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Parallel Processing of Facial Expression and Head
Orientation in the Macaque Brain
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When we move the features of our face, or turn our head, we communicate changes in our internal state to the people
around us. How this information is encoded and used by an observer’s brain is poorly understood. We investigated this issue
using a functional MRI adaptation paradigm in awake male macaques. Among face-selective patches of the superior temporal
sulcus (STS), we found a double dissociation of areas processing facial expression and those processing head orientation. The
face-selective patches in the STS fundus were most sensitive to facial expression, as was the amygdala, whereas those on the
lower, lateral edge of the sulcus were most sensitive to head orientation. The results of this study reveal a new dimension of
functional organization, with face-selective patches segregating within the STS. The findings thus force a rethinking of the

role of the face-processing system in representing subject-directed actions and supporting social cognition.
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Significance Statement

face-processing system during social exchanges.

&

When we are interacting with another person, we make inferences about their emotional state based on visual signals. For
example, when a person’s facial expression changes, we are given information about their feelings. While primates are thought
to have specialized cortical mechanisms for analyzing the identity of faces, less is known about how these mechanisms unpack
transient signals, like expression, that can change from one moment to the next. Here, using an fMRI adaptation paradigm,
we demonstrate that while the identity of a face is held constant, there are separate mechanisms in the macaque brain for
processing transient changes in the face’s expression and orientation. These findings shed new light on the function of the

~

J

Introduction

Our sensory systems have evolved to detect changes in our envi-
ronment. In the social domain, this is manifested in the capacity
to visually monitor the behavior of others. In primates, facial
behavior is of particular importance, with changing attributes
such as expressions and head turning superimposed on more
permanent attributes, such as identity. The reading of changeable
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facial attributes provides useful information about the internal
state of a social agent (Tomkins and McCarter, 1964; Ekman et
al., 1972). For example, humans are able to detect and respond to
very subtle movements of facial muscles that convey complex
thoughts and intentions (Ekman, 1992; Adolphs et al., 1998;
Krumhuber et al.,, 2007; Oosterhof and Todorov, 2009). The
speed and ease by which we perceive these changeable aspects of
facial behavior belie the inherent difficulty of the visual opera-
tions involved.

In both human and nonhuman primates, the detailed visual
analysis of face stimuli has been attributed to a network of
regions in the ventral visual stream that can be localized using
functional magnetic resonance imaging (fMRI; Kanwisher et al.,
1997; Logothetis et al., 1999; Tsao et al., 2003). Current models
that explain how this network accomplishes face perception are
cast in terms of distributed areas with some specialization (Bruce
and Young, 1986; Haxby et al., 2000; Freiwald et al., 2016; Grill-
Spector et al., 2017). For example, in the macaque brain, both
imaging and single-unit studies have indicated that face-selective
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The design for the functional MRI adaptation experiment and the localization of the face patches. a, lllustrative example of the stimulus order in each of the four conditions pre-

sented in rows. b, Top, The contrast used to localize the face-selective patches in the macaque IT cortex. Bottom, Lateral view of a partially inflated macaque cortex with the data from one sub-

ject (subject K) projected onto the surface. The voxelwise statistical threshold was set at p=3 x 107"

(false discovery rate). ¢, Top, A coronal slice ~26 mm anterior to the intramural line in

subject K's native space. T-map indicates the anatomic location of area AM in subject K. Bottom, A coronal slice ~19 mm anterior to the intramural line in subject K's native space. Cortical
results were masked for illustrative purposes; only voxels inside the anatomic boundary of the amygdala are visible.

patches in the fundus of the STS are tuned to facial expressions
(Hasselmo et al., 1989; Hadj-Bouziane et al., 2008). But do these
patches also process other changeable facial attributes?

There is some reason to believe that facial expression and
head orientation would be processed separately. For example,
changes in head orientation involve rigid movements of the
whole head providing an observer with different views of the
face, whereas changes in expression involve nonrigid, internal
movements of facial features. The challenges associated with tol-
erating changes in the retinal image resulting from head rota-
tions also pertain to the physical structure of nonface objects,
and, thus, changes in head orientation might tap into more gen-
eral neural circuitry. On the other hand, facial expressions are
specific to faces, as a category of visual objects, and link to
the interpretation of affect and emotion in structures such as the
amygdala (Rolls, 1984; Gothard et al., 2007). To fully appreciate
how the primate brain reads a face, it is important to conceptu-
ally dissociate the reading of these and other facial signals.

To address this question, we used a three-dimensional avatar
of a macaque face based on data from a computed tomography

scan (Fig. 1a; Murphy and Leopold, 2019). The use of this avatar
gave us independent control over both the expression and the
head orientation of the stimulus, while keeping its identity con-
stant. Using many renderings of the avatar, we then applied a
functional MRI adaptation paradigm to define the regions of the
brain that are selective for, respectively, facial expression and
head orientation. The logic behind fMRI adaptation, described
in detail previously (Grill-Spector and Malach, 2001; Kourtzi and
Kanwisher, 2001), can be summarized as follows: if a neural pop-
ulation is sensitive to a visual feature, then when that feature is
presented repeatedly, the fMRI signal in the region will decrease
(i.e., “adapt”) compared with when that feature is not repeated
(i.e., “release from adaptation”). In the past, fMRI adaptation has
been used to determine functional specialization in the human
brain. For example, presenting a sequence of faces that differs ei-
ther in their identity or their expression to human subjects leads
to a differential release (i.e., a strengthening) of the fMRI signal
in regions sensitive to those attributes (Winston et al., 2004;
Loffler et al., 2005; Williams et al., 2007; Fox et al., 2009).
Therefore, for the current purposes, fMRI adaptation is an ideal
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approach for mapping regions of the macaque face-processing
system that are differentially sensitive to facial expression and
head orientation.

Materials and Methods

Subjects. We tested three male rhesus macaques (Macaca mulatta;
age range, 7-9 years; weight range at time of testing, 9.2-11.5kg). We
kept the sample size to the smallest number possible that would still
allow for scientific inference. Previous reports of similar fMRI experi-
ments on this species have proven that a sample size of three is sufficient
(Hadj-Bouziane et al., 2012; Zhu et al., 2013; Russ and Leopold, 2015;
Liu et al., 2017). All three subjects were acquired from the same primate
breeding facility in the United States where they had social group histor-
ies as well as group housing experience until their transfer to the
National Institute of Mental Health (NIMH) for quarantine at the ages
of 4-5years. After that, they were housed in a large colony room with
auditory and visual contact with other conspecifics.

Each subject was surgically implanted with a headpost under sterile
conditions using isoflurane anesthesia. After recovery, the subjects were
slowly acclimated to the experimental procedure. First, they were trained
to sit calmly in a plastic restraint chair and fixate a small (0.5-0.7° of vis-
ual angle) red central dot for long durations (~8 min). Fixation within a
circular window (radius, 2° of visual angle) centered over the fixation
dot resulted in juice delivery. The length of fixation that was required for
juice delivery during training, and scan sessions varied randomly
throughout the length of a run. The average time between rewards was
typically 2 s (=300 ms) but varied depending on the behavior of the sub-
ject. All procedures were performed in accordance with the Guide for the
Care and Use of Laboratory Animals (49) and were approved by the
National Institute of Mental Health Animal Care and Use Committee.

Data acquisition. Before each scanning session, an exogenous con-
trast agent [monocrystalline iron oxide nanocolloid (MION)] was
injected into the femoral vein to increase the signal-to-noise ratio
(Vandulffel et al., 2001; Taubert et al., 2015a,b). MION doses were deter-
mined independently for each subject (~8-10 mg/kg).

Structural and functional data were acquired in a 4.7 T, 60 cm verti-
cal scanner (BioSpec, Bruker) equipped with a Bruker S380 gradient coil.
Subjects viewed the visual stimuli projected onto a screen above their
head through a mirror positioned in front of their eyes. We collected
whole-brain images with a four-channel transmitter and receive radio
frequency coil system (Rapid MR International). A low-resolution ana-
tomic scan was also acquired in the same session to serve as an ana-
tomic reference [modified driven equilibrium Fourier transform
[MDEFT] sequence; voxel size: 1.5 x 0. 5% 0.5 mm; FOV: 96 x 48
mm; matrix size: 192 x 96; echo time (TE): 3.95 ms; repetition time
(TR): 11.25ms]. Functional echoplanar imaging (EPI) scans were
collected as 42 sagittal slices with an in-plane resolution of 1.5 x 1.5
mm and a slice thickness of 1.5 mm. The TR was 2.2 s, and the TE
was 16 ms (FOV: 96 x 54 mm; matrix size: 64 x 36 m; flip angle,
75°). Eye position was recorded using an MR-compatible infrared
camera (MRC Systems) fed into MATLAB version R2018b
(MathWorks) via a DATApixx hub (VPixx Technologies).

Localization data. While the subjects were awake and fixating, we
presented images (30/category) of six different object categories (human
faces, monkey faces, scenes, objects, phase-scrambled human faces, and
phase-scrambled monkey faces). Stimuli were cropped images presented
on a square canvas that was 12° of visual angle in height. All six catego-
ries were presented in each run in a standard on/off block design (12
blocks in total). Each block lasted for 16.5 s. During a “stimulus on”
block, 15 images were presented one at a time for 900 ms and were fol-
lowed by a 200 ms interstimulus interval (ISI). We removed any run
from the analysis where the monkey did not fixate within a 4° window
for >60% of the time.

Face-selective regions were identified in all three subjects using the
following contrast: activations evoked by (human faces + monkey faces)
> activations evoked by (scenes + objects + phase scrambled human
faces + phase scrambled monkey faces) (Fig. 1b). We targeted face
patches known as AL, AF, ML, MF, and PL because these patches were
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easily identifiable bilaterally in all three subjects (Fig. 1c). Area AM, on
the ventral surface of the anterior inferior temporal (IT) cortex, was eas-
ily visible in the localizer data in five of six hemispheres; thus, subject F
only contributed the left hemisphere to the analysis of area AM. The pre-
viously described face-selective areas in the frontal lobe (in ventrolateral
and orbitofrontal cortex) were not present in all subjects and/or both
hemispheres, most likely because of the placement of the coils and signal
coverage. For this reason, we excluded these regions from further
analysis.

To validate the region of interest (ROI)-based analytical approach,
we calculated the amount of variance explained by the four adaptation
and release conditions for each face-selective region. For the purposes of
this analysis, object-selective voxels were also defined for each subject
using a contrast between the activation evoked by the object condition in
the independent localizer experiment compared with those evoked by all
other visual stimuli. Object-selective voxels represent regions of IT cor-
tex where the magnitude of the fMRI signal was not expected to vary sys-
tematically across the experimental conditions. For all three subjects, the
average R” value for face-selective voxels (subject K, mean = 0.06; subject
F, mean = 0.07; subject J, mean = 0.19) was higher than the average R*
value for the object-selective voxels (subject K, mean = 0.03; subject F,
mean = 0.02; subject J, mean = 0.08). Also, a greater proportion of face-
selective voxels had an R? value that was >0.05 (subject K, 51.68%; sub-
ject F, 57.4%; subject J, 95%) than object selective voxels (subject K,
25.44%; subject F, 17.09%; subject J, 58%). Collectively, these observa-
tions indicate that the effects of adaptation were greater for face-selective
voxels than for neighboring object-selective voxels in IT cortex. To dis-
tinguish the six cortical face-selective ROIs, we drew spheres with a 3
mm radius around the peak activations in the localizer data. This has
proven to be an effective method of isolating separate face-selective
regions (Dubois et al., 2015) that is not dependent on setting an arbitrary
statistical threshold. To define the amygdala ROI, we drew spherical
regions of interest centered on the peak activations (using the same con-
trast as the cortical face-selective ROIs; i.e., faces > nonface categories)
within the anatomic boundary of the amygdala in the left and right
hemispheres. To define early visual cortex (EVC), we drew spherical
regions of interest centered on the peak activations resulting from the
contrast between the two scrambled conditions and baseline activity
(peak activations identified after applying the statistical threshold,
p=3x10""),

Experimental stimuli and design. The factorial design included the
following two conditions: (1) a condition where both the expression and
head orientation of the avatar continually changed (termed “both
changed”); and (2) a condition where the expression and head orienta-
tion of the avatar repeated (termed “both repeated”). We reasoned that if
a face patch is sensitive to changeable attributes in a face while identity
persists, then the magnitude of the response when both signals changed
would be greater than when both signals repeated. We also included the
following two cross-adaptation conditions: (1) the expression changed,
while head orientation repeated (termed “expression changed”); and (2)
the expression repeated, while the head orientation changed (termed
“orientation changed”). These two cross-adaptation conditions were of
particular interest because if a face-selective region were sensitive to the
local movements among features that define changes in expression,
regardless of head orientation, then the fMRI signal would be greater in
the expression-changed condition than in the orientation-changed con-
dition. Alternatively, if a face-selective region were sensitive to changes
in the direction a head is turned, while tolerating changes in expression,
then the fMRI response would be greater in the orientation-changed
condition than in the expression-changed condition.

Figure la illustrates examples of the rhesus macaque face avatar used
for the experiment (Murphy and Leopold, 2019). The avatar offered the
ability to vary facial expression (five levels: lip smack, neutral, open
mouth yawn, open mouth threat, and fear grin) and head orientation
[five levels: —60° (right), —30° (right), 0° (direct), +30° (left), and +60°
(left)] independently of each other while keeping the identity constant.
We generated all 25 unique faces under eight different lighting condi-
tions (i.e., a virtual lamp was rotated around the face, casting different
shadows) to introduce low-level variations in the stimulus set. We also
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Figure 2.

The impact of image sequence on changes in pixel intensity. a, Mean change in intensity for every pixel across conditions in the main adaptation experiment. Top-to-bottom,

Both-changed, both-repeated, orientation-changed, and expression-changed conditions. b, Mean difference in pixel intensity as a function of stimulus pair in a random sequence. Lines repre-
sent different adaptation conditions. Black and blue lines, Mean difference in the both-changed and orientation-changed conditions, respectively; gray and red lines, mean difference in the
both-repeated and expression-changed conditions, respectively. ¢, The predicted pattern of activation across adaptation conditions in regions of interest that are sensitive to image change. d,
Mean change in intensity for every pixel across conditions in the face specificity adaptation experiment. Top, The banana-changed condition; bottom, the banana-repeated condition.

presented the stimuli at two different retinal sizes (height, 12° or 15° of
visual angle). Together, these combinations resulted in 400 uniquely ren-
dered avatar images (five expressions X five orientations x eight light-
ings x two visual angles), all of which portrayed the same individual.
Critical to our approach here, all four experimental conditions involved
presenting the subjects with the same 400 rendered images of the maca-
que avatar. The only difference between the conditions in terms of visual
input was how the 400 images were sorted into blocks.

The fMRI adaptation experiment took advantage of a high-powered
on/off block-design. Each of the four experimental conditions was com-
posed of 25 unique blocks; these were divided equally across five runs.
The allocation of blocks across runs was carefully counterbalanced to
ensure that each run was approximately equal in terms of the number of
arousing stimuli. For example, in the both-repeated condition, each of
the five runs had a block representing each level of expression and head
orientation. In the orientation-changed condition, however, the same
400 rendered images of the macaque avatar were organized across blocks
according to expression (i.e., each run had a lip smack, neutral, yawn,
threat, and fear grin block) but not head orientation because orientation
changed with each presentation of the avatar. In the expression-changed
condition, the opposite was true: stimuli were organized by head orienta-
tion (i.e., —60°, —30° +0° +30° +60°), but expression changed with
each presentation of the avatar. In fact, the only condition where the
blocks were not organized according to stimulus expression and/or head
orientation were those in the both-changed condition. Even so, the stim-
uli were pseudorandomized so that each run had the same number of
stimuli drawn from each level of expression and head orientation.

Every run began with two dummy pulses, and then 4.4 s of fixation
before the onset of the experiment. After this initial fixation period, the
subjects were presented with the 16 stimuli in the first block, one at a
time. Stimulus presentation was 500 ms with an ISI of 600 ms. Therefore,
each block lasted for 17.6 s. A complete run was composed of five stimu-
lation blocks and five interleaved fixation blocks. The purpose of fixation
blocks was to allow the hemodynamic response to return to baseline.
Fixation blocks had the same duration as stimulation blocks (i.e., 17.6 s).
Therefore, each run took just over 3 min (i.e., 180.4 s), during which we
collected 82 volumes of data.

The runs were completed in a unique order for each subject. Just as
in the localizer task, the task during a run was to fixate the central red
dot. The subjects had to fixate within the fixation window for at least

60% of the run time for the data to be included in the analysis. Subject K
completed 55 runs over four test sessions. Three of these were excluded
because the total percentage of fixation time was too low. This left 52
valid runs in the analysis with an average fixation time of 89.6%. Subject
F completed 78 runs in total across four test sessions. No runs were
removed based on the fixation criterion, and the average fixation time
was 92.4%. Subject ] completed 54 runs across two test sessions; 2 runs
were removed from the analysis. Subject ] had an average fixation time
of 84% across valid runs.

Image analysis and face specificity experiment. In the main experi-
ment, changing the expression of a face meant manipulating the internal
features of the avatar (e.g., the presence of teeth and the location of the
brow relative to the eyes), whereas changing the head orientation meant
rotating the avatar in depth and thus manipulating the external contour
of the avatar. Therefore, it was likely that the different sequences of stim-
uli across conditions generated different amounts of variance in terms of
pixel intensity. To quantify this variance, we first randomized the stimuli
within each block (there were 25 unique blocks/condition) and meas-
ured the average of the absolute pixel intensity differences between each
pair of consecutive stimuli. The average differences at the level of the
pixel are provided in Figure 2a. Further, for each condition, the average
difference in pixel intensity across consecutive stimulus pairs was com-
puted (Fig. 2b). The results of this analysis indicate that if a region of in-
terest were sensitive to stimulus change (rather than facial attributes per
se), it would respond more to the both-changed and orientation-
changed conditions when compared with the both-repeated and expres-
sion-changed conditions (Fig. 2c). Since this is the same pattern of
results expected for regions of interest with an increased sensitivity to
head orientation, we designed a second adaptation experiment, hereafter
referred to as the face specificity experiment, using a three-dimensional
nonface stimulus: a banana. The purpose of this experiment was to
determine whether changes in the orientation of a banana release the
fMRI signal in the face patches in the same way as changes in the orien-
tation of a head. In other words, the results would confirm whether the
face patches have a general sensitivity to nonrigid movement or whether
they are specifically tuned to nonrigid movements of the head.

We rotated the banana in space to generate five levels of orientation.
As with the face avatar, we used eight different lighting condition and
two retinal sizes to introduce low-level variation into the stimulus set.
Thus, in total there were 128 unique banana stimuli presented in two
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(from left to right; areas AL, ML, and PL). The color of each bar reflects the condition (the legend is positioned on the far right). A black asterisk indicates that there was a significant difference
between the both-changed and both-repeated conditions in a direction consistent with adaptation to changeable attributes found for all three subjects. A blue asterisk indicates that, in all
three subjects, there was a significant difference between the orientation-changed and expression-changed conditions in a direction consistent with a greater sensitivity to head orientation
than expression. In contrast, a red asterisk indicates that, in all three subjects, there was a significant difference between the orientation-changed and expression-changed conditions, but the
direction of the difference is consistent with a greater sensitivity to expression than head orientation. Error bars reflect =1 SEM. b, The average effects of adaptation on the fundus patches
and EVC. The bars that are not filled in to reflect the fact this region is not face selective. Otherwise, same conventions as in a. ¢, The average effects of adaptation on area AM on the ventral
surface of the brain. Same conventions as in a. d, The average effects of adaptation on the amygdala. Same conventions as in a. All data are available as an extended dataset (Extended Data

Fig. 3-1).

experimental conditions. In the banana-changed condition, the stimuli
were sorted into five unique blocks (16 stimuli/block) at random. In the
banana-repeated condition, the stimuli were sorted into five unique
blocks (16 stimuli/block) based on orientation. Other experimental
details, including the timing parameters, were identical to those used in
the main adaptation experiment. We confirmed that average pixel inten-
sity changes were greater for the banana-changed condition compared
with the banana-repeated condition, as was the case in the main experi-
ment (Fig. 2d).

Because of availability, we were able to test two of the original sub-
jects (subjects F and K), and data collection took place >3 months after
the completion of the main adaptation experiment. The subject’s task
during a run was to fixate the central red dot and the same fixation crite-
rion (i.e., fixation successfully maintained for >60% of the run) was
used to determine which runs were included in the final analysis. Subject
K completed 27 runs over three sessions of which 4 runs were excluded
because they did not meet the fixation criterion, leaving 23 valid runs in
the analysis with an average fixation time of 94.3%. Subject F completed
26 runs across three sessions, of which only 2 runs were removed from
the analysis on the basis of the fixation criterion, resulting in an average
fixation performance of 86.62% during the included runs.

Statistical analyses. To facilitate cortical surface alignments, we
acquired high-resolution T1-weighted whole-brain anatomic scans in a
4.7 T Bruker scanner with an MDEFT sequence. Imaging parameters
were as follows: voxel size: 0.5 x 0.5 x 0.5 mm; TE: 49 ms; TR: 13.6 ms;
and flip angle: 14°.

All EPI data were analyzed using AFNI software (http://afni.
nimh.nih.gov/afni; Cox, 1996). Raw images were first converted
from Bruker into AFNI data file format. The data collected in each
session were first corrected for static magnetic field inhomogeneities
using the PLACE algorithm (Xiang and Ye, 2007). The time series
data were then slice time corrected and realigned to the last volume
of the last run. All the data for a given subject were registered to the
corresponding high-resolution template for that subject, allowing
for the combination of data across multiple sessions. The first two
volumes of data in each EPI sequence were disregarded. The

volume-registered data were then despiked and spatially smoothed
with a 3 mm Gaussian kernel.

We convolved the hemodynamic response function for MION expo-
sure with the four regressors of interest (both repeated, both changed,
orientation changed, and expression changed) using an ordinary least-
squares regression (executed using the AFNI function “3dDeconvolve”
with “MIONN?” as the response function). The regressors of no interest
included in the model were six motion regressors (movement parame-
ters obtained from the volume registration) and AFNI baseline estimates
and signal drifts (linear and quadratic). Thus, each voxel had four pa-
rameter estimates corresponding to the four regressors of interest.

When pooling data across subjects for Figure 2, we wanted to ensure
that the visualizations were not influenced by differences across subjects
in terms of coil placement or small numbers of voxels with extreme
B -coefficients, and, thus, we normalized the data within each ROI using
the min-max method. For the same reasons, when we compared data
across regions in Figure 3, we generated adaptation index values based
on B-coefficients. All statistical comparisons between the ROIs were
performed using custom scripts written in MATLAB version R2018b
(MathWorks). The data from the face specificity experiment were pre-
processed in the same way and convolved using the same AFNI function
(i.e., 3dDeconvolve). In this experiment, however, there were only two
regressors of interest (banana changed and banana repeated). Parameter
estimates for every voxel analyzed as part of this study are available in
Extended Data Figure 3-1.

Results

The main effects of adaptation in the macaque brain

When we averaged the normalized data across subjects, we found
a clear dissociation between the lateral edge patches (Fig. 3a) and
the fundus patches (Fig. 3b). The fMRI signal across the four ad-
aptation conditions was evaluated separately for each subject
using a mixed-design 4 x 8 ANOVA with adaptation condition
as the repeated factor and ROI as the group factor (with the


http://afni.nimh.nih.gov/afni
http://afni.nimh.nih.gov/afni
https://doi.org/10.1523/JNEUROSCI.0524-20.2020.f3-1
https://doi.org/10.1523/JNEUROSCI.0524-20.2020.f3-1

8124 . ). Neurosci., October 14, 2020 - 40(42):8119-8131

Taubertetal. e Processing of Expression and Head Orientation

Table 1. Difference between the both-changed and both-repeated conditions as a function of ROI

Area AL Area ML

Changed— repeated Observed p value Sig Changed— repeated Observed p value Sig Changed— repeated Observed p value Sig Changed— repeated Observed p value Sig

Subject K 1.218 <0.001 * 1110 <0.001

Subject F 0.623 <0.001 * 0538 <0.001

Subject J 0.230 <<0.001 * 0379 <0.001
Area AF Area MF

Area PL Area AM
* 1,690 <0.001 * 0,031 0.734
*0.409 <0.001 * 0,044 0.253
* 0342 <<0.001 *-0.120 0.001
EVC Amyg

Changed-— repeated Observed p value Sig Changed— repeated Observed p value Sig Changed— repeated Observed p value Sig Changed— repeated Observed p value Sig

Subject K 1.213 <0.001 1.583 <0.001 1.139 <0.001 * 0957 <<0.001 *
Subject F 0.446 <<0.001 0.559 <<0.001 1.340 <<0.001 *0.405 <<0.001 *
Subject J 0.240 <<0.001 0.495 <<0.001 0.114 <<0.001 *0.230 <<0.001 *
Sig, Significance.
*Evidence of adaptation to changeable aspects of the face of the avatar.
Table 2. Difference between the expression-changed and orientation-changed conditions as a function of ROI
Area AL Area ML Area PL Area AM
Expression— Observed Expression— Observed Expression— Observed Expression— Observed
orientation p value Sig orientation p value Sig orientation p value Sig orientation p value Sig
Subject K -0.352 <<0.001 ) —0.039 0472 -0.107 0.040 0.026 0.626
Subject F - —-0.409 <0.001 i -0377 <0.001 i -0.133 <0.001 i 0.012 0.826
Subject J -0.359 <<0.001 ) —0.088 0.020 -0.067 0.072 0.090 0.016
Area AF Area MF EVC Amyg
Expression— Observed Sig Expression— Observed Sig Expression— Observed Sig Expression— Observed Sig
orientation p value orientation p value orientation p value orientation p value
Subject K 0.330 <<0.001 0.568 <<0.001 0.085 0.214 0.441 <<0.001 :
Subject F 0.301 <0.001 0.173 <0.001 0.003 0.965 0.349 <0.001
Subject J 0.272 <0.001 0.520 <0.001 0.064 0.085 0.359 <0.001

Sig, Significance.
* More sensitive to changes in head orientation than changes in facial expression.
* More sensitive to changes in expression than changes in head orientation.

Greenhouse-Geisser correction for violations of sphericity for
the repeated factors). The analysis of the data for subject K
revealed a significant main effect of adaptation condition
(F(2A488,1159A263) =483.4, p < 0.001, 'T]l:z, = 051) and ROI (F(7,466) =
37.05, p<0.001, ; = 0.36), and a significant interaction effect
between adaptation condition and ROI (F(17.414,1159.263) = 18.1,
p<0.001, »7 = 0.22). The same pattern of results was also
observed for subject F (condition: F(jo76869443y = 14843,
p<0.001, 0, = 0.25; ROL F(; 449y = 164.79, p < 0.001, 15 = 0.72;
condition * ROL: F(3g30860.443 = 19.12, p<0.001, 7, = 0.23)
and subject ] (condition: F(> 701,1263.801) = 264.45, p < 0.001, ’7; =
0.36; ROL: F(7 468 = 92.93, p < 0.001, 12 = 0.32; condition * ROL
Fug.904,1263.801) = 39.74, p < 0.001, 12 = 0.37).

Following the significant interaction effects, we performed
paired t tests on the data from each subject to determine
whether, as predicted, the fMRI signal was greater in any of the
eight ROIs when both the expression and head orientation of the
avatar changed compared with when both the expression and
head orientation of the avatar repeated. These were adjusted for
multiple comparisons using the Bonferroni rule (a/16; Table 1).
The results indicated that the fMRI response from seven of the
eight ROIs was reliably released from adaptation when facial
attributes (i.e., the expression and head orientation) changed.
Area AM was the only exception; an adaptation effect was only
induced in one subject (Table 1).

The planned comparisons between the orientation-changed
and expression-changed conditions revealed a double dissocia-
tion among the face-selective ROIs. We found that areas AF and
MEF, both located in the fundus of the STS, showed greater activa-
tion when expression changed relative to when orientation
changed (Fig. 3b, Table 2), consistent with these areas being

sensitive to changes in expression across different head orienta-
tions. This was also the case in the amygdala (Fig. 3d, Table 2).
In contrast, the fMRI responses from areas AL, ML, and PL were
markedly different. In all three subjects, area AL showed greater
activation when orientation changed than when expression
changed (Fig. 3a), consistent with this area being more sensitive
to head turns across different expressions. Although the same
pattern of activation was observed in areas ML and PL, it was
only significant in one subject (Table 2). There was no evidence
that area AM responded systematically to these two conditions
(i.e., none of the contrasts comparing the orientation-changed
and expression-changed conditions were significant; Fig. 3c,
Table 2). In the EVC region of interest, there was also no evi-
dence of a difference between the orientation-changed and
expression-changed conditions (Fig. 3b, Table 2). To interpret
the response of EVC to these large complex visual stimuli, more
would need to be understood about the impact of surround sup-
pression during adaptation paradigms in primary visual cortex
where receptive field sizes are smaller than in IT cortex (Larsson
et al., 2016; Vogels, 2016). Thus, we excluded the EVC region of
interest from further analyses.

The impact of head orientation and facial expression

To determine whether the ROIs were tuned to head orientation,
we reexamined the activity in response to the both-repeated con-
dition. Each run in this condition was composed of five stimulus
blocks, one block for each of the five levels of head orientation
(—60°, —30°, 0°, +30°, +60°; Fig. 4a). Thus, we convolved the he-
modynamic response function for MION exposure using the levels
of head orientation as the five regressors of interest. The regressors
of no interest were the baseline estimates, and the six movement
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The impact of head orientation and facial expression on the fMRI signal in the both-repeated condition. a, Examples of the visual stimuli in each of the five levels of head orienta-

tion. b, Normalized fMRI signal, averaged across subjects, with separate bar graphs for each region of interest (top row, from left to right, areas AM, AL, ML, and PL; bottom row, from left to
right, amygdala, area AF and area MF). The color of each bar reflects the condition (see a for legend). Blue asterisk indicates that, for all three subjects, there was a significant difference in the
response to the zero orientation (0°) condition compared with the response in all other orientation conditions. Error bars reflect = SEM. ¢, Examples of the visual stimuli in each of the five lev-
els of facial expression. d, Normalized fMRI signal, averaged across subjects, with separate bar graphs for each region of interest (top row, from left to right, areas AM, AL, ML, and PL; bottom
row, from left to right, amygdala, area AF, and area MF). The color of each bar reflects the condition (see ¢ for legend). Red asterisk indicates that, for all three subjects, there was a significant
difference in the response to the Ne condition compared with the response to all other expression conditions. Error bars reflect == SEM.

parameters obtained from the volume registration using AFNI. The
average fMRI signal across all five head orientation conditions is
provided for each of the seven ROIs in Figure 4b.

To test whether the fMRI signal differed across the head ori-
entation conditions, we evaluated the data of each subject using a
mixed-design 5x7 ANOVA with head orientation as the
repeated factor and ROI as the between factor. We used the
Greenhouse-Geisser correction for violations of sphericity.
These analyses revealed that, for all three subjects, there was a
significant interaction between head orientation and ROI (sub-
ject K: F(3517,1452.60) = 25.001, p<<0.001, nf, = 0.27; subject F:
Fuosssizss77sy = 22.15, p<0.001, m; = 0.26; subject J:
F19.972,1358.100) = 22.15, p < 0.001, 1, = 0.37), suggesting that the
response across the head orientation conditions depended on the

ROL As a follow-up test, for each subject we compared the
response evoked by the four conditions where the head was
rotated away from zero (i.e., —60°, —30°, +30°, and +60°) to the
response evoked by the one condition where the head was front-
ward facing (i.e., 0°) using a custom linear contrast. This contrast
was significant across all subjects in six of the seven ROIs (all p
values <0.001; Fig. 4b). These results indicate that, unlike
the other ROIs, area MF (subject K, p =0.05; subject F, p=0.09;
subject J, p=0.07) did not respond differently to the face of the
avatar when its head was rotated away from the direct, front-
ward-facing position.

The both-repeated runs were also composed of five blocks that
varied in terms of the facial expression of the avatar [neutral (Ne),
threat (Th), yawn (Yn), fear grin (Fg), and lip smack (Ls); Fig. 4c].
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Thus, we repeated the analytical procedure described above for
head orientation, except this time we convolved the hemodynamic
response function for MION exposure with the five levels of facial
expression. The fMRI signal across the expression conditions was
evaluated for each subject using a mixed-design 5x 7 ANOVA
with facial expression as the repeated factor and ROI as the between
factor. Once again, the Greenhouse-Geisser correction was used to
adjust for violations of sphericity. These analyses revealed that, for
all three subjects, there was a significant interaction between facial
expression and ROI (subject K: F(15536,1206566) = 959, p < 0.001,
ny = 0.12; subject F: Fias54131482) = 25.88, p < 0.001, 15 = 0.29
subject J: F20.883,1420039) = 45.54, p < 0.001, 77; = 04], suggesting
that the response across the five levels of facial expression differed
depending on the ROL. We compared the response evoked by the
four conditions where the face the avatar expressed emotion (ie.,
threat, yawn, fear grin, and lip smack) to the response evoked by
the neutral face condition using a custom linear contrast. This con-
trast was significant across all three subjects for only three of the
seven ROIs (Fig. 4d). Overall, this analysis revealed that only
the fundus patches (areas AF and MF; all p values <0.01) and the
amygdala (all p values <0.001) responded differently to the face of
the avatar when it expressed emotion compared with when it
expressed no emotion; we note that these regions responded the
most to the fearful and submissive expressions (Fig. 4d). In contrast,
we found no evidence that the lateral edge face patches (i.e., areas
AL, ML, PL; all p values >0.06) or area AM (all p values >0.1)
responded differently to the face of the avatar when it expressed
emotion compared with when it expressed no emotion. These
results are consistent with the notion that the fundus face patches
and the amygdala are specialized for processing changes in facial
expressions.

Double dissociation within the macaque STS

To compare the response profile of neighboring patches, we
computed both an expression adaptation index (EAI) and a head
orientation adaptation index (OAI) for each voxel. The EAI val-
ues were calculated by subtracting the sum of the two conditions
where expression was repeated (both repeated and orientation
changed) from the sum of the two conditions where expression
varied (both changed and expression changed). Thus, a voxel
with an EAI value significantly greater than zero responded
more in the conditions where expression changed than in the
conditions where expression repeated. Likewise, OAI values
were calculated as follows: (both changed + orientation
changed) — (both repeated + expression changed). Voxels with
OAI values significantly greater than zero responded more in
the conditions where head orientation changed than in the
conditions where head orientation repeated. The advantage
here is twofold: (1) both EAT and OAI values are calculated
using the exact same data (i.e., all four conditions are entered
into both formulas); and (2) the available power is maxi-
mized because we use all four conditions to construct each
value. Figure 5a shows the EAI and OAI values for all face-
selective voxels projected onto a partially inflated cortical
surface (NIH macaque template;one hemisphere only; Fig.
5b, difference).

We normalized the index values within each subject by divid-
ing every value in each ROI by the maximum value observed in
that region. This transformation means that index values typi-
cally range between —1 and 1; an index value of 0 indicated that
the sum of the different conditions (i.e., release from fMRI adap-
tation) was equal to the sum of the same conditions (i.e., fMRI
adaptation). Next, we pooled the data across all three subjects

Taubert etal.  Processing of Expression and Head Orientation

and plotted the distribution of normalized adaptation index val-
ues in the two face patches located next to each other in the mid-
dle of the STS (MF and ML; Fig. 5¢). Given the small sample size
(N=3), we analyzed the data using Mann-Whitney U tests (two-
tailed) because they are robust to violations of normality. When we
analyzed the EAI values, we found that these values were higher,
on average, in area MF (mean=0.55, minimum =0.09,
maximum = 1) than in area ML (mean =0.18, minimum = —0.32,
maximum = 0.71; Mann-Whitney U test, two-tailed, p < 0.05). In
contrast, when we analyzed the OAI values, we found that
these values were higher, on average, in area ML (mean=0.34,
minimum = —0.27, maximum = 1) than in area MF (mean =0.18,
minimum = —0.24, maximum = 0.72; Mann-Whitney U test, two-
tailed, p < 0.05). These findings indicate that areas MF and ML, de-
spite anatomic proximity, are differentially sensitive to changes in
expression and head orientation.

We also examined the pooled distribution of normalized ad-
aptation index values in the two face patches that are positioned
next to each other in the anterior region of STS (AF and AL;
Fig. 5d). When we analyzed the EAI values, we found that
these values were higher, on average, in area AF (mean=0.55,
minimum = —0.09, maximum = 1) than in area AL (mean =0.09,
minimum= —0.49, maximum = 0.68; Mann-Whitney U test,
two-tailed, p < 0.05). When we analyzed the OAI values, how-
ever, we found that they were higher, on average, in area AL
(mean =0.15, minimum = —0.38, maximum = 1) than in area AF
(mean=0.15, maximum=0.66, minimum= -—0.56; Mann-
Whitney U test, two-tailed, p < 0.05). In sum, these results dem-
onstrate that areas MF and AF were more engaged by changes in
expression than ML and AL, respectively. Conversely, areas ML
and AL were more engaged by changes in head orientation than
MF and AF, respectively. Individual subject data are plotted in
the supplementary information.

Area PL is posterior to the middle STS region containing areas
ML and MF, while still located on the lower lateral edge of STS. In
this region, we found that there was no difference between the
EAI values (mean=0.32, maximum =0.95, minimum= —0.79)
and the OAI values (mean=0.38, maximum =1, minimum =
—0.29; Wilcoxon signed-rank test, two-tailed, p=0.18; Fig. 6a).
We note that EAI values in area PL were significantly higher than
those in area ML (Mann-Whitney U test, two-tailed, p < 0.05)
and lower than those in area MF (Mann-Whitney U test, two-
tailed, p < 0.05), whereas OAI values in area PL were no different
from those values in area ML (Mann-Whitney U test, two-tailed,
p=2.65) and higher than those values in area MF (Mann-
Whitney U test, two-tailed, p < 0.05). In sum, these analyses con-
firm that area PL was equally sensitive to both expression and
head orientation, a response pattern that distinguishes area PL
from both area ML and area MF.

Adaptation index values in the amygdala

We also investigated the distribution of EAI and OAI values in
the amygdala (Fig. 6b). We found that the EAI values (mean =
0.40, maximum = 1, minimum = —0.61) were much higher than
the OAI values (mean=0.08, maximum=0.53, minimum =
—0.53; Wilcoxon signed-rank test, two-tailed, p < 0.05). Further,
when comparing the fMRI signal in the amygdala to the fundus
patches, we found that EAI values were reliably lower in the
amygdala compared with either area MF (Mann-Whitney U test,
two-tailed, p < 0.05) or area AF (Mann-Whitney U test, two-
tailed, p < 0.05). OAI values were also reliably lower in the amyg-
dala compared with either area MF (Mann-Whitney U test,
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Figure 5.  Adaption index values confirm functional dissociation in STS. @, Lateral view of subject K's data projected onto the NMT cortical surface (Seidlitz et al., 2018) for illustrative pur-
poses (left hemisphere only). Left, EAl values for all voxels that met the “face-selective” criterion. Other voxels are masked out. Right, OAI values for all voxels that met the face-selective crite-
rion. b, For each face-selective voxel, the 3 -coefficient for the orientation-changed condition was subtracted from the [3-coefficient for the expression-changed condition. Results were
projected onto the partially inflated cortical surface. ¢, The distribution of normalized EAI (left) and normalized OAI (right) values in the posterior STS face patches, pooled across subjects.
Voxels from area ML are in blue and voxels from area MF are in red. d, The distribution of normalized EAIl and OAI values in the anterior STS face patches, pooled across subjects. Voxels from
area AL are in blue, and voxels from area AF are in red.
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The face specificity experiment. a, lllustrative example of the stimulus order in the two conditions (banana changed and banana repeated) presented in rows. b, The average nor-

malized response of the lateral edge face patches (from left to right; areas AL, ML, and PL). The individual subject data are plotted separately (top, subject F; bottom, subject K). The color of
each bar reflects the condition. ¢, Bar graph showing the difference in explained variance between the main adaptation experiment (gray bars) and the face specificity experiment (green bars)
for each ROI (from left to right; areas AL, ML, and PL). Again, the individual subject data are plotted separately (top, subject F; bottom, subject K).

two-tailed, p < 0.05) or the area AF (Mann-Whitney U test, two-
tailed, p < 0.05).

Adaptation index values in area AM

Area AM is a face patch typically found on the ventral surface of
the brain (i.e., outside of the STS) in anterior temporal cortex. In
recent studies, area AM has been linked to orientation-invariant
representations of individual faces but as yet, it has not been
tested with manipulations of facial expression. Even before nor-
malization, the observed OAI values for voxels in area AM were
already distinct. For all three subjects, the largest adaptation
index values were below zero. Thus, normalizing to the maxi-
mum yielded numbers outside the typical range (i.e., several OAI
values were found to be below —1). Nonetheless, for the sake of
comparison, we plotted the distribution of normalized adapta-
tion index values in Figure 6c. We found that the distribution of
EAI values (mean =0.006, maximum = 0.7, minimum = —0.83)
had an average value that was higher than the distribution of
OAI values (mean = —0.15, maximum=0.43, minimum =
—1.66; Wilcoxon signed-rank test, two-tailed, p <0.005). We
also found that 47% of the voxels in area AM had EAT values <0
(i.e., no expression adaptation) and 69% of the voxels in area AM
had OAI values <0 (i.e., no head orientation adaptation).

Face specificity experiment
After a pixel-based analysis of the avatar stimuli revealed that
there was an alternative explanation for the pattern of results

observed in areas AL, ML, and PL (i.e,, the lateral edge patches),
we ran a second experiment on two subjects. We tested the sub-
jects with images of a three-dimensionally rendered banana: in
the banana-changed condition, we changed the orientation of
the banana; and in the banana-repeated condition, we held the
orientation of the banana constant (Fig. 7a). If the regions of in-
terest are sensitive to image changes, then we expect to see a
greater fMRI response in the banana-changed condition com-
pared with the banana-repeated condition. The results for the
three ROIs are provided in Figure 7b.

The fMRI signal across both conditions was evaluated separately
for each subject using a mixed-design 2 x 3 ANOVA with condi-
tion as the repeated factor and ROI as the group factor (with the
Greenhouse-Geisser correction for violations of sphericity for the
repeated factors). For subject K, we found significant main effects of
both condition (Fg11,4852011) = 470.53, p < 0.001, 15 = 0.15) and
ROI (F(7,2679) = 48.63, p < 0.001, 1 = 0.11). Additionally, there was
a significant interaction effect (F126784852211) = 21.7, p<0.001,
n ; = 0.05). When we analyzed the data from subject F, we found
evidence that the main effects were consistent across the two
subjects (condition: F(; 71y = 25.75, p<0.001, 7, = 0.13; ROL
Fa71) = 889, p< 0001, 2 = 0.0% condition * ROL: Fipy71) =
14.88, p < 0.001, 1 = 0.15).

We used paired t tests (two-tailed) to examine the difference
between the two experimental conditions for each face patch. The
Bonferroni rule was used to adjust for multiple comparisons
within each subject (e = 0.05/3). Although for some regions, we
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Changes in expression

Figure 8.
spedifics face to face is something that social primates do on a reqular basis. The face-processing system in the macaque
brain has specialized regions for processing different sources of changeable information, such as expression and head orienta-
tion, while the identity of the conspecific remains the same from one moment to the next.

did find significant differences in the fMRI response to the two
conditions (subject K, areas ML and PL; subject F, area ML; all p
values <0.001), the direction of these differences are difficult to
interpret (i.e., banana repeated > banana changed). An enhanced
response to a repeated stimulus has been argued to reflect reduced
surround suppression or an inherited response from an earlier vis-
ual area with smaller receptive fields (Krekelberg et al., 2006;
Sawamura et al., 2006; Larsson et al., 2016; Vogels, 2016). In this
case, another contributing factor might have been the use of a
nonpreferred visual stimulus (i.e., an artifact of testing face-selec-
tive regions with a banana stimulus).

To determine whether the main adaptation experiment
explained more variance within the regions of interest than the sec-
ond, the face specificity experiment, we calculated the average R*
value for areas AL, ML, and PL (Fig. 7c). As one might have
expected, in both subjects we observed larger R* values when we
tested the face-selective regions with the face of the avatar (mean =
SD: subject F: AL, 0.05 = 0.04; ML, 0.04 = 0.03; PL, 0.07 = 0.04;
subject K: AL, 0.06 = 0.04; ML, 0.07 = 0.05; subject F: PL,
0.06 £ 0.04) than when we tested the same face-selective regions
with a three-dimensional banana (mean = SD; subject F: AL, 0.003
*+ 0.003; ML, 0.006 = 0.01; PL, 0.007 = 0.01; subject K: AL, 0.02 =
0.03; ML, 0.04 = 0.04; subject F: PL, 0.04 = 0.04). These results
indicate that the three-dimensional banana did not drive activity in
the face-selective ROIs in the same way as the three-dimensional av-
atar face. Although it is not known how the use of a nonpreferred
stimulus would contribute to repetition enhancement, it is possible
that area ML passively inherited a response from another visual
area (e.g., V1-V4) because it was not otherwise engaged by a pre-
ferred stimulus. More research is needed to understand the circum-
stances under which a visual region would respond more when a
stimulus is repeated compared with when it is changed.

Discussion

A large body of electrophysiological and fMRI results has sug-
gested that human and nonhuman primates have specialized
cortical machinery for the visual analysis of faces. This provides
us with a starting point for understanding how primates are able
to read different facial signals during social interactions. Figure 8
summarizes the main finding of the fMRI adaptation experi-
ment: the discovery that different changeable attributes of a
face recruit separate nodes within the macaque IT cortex. Our
results demonstrated that areas AF and MF were more
engaged by changes in expression than by changes in head

Cortical face
processing system

The functional organization of the cortical face-processing system in the macaque brain. Interacting with con-
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orientation. Conversely, patches on the
lower lateral edge of the STS was more
engaged by changes in head orientation
than by changes in expression. Further,
when we compared neighboring regions
of interest more directly, the analysis
indicated that area AF was more sensitive
to changes in expression than area AL
and that area MF was more sensitive to
changes in expression than areas ML
(Fig. 5). For head orientation adaptation,
the inverse was true; areas AL and ML
were found to be more sensitive to
changes in head orientation than were
areas AF and MF, respectively. This orga-
nization along the medial-lateral axis has
not been described before, perhaps because
of our unique experimental design. Here,
we manipulated two sources of change-
able information available in the face of a
macaque avatar, positioned at fixation, without altering identity
cues.

The role of the STS and the amygdala in monitoring emotion
We found that the fundus face patches and the amygdala are sen-
sitive to changes in facial expression. This joint characteristic
reflects the connectivity between the core face-processing system
in the macaque STS and the amygdala (Amaral and Price, 1984;
Moeller et al., 2008; Schwiedrzik et al., 2015; Grimaldi et al.,
2016). The amygdala has been implicated in the assessment of
valence and social salience (Hadj-Bouziane et al., 2008, 2012;
Zhang and Li, 2018; Taubert et al., 2018b), with neurons that
respond differentially to faces conveying different facial expres-
sions (Rolls, 1984; Gothard et al., 2007; Hoffman et al., 2007).
Previous research has also linked the fundus region of the STS in
the macaque brain to dynamic signals (Furl et al., 2012; Freiwald
et al., 2016). However, the functional contribution of these brain
regions to face perception, and to social cognition more broadly,
remains only partially understood. Here, we found that the fun-
dus face patches and the amygdala shared an increased sensitivity
to visual cues, indicating that the expression of the face of the av-
atar changed. Moreover, these regions also shared a reduced sen-
sitivity to visual cues indicating that the orientation of the head
of an avatar changed. These findings are consistent with the
functional segregation of the spatially distinct face patches inside
the STS, with the fundus face patches communicating with the
amygdala to support the recognition of facial expressions and
social inference (Freiwald et al., 2016; Sliwa and Freiwald, 2017;
Taubert et al., 2019).

The sensitivity of the lateral edge patches to changeable facial
signals

In contrast to the fundus face patches, some of the face patches
on the lower lateral edge of the STS were more engaged by
changes in the orientation of the head of the avatar than expres-
sion. In studies of face-selective neurons, while neurons within
the combined MF/ML region have been found to be view selec-
tive (i.e., each neuron prefers a specific head orientation), this de-
pendence is reduced in area AL and further still in area AM,
where the representations for facial identity are robust to changes
in head orientation (Freiwald and Tsao, 2010; Dubois et al,,
2015; Meyers et al., 2015; Chang and Tsao, 2017). However,
because this hierarchy is thought to play an important role in
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conspecific recognition, it was difficult to predict how these brain
regions would respond when the identity of a conspecific did not
change. We found that areas ML and AL on the lateral edge of
the macaque STS responded to changes in head orientation,
while identity persisted, with higher OAI values than their coun-
terparts in the fundus of the STS (Fig. 5¢,d). This was especially
true for area AL, where we found a significant release from adap-
tation when head orientation changed but not when expression
changed (Fig. 3a). Studies of neural connectivity have reported
tight connections between the lateral edge face patches (Grimaldi
et al., 2016; Premereur et al., 2016). For example, the acute stim-
ulation of area ML activated areas PL, AL, and AM but not areas
AF or MF (Premereur et al,, 2016), indicating that there are at
least two parallel processing pipelines within the cortical face-
processing network (Fisher and Freiwald, 2015; Freiwald et al.,
2016; Zhang et al., 2020). We note that we cannot rule out the
possibility that the lateral edge patches are sensitive to low-level
visual attributes, more broadly, because rotations of the head
result in greater changes at the image level than expression
changes (Fig. 2b). Even so, the results of the current study pro-
vide further evidence that the lateral edge face patches carry out
perceptual operations that are independent from those con-
ducted in the fundus patches.

The role of the PL and AM face patches

The response of area PL is notably unique from the other STS
patches. Although we found evidence of a general release (both
changed > both repeated), the results indicate that area PL is
equally sensitive to both expression and orientation changes (Fig.
6a). This finding can be interpreted as evidence that area PL is
activated by the complex features of a face (Issa and DiCarlo,
2012), and that this activation is invariant to the image distortions
imposed by changes in retinal size and lighting conditions
(Taubert et al., 2018a). However, while tolerant of changes in low-
level properties that do not change the interpretation of the facial
signals from a social perspective, the data also suggest that area PL
is sensitive to high-level changes in facial structure. Based on this
finding, it seems likely that area PL acts as a hub connecting EVC
and the motion-sensitive areas such as MT, to both the fundus
patches and the lateral edge patches in IT cortex. That said, given
the temporal resolution of fMRI, we cannot speculate on the direc-
tion of the information flow (feedforward vs feedback).

Notably, not all of our face-selective ROIs exhibited a general
release from adaptation. Although a comparison between EAI
and OAI values suggested greater sensitivity to changes in facial
expressions than head orientation, we found no evidence that the
fMRI signal in area AM was released from fMRI adaptation
when both expression and orientation were changed (both
changed = both repeated; Fig. 3c). Neuronal responses in area
AM, located on the ventral surface of the brain, have been shown
to encode the differences between individual faces (Chang and
Tsao, 2017). Thus, our results indicating a lack of fMRI adapta-
tion can be interpreted by extension; because the same identity
was presented repeatedly throughout the experiment, the fMRI
signal adapted in all four conditions (Fig. 3¢). According to this
scenario, the neural representations of facial identity built in area
AM are not only robust to changes in head orientation but also
facial expression. However, the assertion that neural representa-
tions in area AM are tolerant of facial expression requires further
investigation.

Conclusion
Detecting meaningful transient changes in facial structure
throughout the length of social interaction between ourselves
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and another social agent represents a considerable challenge for
the primate visual system, and yet we do so effortlessly (Taubert
et al,, 2016). In this study, we reasoned that by holding the iden-
tity of a face constant throughout a sequence, and by allowing
expression and head orientation to vary, we mimicked the sen-
sory input a subject might receive during a dyadic exchange with
another conspecific. The results uncovered two parallel process-
ing streams, segregating within the macaque STS with markedly
different responses to changes in facial expression and head ori-
entation. It follows that a similar cortical segregation may exist
within the human face-processing system to support our ability
to read the transient facial signals that occur during a face-to-
face conversation with another person.
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