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Face Inversion Decreased Information about Facial Identity
and Expression in Face-Responsive Neurons in Macaque
Area TE
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To investigate the effect of face inversion and thatcherization (eye inversion) on temporal processing stages of facial information, single
neuron activities in the temporal cortex (area TE) of two rhesus monkeys were recorded. Test stimuli were colored pictures of monkey
faces (four with four different expressions), human faces (three with four different expressions), and geometric shapes. Modifications
were made in each face-picture, and its four variations were used as stimuli: upright original, inverted original, upright thatcherized, and
inverted thatcherized faces. A total of 119 neurons responded to at least one of the upright original facial stimuli. A majority of the
neurons (71%) showed activity modulations depending on upright and inverted presentations, and a lesser number of neurons (13%)
showed activity modulations depending on original and thatcherized face conditions. In the case of face inversion, information about the
fine category (facial identity and expression) decreased, whereas information about the global category (monkey vs human vs shape) was
retained for both the original and thatcherized faces. Principal component analysis on the neuronal population responses revealed that
the global categorization occurred regardless of the face inversion and that the inverted faces were represented near the upright faces in
the principal component analysis space. By contrast, the face inversion decreased the ability to represent human facial identity and
monkey facial expression. Thus, the neuronal population represented inverted faces as faces but failed to represent the identity and
expression of the inverted faces, indicating that the neuronal representation in area TE cause the perceptual effect of face inversion.
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Introduction
In our social life, we can immediately detect a face and easily
recognize its individual identity and emotional state. This
ability is assumed to be based on neural processing in areas
participating in the analysis of visual characteristics of faces in
the temporal lobe in both humans and macaque monkeys
(Tsao et al., 2008; Bell et al., 2009; Pinsk et al., 2009). This
assumption is supported by findings of electrophysiological
studies showing that facial identity and expression are repre-
sented by face-responsive neurons in the macaque temporal

cortex (Hasselmo et al., 1989; Sugase et al., 1999; Eifuku et al.,
2004; Freiwald and Tsao, 2010; Sugase-Miyamoto et al., 2011).

In human psychological studies, a picture-plane inversion of a
face reduces face recognition ability of both facial identity (e.g.,
Yin, 1969) and facial expression (McKelvie, 1995; Prkachin, 2003;
Derntl et al., 2009), an effect known as the face inversion effect.
However, such an inversion has only a minor effect on face de-
tection (Valentine, 1991; Lewis and Edmonds, 2003). It is re-
ported that the configuration of facial parts becomes less
perceptible after face inversion (Freire et al., 2000; for review, see
Rossion, 2008; McKone and Yovel, 2009). For example, it is dif-
ficult to perceive the inverted orientation of the eyes and
mouth in an inverted face, which is known as the “Thatcher
effect” (Thompson, 1980). Recent comparative psychological
studies have reported the existence of the Thatcher effect even
in macaque monkeys (Adachi et al., 2009; Dahl et al., 2010). It
has been reported that, in the macaque temporal cortex, face-
responsive/selective neurons (Perrett et al., 1984; Tsao et al.,
2006) and face-selective areas (Bell et al., 2009; Pinsk et al.,
2009) decrease the response strength to inverted faces com-
pared with the response to upright faces. However, it is not
clear whether or not face inversion decreases the amount of
information about facial identity/expression represented by
the face-responsive neurons.
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In our previous studies, we reported that face-responsive neu-
rons in macaque area TE convey different kinds of information
along the time axis, information about a global category (human
faces vs monkey faces vs simple shapes) being conveyed earlier
than information about more detailed facial category items (i.e.,
facial identity and expression) (Sugase et al., 1999; Matsumoto et
al., 2005). In the present study, to understand the effect of face
inversion on the information conveyed by neurons, single-unit
activities in area TE were recorded during presentations of mon-
key and human faces with four variations (upright original, in-
verted original, upright thatcherized, inverted thatcherized faces)
and simple shapes. Principal component analysis (PCA) applied
on the neuronal population responses revealed significant effects
of face inversion on information conveyed by TE neurons. Face
inversion decreased the amount of fine information conveyed by
the neurons and impaired their ability to represent human facial
identity and monkey facial expression, although it did not affect
the information about global category. The results seem to be
consistent with the behavioral phenomena that have been re-
ported by psychological studies.

Materials and Methods
Subjects. Subjects were two male rhesus monkeys (Macaca mulatta)
weighing 10 and 9 kg (Monkey C and Monkey T, respectively). Monkey
T was used after another experiment on recording during conditional
associations. All surgical and experimental procedures were approved by
the Animal Care and Use Committee of the National Institute of Ad-
vanced Industrial Science and Technology (Japan) and were performed
in accordance with the Guidelines for Care and Use of Animals of the
National Institute of Advanced Industrial Science and Technology.

Experimental apparatus and behavioral task. The monkeys performed a
task while seated in a primate chair positioned in front of a monitor
(FlexScan T966, EIZO) on which visual stimuli were displayed. The cen-
ter of the monitor screen was located at eye level, 57 cm in front of the
eyes. A touch-sensitive bar was mounted on the chair at the level of the
monkey’s hands. Liquid rewards were delivered from a drinking spout
positioned in front of the monkey’s mouth. Behavioral control and data
acquisition were performed using the REX real-time data-acquisition
program adapted to the QNX operating system (Hays et al., 1982). Spike
times and task events were recorded at a 1 ms time resolution with REX.
Neurobehavioral Systems Presentation software was used to display vi-
sual stimuli at a refresh rate of 75 Hz (Neurobehavioral Systems).

In a fixation task, a trial began when the monkey touched the bar, after
which a yellow target (0.3° � 0.3°) appeared in the center of the screen.
After the monkey had fixated on the yellow target for 200 –300 ms, the
target was removed for 100 ms, and then one of the test stimuli was
presented for 400 –500 ms. After the disappearance of the test stimuli, the
yellow target reappeared for 200 –300 ms and a drop of juice was deliv-
ered as a reward in every trial. If the monkey released the bar or broke eye
fixation during the stimulus presentation, an error was registered and the
monkey had to repeat the identical trial type from the beginning.

The test stimuli consisted of colored pictures of 28 faces, including 16
monkey faces (four models with four expressions) and 12 human faces
(three models with four expressions), inverted images (180 degree rota-
tion) of the 28 faces, thatcherized images (180 degree rotation of the eyes)
of the 28 faces, inverted images of the 28 thathcerized faces, and 8 geo-
metric shapes (rectangles and circles, each in one of four colors), result-
ing in 120 stimuli. The size of the stimuli was mostly within 20° � 20°.
Only the eyes were rotated in the thatcherized images because 12 of the 16
monkey faces showed the mouth open (see Fig. 1A), but the Thatcher
effect in macaque monkeys had been tested using faces with the mouth
closed (Adachi et al., 2009; Dahl et al., 2010) and because the accuracy of
detecting eye manipulation was similar to the accuracy of detecting eye-
and-mouth manipulation in human psychological studies (Riby et al.,
2009; Donnelly et al., 2011).

Eye positions were measured using an infrared pupil-position moni-
toring system (i_rec, Matsuda; http://staff.aist.go.jp/k.matsuda/eye/).
The window size for eye fixation was 10° � 10° at the center of the screen.

Surgery. A titanium head-fixation post was affixed to the skull under
pentobarbiturate anesthesia (25 mg/kg). Monkeys were allowed to re-
cover from surgery for 1 month. After the monkeys had learned the task,
a recording chamber (Crist Instrument) was implanted above the dorsal
surface of the hemisphere for each monkey. Chamber locations were
determined using stereotaxic coordinates from magnetic resonance
(MR) images of each animal’s brain (Saunders et al., 1990). The monkeys
were allowed a 2 week postoperative recovery period. They were then
retrained in the fixation task. Body temperature, heart rate, blood pres-
sure, and the percentage of blood oxygen saturation were monitored
throughout all surgical procedures. The monkeys received antibiotics for
1 week after each surgery to reduce the risk of postoperative infections
and received analgesics during and after surgery.

Unit recording. Recording sessions began after the monkeys had been
retrained on the fixation task. Single-unit recording was performed ex-
tracellularly with a tungsten electrode (Micro Probe; and Frederic Haer)
that was inserted vertically through a guide cannula (Crist Instrument) at
the beginning of each recording session. The electrode was advanced
toward area TE using a hydraulic microdrive (MO-97A-S, Narishige),
whereas the 28 upright original facial stimuli and the eight geometric
shapes were presented pseudo-randomly to the monkey in the fixation
task. Single units were isolated online using a threshold and dual time-
amplitude windows (DDIS-1, Bak Electronics) or using a spike sorter
(Sankei) based on PCA (Abeles and Goldstein, 1977). Unit activity was
converted to pulses and recorded at a 1 ms time resolution with REX. If a
single unit showed an increase or decrease of activity in response to the
presentation of at least 1 of the 36 test stimuli during the initial part of
the recording, the remaining facial stimuli (i.e., the inverted faces, the
thatcherized faces, and the inverted thatcherized faces) were added as
stimuli. The recording site location was determined using MR images.
Three-dimensional brain images were reconstructed using software
(Brain Explorer (c), National Institute of Advanced Industrial Science and
Technology; http://riodb.ibase.aist.go.jp/brain/index.php?LANG�ENG).
The distance (millimeters) to the interaural line, the distance to the midline,
and the distance from the bottom end of the grid in the recording cham-
ber to white matter dorsal to the inferior temporal gyrus were measured
using MR images taken with an electrode placed in a position through a
guide tube. We determined the positions of the gray matter by the fre-
quency of action potentials and by contact with the dura or cranial base at
the ventral surface of the brain. To examine the distribution of single-
unit locations, the distance from a grid in the recording chamber to a
recording location was measured after the experiment each day. All re-
cording sites were located in the stereotaxic plane 19 –24 mm anterior to
the interaural line and 15–18 mm lateral to the midline, including the
lower bank of the superior temporal sulcus and the fundus and the lip of
the anterior middle temporal sulcus, which approximately corresponds
to areas TEa and TEav (Seltzer and Pandya, 1978; Saleem and Tanaka,
1996). There was no consistent trend between the two monkeys regard-
ing the distribution of neurons according to the types of information
encoded by each neuron.

Data analysis. All data analyses were performed using conventional
statistical procedures with the R statistical computing environment (R
Development Core Team, 2004) or MATLAB (MathWorks). Neurons
tested with more than three trials per stimulus (the median number of
trials was five per stimulus) were analyzed. If a neuron showed a signifi-
cant increase or decrease in spike counts during a 400 ms period starting
50 ms after the test stimulus onset compared with the counts during a 400
ms period before the test stimulus onset (paired t tests, p � 0.05), it was
considered to be a visually responsive neuron. Sliding window analysis
was performed to examine the time course of changes in neuronal activ-
ity. For every neuron, each trial was divided into 50 ms bins that were slid
across the trial in 8 ms steps, the spike count being obtained for each bin.
The window width was 50 ms as in Sugase et al. (1999) based on Heller et
al. (1995), demonstrating that measurable information was observed
using information analysis with a resolution no finer than around 50 ms
in the inferior temporal (IT) cortex (Heller et al., 1995). The middle of
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the bin was moved beginning 5 ms after the stimulus onset and lasting
until 509 ms as was done in Sugase et al. (1999): i.e., from [�20, 30] ms
to [484, 534] ms after the stimulus onset (the numbers in the brackets
indicate the beginning and the end time of each 50 ms bin, respectively).
Then, for the data from each bin, statistical analysis (including two-way
ANOVA, the Wilcoxon rank sum test, t test, and so on) was performed. A
set of p values obtained from each bin was adjusted for multiple compar-
ison using the false discovery rate (“p.adjust” function with Benjamini
and Hochberg method in R) (Bouret et al., 2012).

Mutual information was calculated based on the method described by
Sugase et al. (1999). Briefly, information about the test stimuli was di-
vided into a global category (human faces vs monkey faces vs simple
shapes) and a fine category with four items (identity of the human faces,
expression on the human faces, identity of the monkey faces, and expres-
sion on the monkey faces). Each predictable piece of information asso-
ciated with the occurrence of a neuronal response (I(S; R)) was
quantified as the decrease in entropy of the stimulus occurrence (H( S))
as follows:

I�S;R� � H�S� � H�S�R�

� �
s

� p�s�log p�s� � ��
s

� p�s�r�logp �s�r��
r

, (1)

where S is the set of stimuli s, R is the set of signals r (the neuronal
responses, i.e., spike counts), p(s�r) is the conditional probability of stim-
ulus s given an observed spike count r, and p(s) is the a priori probability
of stimulus s. The brackets indicate an average of the signal distribution
p(r). We evaluated “significance” of information with the � 2 test (Ki-
tazawa et al., 1998) in each bin, and the amount of nonsignificant infor-
mation was treated as zero. The information latency was measured from
the stimulus onset to the midpoint of the first significant time window.
When a neuron coded more than two fine category items, the shortest
latency was used as the latency of the fine category. Information with at
least two consecutive significant time windows was analyzed in the mea-
surements of the information latency and peak.

Sparseness index (Rolls and Tovee, 1995), SI, was calculated as follows:

SI � ��i�1,n
ri ⁄n�2��i�1,n

�ri
2 ⁄n�, (2)

where ri is the firing rate in response to the ith stimulus in the set of n
stimuli. The firing rate ri was calculated using averaged spike counts
during a 300 ms period starting from 100 ms after the stimulus onset
across trials. The sparseness has a maximal value of 1.0, indicating equally
distributed firing rates across all the stimuli.

For population analysis, the method described by Matsumoto et al.
(2005) was used. Briefly, a population activity vector for a test stimulus
consisting of spike counts of individual neurons within a 50 ms time
window was calculated. The dimension of each population activity vector
corresponded to the number of face-responsive neurons. The start time
of the time window was in increments of 1 ms from 0 ms (at the begin-
ning of the presentation of the test stimuli) to 400 ms. To determine the
time window in which the global or fine categorization was maximally
represented, the Euclidean distances between population activity vectors
were calculated. Because our previous study (Matsumoto et al., 2005)
showed that the global category represented by face-responsive neurons
is human versus monkey versus shape and that the fine category items are
human identities and monkey expressions, we calculated the distances
between human, monkey, and shape vectors for the global categoriza-
tion, and the distances between human identity vectors and between
monkey expression vectors for the fine categorization. The distance of
the global category was estimated as follows. At first, the centers of gravity
of the 12 population activity vectors for the human upright original faces,
of the 16 vectors for the monkey upright original faces, and of the 8
vectors for the shapes were calculated. Next, the distances between the
human and monkey gravity centers, between the monkey and shape
gravity centers, and between the shape and human gravity centers were
calculated. The distance of the global category was then estimated by

averaging the obtained three distances. The distance of the fine category
was estimated as follows. First, the center of gravity of the four vectors for
each monkey expression was calculated. Next, six distances between each
of the four gravity centers of the monkey expressions were calculated.
The distance of the monkey expressions was then estimated by averaging
the obtained six distances. Similarly, the center of gravity of the four
vectors of each human identity was calculated. The distances between
each three gravity centers of the human identities were calculated. The
distance of the human identities was then estimated by averaging the
three obtained distances. The distance of the fine category was calculated
by averaging the distance of the monkey expressions and the distance of
the human identities. To visualize the behavior of a neuronal population,
PCA was applied on the population activity vectors in each time window.
A clustering method was also applied to the population activity vectors.
In this method, population activity vectors were assumed to be generated
from 119-dimensional Gaussian distributions (i.e., a mixture of Gauss-
ians). Variational Bayes algorithm (Attias, 1999; Ghahramani and Beal,
2000) was used to estimate the parameters of the mixture of Gaussians
(i.e., the means, variances, mixing ratios, and number of Gaussian distri-
butions). The number of Gaussians corresponding to the number of
clusters was estimated from the free energy, which indicated the distance
between the estimated mixture of Gaussians and the most appropriate
mixture of Gaussians. As the free energy increased, the estimated mixture
of Gaussians approached the most appropriate one. The number of
Gaussians was set from 1 to 10, and the free energy was calculated 100
times for each number of Gaussians. The parameters and the number of
Gaussians were then examined at the point where the free energy was the
maximum.

A measure of firing rate variability (the Fano factor) was computed
using the MATLAB codes that were developed by Churchland et al.
(2010). Spike counts were computed in a 50 ms sliding window moving
in 8 ms steps from [�76, �26] ms to [484, 534] ms after the stimulus
onset for each neuron. The mean-matched Fano factor was then calcu-
lated using the MATLAB code VarVsMean. The statistical significance
of the Fano factor decline was assessed by comparing the Fano factor
before the stimulus onset (from [�76, �26] ms to [�28, 22] ms) and
that after the onset (from [4, 54] ms to [108, 158] ms).

Results
Activity of 120 visually responsive neurons (28 and 92 from Mon-
key C and Monkey T, respectively; see Materials and Methods) in
area TE was recorded during a fixation task while 120 test stimuli,
including upright original faces, inverted original faces, upright
thatcherized faces (eye inversion), inverted thatcherized faces,
and geometric shapes, were presented. Of the 120 neurons, 119
(119 of 120, 97%; Monkey C � 28 and Monkey T � 91) showed
a significant increase or decrease in neuronal activity during pre-
sentation of at least one of 28 upright original facial stimuli
(paired t test, p � 0.05) (e.g., Fig. 1), and the remaining one
neuron did so only during presentation of the geometric shapes.
The 119 neurons were regarded as face-responsive neurons. Of
the 119 neurons, 73 (Monkey C � 22, Monkey T � 51) also
showed significant activity changes during the presentation of at
least one of the geometric shapes.

The effect of face inversion and thatcherization was examined
using two-way ANOVA against spike counts in 50 ms bins that
were slid in 8 ms steps from [�20, 30] ms to [484, 534] ms after
the stimulus onset. Many face-responsive neurons (84 of 119,
71%; Monkey C � 22, Monkey T � 62) showed a significant
effect of face inversion, and fewer neurons (16 of 119, 13%; Mon-
key C � 7, Monkey T � 9) showed a significant effect of thatch-
erization (p � 0.05, p values adjusted for multiple comparison
using the false discovery rate).

Figures 1 and 2 show a representative example of the activity
of a face-responsive neuron. The neuron showed stronger re-
sponses to face images of Monkey model 3 than to images of the
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remaining monkey models in the upright original face condition
(Fig. 1A, Monkey model 3 shown in the third row). Figure 2
shows diagrams of the responses to one facial expression (Fig. 1A,
expression d) of the four monkey models. In the upright original
face condition (the diagrams in the top row), the strength of the
response to Monkey model 3 was higher than those in response to
the other models in both the initial transient and later sustained
responses. In the inverted original face condition (the diagrams
in the second row), the strength of the response to the Monkey
model 3 was maintained but the responses to the remaining mon-
key models increased, resulting in decreased sensitivity to Mon-
key model 3. A similar trend was observed in the discharge
pattern of the same neuron in response to the upright and in-
verted thatcherized faces (Fig. 2, diagrams in the third and fourth
rows). Thus, the selectivity of the neuron was modulated by the
face inversion.

To detect the change due to the face inversion in the amount
of stimulus information that was represented by the neuronal
response, the information transmission rate was calculated (see
Materials and Methods). We focused on information about one
global category (monkey vs human vs shape) and four fine cate-
gory items within the global category member (identity of mon-
key models, monkey facial expressions, identity of human
models, and human facial expressions) to examine the temporal
processing stages of facial information based on our previous

study (Sugase et al., 1999). Figure 3A shows the results of the
information analysis for the responses of the neuron in Figures 1
and 2. The neuron represented significant information about the
global category, the monkey identity, and the human identity in
the upright condition. In the case of face inversion, the informa-
tion transmission rate of the global category increased (solid and
broken red curves for upright and inverted conditions, respec-
tively), whereas the information about the monkey identity de-
creased (solid and broken black curves, for upright and inverted
conditions, respectively). A similar trend was observed in the
information transmission rate of the thatcherized faces for the
same neuron (Fig. 3B). Thus, during the time the monkey looked
at the inverted faces, information about the monkey identity de-
creased, whereas information about the global category increased
for both the original and thatcherized faces.

Figure 4 shows the summed information transmission rate
curves for the global (red) and fine category items of facial iden-
tity (black) and facial expression (green) for the 119 face-
responsive neurons. Each line represents the successive sum of
contributions from additional cases. In the upright condition of
original faces (Fig. 4A), both the information latency (Table 1)
and the timing of the information peak for the global category
were shorter and differed significantly from those for the fine
category (peak, Kolmogorov–Smirnov test, p � 3.8 � 10�5, me-
dian, 141 ms; IQR, 133–165 ms for the global category; median,

Figure 1. Activity of an example face-responsive neuron in area TE. A–C, Response diagrams for monkey, human, and shape stimuli, respectively. Each diagram consists of a stimulus image and
a raster plot of the response with a spike-density function, in the top and bottom rows, respectively. Each horizontal row of dots represents the times of the spikes in each trial. For the spike-density
function, spikes per millisecond over all trials were summed and smoothed with a Gaussian filter (SD�20 ms). The neuronal activity was aligned at the time of the stimulus onset (0 ms). Gray vertical
line indicates the minimum duration of stimulus presentation.
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173 ms; IQR, 149 –265 ms for the fine category), replicating the
results of our previous study (Sugase et al., 1999). Information
latency for the global category was shorter than that for the fine
category in all four facial conditions (Table 1). Furthermore, the
amount of information about the fine category items (facial iden-
tity and expression) was significantly different and smaller from
the amount of information about the global category in all four
facial conditions (paired Wilcoxon signed rank test for the face
responsive neurons in time windows from [�20, 30] ms to [484,

534] ms after the stimulus onset, one-
sided, p � 0.05, p values adjusted for mul-
tiple comparison using the false discovery
rate). Thus, the firing rates of the neurons
discriminated the global category faster
and better than the fine category.

As shown in Figure 4, the amount of
information about the global category in
the inverted condition was similar to the
amount in the upright condition for both
the original and thatcherized faces. The
summed amount of the global informa-
tion along the time axis for each neuron
was not significantly different across the
four facial conditions (two-way ANOVA,
information transmission rate was
summed from [�20, 30] ms to [484, 534]
ms after the stimulus onset, factor � up-
right vs inverted, F(1,442) � 0.35, p � 0.55;
factor � original vs thatcherized, F(1,442)

� 0.37, p � 0.54; interaction, F(1,442) �
0.04, p � 0.83). Thus, the firing rates of
the neurons represented the information
about the global category regardless of the
inversion or thatcherization of the faces.

On the other hand, the amount of in-
formation about the fine category items of
facial identity and expression in the in-
verted condition was smaller than the
amount in the upright condition for both
the original (Fig. 4A vs Fig. 4B, middle and
bottom rows) and thatcherized faces (Fig.
4C vs Fig. 4D, middle and bottom rows).
As shown in Figure 4E–H, the total
summed amount of information about
the facial identity (Fig. 4E,G) and expres-
sion (Fig. 4F,H) in the inverted condition
(broken black and green curves, respec-
tively) was lower than those in the upright
condition (solid black and green curves
for facial identity and expression, respec-
tively). The time window in which the
amount of information in the upright
condition was significantly larger than
that in the inverted condition is indicated
as a red point above the abscissa (paired
Wilcoxon signed rank test for the face re-
sponsive neurons in time windows from
[�20, 30] ms to [484, 534] ms after the
stimulus onset, one-sided, p � 0.05, p val-
ues adjusted for multiple comparison
using the false discovery rate). The signif-
icant difference was detected in similar
time windows for the facial identity in the

original face condition (starting from the [132, 182] ms window),
for the facial expression in the original face condition (starting
from the [116, 166] ms window), and for the facial identity in the
thatcherized face condition (starting from the [124, 174] ms win-
dow). There was no statistical significance between the amount of
information in the upright condition and that in the inverted con-
dition for the facial expression of the thatcherized face (Fig. 4H).

Table 2 shows the number of neurons (in total and for each
monkey) of the 119 face-responsive neurons representing signif-

Figure 2. Responses to one facial expression of monkey across four experimental conditions for the example neuron shown in
Figure 1. Responses to the upright original faces, the inverted original faces, the upright thatcherized faces, and the inverted
thatcherized faces are shown in the first, second, third, and fourth row of the response diagrams, respectively. Fiducial marking as
in Figure 1.
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icant information about either global or fine category items in the
four different conditions. The number of neurons representing
the global information was slightly larger in the upright condition
than in the inverted condition (� 2 test, df � 1, p � 0.013 for
original faces, p � 0.20, i.e., not significant, for thatcherized
faces). For each of the four fine category items, a smaller number
of neurons represented a significant amount of information in
the inverted condition than they did in the upright condition.
Thus, the total number of neurons representing the fine informa-
tion in the upright condition was larger than that in the inverted
condition, and the frequencies of the two (i.e., the number of
neurons over the number of 119 face-responsive neurons) were
significantly different (� 2 test, df � 1, p � 0.004 and 0.038 for
original and thatcherized faces, respectively). In the case of face
inversion, neurons often lost but sometimes gained the ability to
represent fine category information. For example, among 76 neu-
rons that represented fine information in the upright original face
condition, 34 lost information in the inverted condition. On the
other hand, 11 neurons gained fine information in the inverted
condition. Thus, a total of 53 neurons represented fine informa-
tion in the inverted condition. A similar trend was observed in the
thatcherized face condition (among 70 neurons with fine infor-
mation in the upright condition, 30 lost the information in the
inverted condition, whereas 13 neurons gained fine information
in the inverted condition).

To examine whether or not the decrease in fine information in
the inverted condition could be detected as a decrease in selectiv-
ity of facial-stimulus representation, a sparseness index of neuro-
nal responses to the facial stimuli (Rolls and Tovee, 1995) (see
Materials and Methods) was calculated by using absolute firing
rates of each face-responsive neuron. The sparseness index in the
upright condition (median, 0.81; IQR, 0.60 – 0.90 for original
face; median, 0.83; IQR, 0.61– 0.90 for thatcherized face) was
slightly but significantly smaller than the index in the inverted
condition for both the original and thatcherized faces (median,
0.84; IQR, 0.65– 0.91 for original face; median, 0.84; IQR, 0.64 –
0.91 for thatcherized face) (paired Wilcoxon signed rank tests,
one-sided, p � 1.9 � 10�6 for comparisons between upright

original and inverted original conditions and p � 1.0 � 10�5

between upright thatcherized and inverted thatcherized condi-
tions), indicating that neuronal representation of the facial stim-
uli in the upright condition were sparser (i.e., more selective)
than the responses in the inverted condition. The value of the
sparseness index was similar to that reported by Rolls and Tovee
(1995) (mean � SD: 0.82 � 0.12).

Representation of test stimuli by neuronal population
To examine representation of the test stimuli by the population of
neurons along the time axis, we calculated 120 population activ-
ity vectors consisting of the mean firing rates of the 119 face-
responsive neurons (Monkey C � 28, Monkey T � 91) for the
120 test stimuli, including 28 upright original faces, 28 inverted
original faces, 28 upright thatcherized faces, 28 inverted thatch-
erized faces, and 8 geometric shapes, within a 50 ms time window,
moving in 1 ms steps. To determine the time window in which the
global or fine categorization was maximally represented, the Eu-
clidean distances between population activity vectors were calcu-
lated (see Materials and Methods). Based on the periods of the
distance peaks of the global category and the fine category, we
determined the [115, 165] ms window as the time window for
global categorization, and the [140, 190] ms window as the time
window for fine categorization.

Because the amount of the global information was retained in
the inverted condition, it was assumed that the population of
neurons probably represents the global category in the inverted
condition. However, it was not clear whether or not the inverted
monkey faces were represented near the upright monkey faces
and the inverted human faces near the upright human faces
within the space of the population activity vectors. To address
this issue, PCA was applied on the 64 population activity vectors,
including the upright and inverted original faces and shapes, in
the [115, 165] ms window. Consequently, the 64 population ac-
tivity vectors in the 119-dimensional space were projected onto
the 64 vectors in the two-dimensional space. As shown in Figure
5, the vectors of the inverted monkey faces (blue X’s) are repre-
sented near the vectors of the upright monkey faces (red X’s),
the vectors of the inverted human faces (blue plus signs) are
represented near the upright human faces (red plus signs), and
the vectors of the shapes (squares) are represented separately
from the human and monkey face vectors. The Euclidean dis-
tances between 28 upright faces and 28 inverted faces (median,
6.40; IQR, 5.79 –7.10) were significantly smaller than the dis-
tances of the 192 combinations of 16 monkey faces and 12 human
faces (median, 9.77; IQR, 9.21–10.3) (Wilcoxon rank sum test,
p � 1.5 � 10�17). These results show that the inverted monkey
faces evoked population responses similar to those evoked by the
upright monkey faces and that the inverted human faces evoked
population responses similar to those evoked by the upright hu-
man faces, indicating that the activity of the neuronal population
represented the inverted monkey faces as monkey faces and the
inverted human faces as human faces. The clusters obtained by
using a cluster analysis are shown as circles in Figure 5. There
were two clusters of monkey faces: one cluster containing 15
upright and three inverted monkey faces and the other contain-
ing one upright and 13 inverted monkey faces. There were three
clusters of human faces, each cluster containing all 12 upright
faces, 11 inverted faces, and one inverted face, respectively. Thus,
the members of the clusters also showed that the vectors of the
upright and inverted faces were separated. To investigate the
mechanism by which the neuronal population represented
the upright versus inverted face separation in each member of the

Figure 3. Information transmission rate curves of the example neuron in Figures 1 and 2 in
the original face condition (A) and in the thatcherized face condition (B). Information transmis-
sion rate is plotted against the midpoint of the 50 ms sliding window moving in 8 ms steps and
aligned at the stimulus onset. Only significant information was plotted. In the time axis (ab-
scissa), the minimum duration of stimulus presentation is indicated as a thick gray line. In both
the original and thatcherized face conditions, the information transmission rate of the global
category in the upright condition (solid red curves) is smaller than that in the inverted condition
(broken red curves), and the information transmission rate of the fine category (monkey iden-
tity) in the upright condition (solid black curves) is larger than that in the inverted condition
(broken black curves).
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Table 1. Latency of information from stimulus onseta

Condition

Information

Global Fine

p NGlobal (Monkey C, Monkey T) NFine (Monkey C, Monkey T)Median IQR Median IQR

Upright original 101 85–117 141 125–197 1.5 � 10 �10 109 (27, 82) 59 (24, 35)
Inverted original 101 85–117 149 117–213 1.4 � 10 �6 103 (26, 77) 37 (11, 26)
Upright thatcherized 101 85–117 149 125–197 2.6 � 10 �5 110 (27, 83) 51 (22, 29)
Inverted thatcherized 101 85–117 141 111–189 4.4 � 10 �6 106 (26, 80) 39 (15, 24)
aLatency of information is shown in ms. p values of Kolmogorov–Smirnov test between the latency of the global information and that of the fine information; NGlobal and NFine , number of neurons with global and fine information,
respectively. Numbers in parentheses indicate the number of neurons in Monkey C and Monkey T, respectively.

Figure 4. Cumulative sum of information transmission rate across 119 face-responsive neurons in the upright original face condition (A), in the inverted original face condition (B), in the upright
thatcherized face condition (C), and in the inverted thatcherized face condition (D). Red curves represent the information transmission rate of the global category. Black curves represent the
information transmission rate of fine category items of facial identity (human identity and monkey identity). Green curves represent the information transmission rate of fine category items of facial
expression (human expression and monkey expression). Each line indicates the successive sum of contributions from additional cases. Numbers of cases in each condition are shown in Table 2.
Nonsignificant information was excluded from the summation. In the time axis (abscissa), the minimum duration of stimulus presentation is indicated as a thick gray line. E, A comparison of the total
summed information transmission rates for the fine category of facial identity between the upright (solid black curves) and inverted (broken black curves) condition of the original faces. F, A
comparison of the total summed information transmission rates for the fine category of facial expression between the upright (solid green curves) and inverted (broken green curves) condition of
the original faces. G, A comparison of the total summed information transmission rates for the fine category of facial identity between the upright (solid black curves) and inverted (broken black
curves) condition in the thatcherized faces. H, A comparison of the total summed information transmission rates for the fine category of facial expression between the upright (solid green curves)
and inverted (broken green curves) condition in the thatcherized faces. Red dots above the abscissa indicate time windows in which the amount of information in the inverted condition was
significantly smaller than the amount in the upright condition (paired Wilcoxon signed rank test, one-sided, p � 0.05, p values adjusted for multiple comparison using the false discovery rate). Other
fiducial markings are as in Figure 3.
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global category and by which the amount of information about
the global category was retained in the case of face inversion, PCA
was applied on the upright original monkey and human faces
(Fig. 6A), on the upright and inverted original human faces (Fig.
6B), and on the upright and inverted original monkey faces (Fig.
6C). The first principal component separated the upright mon-
key faces from the upright human faces (Fig. 6A, left), the upright
human faces from the inverted human faces (Fig. 6B, left), and
the upright monkey faces from the inverted monkey faces (Fig.
6C, left), respectively. The contribution of each neuron to the first
principal component in each PCA is shown in the right-hand side
of each panel. It indicates that the value of each neuron was not
positively correlated between the first principal component sep-
arating the monkey faces from the human faces (Fig. 6A, right)

and the first principal component separating the upright human
faces from the inverted human faces (Fig. 6B, right) (Pearson’s
correlation coefficient of �0.33, p � 0.0002; thus in this case, a
negative correlation). The value of each neuron was also not cor-

Table 2. Number of neurons representing global or fine informationa

Information

Conditions

Fine

NoneGlobal Monkey identity Monkey expression Human identity Human expression Total

Upright original 117 32 37 45 14 76 (128) 2
(Monkey C, Monkey T) (27, 90) (13, 19) (15, 22) (15, 30) (8, 6) (26, 50) (1, 1)
Inverted original 107 24 26 28 7 53 (85) 6
(Monkey C, Monkey T) (26, 81) (10, 14) (9, 17) (7, 21) (5, 2) (16, 37) (1, 5)
Upright thatcherized 114 24 32 46 10 70 (112) 5
(Monkey C, Monkey T) (27, 87) (11, 13) (14, 18) (14, 32) (7, 3) (24, 46) (1, 4)
Inverted thatcherized 108 18 27 26 7 53 (78) 8
(Monkey C, Monkey T) (26, 82) (5, 13) (11, 16) (8, 18) (5, 2) (16, 37) (2, 6)
aNeurons that encoded information from (�20, 30) ms to (484, 534) ms after the stimulus onset were counted. Numbers in parentheses in the column Total indicate the total number of cases of fine categories (up to 4 cases for each neuron).
A pair of numbers in parentheses indicate number of neurons in Monkey C and that in Monkey T, respectively.

Figure 5. Population activity vectors consisting of upright and inverted original faces and
shapes in two-dimensional space rearranged using PCA in the [115, 165] ms window. The
contribution ratio was 47.4%. The points represent the population activity vectors for the indi-
vidual stimuli. Red X’s (Monkey up) indicate upright original monkey faces; blue X’s (Monkey
inv) indicate inverted original monkey faces; red plus signs (Human up) indicate upright original
human faces; blue plus signs (Human inv) indicate inverted original human faces; red squares
represent shapes. The clusters obtained by using the cluster analysis are shown as circles. The
center of each circle is calculated so that it is located at the average value of the coordinates of
the points. The radius of each circle was calculated from the SD of the coordinates of the points.

Figure 6. Population activity vectors in two-dimensional space rearranged using PCA and
eigenvectors of the first principal component. A, PCA on upright original human and monkey
faces. B, PCA on upright and inverted original human faces. C, PCA on upright and inverted
original monkey faces. The contribution ratios were 55.2%, 35.6%, and 34.0% in A–C, respec-
tively. In each figure, the panel on the right represents the eigenvector of the first principal
component in the [115, 165] ms time window. The horizontal axis indicates each face respon-
sive neuron (from 1 to 119; 1–28 in Monkey C and 29 –119 in Monkey T), whereas the vertical
axis indicates the value of each element that constitutes the eigenvector. Fiducial markings are
as in Figure 5.
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related between the first principal component separating the
monkey faces from the human faces (Fig. 6A, right) and the first
principal component separating the upright monkey faces from
the inverted monkey faces (Fig. 6C, right) (Pearson’s correlation
coefficient of 0.13, p � 0.16). However, the value of each neuron
was positively correlated between the first principal component
separating the upright and inverted human faces (Fig. 6, right)
and the first principal component separating the upright and
inverted monkey faces (Fig. 6C, right) (Pearson’s correlation co-
efficient of 0.44, p � 1.1 � 10�7). The results suggest that differ-
ent members of the neuronal population contribute to the global
categorization and to the upright versus inverted face separation
and that this is the mechanism by which the amount of the global
information remains constant in the case of face inversion. The
results also suggest that the upright versus inverted separation of
the monkey faces and the upright versus inverted separation of
the human faces are likely to have contributing members in
common.

We then looked at the differences in representation of the fine
category items depending on the upright and inverted condi-
tions. PCA was applied on the 120 population activity vectors
consisting of all the test stimuli in the [115, 165] ms and [140,
190] ms time windows. Consequently, the 120 population activ-
ity vectors in the 119-dimensional space were projected onto 120
vectors in the two-dimensional space. Figure 7A shows the distri-
butions of the 36 population activity vectors, consisting of 28
upright original faces and 8 shapes, taken from the 120 vectors in
the two-dimensional space in the [115, 165] ms and [140, 190] ms
time windows. The clusters obtained by using the cluster analysis
in the [115, 165] ms and [140, 190] ms windows are shown as
circles. There were four and nine clusters in the [115, 165] ms and
[140, 190] ms windows, respectively. The [115, 165] ms window
contained four clusters corresponding to human faces, monkey
faces, seven shapes, and the remaining one shape. The members
of each cluster in the [140, 190] ms window are shown in Figure
7A (bottom). In the [140, 190] ms window, some clusters that
were found in the [115, 165] ms window were separated into
subclusters, replicating the result of our previous study (Matsu-
moto et al., 2005). The human face cluster in the [115, 165] ms
window was separated into six subclusters, differentiating three
different human models. The monkey face cluster in the [115,
165] ms window was separated into two subclusters. One cluster
contained four full-open-mouthed faces (Fig. 1A, monkey facial
expression c) and two mid-open-mouthed faces (Fig. 1A, mon-
key facial expression d), and the other contained the remaining
monkey faces. In the inverted original face condition shown in
Figure 7B, however, there were four clusters both in the [115,
165] ms and [140, 190] ms windows. Both the [115, 165] ms
window and the [140, 190] ms window contained clusters corre-
sponding to human faces, 15 monkey faces, the remaining one
monkey face (a stimulus of Monkey model 1 with facial expres-
sion c in Fig. 1A) and shapes (members of each cluster in the [115,
165] ms window not shown). Thus, the human face cluster in the
[115, 165] ms window was not separated into subclusters in the
[140, 190] ms window. The member of the two monkey face
clusters in the [115, 165] ms window remained the same in the
[140, 190] ms window. Comparing the members of each cluster
in Figure 7A, B (bottom), it is clear that the population activity
was impaired in its ability to represent fine category items in the
inverted condition. A similar trend was observed in the upright
and inverted thatcherized face conditions. Comparing the mem-
bers of each cluster in Figure 7C, D (bottom), it is again evident
that the clusters in the upright condition represented fine catego-

rizations of human identity and monkey expression, whereas the
clusters in the inverted condition did not. To evaluate the cluster
separation of the global category between the upright and in-
verted conditions, the Euclidean distance between the mean vec-
tor of the human clusters and that of the monkey clusters, the
Euclidean distance between the mean vector of the human clus-
ters and that of the shape clusters, and the Euclidean distance
between the mean vector of the monkey clusters and that of the
shape clusters were measured in the [115, 165] ms window. The
obtained distances (human–monkey, human–shape, and mon-
key–shape distances) in the upright and inverted conditions were
not significantly different for both the original and thatcherized
faces (Wilcoxon signed rank test, p � 0.25 for original faces, p �
0.5 for thatcherized faces).

To evaluate the results of the cluster analysis, we performed
nonparametric bootstrap analysis to obtain histograms of the
number of clusters. Bootstrap estimates of the number of clusters
were computed as the number of clusters in 2000 bootstrap sam-
ples obtained by randomly resampling with replacement from
119 neuronal activities for the upright original and inverted orig-
inal face conditions in the [115, 165] and the [140, 190] ms win-
dows. The results are shown in Figure 8. The histogram of the
upright original condition in the [140, 190] ms window (the
right-hand panel of Fig. 8A, right) was significantly different
from that of the inverted original condition in the same window
(Fig. 8B, right) (� 2 test, df � 7, p � 2.2 � 10�16). The cluster
numbers shown in Figure 7A (4 at [115, 165] ms and 9 at [140,
190] ms) and Figure 7B (4 at [115, 165] ms and 4 at [140, 190] ms)
were within the range of the number in each histogram in Figure
8A (a median of 6, IQR of 5– 8 at [115, 165] ms and a median of 8,
IQR of 7–9 at [140, 190] ms) and in Figure 8B (a median of 6, IQR
of 5–7 at [115, 165] ms and a median of 5, IQR of 4 – 6 at [140,
190] ms). Therefore, the results of the bootstrap sampling indi-
cate that the inversion manipulation decreased the number of
clusters in the [140, 190] ms window.

To examine whether or not the difference in separability of
fine category between the upright and inverted conditions was
related to characteristics of neural responses, firing-rate variabil-
ity across trials (mean-matched Fano factor) (Churchland et al.,
2010) was computed in each face-responsive neuron and aver-
aged across the neurons. Consistent with previous findings
(Churchland et al., 2010), the mean-matched Fano factor de-
creased after the stimulus onset (Wilcoxon rank sum test, p �
1.7 � 10�5 in upright original face condition, p � 1.7 � 10�5 in
inverted original face condition, p � 6.9 � 10�5 in upright
thatcherized face condition, p � 0.0016 in inverted thatcherized
face condition), the Fano factor after the stimulus onset was sim-
ilar across the four facial conditions (two-way ANOVA, factor �
upright vs inverted, F(1,52) � 0.89, p � 0.35; factor � original vs
thatcherized, F(1,52) � 0.0012, p � 0.97; interaction, F(1,52) �
0.0014, p � 0.97), and the minimum Fano factor value was ob-
served in the [68, 118] ms window in all four facial conditions.
This result suggests that the decrease in the firing-rate variability
is unrelated to the decrease in the separability of fine category in
the inverted condition.

To examine whether or not the population of neurons differ-
entiated the original face from the thatcherized version of the
face, the Euclidean distance between population activity vectors
was calculated for each original thatcherized face pair with nor-
mal facial expression. The time course of the averaged distance in
the upright condition (black) was compared with that in the
inverted condition (cyan) for monkey (Fig. 9A) and human (Fig.
9B) faces. If the face-responsive neurons represented differences
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between the original and thatcherized faces in the upright condi-
tion more than they did in the inverted condition, the Euclidean
distance between the original and thatcherized faces in the up-
right condition would be larger than that in the inverted condi-
tion. The statistical significance was examined from [4, 54] ms to
[348, 398] ms after the stimulus onset in 8 ms steps (i.e., the time
windows that were used in the information analysis). As shown in
Figure 9A, the original thatcherized face distance in the upright

condition was significantly larger than that in the inverted con-
dition in three time windows: [228, 278] ms, [252, 302] ms, and
[260, 310] ms after the stimulus onset for the monkey faces (black
dots on the abscissa, paired t test, one sided, df � 3, p � 0.05, p
values adjusted for multiple comparison using the false discovery
rate). Although there was a difference between the two distances
for the human faces (Fig. 9B), it was not significant. Thus, the
neuronal population represented the original monkey face and

Figure 7. Population activity vectors in two-dimensional space rearranged using PCA in the [115, 165] ms and [140, 190] ms windows. A, Population vectors of upright original faces and shapes.
B, Population vectors of inverted original faces and shapes. C, Population vectors of upright thatcherized faces and shapes. D, Population vectors of inverted thatcherized faces and shapes. The
contribution ratio was 42.8% in the [115, 165] ms window and 39.9% in the [140, 190] ms window. The points represent the population activity vectors for the individual stimuli. Shapes of the points
indicate the global categorization (i.e., X’s, plus signs, and squares for monkey faces, human faces, and shapes, respectively). Each color of the points indicates human model for human faces, monkey
model for monkey faces, and circle or rectangle for the shapes. Other fiducial markings are as in Figure 5. Members of individual clusters in the [140, 190] ms window are shown in the bottom.
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the thatcherized version of the monkey face in the upright con-
dition more separately than in the inverted condition.

Discussion
We investigated the effects of face inversion and thatcherization
on temporal processing stages of facial information in macaque
area TE. Face inversion altered the responses of many neurons,
and the altered responses differently affected two levels of cate-
gorization of the facial stimuli. PCA on the neuronal population
responses revealed that the global categorization occurred re-
gardless of the face inversion and thatcherization and that the
inverted faces were represented near the upright faces in the pop-
ulation activity vector space. However, the inversion decreased
the amount and the number of neurons representing fine infor-
mation (facial identity and expression) and the ability of the neu-
ronal population to represent human identity and monkey
expression.

Effect of face inversion on information represented by
neuronal activity and population representation of facial
information
In human behavioral studies, it has been found that the configu-
ration of facial parts is less perceptible after face inversion (Freire
et al., 2000; Rossion, 2008; McKone and Yovel, 2009). Previous
studies on nonhuman primates have also shown that face-re-

sponsive/selective neurons decrease the
response strength and increase the re-
sponse latency to inverted face images
(Perrett et al., 1984; Tsao et al., 2006).
Consistent with these findings, we ob-
served that many neurons changed their
responses to faces depending on upright
and inverted conditions. The present
study extends the previous findings by
showing that face inversion not only
altered the neuronal responses but also
partially impaired facial information pro-
cessing; the neuronal representation of
the fine categories was affected, although
that of the global category was not. The

distribution of the eigenvectors of PCA showed that different
members in the neuronal population contributed to the global
categorization of monkey versus human faces and to the upright
versus inverted categorization, indicating that face inversion
probably altered the members that participated in different as-
pects of the categorization.

The result that face inversion decreased the fine information
but did not affect the global information suggests different neural
mechanisms underlying encoding of these two levels of informa-
tion. This is consistent with previous studies regarding process-
ing of different aspects of a face or a visual stimulus in the IT
cortex. Freiwald and Tsao (2010) showed that information about
facial identity across different facial views emerges gradually after
stimulus onset in an anterior middle face patch of the inferior
temporal gyrus, indicating that additional information process-
ing is necessary to compute facial identity across different facial
views. It is consistent with the results of the present study and
those of our previous report (Sugase et al., 1999) that information
latency for the global category was shorter than that for the fine
category items. The earlier development of the global informa-
tion than the local information was also found in responses of IT
neurons to nonfacial geometric shapes (Sripati and Olson, 2009).

Because the inversion preserves low-level characteristics of the
images, the result of the sustained representation of the global
category despite inversion is consistent with the suggestion by
Baldassi et al. (2013) that the representation of visual objects in
the IT cortex is accounted for by their shape similarity rather than
semantic similarity. Because neurons in the IT cortex are sensitive
to the configuration of facial parts (Yamane et al., 1988; Freiwald
et al., 2009) and a position of a facial part within a whole face is
altered after face inversion (Freiwald et al., 2009), it is under-
standable that the neurons lost their selective responses to the
configural (high-level) characteristic of the faces, which may have
been acquired through repeated encounter in daily life.

The present result of impaired representation of the fine cat-
egory items in the case of the inversion suggests that impaired
neuronal representation would cause the face inversion effect in
face images of both species. In comparative psychological studies,
it has been shown that monkeys show the face inversion effect at
least in monkey faces, but findings have been inconsistent as to
whether or not they show the effect only in the case of a conspe-
cific’s face (Tomonaga, 1994; Dahl et al., 2007, 2009; Parr et al.,
2008). Because behavioral effects were not observed in other
studies (Rosenfeld and Van Hoesen, 1979; Bruce, 1982; Dittrich,
1994; Gothard et al., 2004), it remains to be elucidated whether or
not the neuronal face inversion effect has a causal effect on be-
havior. The effect of inversion was observed in both facial identity
and expression categories, suggesting the contribution of area TE

Figure 8. Histogram for number of clusters. A, The number of clusters estimated in 2000 bootstrap samples in the [115, 165] ms
window (left-hand panel) and in the [140, 190] ms (right-hand panel) for upright original face condition. B, The number of clusters
estimated in 2000 bootstrap samples in the [115, 165] ms window (left-hand panel) and in the [140, 190] ms (right-hand panel)
for inverted original face condition. The vertical broken line in each panel indicates the number of clusters shown in Figure 7A, B.

Figure 9. Averaged Euclidean distance between population activity vectors for each original
thatcherized face pair in upright and inverted conditions along the time axis. A, Averaged
Euclidean distance between original thatcherized face pair for monkey faces. B, Averaged Eu-
clidean distance between original thatcherized face pair for human faces. The distance was
calculated only for faces with normal facial expression. Black curves represent original thatch-
erized face pair distances in upright condition; cyan curves represent original thatcherized face
pair distances in inverted condition. Black dots on the abscissa indicate windows in which the
original thatcherized face distances in the upright condition were significantly larger than that
in the inverted condition.
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to the face inversion effect on both recognition of facial identity
and expression. Because the amygdala plays a role in activity
modulations according to facial expressions in the monkey IT
cortex (Hadj-Bouziane et al., 2008, 2012), it might also play a role
in the decreased representation of the facial expression in the case
of face inversion.

Human event-related potential studies have shown that face
inversion affects an early negative component that peaks at 	170
ms after stimulus onset (N170, starting at 130 –150 ms) (Rousse-
let et al., 2008) and results in delay in the peak latency and in-
crease in the amplitude (Rossion and Gauthier, 2002). The timing
of the face inversion effect on the fine information (	150 ms)
and that on the representation of the fine categories by the neu-
ronal population ([140, 190] ms) seem to be close to that of the
effect on the human N170. However, because the local field po-
tentials in monkeys show differences between faces and nonface
objects (a candidate homolog of the human N170) at 	100 –130
ms (Kreiman et al., 2006; Freiwald and Tsao, 2010), the timing of
the face inversion effect in our study might not be compatible to
the timing of the human N170. It is still not clear whether or not
additional mechanisms are recruited in the case of face inversion
as suggested by the N170 face inversion effect (Sadeh and Yovel,
2010).

Effect of thatcherization on responses of a
neuronal population
The Euclidean distance between the population activity vector of
the original face and thatcherized face in the upright condition
was greater than those in the inverted condition for monkey faces
(Fig. 9A), and the difference was observed starting 	250 ms after
the stimulus onset, which was much later than the peak of the
cumulative sum of global and fine information across the neuro-
nal population. This result suggests that the Thatcher effect could
be observed for monkey faces and that the effect is represented
later than the face inversion effect. The former result is in agree-
ment with the behavioral observation in comparative psychology
that monkeys show the Thatcher effect for monkey faces (Adachi
et al., 2009; Dahl et al., 2010). It is not clear why the Thatcher
effect was observed later than the face inversion effect. Human
event-related potential studies, in contrast, have shown the effect
both in N170 (Milivojevic et al., 2003; Carbon et al., 2005; Bout-
sen et al., 2006; Gu et al., 2007) and in a later component (P250)
(Milivojevic et al., 2003). Because the contribution of the tempo-
ral lobe and emotion/social evaluation processing areas
(amygdala, medial prefrontal, and subcallosal cortices) to the
Thatcher effect has been documented by human functional mag-
netic resonance imaging (fMRI) studies (Rotshtein et al., 2001;
Donnelly et al., 2011; Psalta et al., 2014), it is possible that these
areas play a role in the Thatcher effect observed in area TE.

A relatively small number of neurons changed their activity
upon presentation of thatcherized faces, suggesting that the con-
tribution of TE neurons to the Thatcher effect may be small. One
possible reason is that the thatcherized faces were presented in a
pseudo-random order among the remaining facial stimuli. As a
result, the monkeys did not have a chance to compare the original
thatcherized face pairs. The Thatcher effect in macaque monkeys
has been measured as a dishabituation (an increase in looking
times) to a thatcherized face immediately after habituation to the
original version of the face (Adachi et al., 2009; Dahl et al., 2010).
The face inversion effect, in contrast, is known to be observed in
randomized presentation of upright and inverted faces (e.g., Yin,
1969). A repeated presentation of a face is another task design to
be considered in future studies since a human fMRI study has

shown the influence of thatcherized faces in high-order visual
areas using fMR adaptation (Rotshtein et al., 2001).

In conclusion, face inversion and thatcherization were found
to affect the temporal processing stages of facial information in
macaque area TE. The neuronal representation suggested that the
ability to recognize global categorization is maintained but that
the ability to recognize facial identities and facial expressions
decreases in the case of face inversion and that, in the case of
thatcherization, sensitivity to eye inversion in an inverted face is
less than that in an upright face for monkey faces. Thus, the
neuronal face representation in area TE may cause the face inver-
sion effect and the Thatcher effect observed in psychological
studies.
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