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Monkey drumming reveals common networks for
perceiving vocal and nonvocal communication sounds
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Salient sounds such as those created by drumming can serve as
means of nonvocal acoustic communication in addition to vocal
sounds. Despite the ubiquity of drumming across human cultures,
its origins and the brain regions specialized in processing such
signals remain unexplored. Here, we report that an important
animal model for vocal communication, the macaque monkey, also
displays drumming behavior, and we exploit this finding to show
that vocal and nonvocal communication sounds are represented by
overlapping networks in the brain’s temporal lobe. Observing
social macaque groups, we found that these animals use artificial
objects to produce salient periodic sounds, similar to acoustic
gestures. Behavioral tests confirmed that these drumming sounds
attract the attention of listening monkeys similarly as conspecific
vocalizations. Furthermore, in a preferential looking experiment,
drumming sounds influenced the way monkeys viewed their con-
specifics, suggesting that drumming serves as a multimodal signal
of social dominance. Finally, by using high-resolution functional
imaging we identified those brain regions preferentially activated
by drumming sounds or by vocalizations and found that the
representations of both these communication sounds overlap in
caudal auditory cortex and the amygdala. The similar behavioral
responses to drumming and vocal sounds, and their shared neural
representation, suggest a common origin of primate vocal and
nonvocal communication systems and support the notion of a
gestural origin of speech and music.
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S ocial living requires effective means of expression and many
species communicate by using sounds. Communication
sounds can be as diverse as the methods used to produce them,
covering a range of temporal rates and spectral frequencies,
ranging from rattlesnake rattling and stork clapping to complex
human speech. Interestingly, some species communicate not
only by using a variety of sounds produced by the same means,
but also by using sounds produced by different means. Humans,
for example, produce vocal sounds including speech and non-
speech utterances, as well as nonvocal sounds—also called
acoustic gestures (1-4). Acoustic gestures encompass a range of
sounds such as the discrete knocking on a door, rhythmic hand
clapping, and even thumping a table in anger. Animals, too,
create sounds akin to acoustic gestures in addition to their
vocalizations; for example, some nonhuman primates create
sounds by chest beating or hand clapping (5-7), and rodents
create sounds by drumming their paws on the ground (8). The
use of nonvocal acoustic signals for communication raises two
fundamental questions: first whether the same brain regions are
specialized for the processing of vocal and nonvocal communi-
cation sounds; and second, whether vocal and nonvocal
communication systems share a common evolutionary origin
(2, 3, 9-12).

Insights into the evolution of human communication systems
can be revealed by comparative studies on closely related
primate models, which offer the advantage of studying the
underlying neuronal structures and mechanisms in greater detail
(9, 10, 12-14). Indeed, recent studies uncovered evolutionary
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parallels between the brains of humans and macaque monkeys
and provided functional homologs of human brain areas impli-
cated in processing vocal sounds (15-17). Similar to humans,
nonhuman primates produce structured periodic sounds in the
form of acoustic gestures, as evidenced by reports of such
behaviors in field studies (5-7, 18). However, to identify a
common basis of vocal and nonvocal acoustic communication, an
established model system in an evolutionarily related species and
featuring both vocal and nonvocal communication would be
necessary.

We here provide such a model system and demonstrate that
vocal and nonvocal communication sounds are represented by
overlapping neural networks in the temporal lobe. Specifically,
we find that laboratory rhesus monkeys (Macaca mulatta) pro-
duce loud, structured, and periodic sounds by using artificial
objects in their environment as a means of acoustic communi-
cation akin to drumming. By using behavioral tests, we confirm
the behavioral impact of these sounds on listening animals. And
by using functional magnetic resonance imaging (fMRI), we
demonstrate that these drumming sounds and vocal communi-
cation calls activate overlapping temporal lobe networks.

Results

Drumming Behavior in Macaque Monkeys. We observed that captive
rhesus macaques produce loud, structured, and repetitive sounds
by using artificial objects, such as cage doors, in their environ-
ment. These animals do so by slapping or banging against
surfaces or shaking them vigorously to produce sounds that can
be distinctly heard over the background cacophony of an animal
colony (Fig. 14). Because these sounds concord with the general
definition of drumming (1, 8), we adopt this terminology in the
following.

Drumming sounds are acoustically distinct from typical ma-
caque vocalizations (Fig. S1). First, drumming bouts last 1.5 s on
average (mean = 1.5 £ 0.7 s, mean = SD, n = 70), and the
resulting sounds are much longer than typical vocalizations,
which are typically less than half that duration (19) (Fig. 1B).
Second, these drumming sounds are periodic repetitions of
individual beats. The drumming frequency was 4.9 = 2.9 beats
per s, and each beat was repeated 4.8 = 2.5 times per bout (range
2-13). Thirdly, given their artificial sources, drumming sounds
differ from vocal sounds in their acoustic properties, such as
pitch and timbre. All of these properties make drumming sounds
salient in the acoustic environment in which these animals live.

We have observed the monkey’s drumming behavior in dif-
ferent contexts and during interactions between individuals or
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Characteristics of drumming sounds. (A) In this example, a macaque drums by firmly grasping the cage door with his forelimbs and shaking it vigorously

and repeatedly. The inset displays the typical facial expression during drumming: open-mouth threatening, staring, forward directed pinnae. (B) Drumming
sounds are acoustically distinct from typical vocalizations such as screams, grunts, or pant-threats. The repetitive beat pattern of the drumming sound produced
by this action is visible in the time-frequency spectrum. The black line displays the power spectrum.

between troops (groups of animals in adjacent cages). Detailed
examples of these different contexts are provided in Fig. S2.
Most frequent were agonistic situations, in which one animal
drummed as a threatening and directed signal toward another
individual. Often, drumming was accompanied by facial and
postural expressions, where the drummer would stare directly at
the intended recipient with his mouth slightly open and ears
angled forward as in a typical threatening display (Fig. 14) (18,
20). Drumming was also often accompanied by emotional threat
vocalizations such as pant-threats, which were produced before
or after drumming. In addition to such individual threat displays,
we also observed drumming behavior in polyagonistic contexts,
where several animals from different troops would in chorus
produce drumming sounds and threatening visual displays to
intimidate each other. Finally, drumming behavior was also
prominent during situations of general excitement in the colony,
such as before feeding. In this context, some animals produced
drumming sounds and aggressive vocalizations (barks), whereas
most others produced multicontext and affiliative calls (mostly,
coos, grunts, and gurneys) and food-associated calls such as the
harmonic-arch. These periods of general excitement lasted
several tens of seconds and were characterized by an abundant
number of vocalizations (see Fig. S2). All in all, we observed
monkeys drumming several times each day and in different
contexts, demonstrating that such displays are not a byproduct of
other actions and are well established within the repertoire of the
animals’ expressions.

Not all animals in the colony exhibited drumming behavior.
Effectively, we observed only the largest and dominant individ-
uals drumming, although smaller individuals attempted to do so
by imitating the technique. This suggests that the larger indi-
viduals drum not only because of their social status, but also
because they are powerful enough to agitate bigger, heavier
objects in their environment and create loud sounds. This could
make drumming an effective way of conveying information
about size, strength, and hence social status, as is typical for
drumming displays in monkeys and apes (7, 18, 21). Further-
more, because drumming is often accompanied by facial and
postural expressions, socially relevant information could be
transmitted in this interaction between signaler and recipient.

Remedios et al.

Behavioral Reactions to Drumming Sounds. To test whether the
monkeys perceive and treat drumming sounds as behaviorally
meaningful, we designed a preferential orienting task, which is
based on the animals’ natural behavior to look in the direction
of interesting or relevant sounds (22-24). By using this behav-
ioral paradigm, we compared monkeys’ reactions to drumming
sounds and vocalizations. Besides conspecific vocalizations and
drumming sounds, this behavioral test also included other
familiar cage sounds that featured some acoustic properties of
drumming sounds (e.g., the metallic timbre), as well as other
unfamiliar natural and animal sounds. To control for the higher
sound intensity at which drumming sounds are produced natu-
rally, we presented all sounds normalized to the same root-
mean-square intensity.

Of all sounds, the animals oriented most frequently to the
drumming sounds (Fig. 24). In fact, the orienting response to
drumming sounds (drum) was significantly higher than to un-
familiar natural sounds (nsnd, sign-rank test; P < 0.01, n = 27)
and to other cage sounds (cage, P < 0.05). Moreover, responses
to drumming sounds were also more frequent than to vocaliza-
tions (mvoc, P < 0.05), demonstrating that drumming sounds are
indeed as important as conspecific vocalizations to the animals
and that these sounds do not attract attention simply because
they are louder than other natural sounds.

By using a second behavioral test, we confirmed that drum-
ming sounds indeed convey socially relevant information, and
modify the way animals survey other conspecifics. In a prefer-
ential looking paradigm (23, 24), subjects were presented two
simultaneously displayed movies, one showing a larger and the
other showing a smaller conspecific, both quietly sitting in their
cages. These movies were either accompanied by the binaural
presentation of drumming or other cage sounds. To dissociate
affects introduced by (visual) acquaintance of individual ani-
mals, we analyzed the data depending on whether the subject was
familiar (had prior acquaintance) or unfamiliar with the mon-
keys presented as visual stimuli (Fig. 2B).

When subjects were familiar with the monkeys onscreen, they
clearly avoided looking at the larger animal onscreen during the
presentation of drumming sounds, but not during the presenta-
tion of control cage sounds. An analysis of variance (Scheirer-
Hare’s nonparametric ANOVA) revealed an overall effect of

PNAS | October 20,2009 | vol. 106 | no.42 | 18011

NEUROSCIENCE


http://www.pnas.org/cgi/data/0909756106/DCSupplemental/Supplemental_PDF#nameddest=SF2
http://www.pnas.org/cgi/data/0909756106/DCSupplemental/Supplemental_PDF#nameddest=SF2

Lo L

P

1\

o LN A D

A preferential orienting behaviour B

familiar subjects

preferential viewing behaviour

unfamiliar subjects

L ——
* %
100 T . - (ns)
<
* § 401 L
~ 80 @
3 o I L
S £30[
8 60} =S 3
8 £ | B L
> 40} g 20| g I
£ =
g 20 5 10 - 8
’ 3 .
ol ELoLd : . |
mvoc drum cage nsnd big  small big  small big  small big  small
sound drumming control drumming control

Fig. 2.

Behavioral tests. (A) Spontaneous orienting behavior toward different sounds. Behavior was scored as the percentage of trials for which the subjects

oriented in the direction of the sound. Monkeys oriented more frequently to drumming sounds (drum) than to other environmental sounds (nsnd), cage sounds
(cage), or conspecific vocalizations (mvoc). Stars denote significant differences (sign-rank tests): *, P < 0.05, **, P < 0.01. (B) Preferential looking toward either
a larger (big) or smaller (small) conspecific during the presentation of drumming or control (cage) sounds. When the subjects were familiar with the stimulus
monkeys onscreen, drumming sounds affected the time spent viewing the larger but not the smaller monkey onscreen. When the conspecifics displayed onscreen
were unfamiliar to the subjects, the time spent viewing either the larger or smaller stimulus monkeys did not differ between sounds. Stars denote significant

differences (rank-sum tests): *, P < 0.05; ns, not significant.

animal size [F (1, 43) = 4.0, P < 0.05; n = 11], and posthoc tests
confirmed significantly reduced looking times toward the larger
monkey onscreen during the presentation of drumming sounds
(rank-sum test, P < 0.05); looking times toward the smaller
monkey did not differ between sounds (P = 0.79). When subjects
were unfamiliar with the monkeys onscreen, there was again an
overall effect of animal size [F (1, 79) = 33, P < 1076, n = 20],
but the subjects looked longer at the larger monkeys onscreen
regardless of the sound (no effect of sound, P = 0.35). This
demonstrates that drumming sounds alter the way that listening
monkeys survey other conspecifics: drumming sounds likely are
directional indicators of the drummer’s size, which in the pres-
ence of a large and familiar conspecific enhances submissive
social behavior.

That the subjects took the experimental setting for real is
demonstrated by their spontaneous use of behaviorally relevant
expressions. Many subjects attempted to communicate with the
individuals shown onscreen, as demonstrated by social gestures
like lip smacking (25-27). Indeed, lip smacking was more
frequent during the presentation of drumming sounds (total
time of lip-smacking across all animals tested: 240.57 s for
drumming sounds and 180.85 s for cage sounds), suggesting that
listeners escalate their affiliative and appeasing gestures to offset
the threat signaled by drumming.

Brain Networks Activated by Communication Sounds. Having estab-
lished that macaque monkeys produce drumming sounds as a
means to broadcast and convey social information, we investi-
gated the auditory networks involved in processing these sounds.
Specifically, we asked whether and how brain regions preferen-
tially responding to drumming sounds relate to those networks
specifically activated by conspecific vocal communication
sounds. Previous studies have revealed specialized networks for
the processing of vocal communication calls (14-17), but
whether specialized networks for processing nonvocal commu-
nication sounds exist remains unclear. To do so, we performed
high-resolution fMRI studies by using a paradigm that con-
trasted fMRI activations to drumming sounds with those
to conspecific vocalizations (mvoc) and other natural sounds
(nsnd; including environmental sounds and vocalizations of
other animals). fMRI measurements were done on anesthetized
animals by using established auditory sparse-imaging paradigms
(16, 28, 29).

Stimulation with naturalistic sounds evoked robust activations
in the temporal lobe (Fig. 34). By contrasting the activations to
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the different sound categories, we localized regions preferen-
tially responding to vocalizations compared to other natural
sounds and regions preferentially responding to drumming
sounds compared to natural sounds (Fig. S3). The former
contrast reveals regions involved in processing vocal communi-
cation sounds, the latter reveals regions involved in processing
drumming sounds. Strong responses to vocalizations occurred at
several locations along the rostro-caudal axis of the lower bank
of the lateral sulcus (auditory cortex), on the superior temporal
gyrus, and in the amygdala region, in good concordance with
previous findings (16). Strong responses to drumming sounds
were found in caudal auditory cortex, in the amygdala, and other
subcortical structures (Fig. S3).

To determine networks preferentially responding to both
vocal and nonvocal macaque communication sounds, we com-
puted the overlap of the preferences to vocalizations and drum-
ming sounds and determined those regions consistently appear-
ing in all three animals tested. As in the example shown in Fig.
3B, there were two regions responding preferentially to conspe-
cific vocalizations and drumming sounds: one in caudal auditory
cortex and another in the amygdala. Importantly, these two
regions were consistently found in all animals (shown in Fig.
S4A4). 1t should be noted that individual experiments also
revealed other regions of overlap as well, which were not
consistent across animals (see Fig. S44). To further localize the
caudal auditory region with respect to functionally defined
auditory fields, we exploited a described mapping procedure,
which provides a functional parcellation of auditory cortex based
on the tonotopic organization of auditory fields (30). This
positioned the region of overlapping activations as within the
caudal belt (caudo-medial and caudo-lateral fields), but also
extending into primary field Al and the caudal parabelt (includ-
ing region Tpt), a location that is consistent with a vocalization-
sensitive region reported in a previous study (16). These
functional imaging results demonstrate that vocal and nonvocal
communication sounds are partly processed by the same over-
lapping and dedicated auditory and emotional networks.

Discussion

Our findings reveal that macaque monkeys produce acoustic
gestures by drumming that differ acoustically from vocalizations,
yet attract the attention of the listener and alter the way monkeys
survey their conspecifics. These drumming sounds hence serve
as directional communication signals used in specific contexts,
because they convey information about the social status or the

Remedios et al.
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Fig. 3. Functional mapping of brain regions preferentially responding to drumming sounds and vocalizations. (A) fMRI-BOLD response to overall acoustic
stimulation for one experiment. Sounds were presented in a block design, and functional images were acquired by using a sparse imaging sequence. (B) Overlap
of regions responding preferentially to vocalizations and drumming sounds, both compared to other naturalistic sounds (red lines). The full preference maps
for both conditions are shown in Fig. S3. Across monkeys, consistent overlap is found in the caudal auditory cortex (Left) and the amygdala (Right). Yellow lines
represent additional regions of overlap that are not consistent across animals. (C) fMRI-BOLD response amplitudes in these regions of overlap for all three animals

(left auditory cortex, right amygdala).

emotional state of mind of the drummer, similar to the typical
vocal communication sounds known for this species. In addition,
drumming sounds engage temporal lobe networks that overlap
with those specifically activated by vocal communication calls,
demonstrating the existence of common networks specialized for
the processing of vocal and nonvocal communication sounds in
an old-world primate.

Drumming as a Means to Communicate. Different forms of drum-
ming behavior have been described for nonhuman primates, such
as gorillas performing chest beating and hand clapping (5, 6),
chimpanzees drumming on tree buttresses (7), gibbons slamming
doors of their enclosures (31), or macaques shaking branches or
thumping on dead logs (18, 21). Noteworthy, there are many
similarities between those drumming behaviors and these de-
scribed here for captive macaque monkeys. First, often these
sounds are produced in conjunction with vocalizations, hence
likely serve to support or extend other means of communication.
Second, many of these drumming behaviors convey a sign of
dominance or a threat used by the drummer to intimidate the
recipient, suggesting that drumming is an expression of an
emotional state of the drummer. Thirdly, drumming sounds
direct attention toward the drummer and evoke aggressive or
affiliative-submissive behaviors in the recipient. Therefore, it is
possible that drumming is a form of communication that evolved
in a common ancestor and has since propagated throughout
primate evolution (1). This line of reasoning is further supported
by the observation that also small animals like rodents drum by
striking parts of their bodies on a substrate (8). Although in this
context communication is mediated by seismic vibrations, this
preference may well correlate to the ethological frequencies that
are representative of the animal’s environmental niche.

It is worth noting that drumming sounds differ acoustically
from vocalizations by their intensity and repetitive structure, and
thus constitute highly salient sounds over the background of a
monkey colony. As a consequence, monkeys might drum because
such sounds attract wide attention and because they have learned
to associate intense sounds with social power. The auditory

Remedios et al.

system might hence exploit similar saliency principles to high-
light an animal’s strength and health as those that make visual
social information apparent, such as a bright scarlet or blue facial
and hindquarter colorations (32, 33). In addition, low frequency
sounds produced by large objects (e.g., branches) can travel over
long distances, and hence serve as an ideal means to commu-
nicate with distant and invisible members of a group. Indeed,
studies in the wild have shown that some macaque species do
exploit such nonvocal sounds for long-distance communication
in large and arboreous habitats. The drumming behavior ob-
served in our captive animals might hence reflect a similar local
behavioral adaptation of branch shaking or log thumping in the
wild (18, 21).

Common Networks Activated by Vocal and Nonvocal Sounds. Our
fMRI activations show that vocal calls and nonvocal drumming
sounds are processed by overlapping networks. Although pre-
vious studies have shown that vocalizations preferentially acti-
vate a network of several caudal and rostral regions within the
auditory cortex (9, 10, 12, 14-16), it was unknown whether
nonvocal communication sounds engage overlapping or distinct
networks. Our results make a strong case for such an overlap.

We found that preferential responses to vocalizations and
drumming sounds occur in a identified region in caudal auditory
cortex, which mostly covers the caudal belt, but also reaches into
primary field Al and the parabelt (16). Although the exact
function of this region still remains elusive, current evidence
promotes several speculations. For example, previous studies
have shown that caudal auditory cortex is highly susceptible to
cross-modal influences, with the strongest multisensory influ-
ences also occurring in the caudal belt (34-36). Overlapping
representations of vocal and nonvocal communication sounds
hence may be formed in a region receiving information from
different sensory modalities. This may not be surprising, given
the multisensory nature of the vocal or drumming displays, which
consist of defined facial expressions, visible body motion, as well
as acoustic signals. Given the great behavioral importance of
correctly perceiving and identifying these displays, it would be of
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great benefit for primate brains to directly combine communi-
cation signals from different sensory modalities in regions
specialized for processing these (34). In addition, the caudal
auditory cortex has been suggested to form a key processing
stage that segregates and routes acoustic information to higher
regions depending on their acoustic structure, hence functioning
as a gatekeeper that facilitates the processing of novel salient
sounds—the so called “computational hub” hypothesis (9, 37—
39). Given the social importance of communication sounds for
primates, they are certainly the most imminent to be segregated
and recognized. Hence an overlap of auditory gatekeeper func-
tions, multisensory influences, and representations of vocal and
nonvocal acoustic communications may simply reflect an adap-
tation to the need to quickly and reliably react to social signals.
The second overlap of strong activations for vocalizations and
drumming sounds was found in the amygdala. Because both
kinds of sounds broadcast social or emotional information, they
are expected to activate the emotional system. In fact, previous
studies have shown that different emotional sounds, both of
vocal or nonvocal nature, activate the amygdala (40-42). The
present findings hence well agree with this prior expectation.

Acoustic Gestures, Music and Language. According to the gestural
theory of communication speech and language developed from
gestures produced by hands, body posture, or facial expressions
(3, 43, 44). In fact, drumming gestures of nonhuman primates
such as chest beating, buttress drumming, or branch shaking not
only result in the production of sounds but are accompanied by
vivid facial expressions and body movements. This raises the
possibility that acoustic communication originated to comple-
ment expressive visual gestures, or actions performed for non-
auditory purposes. Noteworthy, because multisensory integra-
tion enhances the recognition of facial or body expressions (34,
36, 45), the notion that acoustic communication emerged from
multisensory gestures (4) fits well with our finding that vocal and
nonvocal communication sounds preferentially activate overlap-
ping regions in multisensory caudal auditory cortex.

This idea fits also with influential models of speech processing,
in which regions in caudal auditory cortex are part of an “internal
model” involved in the online processing of sensorimotor data,
comparing an efference copy from premotor areas with incom-
ing sensory information from primary auditory cortex (9). Such
a model has access to both the gestural-motor aspect as well as
to the acoustical information, and hence provides a link to
influence both sensory to motor and motor to sensory transfor-
mation loops (9). As a result, these caudal auditory regions could
have played an important role in shaping the evolution of
acoustic communication by using information about gestural
motor signals.
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It has also been recognized that language emerged in close
association with music (1, 46-48), and it is likely that any
underlying common neural substrate would have propagated
through primate evolution. Although monkeys have neither
language nor musical abilities (49, 50), they communicate by
using vocalizations, and their drumming behavior may well be
homologous to that used by humans in the context of instru-
mental music (1). Hence primate drumming might represent a
precursor of musical abilities in humans, a notion that is also
underscored by the ubiquity of drumming across human cultures
(51) and its innate nature (52, 53). Our finding of overlapping
brain networks involved in the processing of vocalizations and
drumming sounds can hence be interpreted as revealing func-
tional mechanisms to support the theory that vocal communi-
cation and drumming may have coevolved into the human
faculties of language and music.

Materials and Methods

Behavioral and fMRI studies were performed with male rhesus macaques
(Macaca mulatta) that are part of a colony housed at the Max Planck Institute
for Biological Cybernetics. All procedures were approved by the local author-
ities (Regierungsprasidium) and are in full compliance with the guidelines of
the European Community (EUVD 86/609/EEC) for the care and use of labora-
tory animals.

Behavioral observations were conducted in our animal facilities, where
animals are socially housed in troops of two to four animals per enclosure,
which established hierarchies and interactions within a troop. Behavioral tests
were based on preferential looking techniques, which are ideally suited to test
perception in prelinguistic children and nonhuman primates (23, 24, 54, 55).
Functional imaging experiments were performed by using anesthetized ani-
mals and on a high-field magnet (4.7 T) by using established protocols (16, 28,
29, 56). Sounds were presented at an average intensity of 80 dB by using
MR-compatible headphones. We acquired functional data from three animals
(two imaged twice) by using whole-head volume coils and a multishot (two
segments) gradient-recalled echo planar imaging sequence with parameters
as used in previous reports. The image slices were oriented parallel to the
lateral sulcus to capture auditory cortex within the smallest number of slices.
Functional images were acquired by using a sparse imaging sequence every
10s. Functional data were analyzed in Matlab (MathWorks), and two contrasts
for voxels preferentially responding to vocalizations or drumming sounds
were constructed. Voxels with significant effects in either contrast were
identified by using spatial clustering, and the corresponding P values were
computed (57). More detailed descriptions of the methods can be found in S/
Materials and Methods.
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