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In free-viewing experiments, primates orient preferentially to-
ward faces and face-like stimuli. To investigate the neural basis of
this behavior, we measured the spontaneous viewing preferences
of monkeys with selective bilateral amygdala lesions. The results
revealed that when faces and nonface objects were presented
simultaneously, monkeys with amygdala lesions had no viewing
preference for either conspecific faces or illusory facial features in
everyday objects. Instead of directing eye movements toward
socially relevant features in natural images, we found that, after
amygdala loss, monkeys are biased toward features with in-
creased low-level salience. We conclude that the amygdala has a
role in our earliest specialized response to faces, a behavior
thought to be a precursor for efficient social communication and
essential for the development of face-selective cortex.

face perception | spontaneous behavior | neurocircuitry |
social development | visual salience

hen unconstrained by task, primates look longer at faces

than at other complex visual stimuli (1-8). This advantage
for faces is evident in human infants tested moments after birth
(4, 6) or immediately following the removal of bilateral cataracts
(9). Although this advantage for faces is thought to be essential
for typical social development, and perhaps responsible for the
formation of face-selective cortex (8, 10), the neural basis for this
behavior is unknown.

In addition to the faces of conspecifics, primates preferentially
orient toward schematic faces and other face-like stimuli (4, 6),
including illusory facial features in everyday objects such as fruit
(1, 11). This suggests that the mechanism driving orienting be-
havior is broadly tuned to a basic feature template or structural
code of a face, rather than the specific visual attributes associ-
ated with the realistic facial features of conspecifics. The nu-
merous observations that viewing preferences generalize to
schematic and illusory facial features are consistent with the idea
that the mechanism involved in rapidly directing eye movements
to faces is tuned to coarse visual features diagnostic of face de-
tection, rather than local details specific to a particular species or
individual (1, 12, 13).

A popular theoretical account posits that the amygdala is part
of a neural network that detects relevant stimuli in the visual
environment (14-16). Tract-tracing anatomical studies in ma-
caques have identified a pathway between the amygdala and the
anterior-most region of the core face-selective network (17),
which is located in the inferior temporal cortex, along the ventral
visual stream (18, 19). This connection suggests that the amyg-
dala may play a role in face perception. Consistent with this idea,
neurons in the amygdala are active in relation to face identity
and facial expressions of emotion (20, 21). In addition, selective
amygdala lesions alter typical eye-movement patterns when faces
are presented at fixation (22). However, there has not yet been a
direct test of the hypothesis that the amygdala is causally im-
plicated in viewing-preference behavior, which is a necessary step
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in understanding the role of this face-responsive structure in face
perception. If the amygdala plays a role in the prioritization of
faces in natural viewing behavior, we predict that amygdala insult
would reduce the spontaneous advantage for conspecific and
illusory faces over nonface objects in a free-viewing task.

To directly assess the role of the amygdala in orienting toward
faces, we presented rhesus monkeys that had received selective
bilateral amygdala lesions (Fig. 1 A and B) with pairs of photo-
graphs from three categories—monkey faces, everyday objects
containing illusory facial features, and similar nonface objects
(Fig. 1C)—and measured the time they spent looking at each
stimulus (Fig. 1D). It is well-established that primates (humans
and macaques) look longer at faces than at other stimuli (1, 3-5,
23). Thus, if the amygdala has no role in guiding eye movements
toward faces that are competing with other objects for attention,
our subjects should spend longer looking at monkey faces than at
nonface objects, as we observed when we tested intact controls in
a previous study with the same stimuli (Fig. 24) (1). Similarly,
subjects should also look longer at illusory faces in inanimate
objects than at similar objects without illusory face structure
(Fig. 24) (1). Additionally, we measured the location of fixations
relative to stimulus features because fixation maps have been
used previously to infer whether a monkey has detected facial
structure (1, 24, 25).

Significance

The primate brain is specialized for social interaction, and a
complex network of brain regions supports this important
function. Face perception is central to social development, and
both humans and nonhuman primates exhibit a spontaneous
viewing preference for faces. This shared involuntary response
underscores the importance of faces in the earliest stages of
cognitive development, yet its neural basis is not well un-
derstood. Here we report that bilateral amygdala lesions in
rhesus monkeys eliminate the robust viewing preference for
both real faces and illusory faces. This demonstrates a funda-
mental role for the amygdala in guiding eye movements toward
face stimuli, a critical behavior for normal social development
and social interaction.
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Fig. 1. Monkeys with selective bilateral amygdala lesions viewed pairs of stimuli. (A) A coronal section (17 mm anterior to the interaural plane) from a
representative rhesus monkey brain showing the location and extent of the intended bilateral amygdala lesion in gray. (B) Postoperative T2-weighted MR
scans from each of the three monkeys at levels matched to A. The white hypersignal indicates edema that is characteristic of cell death and confirms successful
injections of ibotenic acid (also see S/ Appendix, Fig. S1 and Table S1). (C) Example stimuli: (Left) monkey face; (Middle) illusory face; (Right) matched nonface
object. Reprinted from ref. 1, Copyright (2017), with permission from Elsevier. (D) The trial procedure indicating the timing parameters. Monkeys initiated
each trial by fixating a central fixation spot and were rewarded at the end of each trial with three drops of juice if the gaze remained within the bounds of
the screen; viewing was otherwise unconstrained. Eye movements were recorded throughout the trial.

Results

Changes in Viewing Preferences. We recorded the eye movements
of three rhesus monkeys (Macaca mulatta) with bilateral exci-
totoxic lesions of the amygdala while they were presented with
pairs of stimuli on a color monitor screen (for details, see Ex-
perimental Procedures). The monkeys received a juice reward for
maintaining their gaze within the screen region during each trial.
Stimuli consisted of 15 monkey faces, 15 illusory faces, and 15
nonface objects. The paradigm was identical to that used in our
previous study showing that intact rhesus monkeys (used here as
historical controls) perceive illusory faces when they occur by
chance in the natural environment (1). The inclusion of natural
examples of illusory faces (i.e., examples of face pareidolia) here
in addition to monkey faces has two key benefits. First, the il-
lusory faces are matched visually and semantically to the control
nonface objects, thus providing a valuable face-nonface com-
parison where features such as color are equally variable. Sec-
ond, this stimulus set allows examination of the generalizability
of any observed effect of amygdala lesions on spontaneous
viewing behavior beyond the faces of conspecifics.

We presented all unique pairings of the 45 stimuli; thus, each
monkey completed 1,980 trials in total. The behavioral measure,
looking time (LT), was expressed as the proportion of time that
the animals spent exploring each visual stimulus compared with
total presentation time (4 s). Remarkably, we found no evidence
that the amygdalectomized monkeys spent more time looking at
monkey faces than at nonface objects (mean difference 0.08;
t, =1.3,P=0.32, nz = 0.46; Fig. 2B). These subjects also showed
no looking preference for illusory faces compared with matched
objects without illusory faces (mean difference 0.07; 1, = 1.9, P =
0.37, n* = 0.39; Fig. 2B). It is important to note that from this
result, we cannot determine whether monkeys with amygdala
lesions perceive illusory faces or not because they exhibited no
preference for conspecific faces. The inference of illusory face
perception in intact monkeys is based on this preferential looking
behavior toward real faces. The data also indicated that, on av-
erage, monkeys with amygdala lesions had no preference for an
illusory or a monkey face when presented simultaneously (mean
difference 0.01; #, = 0.55, P = 0.64, n2 = 0.13; Fig. 2B). An in-
dependent analysis of the first fixation data yielded the same
pattern of results: no advantage for faces, real or illusory, over
nonface objects (SI Appendix, Fig. S2). The elimination of a
strong bias toward the faces of conspecifics and illusory faces
represents a striking departure from the behavior of intact con-
trols (reproduced in Fig. 24) and a number of previous studies
that have established that primates reliably orient toward faces
(1, 4, 5, 26) even in cluttered displays composed of multiple
objects (20, 27). To date, the only exceptions have been human

8044 | www.pnas.org/cgi/doi/10.1073/pnas.1807245115

studies testing clinical populations of individuals living with so-
cial developmental disorders (28-31).

To determine whether the viewing preferences for monkeys
with amygdala lesions were significantly reduced relative to
those of intact monkeys, we calculated the mean difference in
p(LT) between the two stimuli in each of the three conditions of
interest [(/) monkey faces vs. nonface objects; (if) illusory faces
vs. nonface objects; and (iii) illusory faces vs. monkey faces] for
monkeys in both groups. These data were analyzed using a
mixed ANOVA with condition (three levels) as the repeat
factor and group (two levels) as the between-subjects factor.
This analysis yielded a significant effect of group (F ¢ = 16.17,
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Fig. 2. Results for viewing preference as a function of visual stimulus condition.
(A) Looking-time data from five male intact historical control monkeys for
comparison with B. Data are reproduced from ref. 1. Note that p(LT) was cal-
culated as the proportion of time relative to the length of the trial. The three
conditions of interest were illusory faces vs. monkey faces, illusory faces vs. ob-
jects, and monkey faces vs. objects. Error bars indicate +£SEM. ns, not significant.
Reprinted from ref. 1, Copyright (2017), with permission from Elsevier. (B) The
mean proportion of total looking time [p(LT)] for monkeys with amygdala le-
sions as a function of stimulus type for each of the three comparisons of interest.
See SI Appendix, Fig. S2A for individual subject results (also see SI Appendix,
Table S2 to compare subjects in both groups). Same conventions as in A. (C) A
distribution of face-bias indices for trials completed by intact controls. The face-
bias index is calculated as a weighting of which stimulus subjects looked at the
most on each trial by the formula: face-bias index = [monkey face LT — nonface
object LT)/[monkey face LT + nonface object LT]. Indices approaching —1 indicate
a trial on which subjects favored the nonface object, and approaching +1 reflect
trials on which subjects favored the face stimulus. An index of 0 indicates no bias
in looking time toward either stimulus. Individual subject contributions can be
viewed in S/ Appendix, Fig. S2B. (D) The corresponding distribution of viewing
preference for face vs. object trials for monkeys with amygdala lesions (n = 3).
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P =0.007, nzp = 0.73), indicating that viewing preferences were
significantly stronger in intact monkeys relative to those with
amygdala lesions. In addition, there was a main effect of con-
dition (F,,, = 19.53, P < 0.001, n? » = 0.76), indicating that
viewing patterns differed across the three conditions. Notably,
we also found a significant 1nteract10n between condition and
group (Fo12 = 4.99, P = 0.03, n* b= = 0.45) that was followed up
with a series of pairwise comparisons to test for group differ-
ences within each condition (two-tailed independent-sample
t tests, equal variance assumed, Bonferroni correction applied
to adjust for multiple comparisons). Monkeys with amygdala
lesions had reduced viewing preferences relative to historical
controls in each of the three conditions (monkey faces vs. non-
face objects: mean difference between groups 0.23, t, = 3.4, P =
0.015, np2 = 0.66; illusory faces vs. nonface ob]ects mean dif-
ference between groups 0.27, t, = 4.41, P = 0.005, np = 0.76;
illusory faces vs. monkey faces mean dlfference between groups
0.14, ¢t = 3.31, P = 0.016, np = 0.65).

To more closely examine the impact of amygdala loss on the
critical condition (i.e., trials contrasting monkey faces vs. nonface
objects, for which a strong face-viewing preference would be
predicted), we aimed to determine whether the significant de-
crease in viewing preferences was the consequence of a genuine
lack of viewing preference for faces or, alternatively, whether
there exists an equal number of trials with opposing preferences,
which would manifest as an apparent lack of preference when
only the mean data are considered (i.e., if only a subset of trials
elicited a strong preference for faces, and another subset elicited
a strong opposing preference for objects). To achieve this, we
created an index of viewing bias (“face-bias index”) to charac-
terize which stimulus was favored on each individual completed
trial and examined the corresponding distribution. The face-bias
index was calculated from the monkey face vs. nonface object
trials only (450 trials per monkey) using the following formula:
face-bias index = [monkey face LT — nonface object LT]/
[monkey face LT + nonface object LT]. In Fig. 2 C and D, we
show the distribution of face-bias indices as a proportion of the
total number of trials completed for controls (median face-bias
index = 0.51, minimum = —0.57, maximum = 0.87) and monkeys
with amygdala lesions (median face-bias index = 0.17, mini-
mum = —0.90, maximum = 0.85). A permutation test on the
median scores revealed a statistically significant difference be-
tween the median face-bias index for controls compared with
that for monkeys with lesions (shuffling the group labels over
1,000 permutations, P < 0.001).

For the controls, over 95% of trials had an index greater than
0, a much greater percentage than we observed for the monkeys
with amygdala lesions (63%). For the intact monkeys, half of the
trials elicited a very clear (almost fivefold) preference for faces
over objects, reflected in the strongly peaked distribution in Fig.
2D. In comparison, the distribution of viewing bias is much
flatter for the monkeys with amygdala lesions in Fig. 2C, in-
dicative of a lack of a clear preference for faces over other
stimuli. Collectively, these results reveal that amygdala loss alters
spontaneous viewing behavior in monkeys, markedly reducing
the advantage for faces.

Altered Fixation Patterns. Primates reliably fixate on certain facial
features such as eyes and mouth. To further evaluate the amyg-
dalectomized monkeys’” spontaneous response to face stimuli, we
examined their fixation patterns for the three classes of stimuli.
We divided each stimulus into 121 equally sized, square bins (1° in
height and width) and tallied the distribution of fixations directed
to each of the 45 stimuli across all trials. For each subject, we
created a two-dimensional plot normalized to the maximum
number of fixations. In Fig. 34, we present the normalized fixation
density data for the three monkeys with amygdala lesions, aver-
aged across subjects (also see ST Appendix, Fig. S3). At first glance,
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Fig. 3. Fixation density plots for three example stimuli and the correlation
across all maps as a function of stimulus category and presence/absence of an
amygdala; see also S/ Appendix, Fig. S3. (A) Example fixation maps show the
average number of fixations (>150 ms) as two-dimensional density plots in
degrees of visual angle [an example from each stimulus type: (Left) monkey
face; (Middle) illusory face; (Right) nonface object] in monkeys with amygdala
lesions. Data were normalized to each monkey’s maximum fixation count and
then averaged across all three subjects before being smoothed for illustration
purposes using MATLAB's surf function with interpolated shading. The un-
smoothed data for every experimental stimulus are available in SI Appendix,
Fig. S3. (B) The average r values for the experimental stimuli as a function of
both stimulus type (monkey faces, illusory faces, and nonface objects) and
subject group (monkeys with amygdala lesions and intact controls from ref. 1
are plotted for comparison). Error bars indicate +SEM. Reprinted from ref. 1,
Copyright (2017), with permission from Elsevier.

these average fixation maps appear to be highly disorganized,
irrespective of stimulus category (i.e., faces or nonfaces). However,
when we compared these fixation maps with those of the intact
controls, we found evidence that amygdala lesions selectively de-
creased the consistency with which subjects view face stimuli.

To quantify this effect, we vectorized the subjects’ normalized
fixation density plots and cross-correlated across subjects to
compute an average r value for each stimulus. These average r
values could then be compared directly with the r values that
were generated previously (1), when intact monkeys performed
the same task (independent-sample ¢ tests, two-tailed; Fig. 3B).
These comparisons indicated that monkeys with amygdala le-
sions fixated images containing faces with significantly less con-
51stency than intact monkeys (monkey faces: t,5 = 10 96, P <
0.001, 12 = 0.98; illusory faces: t,5 = 9.87, P < 0.001, n? = 0. 98).
At the same time, there was no evidence of a difference between
groups when the subjects viewed nonface objects (t,3 = 0.7, P =
0.49, n* = 0.2). In the study of intact monkeys, the consistent
pattern of fixations associated with the two face categories (real
and illusory) was argued to be a marker of face perception (1)
because behavioral studies have reliably shown that humans and
monkeys frequently fixate the internal facial features, particu-
larly the eyes (1, 5, 22, 32). Indeed, deviation from this typical
fixation map has been viewed as pathological (30, 33). The ab-
sence of a reliable fixation pattern in monkeys with amygdala
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lesions, together with the lack of a viewing preference for faces,
is evidence that amygdala loss selectively reduces the inherent
salience of facial features, and fits with previous reports linking
amygdala activity with fixations on the eyes of a face (20, 22, 25).

Comparison with Maps of Saliency. Studies of human viewing be-
havior have reasoned that individuals who have difficulty
directing visual attention toward socially relevant stimuli in free-
viewing tasks might orient instead to objects that have higher
salience, as defined by low-level visual properties (28-30). Since
the monkeys with amygdala lesions exhibit decreased orienting
toward faces, a socially relevant category of stimuli, we tested
whether their fixations instead corresponded to image regions
with relatively high visual salience. To test this hypothesis, we
first mapped the low-level visual salience in our stimuli using two
different algorithms loosely inspired by the tuning properties of
neurons in the primary visual cortex in response to static natural
scenes: (i) the Itti-Koch algorithm (34) and (i) the graph-based
visual saliency algorithm [GBVS (35)], both implemented in
MATLAB (version R2016a; MathWorks). To facilitate com-
parison with gaze preferences, the output from each saliency
algorithm for each stimulus was binned and normalized using the
same process as used for the fixation data for individual subjects
(all maps are available in SI Appendix, Figs. S4-S6).

For each stimulus, we then cross-correlated the average fixa-
tion data from monkeys with amygdala lesions with three

A Monkeys with
amygdala lesions

Itti-Koch
saliency map

GBVS
saliency map

Intact
behavior

B 1 r *
gos | . =
=] —
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& ] ® Intact behavior
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Faces Faces Objects

Fig. 4. Correlation between fixation patterns and saliency. (A) Three illus-
trative mean fixation density maps, one example from each stimulus cate-
gory [(Top) monkey face; (Middle) illusory face; (Bottom) nonface object].
From Left to Right: observed viewing pattern, a social saliency map from
intact monkeys, the Itti-Koch visual saliency map, and the GBVS map. Maps
for all stimuli are available in S/ Appendix, Figs. S4-S6. Reprinted from ref. 1,
Copyright (2017), with permission from Elsevier. (B) Mean (+SEM) correlation
between the fixation maps elicited from monkeys with amygdala lesions and
each of the predictive maps as a function of stimulus category. *P < 0.01.
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different predictive maps: (i) the average fixation data collected
from intact controls, used as a proxy for social salience; (ii) the
Itti-Koch visual saliency map; and (iii) the GBVS map (Fig. 44
and SI Appendix, Figs. S4-S6). The bar graphs in Fig. 4B plot the
average correlation between the fixation density maps elicited
from monkeys with amygdala lesions and these three predictive
maps as a function of stimulus category. We analyzed these data
using a repeated-measures ANOVA applied to the data for each
stimulus image. The analysis included two factors: stimulus cate-
gory (monkey faces, illusory faces, nonface objects) and predictive
map (intact behavior, Itti-Koch map, GBVS map). The results
revealed the expected effect of predictive map (F25 = 30.32, P <
0.001, n = 0.68) in addltlon to a main effect of stimulus category
(Fap8 = 5 93, P = 0.007, n°, = 0.30) and an interaction between
both factors (Fys6 = 5.73, P = 0.001, n* » = 0.29).

Follow-up contrasts for the effect of predictive map indicated
that the average correlation between the behavior of the monkeys
with amygdala lesions and both the Itti-Koch and GBVS maps
was higher than with the maps from the 1ntact monkeys (Itti-Koch
vs. intact behavior: t14 = 6.39, P < 0.001, n =0.74; GBVS vs. intact
behavior: t14 =3.52, P = 0.003, n =0. 47) There was also evidence
that the Itti-Koch algorithm was superior to the GBVS algorithm
in terms of correspondence with the current data, when averaging
across stimulus type (t14 = 7.5, P < 0.001, n =0. 8) All observed P
values were adjusted for multiple comparisons using the conser-
vative Bonferroni correction. These results support the hypothesis
that low-level visual salience is a better predictor of where the
monkeys with amygdala lesions fixated on each stimulus than the
fixation patterns elicited from intact monkeys.

We investigated the source of the interaction between stimulus
type and predictive map (Fig. 4B) using a set of nine a priori
pairwise contrasts (applying the Bonferroni correction for multiple
comparisons; Fig. 4B). The fixations of monkeys with amygdala
lesions while viewing conspecific faces correlated better with the
Ittl—Koch maps than with the GBVS maps (¢4 = 6.72, P = 0.004,
n = 0.76) or with intact monkey behavior (t14 = 5.77, P = 0.004,
n? = 0.7). Similarly, there was a greater correspondence between
the fixations of monkeys with amygdala lesions and the GBVS
maps than with the intact monkey behavior (¢4 = 3.86, P = 0.02,
=05 1). Collectively, these comparisons further indicate that
the behavior of the monkeys with amygdala lesions is better
captured by the maps of low-level salience than by the average
fixation maps generated from historical control monkeys (1).

The same pattern of results held for illusory face stimuli, with a
greater correspondence between the fixation behavior of the
monkeys with amygdala lesions and the saliency maps than with
the fixation patterns of the control monkeys (Itti-Koch vs. intact
behavior: t14 = 6.18, P < 0001 n = 0.73; GBVS vs. intact be-
havior: t;4 = 5. 07 P < 0.001, n = (0.65; Itti-Koch vs. GBVS: t14 =
3.49, P =0.04,n> = 0. 46). However, for nonface objects, there was
no evidence that the relationship between the behavior of monkeys
with amygdala lesions and any of the three predictive maps dif-
fered (Itti-Koch vs. intact behavior: 14 = 1.72, P > 0.9, n =0.17;
GBVS vs. intact behavior: ¢4 = 0. 31 P>09, n < 0.01; Itti—-Koch
vs. GBVS: 14 = 3.15, P = 0.06, n = 0.41). Thus, when analyzing
the response to nonface objects, there was no evidence that low-
level visual salience was a better predictor of the current data than
the behavior of intact monkeys. Importantly, this result shows that
low-level visual saliency retains predictive power for both groups of
subjects when they are shown nonface stimuli. The difference in
fixation patterns between intact monkeys and those with amygdala
lesions appears to be specific to faces and face-like stimuli.

Discussion

Here we report that adult monkeys with selective bilateral
amygdala lesions fail to spontaneously orient toward faces. In a
free-viewing visual preference paradigm, intact monkeys were
found to have a strong viewing preference for both faces (3, 5, 8,
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20) and illusory faces (1). By contrast, we found that monkeys
with amygdala lesions looked equally often at photographs
of monkey faces, illusory faces, and everyday nonface objects.
Further, amygdalectomized monkeys looked more often at
stimulus regions with greater low-level visual salience than re-
gions with greater social meaning, such as facial features. Al-
though prior studies have demonstrated a causal role for the
amygdala in preferential viewing of certain facial features (e.g.,
eyes, mouth) when faces are presented in the central visual field,
the present results reveal that, in addition, the amygdala is es-
sential for guiding eye movements toward faces in visual scenes
with competing visual stimuli. Thus, the amygdala has a causal
role in the well-established visual preference for faces sponta-
neously exhibited by both nonhuman primates and humans.

A Causal Link Between the Amygdala and a Spontaneous Behavioral
Response Toward Faces. It is generally assumed that most aspects
of face perception, including detection and discrimination, are
mediated by mechanisms located within face-selective areas of
the inferior temporal cortex (12, 36-38). In contrast, the role of
the amygdala in face perception has largely been framed in terms
of relevance—with the amygdala responding more to visual
stimuli with greater valence, such as faces expressing fear (39—
41). However, most studies investigating the neural mechanisms
underlying face perception have examined fixations toward faces
presented in the central visual field (12, 19, 37, 39, 42, 43).
Comparatively little is known about how we detect and perceive
faces in the periphery and then orient toward them. Our data
clearly implicate the amygdala in directing eye movements to-
ward faces when they occur with another nonface object in the
visual environment.

Moreover, we report dramatic changes in the spatial location
of fixations within each stimulus made by monkeys with amyg-
dala lesions. This suggests that, in addition to an absence of a
general face-viewing preference, amygdala loss in adult monkeys
results in changed face-viewing behavior, with no advantage for
the eyes and internal facial features over other parts of the face.
Previous studies of single-cell responses have concluded that the
amygdala may act as an eye detector in natural scenes (25).
Furthermore, amygdalectomized monkeys have previously been
shown to fixate less frequently on the eyes of monkey faces
presented centrally (22). Here we demonstrate that this holds for
both monkey faces and illusory faces in objects when these
compete with other stimuli for attention in a preferential looking
paradigm. Our data are consistent with the observation of human
patient SM with bilateral amygdala damage (44), who exhibited a
profound deficit in recognizing fear from photographs of facial
expressions and did not spontaneously fixate the eye region when
freely viewing faces. Intriguingly, when SM was explicitly di-
rected to fixate the eyes, her performance in recognizing fear
improved. Our demonstration of atypical eye-fixation patterns
on faces following amygdala loss further suggests that it plays a
critical role in directing eye movements to faces in a stereotypical
manner (20, 25).

Our results reveal a causal link between amygdala activity and
the preference toward faces during a free-viewing task. Exactly
how this behavioral effect is manifest, however, is unclear. One
possibility is that the amygdala loss has an effect on visual pro-
cessing in the temporal cortex and it is this disruption that elim-
inates viewing preferences for faces. This idea is consistent with an
earlier finding that selective amygdala lesions disrupt the modu-
lation of activity in the monkey inferior temporal cortex (39). The
idea is further supported by a previous structural MRI study that
reported a significant reduction in gray matter in the visual areas
of the temporal cortex in human subjects with bilateral amygdala
lesions (45). Importantly, our data indicate that amygdala activity
is necessary for the prioritization of faces over objects in free
viewing. Moreover, in the context of the present study, the analysis
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of the spatial location of fixations within images suggests that the
behavioral consequences of amygdala loss are limited to stimuli
with social content (i.e., real and illusory faces).

The Role of the Amygdala in the Typical Development of Face-
Selective Cortex. Preferential looking behavior has been sug-
gested to be crucial for the development of category selectivity in
the inferior temporal cortex, including face selectivity (8, 10).
Monkeys reared without exposure to faces do not develop normal
face patches, although they develop cortical domains for other
categories, such as scenes and body parts, for which they had visual
experience (8). Given that these findings indicate the amygdala
plays a causal role in the prioritization of face stimuli over other
objects in natural viewing, it is possible that the amygdala also
plays an essential role during the early stages of development for
the formation of face-selective cortex in primates.

Coincidently, we report two observations that create an in-
teresting parallel between amygdala loss in monkeys and autism
spectrum disorders (ASDs) in humans. First, the monkeys with
amygdala lesions looked longer at visually salient features of im-
ages, not socially salient features (30). Individuals with ASDs
similarly make reduced fixations on facial features, such as the
eyes and mouth, when viewing photographs of faces (46). Second,
we found no evidence that monkeys with amygdala lesions expe-
rienced the illusion of face pareidolia, namely perceiving faces
within inanimate objects. Similarly, unlike typically developing
children, children with ASDs show a reduced looking preference
for face-like objects in the upright orientation (31, 47). As we note
above, however, it is difficult to infer whether monkeys with
amygdala lesions perceive illusory facial features from these data
because the scan paths for conspecific faces were also irregular.
Nonetheless, the observation of abnormal scan paths for socially
relevant stimuli in amygdalectomized monkeys here converges
with earlier arguments (15), suggesting that the rhesus monkey
could serve as a model for the development of the social brain.

Understanding Object Representations Outside of Controlled
Fixation. The selection and prioritization of behaviorally rele-
vant objects of interest via eye movements are critical steps in how
the brain achieves coherent natural viewing by reducing the incoming
computational load. In the laboratory, face processing has mainly
been studied in experimental paradigms in which faces are presented
centrally at fixation. A more recent complementary approach aims to
understand face processing under more natural viewing conditions
(25, 48). A complete understanding of visual function in the primate
brain requires understanding the complex mechanisms that govern
involuntary behaviors, such as our orienting response to faces and
stereotypical scan paths. The demonstration of a causal role for the
amygdala in spontaneous viewing preferences is a step toward re-
vealing how the primate visual system has evolved to cope with
complex and continuous input from the entire field of view.

Experimental Procedures

Subjects. Three adult male rhesus macaques (monkeys E, B, and C; M. mulatta,
weighing between 6.6 and 9 kg at the time of testing) participated in this
experiment. Subjects were 4.9, 5.1, and 6.1 y old at first surgery, and 6, 7, and
18y old at the start of testing, respectively. They were originally acquired from
a breeding facility in the United States, where they were housed in large
groups until their transfer to the National Institute of Mental Health at the
age of ~5 y. After that, they were housed in a large colony room on a 12-h
light/dark cycle, with auditory and visual contact with at least 20 other con-
specifics. Food was available ad libitum and water was controlled as needed
to maintain testing motivation, with their weight remaining above 85% of
baseline. All procedures were 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.
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Procedures.

Surgical procedure. We used standard methods for making bilateral excitotoxic
amygdala lesions, as described in detail elsewhere (50, 51). In our laboratory,
these methods produce a median of 82% amygdala damage with 2% or less
damage to surrounding structures (51). Briefly, we acquired a structural MR
scan of each monkey, plotted a series of 16 to 19 injection sites along 8 or 9
vertical tracks, tailored to the individual size and shape of the amygdala in
each hemisphere, and separated in all planes by ~2 mm. During aseptic sur-
gery, we opened a bilateral bone flap over the injection sites, lowered a
30-gauge Hamilton syringe to the ventral-most site in a track, injected 0.6 to
1.2 pL of ibotenic acid (10 mg/mL; Sigma) at a rate of 0.2 pL/min, waited
2 min to allow diffusion, raised the needle of the syringe to the next in-
jection site, and repeated for each site along the track, waiting 3 min before
removing the needle from the brain. This method was repeated for each
additional track. For health reasons, we performed the operation in two
stages, allowing 2 wk of recovery after each hemisphere. Three to 7 days
after each surgery, we acquired T2-weighted MR scans to visualize edema
and confirm successful injections. Amygdala damage can be partially predicted
in vivo by MRI, with complete coverage by hypersignal indicating that a ma-
jority of the amygdala is damaged and extraamygdala damage generally being
less than indicated by hypersignal (51). In all three subjects, the edema covered
the extent of the intended amygdala lesion, indicating that the majority of the
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amygdala was damaged, and extended only minimally to surrounding tissue,
indicating little extraamygdala damage (S/ Appendix, Table S1).

Experimental procedure. Stimuli were identical to those in our previous study of
intact monkeys (1). Face stimuli comprised 15 color photographs of female
rhesus monkeys that varied in pose, head position, size, color, gaze direction,
and lighting condition. Illusory faces and content-matched objects comprised
15 examples of face pareidolia and 15 matched nonface objects. Subjects ini-
tiated a trial by fixating a central spot for 500 ms before two stimuli were
presented side by side for 4 s. Each stimulus was 10.2° of visual angle in height
and width. All 45 stimuli appeared once with every other stimulus, equally
often on the left and the right (image center was horizontally displaced by +8°
of visual angle from the screen center). Therefore, each subject completed
1,980 trials in a unique order. Once a trial had been initiated, the monkeys
were required to look anywhere on the screen for the full 4-s period to receive
a subsequent liquid reward. The monkeys were free to look anywhere within
the screen; however, if a monkey looked away from the screen or closed its
eyes for a period longer than 300 ms, the trial was aborted and repeated at a
later time. There was a timeout (an extended intertrial interval) following an
aborted trial of 5 s; otherwise, the intertrial interval was 1 s.
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