (mPeak = 181 ± 1 ms). This timeframe 
follows the peak time of the initial phase of ITC neuron responses 
(mfirst P = 122 ± 2.4 ms). This time frame aligns with the processing of 
occluded faces in the vlPFC, as demonstrated in the previous figure 
(Fig. 4). This suggests that the vlPFC receives necessary information 
from the ITC. The information transfer curve from the vlPFC to 
the ITC shows a significant difference from the baseline during 
two-time intervals: 200 to 300 ms (µvlPFC→ITC = 0.017 ± 0.003), 
and 375 to 425 ms (µvlPFC→ITC = 0.014 ± 0.002; bootstrap test,  
P < 0.05). The second peak observed in Fig. 6B indicates a significant 
flow of information from the vlPFC to the ITC (The first red peak), 
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Fig. 3.   Population coding using RSA. (A and B) The neural representational dissimilarity matrices (RDMs) were calculated in a time window of 30 ms for each 
area (ITC in part a; vlPFC in part c) covering all neurons (see the Materials and Methods) section. (C and D) The model is constructed to simulate the representation 
and processing of information in the brain. These predicted patterns are then compared to the actual patterns of neural activity measured experimentally.  
(E and F) RSA yields intriguing results by contrasting the actual patterns of neural activity (represented by RDMs) over time for the ITC and vlPFC regions with the 
predicted patterns generated by the model. In the ITC region, there is a greater degree of similarity between the neural activity patterns and the intact model 
compared to the fully occluded model. Conversely, in the vlPFC region, there is a greater similarity between the neural activity patterns and the fully occluded 
model compared to the intact model. (G and H) Furthermore, as the level of occlusion increases, the bar plot demonstrates a decrease in the correlation of 
RSA for the ITC region. In contrast, for the vlPFC region, the correlation of RSA increases with higher levels of occlusion. The error bars, representing the SE, are 
depicted based on 500 bootstrap iterations. The lines beneath the curves on the e and f indicate significance with zero (bootstrap test, P < 0.05).
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representing the neural correlation of feedback connection of PFC 
signals into the ventral stream (µvlPFC→ITC = 0.017 ± 0.003; bootstrap 
test, P < 0.05). Notably, the figure demonstrates that the time needed 
for transferring information related to occlusion from the vlPFC to 
the ITC falls within the interval of 200 to 300 ms. This timeframe 
aligns with the second processing phase in the ITC, as identified in 
prior analyses (msecond P = 260 ± 4 ms). The transfer of information 
from the vlPFC to the ITC is believed to shape the representation 
of occluded stimuli and aid in resolving the problem of occlusion 
and challenging stimuli in the ventral visual stream. In other words, 
the vlPFC appears to play a role in providing feedback to the ITC, 
which helps in processing and integrating occluded facial features 
to resolve the issue of occlusion.

The ITC Has Two Distinct Neural Mechanisms for Processing 
Occluded Faces in the First and Second Phases. To uncover neural 
mechanisms over time in the ITC and vlPFC, we use time–time 
decoding analysis. Time–time decoding analysis in the ITC and 
vlPFC allows us to understand the temporal dynamics of neural 
activity in these brain regions. This analysis allows the identification 
of cortical sources that drive visual processing and enables us to 

distinguish different processing strategies within a single cortical area. 
Additionally, examining how the decoding accuracy changes over 
time provides evidence for understanding the neural mechanisms 
involved in processing occluded faces. The time–time decoding 
analysis was conducted in two ways to evaluate decoding performance 
in different scenarios. In the first analysis, we used labels for intact 
and low occlusion (IL occlusion), training at one time and testing 
at another time. In the second analysis, the labels were intact and 
full occlusion (IF occlusion). We observed two distinct phases of 
decoding performance (Fig. 7 A and B). The first phase occurred 
between 70 and 200 ms, while the second phase occurred after 
200  ms (Fig.  8 illustrates two distinct zones for the ITC). The 
decoding performance in the ITC region revealed different patterns 
between the IL occlusion and the IF occlusion. The second phase of 
decoding in the IF occlusion condition demonstrated significantly 
higher performance compared to the second phase of the IL occlusion 
condition (µIF p2 = 37.8% ± 1.8, µIL p2 = 32.5% ± 2.4; Wilcoxon 
signed-rank test, P = 10−36). This observation confirms the two 
distinct phases in the ITC and indicates a higher contribution of the 
late phase in the processing of occluded faces as challenging stimuli.

 Within the specific time window of 125 to 200 ms in the vlPFC 
region, there is a single processing period, consistent with the uni­
modal observed in the representation of occluded faces in this area. 
Furthermore, we demonstrate a clear difference between the IF 
occlusion and IL occlusion conditions, confirming increased 
engagement of the vlPFC in facial processing with greater occlusion 
(µIF  = 30.7% ± 2.5, µIL  = 37% ± 1.4; Wilcoxon signed-rank test,   
P  < 10−5 ,  Fig. 7 C  and D  ). The results illustrating the difference 
between the IF occlusion and IL occlusion conditions (IF-IL) in 
the ITC and vlPFC regions are presented in SI Appendix, Fig. S7 .

 The distinctive decoding pattern in the ITC time–time plot 
confirms the dissociation of the first and second phases for pro­
cessing different aspects of input stimuli. In the first phase, the 
ITC is more engaged in the detection of stimuli, while in the 
second phase, influenced by vlPFC feedback, it is involved in 
resolving the occluded aspects of stimuli.  

Enhanced Synchronization between the ITC and vlPFC during 
Occlusion Face Processing. We observed that information related 
to occluded stimuli is transferred from the vlPFC to the ITC within 
the time interval of 130 to 200 ms. Consequently, the feedback 
connection suggests greater coordination for stimuli with higher 
occlusion than for images without occlusion during this time. The 
phase locking value (PLV) analysis is a method used to measure 
the degree of synchronization or coherence between two brain 
regions. This analysis is valuable for understanding the functional 
connectivity and communication between different brain areas 
during various cognitive processes. Empirical investigations have 
consistently demonstrated that heightened alpha-beta synchrony 
between brain areas is indicative of the involvement of Top–Down 
processes (25–27). This synchronization is believed to facilitate the 
integration of information across brain regions, thereby promoting 
effective communication and coordination among them (25–27).

 Using PLV analysis, we quantified the degree of synchrony 
between the ITC and vlPFC during the processing of full occlu­
sion faces compared to intact faces. The PLVs within the alpha-
beta frequency band for both intact and full occluded images 
ranged between 7 and 17 Hz ( Fig. 8A   and SI Appendix, Fig. S8  
provides additional examples for both monkeys). The results 
illustrating the difference between these two conditions revealed 
a higher degree of locking value for full occluded images com­
pared to intact images (µintact  = 2.88 ± 0.332, µfull  = 3.88 ± 0.623, 
﻿P  < 10−11  Similar in both, every distinction from the baseline). 
Furthermore,  Fig. 8B   demonstrates that the locking phase of 
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the ITC and vlPFC. (A) Displays the contribution of occlusion level extracted 
from the GLM analysis over time for the ITC (blue) and vlPFC (black) regions. 
The black and blue dots positioned above and below the figure indicate the 
time points at which there is a significant difference compared to the baseline 
(the shadow represents the SEM, calculated over the number of neurons; 
Wilcoxon signed-rank test; P < 0.05). (B) The histogram illustrates the peak 
times for part a. Specifically, the ITC region exhibits two distinct phases, with 
peak times occurring at approximately 122 and 261 ms, respectively. On the 
other hand, the vlPFC region demonstrates a single peak at around 153 ms.
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full occluded images exhibited a significantly higher value 
between the time intervals of 150 and 195 ms compared to the 
locking phase of intact images (µintact  = 2.88 ± 0.332, µfull  = 3.88 
± 0.623; SI Appendix, Fig. S9 ; Wilcoxon signed-rank test,  
﻿P  < 0.01). As expected, the time period during which phase 
locking between different occlusion levels is significant (150 to 
195 ms) aligns with the time window of information transfer 
from the vlPFC to the ITC in the Granger causality analysis 
(130 to 200 ms), as well as with the time window of time–time 
decoding (125 to 200 ms).

 These findings provide evidence of a consistent upward trend in 
the locking value between the ITC and vlPFC as the levels of occlu­
sion increase (µintact  = 2.88 ± 0.332, µlow  = 3.29 ± 0.478, µhigh  = 3.65 
± 0.506, µfull  = 3.88 ± 0.623; SI Appendix, Fig. S9 ). The examination 

of the data depicted in  Fig. 8C   reveals a higher PLV for images with 
occlusion compared to images without occlusion (36/58, P  = 0.03; 
Wilcoxon signed-rank test intact vs. full, P  < 0.01; intact-full  
µ = −0.89 ± 0.366). This suggests increased functional connectivity 
and synchronization between frontotemporal networks during 
occluded stimuli processing, potentially facilitating the integration 
and interpretation of visual information.  

Occlusion Increases Microsaccade Activity but Does Not Affect 
Pupil Size. Microsaccades are small, involuntary eye movements 
that occur even when the gaze is fixed. These movements are 
crucial for maintaining visual acuity and compensating for 
the sensory fading of the retinal image. Research has shown 
that microsaccades play a role in visual processing even in 
passive viewing conditions, making them a valuable metric in 
such studies. Research shows that microsaccades, even during 
passive viewing, offer important insights into how we process 
and stabilize visual information, making them a valid behavior 
to study in passive paradigms (28). We analyzed microsaccade 
rates for intact and occluded face images. As shown in Fig. 9A, 
the rates are similar for both types of images until the end of the 
first phase of ITC neuron responses. However, starting from the 
second phase, there is a significant difference in microsaccade 
rates between intact and occluded images (Wilcoxon signed-
rank test, P < 0.05).

 Pupil size is affected by stimulus properties such as size, con­
trast, and spatial frequency, with larger stimuli generally causing 
greater constriction, independent of luminance ( 29 ,  30 ). 
Increased cognitive load leads to larger pupil sizes, making it a 
reliable measure of cognitive effort ( 31 ). Our results, shown in 
 Fig. 9B  , reveal that pupil size remained consistent for both intact 
and fully occluded stimuli throughout the observation period. 
There were no significant differences in pupil size between the 
two conditions, indicating that the cognitive and perceptual 
demands were similar for both intact and occluded stimuli. To 
ensure that brain state did not influence the processing of 
occluded images, we conducted an analysis. We sorted the trials 
for both intact and occluded face images based on pupil size. We 
divided the trials into two categories based on pupil size: small 
and large. For each category, we calculated the PLV separately 
for intact and occluded face stimuli across the relevant brain 
regions. The results showed that, regardless of pupil size, the PLV 
for occluded images was consistently higher than for intact 
images (SI Appendix, Fig. S10 ). This indicates that the difference 
in neural responses is related to how the brain processes occlu­
sion, independent of brain state or arousal levels.   
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Discussion

 The main goal of this study was to investigate how the brain, par­
ticularly the ITC, responds to partially occluded faces and the role 
of the vlPFC in this process. In our initial investigation, we observed 
reduced neural responses in the ITC to varying levels of occlusion 
in facial stimuli, with some neurons exhibiting a two-phase response 
(SI Appendix, Fig. S2 ). Additionally, our analysis uncovered the 
involvement of the second phase of the ITC in processing occluded 
stimuli. We also found the role of the vlPFC in processing occluded 
facial stimuli, occurring before the second phase of ITC activity. 
Our study revealed that as the level of occlusion in the visual stimuli 
increased, there was a greater level of coordination observed between 
the ITC and vlPFC regions of the brain. We also identified that the 
neural mechanism in the second stage of the ITC response, specifi­
cally after 180 ms, was found to be involved in processing facial 
stimuli that were occluded or partially occluded. We noticed that 
the vlPFC has an important function in representing the activity of 
the second phase of neurons in the ITC when processing faces that 
are occluded or partially obscured. The vlPFC provides essential 
information to the ITC through feedback. Our results demonstrate 
the separation of occlusion processing from identity processing and 
emphasize the significant contribution of the vlPFC in representing 
the second phase of ITC neurons for occluded faces.

 Additionally, the results from the artificial occluders confirmed 
that the eyes are crucial for facial recognition, consistent with Issa 
and DiCarlo ( 13 ). We also found that occlusion has a greater 
impact on conspecific images compared to images of other species, 
which is consistent with previous studies ( 32 ,  33 ). This compar­
ison is shown in SI Appendix, Fig. S13 C  and D . 

The ITC Processes Face Identities, while the vlPFC Deals with 
the Challenge of Processing Occluded Face Stimuli. Behavioral 
studies have demonstrated that occluded stimuli are rapidly 
and completely represented (34, 35), and this ability has been 

observed even in infants as well (36–40). Because the information 
from the covered parts of occluded stimuli is not projected onto 
the retina, it has been observed that the response of neurons to 
occluded stimuli can differ from that to complete stimuli (12, 
17). Our findings revealed that the response of a majority of 
neurons in the ITC region (71%) decreases when presented with 
occluded stimuli (ISNs), while only a small percentage (29%) of 
the neurons in this region increase their response (OSNs). Various 
studies present conflicting findings regarding neural responses to 
occluded and intact stimuli. Some indicate that neuron response 
to intact stimuli is greater than to occluded stimuli (11, 12, 17, 
41–43), while others suggest the opposite (10, 42, 44, 45), and 
some studies report equivalent responses to both intact and 
occluded stimuli (40, 42, 46–48). In the imaging study, it was 
revealed that the selective-face area is also dedicated in processing 
occluded face stimuli (46). This aspect was taken into account 
in our study, where we recorded face-selective neurons in the 
ITC to explore the impact of facial occlusion. Additionally, 
it is noted that low-level visual areas process simple occluded 
stimuli, while more complex occluded stimuli are processed in 
higher vision areas (40). Numerous studies have shown that the 
brain contains specific areas and circuits dedicated to processing 
facial stimuli (6, 22, 46, 49–53), as well as other types of stimuli 
(54–56). Discrepancies in occlusion study results may arise from 
factors such as recording from selective or nonselective neurons, 
using static or dynamic occlusion stimuli, employing two-
dimensional or three-dimensional occlusion stimuli, variations 
in experimental paradigms, and differences in the duration of 
stimulus presentation. Our results indicate that the response 
of face-selective neurons decreases as more facial features are 
covered. This finding aligns with studies that have recorded the 
selectivity and preference of neurons for the stimulus (11–13).

 The representation of facial stimuli with varying levels of occlusion 
in the vlPFC revealed that many neurons in this area exhibit a stronger 
response to occluded face stimuli, aligning with previous study by 
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Fig. 7.   Comparative analysis of time–
time decoding in the ITC and vlPFC. (A) 
The temporal dynamics of decoding 
accuracy for faces with IL occlusion 
in the ITC region are revealed by the 
time–time decoding analysis. Two dis-
tinct phases of decoding are observed, 
with the first phase occurring between 
70 and 200 ms and the second phase 
occurring after 200 ms. (B) Similarly, 
in the time–time decoding analysis for 
faces with IF occlusion in the ITC re-
gion, two distinct phases are observed. 
However, the decoding performance 
accuracy is higher compared to faces 
with IL occlusion. (C and D) In the vlPFC 
region, the time–time decoding anal-
ysis demonstrates that the decoding 
accuracy reaches its peak between 
125 and 200 ms, regardless of the 
level of occlusion. Notably, there is a 
significant difference in the decoding 
accuracy between faces with IF occlu-
sion and faces with IL occlusion in the 
vlPFC region bootstrap test (P < 0.05).
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Fyall et al. ( 17 ). There has not been any research exploring occluded 
face representation in this vlPFC region. The response of many vlPFC 
neurons increases as more parts of the face are covered, a pattern 
distinct from the response of neurons in the visual pathway.

 Two factors can contribute to the enhancement of vlPFC response 
as the extent of occlusion increases. First, neurons in the vlPFC area 
respond to the occluders rather than the face itself, leading to an 
increased response with more occluder content. Second, as the level 
of face occlusion rises, processing these images becomes more chal­
lenging, leading to increased engagement of vlPFC neurons. 
Consistent with previous studies, our observations confirm the sec­
ond hypothesis ( 17 ,  42 ). Therefore, the vlPFC is involved in occluder 
processing as a center for resolving challenging stimuli ( 15 ). As the 
level of occlusion increases, the challenge on stimuli also increases, 
leading to higher engagement or activity of the vlPFC.

 In our design, one occluder stimulus contains both identity and 
occlusion information simultaneously. While higher-order visual areas 
are known for representing object-specific information, such as the 
category or identity of occluded objects ( 43 ), distinguishing neurons’ 
responses to different occlusion levels from the stimuli’s identity 
remains unclear. To address this, we employed a generalized linear 
model (GLM) to measure the contribution of various factors, includ­
ing different levels of occlusion, basic visual features (i.e., PC1 and 
PC2), and identities of stimuli. The GLM enables us to dissociate the 
contribution of occlusion levels from identity representation and 
simultaneously control for the effects of visual confounding factors.  

The First and Second Phases of ITC Neurons Exhibit Distinct 
Neural Mechanisms. In the temporal dynamics of many ITC 
neurons, we observed two response phases in both single-neuron 
(Fig. 2S) and population-level analyses (Figs. 4 and 5). In this study, 
our results show that the first and second phases of the response 
of ITC neurons in the processing of face stimuli differ. Our results 

show that the second phase of the response of these ITC neurons 
is involved in the processing of occluded face stimuli, which is 
consistent with previous studies on the processing of challenging 
images in the second phase of the neurons’ response (12, 16). Our 
results indicated that the first phase response of ITC neurons occurs 
between 90 and 150 ms, while the second phase response occurs 
after 180 ms. Studies on occluded stimuli have demonstrated that 
these stimuli are processed with a longer delay than nonoccluded 
images (11, 16, 57, 58). The temporal dynamics of the face and 
fully occluded face representation reveal distinct neural mechanisms 
in the early and late phases of response. The time–time decoding 
matrices show that the decoding accuracy for occluded faces in 
the second phase in the ITC was higher than for intact faces. This 
suggests that the information content in the second phase differs 
from that in the first phase of the occlusion condition and is likely 
received from other areas. These results are consistent with previous 
studies, showing that the second phase of the response in the ITC to 
occluded stimuli not only receives information from the feedforward 
flow but also gets input from other areas (40).

The Feedback from the vlPFC Can Modulate the Second Phase of 
ITC Activity in Response to Occluded Faces. Our findings showed 
that the second phase in the ITC gathers more information 
from occluded stimuli than what the feedforward route offers. 
Theoretical studies show higher prediction accuracy of ITC 
neural response in the first phase compared to the second phase, 
indicating the absence of feedback information in the first peak and 
underscoring the role and significance of recurrent and feedback 
circuits in the second phase (56–59). While various downstream 
areas, including the vlPFC, perirhinal cortex, amygdala, and 
striatum, can participate in information transfer through feedback 
or recurrent pathways (59, 60), previous research suggests that 
the vlPFC plays a more substantial role (16, 17, 61). Anatomical 
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Fig. 8.   Uncovering the influence of occlu-
sion on neural synchronization. (A) The 
PLV between the ITC and vlPFC regions is 
shown for intact stimuli and full occlusion. 
Prior to the second phase of the ITC, there 
is a high PLV observed in the 7 to 17 Hz 
frequency range. The difference heat map 
clearly indicates a greater degree of lock-
ing in the presence of occlusion. (B) In the 
analysis of PLV for the frequency range of 7 
to 17 Hz over time, a significant difference 
is observed between the intact and full oc-
clusion conditions within the time window 
of 155 to 195 ms. (C) In the scatter plot, it 
is evident that a higher proportion of the 
pairs for PLV show greater PLVs for full oc-
clusion compared to intact images (62%), 
indicating a significant difference (Wilcoxon 
signed-rank test, with P < 0.01). The median 
value of −0.29 for this distribution indicates 
that the majority of the PLVs are skewed 
toward the side of full occlusion.
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studies have demonstrated a direct connection between the vlPFC 
and visual areas such as the ITC (62, 63).

 Employing Granger Causality Analysis allowed us to demonstrate 
the flow of information processing originating from the vlPFC, with 
the second phase of ITC processing receiving information from 
PFC. Consistently, the temporal dynamics of the response of vlPFC 
neurons (130 to 200 ms) to occluded faces preceded the processing 
of the second phase of neurons (180 to 300 ms) in the ITC. 
Therefore, our findings indicated that the second phase of the ITC 
is responsible for processing stimuli with occlusion.

 Pharmacologically deactivating the vlPFC impairs its role in 
processing challenging stimuli in the second phase of the ITC 
( 16 ). Additionally, the longer reaction times for challenging stim­
uli compared to nonchallenging stimuli ( 23 ) suggest the impor­
tance of receiving information from the vlPFC for correctly 
perceiving occluded stimuli. Our observations offer a neural mech­
anism for this, involving the transfer of feedback information to 
the ITC, ultimately resolving the issue of occluded face images in 
the second phase of the ITC.  

The Coordination between the Frontal and Temporal Regions 
Is Associated with the Level of Occlusion. Consistent with prior 
research on the involvement of the vlPFC region in addressing 
challenging image-related issues (16, 17), we observed a higher 
PLV between the two areas (ITC and vlPFC) in the alpha-beta 
frequency range (7 to 17 Hz) when faces are more occluded 
compared to faces with a low level of occlusion. The alpha-beta 
frequency is recognized as a feedback index (25, 64–67).

 The precise behavioral differentiation of occluded stimuli, along 
with a notable change in the response rate of the ITC, implies the 
involvement of the extra visual cortex such as the PFC in the rep­
resentation of challenging objects. The observed frontotemporal 
coordination suggests the important role of the vlPFC in occlusion 
processing. While the vlPFC is not typically associated with passive 
tasks, recent studies highlight its role in the second phase of pro­
cessing in non-task-dependent situations ( 23 ,  68 ,  69 ). However, 
the passive paradigm in our study makes our results less susceptible 
to the influence of various high-level confounds, such as attention, 
vigilance level, working memory, and other active components.

 The reported neural mechanism is among the first studies that 
suggest the neural mechanism of occluded face processing. The sug­
gested mechanism necessitates the revision on the current artificial 
object understanding models that usually missed the role of feedback 
and temporal dynamics of representation. Although previous causal 
studies were consistent with our results, the casual study with inacti­
vation of the vlPFC will provide strong evidence that support the role 
of PFC feedback in challenging complex object representation.

 The reported neural data are among the first studies that suggest 
the neural mechanism of occluded face processing. The suggested 
mechanism necessitates the revision on the current artificial object 
understanding models that usually missed the role of feedback 
and temporal dynamics of representation. Although previous 
causal studies were consistent with our results ( 16 ,  70 ,  71 ), the 
casual study with inactivation of the vlPFC will provide strong 
evidence that supports the role of PFC feedback in challenging 
complex object representation.  

The Brain Compensates for Occlusion by Increasing Micro­
saccade Activity. In our passive task, we investigated microsaccades 
and pupil size as indicators of behavior. Our results align with 
previous studies showing that microsaccades help process difficult 
visual details (28, 72), especially when images are occluded (73, 
74). We found that, from 200 ms into the second phase of ITC 
neuron responses, microsaccade activity increased significantly 
for occluded images compared to intact images. This finding 
supports our earlier results on how the brain processes occluded 
images. Additionally, it suggests that information about occlusion 
transmitted from the vlPFC to the ITC may influence microsaccade 
rates during this phase. This indicates that the brain uses enhanced 
microsaccade activity to gather additional visual information and 
sustain a continuous perception of the object.

 Pupil size is a valuable indicator of brain state, providing insights 
into arousal and cognitive processes. Changes in pupil size reflect 
variations in neuromodulatory activity, which in turn affects how 
different brain structures process information. When pupil size 
increases or decreases, it signals shifts in the brain’s arousal levels and 
cognitive states ( 75 ,  76 ). Pupil size is also influenced by stimulus 
properties like size, contrast, and spatial frequency. Larger stimuli 
typically cause more constriction, regardless of luminance ( 29 ,  30 ). 
Our results show that brain state, as measured by pupil size, remains 
unchanged when viewing different stimuli, such as intact and 
occluded face images. This consistency suggests that not only are the 
image characteristics similar, but the brain is also in a similar state 
regarding cognitive processing and arousal. The observed differences 
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in neural responses to intact vs. occluded faces are therefore likely 
due to differences in how these images are represented in the brain, 
rather than differences in cognitive load or arousal.

 The finding that the PLV for occluded images was consistently 
higher than for intact images, regardless of pupil size, suggests that 
the observed neural differences are due to the way the brain pro­
cesses occluded images, rather than being influenced by changes 
in brain state or arousal levels.

 The reported neural mechanism is among the first studies that 
suggest the neural mechanism of occluded face processing. This find­
ing necessitates a revision of current artificial object understanding 
models, which often overlook the role of feedback and the temporal 
dynamics of representation. Although previous causal studies were 
consistent with our results ( 16 ,  70 ,  71 ), a causal study involving vlPFC 
inactivation would provide strong evidence supporting the role of 
PFC feedback in challenging complex object representation.

 One of the primary limitations of our study is the use of a 
passive viewing task, which does not directly assess how monkeys 
perceive or discriminate between intact and occluded faces. While 
the passive task allowed us to focus on the intrinsic neural coding 
within the ITC and vlPFC, it does not provide insights into how 
these neural responses translate into perceptual or behavioral out­
comes. This limitation underscores the need for future studies to 
incorporate behavioral measures or active tasks to further explore 
the relationship between perception and neural activity in these 
regions. Additionally, a limitation of this study is the lack of fMRI 
to define face-selective patches, making it challenging to precisely 
identify the specific neuronal populations within the ITC from 
which we recorded. This limitation underscores the importance 
of future studies combining stereotaxic methods with fMRI to 
achieve more accurate localization of face-selective neurons.   

Materials and Methods

Animal. Two adult male rhesus macaques (Macaca mulatta), Monkey J (7 y old, 
10 kg) and Monkey Z (14 y old, 12 kg), were used in the study. MRI and CT scans 
were used to position recording chambers over the ITC and vlPFC. Chambers were 
implanted surgically under isoflurane anesthesia. The experimental protocols were 
approved by the Institute’s Fundamental Science committee (99/60/1/160/1).

Neurophysiology. Extracellular recordings of spike activity and local field poten-
tials (LFPs) were conducted using single electrodes in the vlPFC and ITC regions. 
Data were collected from 161 vlPFC neurons (109 from Monkey J and 52 from 
Monkey Z) and 184 IT neurons (132 from Monkey J and 52 from Monkey Z). 
Neural regions were identified based on stereotaxic coordinates, sulci patterns, 
and responses to electrical stimulation.

Stimuli. We used two sets of grayscale stimuli for the study: The first set comprised 
165 photographs for selectivity tests (e.g., faces, bodies, natural and man-made 
objects), while the second set included 392 photographs with human and monkey 
faces, along with natural and artificial occluders. Natural occluders (e.g., masks, glasses, 
caps) and artificial ones (e.g., phase, texture, pixel scramble) were employed to investi-
gate the effects of occlusion on neural responses. Stimuli were matched for luminance 
and contrast using the Shine Toolbox (50), and presented in a randomized sequence.

Behavioral. Monkeys were trained to perform a passive fixation task while seated 
in primate chairs with their heads restrained. Visual stimuli were displayed for 
350 ms on an LED monitor, and juice rewards were provided every 3 to 5 s during 
successful fixation. Eye position was monitored using an infrared eye tracker 
(EyeLink 1000 Plus, SR Research Ltd.). The face-selectivity index was used to 
identify face-selective neurons in the ITC, and only face-selective neurons were 
prioritized for recording in the vlPFC.

Data Analysis. Data analysis was conducted using MATLAB (MathWorks) with 
the exception of Granger causality analysis, which was performed in Python. Raw 
LFP data were filtered between 1 and 300 Hz and resampled at 1 kHz. LFP data 
were normalized by subtracting the mean and dividing by the SD across trials. 

For firing rate analysis, spike trains were smoothed using a 10 ms Gaussian ker-
nel. Normalized firing rates and face-selectivity indices were calculated to assess 
neuronal responses. Peak response times were determined using the MATLAB 
“findpeaks” function within 50 to 600 ms poststimulus onset.

Tuning Curve. To analyze neuronal tuning, we normalized all responses and 
computed the mean response at each occlusion level. For each neuron, we fitted a 
GLM across four occlusion levels. The slope of the fitted line indicated the neuron’s 
preference for either occluded or intact faces, with positive slopes reflecting a 
preference for occluded faces and negative slopes for intact faces.

Representational Similarity Analysis (RSA). We applied RSA using a 50 ms 
sliding window with a 10 ms stride on spike trains to capture neural activity patterns. 
Correlation distance (1 minus linear correlation) was used to compute pairwise dis-
similarity values (59, 60), resulting in a representational dissimilarity matrix (RDM). 
Four computational models, each representing different levels of occlusion, were 
compared with brain RDMs using Spearman rank correlation to assess the similarity 
between the observed neural representations and the theoretical models.

Regression Model. We employed a GLM to assess the relationship between neu-
ral responses and the level of occlusion. To ensure accurate results, we regressed 
out the effects of overall luminance, contrast, and identity information. Contrast 
was calculated for each stimulus, and principal components of image features 
were included in the GLM to model primitive stimulus characteristics.

Classification Accuracy (SVM) Over Time. To assess how classification accuracy 
evolves over time, we used a 50 ms sliding window with 5 ms steps. An SVM clas-
sifier with a linear kernel was trained on 70% of the data and tested on 30%, with 
normalization of accuracy reported to account for chance levels (77). SE were calcu-
lated based on 500 repetitions of random partitioning into training and test sets.

Time–Time Decoding. Neural activity data were used to train SVM classifiers 
to differentiate between occlusion levels at each time point. The classifiers were 
tested for their ability to generalize across all time points, evaluating their pre-
dictive performance beyond the training windows (78).

Granger Causality. We used Granger causality analysis to investigate the func-
tional coordination between ITC and vlPFC circuits. This method involves training 
autoregressive models on RDMs from each brain area to forecast subsequent 
time steps (79). The ratio of unexplained variance between models trained on 
single vs. combined areas quantifies directional influence, allowing us to assess 
the functional interaction between regions.

PLV. Synchronization between signals was assessed using the PLV. Data were 
filtered in the alpha-beta band (7 to 17 Hz), and PLV was calculated based on 
the instantaneous phase of the signals. This measure quantifies the degree of 
synchronization between two signals, with values ranging from 0 (random phase 
relationship) to 1 (fixed phase relationship).

Statistical Analysis. Statistical analyses were performed using the Wilcoxon 
signed-rank test for paired comparisons and the rank-sum test for unpaired 
comparisons, unless otherwise specified. Comparisons were conducted across 
the population. For example, in comparing PLV between fully occluded and intact 
trials, the Wilcoxon signed-rank test was employed. Results include SEM, and 
permutation P-values were calculated with a specified number of iterations.

Data, Materials, and Software Availability. The data, analysis, and related 
materials are available in Github (80). All other data are included in the article 
and/or SI Appendix.
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