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Human neuroimaging studies have demonstrated the presence of a “default system” in the brain, which shows a “default mode of brain
activity,” i.e., greater activity during the resting state than during an attention-demanding cognitive task. The default system mainly
involves the medial prefrontal and medial parietal areas, including the anterior and posterior cingulate cortex. It has been proposed that
this default activity is concerned with internal thought processes. Recently, it has been indicated that chimpanzees show high metabolic
levels in these medial brain areas during rest. Correlated low-frequency spontaneous activity as measured by functional magnetic
resonance imaging was observed between the medial parietal and medial prefrontal areas in the anesthetized monkey. However, there
have been few attempts to demonstrate a default system that shows task-induced deactivation in nonhuman primates. We conducted a
positron emission tomography study with [ 15O]H2O to demonstrate a default mode of brain activity in the awake monkey sitting on a
primate chair. Macaque monkeys showed higher level of regional blood flow in these medial brain areas as well as lateral and orbital
prefrontal areas during rest compared with that under a working memory task, suggesting the existence of internal thought processes in
the monkey. However, during rest in the monkey, the highest level of blood flow relative to that in other brain regions was observed not
in the default system but in the dorsal striatum, suggesting that regions with the highest cerebral blood flow during rest may differ
depending on the resting condition and/or species.

Introduction
Human neuroimaging studies have revealed the presence of a
“default system” in the brain, which is more active during rest
than during an attention-demanding cognitive task (“default
mode of brain activity”) (Raichle et al., 2001). A default activity is
observed in the medial and lateral parietal cortex, anterior and
posterior cingulate cortex, and medial prefrontal cortex (MPFC)
(Shulman et al., 1997; Gusnard et al., 2001; Mazoyer et al., 2001;
Raichle et al., 2001). During rest, regions within the default sys-
tem show higher regional cerebral blood flow (rCBF) (Raichle et
al., 2001) and higher resting glucose metabolism (Minoshima et

al., 1997) relative to those of other brain regions. Correlated
spontaneous activity as measured by functional magnetic reso-
nance imaging (fMRI) is observed across areas within the default
system (Fox et al., 2005; Fransson, 2005). The default activity is
thought to be concerned with internal thought processes (Christoff
et al., 2004), such as the recall of autobiographical episodic mem-
ories (Mazoyer et al., 2001), self-referential processing (Kelley et al.,
2002), conceptual processing (Binder et al., 1999), spontaneous
semantic processing (McKiernan et al., 2003), mind-wandering
(Mason et al., 2007), and monitoring of the external environ-
ment, body image, and emotional state (Gusnard et al., 2001).
Default activity is abnormal in patients with autism (Kennedy et
al., 2006), Alzheimer’s disease (Lustig et al., 2003), depression
(Greicius et al., 2007), schizophrenia (Liang et al., 2006), and
attention deficit hyperactivity disorder (Tian et al., 2006). This
default activity is not well developed in children (Fair et al., 2008).

To clarify the functional significance of the default activity, it
is important to examine whether a similar default system exists in
the nonhuman primate that does not have linguistic ability. A re-
cent positron emission tomography (PET) study with 2-deoxy-2
[ 18F]fluoro-D-glucose ([ 18F]FDG-PET) in the chimpanzee dem-
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onstrated that the highest level of metabolic activity during rest
occurred in the medial and lateral prefrontal areas and medial
and lateral parietal areas (Rilling et al., 2007). In the anesthetized
monkey, low-frequency, spontaneous activity measured by fMRI
showed a correlation between the medial parietal and medial
prefrontal areas (Vincent et al., 2007). A recent study demon-
strated task-induced suppression of neuronal activity in the mon-
key posterior cingulate cortex (Hayden et al., 2009). However,
there has not been any PET or fMRI study in the nonhuman
primate indicating the presence of a default system showing task-
induced deactivation. It is not clear whether regions showing the
highest level of metabolic activity during rest or regions with
correlated spontaneous activity within the medial brain areas in
nonhuman primates correspond to regions showing task-
induced deactivation. To directly locate the default brain activity
in the monkey, we conducted a PET study on unanesthetized
monkeys with [ 15O]H2O that can measure the changes in rCBF.
We compared the resting brain activity with the brain activity
during the working memory (WM) task. We also examined re-
gions that showed the highest level of blood flow during rest and
compared these regions with those regions showing task-induced
deactivation.

Materials and Methods
Three Japanese macaque monkeys (Macacca fuscata, 5.5–7.0 kg) were
used in this study. Monkeys A and B were trained with juice reward on
spatial and nonspatial delayed response (DR) tasks (spatial-DR and
nonspatial-DR), as well as on spatial and nonspatial control (CON) tasks
without delays (spatial-CON and nonspatial-CON) (supplemental Fig.
1, available at www.jneurosci.org as supplemental material). Monkey C
was trained and tested with either water or juice reward only on the two
spatial tasks. The monkey was seated in a primate chair facing a cathode
ray tube (CRT) display (15 inch; NEC). In front of the monkey, there
were three keys arranged horizontally (right, center, and left) at the ani-
mal’s waist level. In the spatial-DR task, the monkey first pressed the
center key for 1 s [intertrial interval (ITI)] with its right hand, and then a
positional cue consisting of a blue rectangle was presented for 0.5 s on
either the right or left side of the display. Then, there was a delay period of
4 s. When the delay period was over, white lights appeared on both the
right and left sides of the display as a “go” signal. When the monkey
pressed the key on the side where the positional cue had been presented,
a drop of orange juice (0.3 ml) (in the case of monkey C, either juice or
water) was delivered as a reward. In the spatial-CON task, the duration of
the ITI was 5 s, and there was no delay period.

In the nonspatial-DR and nonspatial-CON tasks, instead of the posi-
tional cue, a two-dimensional cue was presented at the center of the
display for 0.5 s. In the nonspatial-DR task, after the cue presentation,
there was a delay period of 4 s, after which white lights were presented on
both the right and left sides of the display as a go signal. In the nonspatial-
CON task, the ITI was 5 s, and there was no delay period. In both tasks,
after the go signal, the monkey had to respond by pressing the right key
when the cue was a circle and the left key when the cue was stripes. The
task was controlled by two personal computers (PC9801FA; NEC). The
monkeys were fully trained to attain nearly 100% accuracy in daily train-
ing. During the experiments, which were conducted on weekdays, the
monkeys obtained all their fluid during the tasks but were given access to
water ad libitum for �24 h during each weekend. Monkey pellets were
available at all times in the home cage.

After training, monkeys underwent PET scanning in a non-illuminated
experimental room during all task conditions. We previously reported be-
havioral data as well as brain activities in relation to the performance of these
tasks (Kojima et al., 2007). Monkeys were also scanned during rest (REST),
while they sat quietly on the monkey chair without task performance.
There were no visual stimuli presented, and the CRT display was only
dimly illuminated during REST.

All experiments were conducted in accordance with the National In-
stitutes of Health guidelines for animal experiments as well as the insti-

tutional guidelines of the Central Research Laboratory of Hamamatsu
Photonics and were approved by the ethics committee of the Tokyo
Metropolitan Institute for Neuroscience.

The monkey was allowed to begin the task 30 s before the start of each
PET scan and continued throughout scanning. During the PET scan,
monkeys A and B performed one of four tasks (spatial-DR, spatial-CON,
nonspatial-DR, and nonspatial-CON) or sat quietly (REST). Monkey C
performed one of two tasks (spatial-DR and spatial-CON) with either
orange juice or water as a reward (2 � 2 factor) or sat quietly (REST).
Movements of the left hand and the right and left legs of the monkey were
lightly restrained by loosely binding them to the chair with cotton cloth.
In a single daily session, the four tasks (in monkeys A and B) or two tasks
with one of two types of reward (in monkey C) and the REST condition
were performed at �15 min intervals, and 20 –25 successive PET images
were obtained. On each day, a predefined semi-random sequence deter-
mined which type of task (in the case of monkey C, which task and
reward) and REST condition the monkey would participate in during
each PET scan to eliminate any effect of the order of the four types of task
and the REST condition. Thus, each monkey underwent PET scanning
for a total of 6 –7 d with four to five scans being obtained under each
condition on each day, resulting in a total of 29 –31 successive PET im-
ages obtained under each condition.

Surgery and PET study. After the training was completed, T1-weighted
MRI images of each monkey were obtained with either a 0.5 tesla unit
[MRT-50A/II (Toshiba); resolution, 0.586 � 0.586 � 3 mm/pixel;
monkeys A and B] or a 0.3 tesla unit [AILIS2-1 (Hitachi); resolution,
0.703 � 0.703 � 3 mm/pixel; monkey C). After scanning, an acrylic
head-restraining device was attached to the monkey under pentobarbital
anesthesia. After partially exposing the skull, stainless steel screws were
used to firmly attach the head-restraining device to the skull. The mon-
key was given antibiotics every day for a week after the surgery.

Before the PET activation studies with [ 15O]H2O, we obtained an
[ 18F]FDG-PET image for each monkey by injecting a bolus of [ 18F]FDG
(40 MBq/kg in 5 ml of saline). Before the PET scanning with [ 15O]H2O
each day, the monkey was transferred to the monkey chair without an-
esthesia, and a venous cannula was placed in the sural vein. PET scans
were performed with an animal PET scanner (SHR-7700; Hamamatsu
Photonics) while the monkey’s head was rigidly fixed to the frame of the
monkey chair using the acrylic head-restraining device. Each monkey’s
head was placed in precisely the same position throughout the study
session including the [ 18F]FDG imaging.

At the start of the daily PET experiment, a 30 min transmission scan
with a rotating 68Ge- 68Ga pin source was obtained to evaluate the rela-
tive attenuation factor for image reconstruction. At each PET scan, a
bolus of [ 15O]H2O (�1.2 GBq in 1.5 ml of saline), followed by 1.0 ml of
saline, was delivered within 15 s through the venous cannula using an
automatic injector. Each PET scan was initiated automatically when ra-
dioactivity in the brain reached over 30 kilo counts per second. Data were
collected for 120 s divided into six 20-s epochs. Thirty-one slices with a
center-to-center distance of 3.6 mm were collected simultaneously, cov-
ering the whole brain of the monkey. The axial and transaxial resolution
of the PET scanner was 2.6 mm at full-width half-maximum in the en-
hanced two-dimensional mode. Tilting the PET camera gantry (parallel
to the orbito-meatal line) allowed the monkey to sit in an upright posi-
tion, making it possible for the monkey to view the CRT display. Image
reconstruction was performed on projection data, after which images
were corrected for attenuation using a transmission scan with a 4.5 mm
Hanning filter (SHR Control II; Hamamatsu Photonics). Reconstructed
brain images from each study were scalped and smoothed using a 3.0 mm
full-width half-maximum isotropic kernel. To determine the anatomical
localization of activated foci, we performed a combination of accurate
stereotaxic measurements of the MRI and PET images. Using a three-
dimensional alignment program (3D BrainStation; Loats Associates), we
coregistered the SPM{Z} PET image with the matching MRI image along
the cortical borderline determined by the [ 18F]FDG-PET image.

Statistical analyses. Data summated over the first 60 s were used for
additional statistical analyses according to the method described by Onoe
et al. (2001). The global activity for each scan was corrected using grand
mean scaling, using an analysis of covariance for global normalization.

14464 • J. Neurosci., November 18, 2009 • 29(46):14463–14471 Kojima et al. • Default Brain Activity in Awake Monkeys



After normalizing the injected radioactivity, statistical analysis of the
reconstructed PET images (pixel size, 1.2 � 1.2 mm) was performed
using Statistical Parametric Mapping (SPM99) software (Wellcome De-
partment of Cognitive Neurology, University College London, London,
UK) implemented in MATLAB (MathWorks). The difference in the rel-
ative rCBF between each of the four task conditions and the resting state,
such as between the spatial-DR and REST conditions, was statistically
tested in each voxel for data from each monkey individually with 24
repetitions per condition. Based on the transverse, coronal, and sagittal
images of the subtraction images of each monkey, we noted the brain
regions that showed significantly different activities (statistical threshold
set at Z � 3.09, uncorrected for multiple comparisons, p � 0.001) be-
tween each of the four tasks (in monkey C, the two spatial tasks with the
juice reward) and the resting condition. Because of the limited spatial
resolution, any region consisting of �4 clustered voxels whose signals
were above the threshold of Z � 3.09 was not considered a significant
region. In addition, we conducted conjunction analysis to show overlap
of deactivations across tasks (spatial-DR, spatial-CON, nonspatial-DR,
and nonspatial-CON) within each monkey as well as multi-subject anal-
ysis to obtain the average location of deactivations in the spatial and
nonspatial tasks across individual monkeys. For the multi-subject anal-
ysis, brain shapes of individual monkeys were morphologically normal-
ized to a pseudo-brain template of [18F]FDG-PET image, which was
constructed by averaging images of three monkeys used in the present
study. For the multi-subject analysis, the criterion for statistical signifi-
cance was set at p � 0.05 (corrected for multiple comparisons).

We identified the anatomical locations of the active foci by referring to
the atlas of the rhesus monkey brain (Paxinos et al., 2000; Saleem and
Logothetis, 2007). Comparison of activities for each region among the
four different tasks and REST in each monkey was conducted by one-way
ANOVA and post hoc analysis using Ryan’s method. The criterion for
statistical significance was set at p � 0.05.

To determine whether there were significant differences among the
four kinds of “rest-related activity” (higher activity during REST than
during task performance), we compared the number of voxels in each
region showing rest-related activity separately for monkey A and monkey
B using a two-way (task � region) ANOVA. Similarly, to find out
whether there were significant differences among the four kinds of task-
related activation (higher activity during task performance than during
REST), we compared the number of voxels in each region showing task-
related activation for monkey A and monkey B using a two-way (task �

region) ANOVA. For monkey C, which did not perform the nonspatial
tasks, comparisons were performed only on the data obtained during the
juice reward condition. To examine further whether there were signifi-
cant differences in the number of voxels in each region with rest-related
activity (task-induced deactivation) between two different task condi-
tions, we conducted � 2 tests on rest-related activities comparing between
the DR and CON tasks and between the spatial and nonspatial tasks for
each monkey. To examine whether there were significant differences in
the numbers of voxels in each region with task-related activation between
two different task conditions, we conducted � 2 tests on task-related ac-
tivities comparing between DR and CON tasks and between the spatial
and nonspatial tasks for each monkey.

Examination of areas showing high levels of rCBF during REST. We also
examined areas showing the highest levels of rCBF during the resting
period. By using the image-averaging utilities of SPM99, we obtained
normalized average rCBF data for each voxel for 24 successive scans
taken during the REST condition. Then, using the 3D BrainStation pro-
gram, we coregistered the normalized average rCBF value of each voxel
with the matching MRI image. By applying several threshold values (5,
10, and 20%) to the whole brain, we obtained images of the regions
showing relatively high levels of rCBF during REST.

Results
To compare the brain activity of monkeys during REST with that
during the spatial-DR task, subtraction images [(REST � spatial-
DR)] were made for each monkey. In all three monkeys (A, B, and
C), higher activities were observed during REST than during the
spatial-DR task in the lateral PFC (LPFC), MPFC, anterior cin-
gulate cortex (ACC), orbitofrontal cortex (OFC), and posterior
cingulate cortex/precuneus area (PCC/precuneus) (Fig. 1) (sup-
plemental Fig. 2 and Table 1A, available at www.jneurosci.org as
supplemental material). Higher activities during REST were also
observed in the auditory cortex and insula in monkey A and
monkey C and in the striatum in monkey B and monkey C.

Reverse subtraction of (spatial-DR � REST) identified the
regions that were more active during the spatial-DR task (Fig. 2)
(supplemental Table 1B, available at www.jneurosci.org as sup-
plemental material). During the task, monkeys looked at the CRT
display, moved their right hand, and licked the tube to obtain the

Figure 1. Regions with higher activity during REST than during the spatial WM task. Subtraction images are shown separately for each monkey. Top left (a), bottom left (b), and right three (c– e)
images indicate transverse, sagittal, and coronal brain sections of each monkey, respectively. Vertical line b in the top left indicates the left (L)–right (R) line corresponding to the sagittal section
pictured in the bottom left (b). Horizontal line a in b indicates the top-bottom line corresponding to the transverse section pictured in a. Lines c– e in a and b indicate the anterior–posterior line
corresponding to the coronal sections pictured in the right panels (c– e). The numbers in each panel represent the locations of higher activity during REST and correspond to the numbers in
supplemental Table 1 A (available at www.jneurosci.org as supplemental material).

Kojima et al. • Default Brain Activity in Awake Monkeys J. Neurosci., November 18, 2009 • 29(46):14463–14471 • 14465



liquid reward. In all monkeys, higher ac-
tivities were observed in the sensorimo-
tor, ventral premotor, and visual areas
(mainly in the visual association cortex TE
in monkey A and in the primary and sec-
ondary visual cortices in monkey B and
monkey C). Higher activities were also
observed in the cerebellum in monkey A
and monkey C.

Monkeys were also trained in a spatial-
CON task. We obtained subtraction
images of (REST � spatial-CON) and
(spatial-CON � REST) for each monkey.
Although there was no WM requirement
in the control task, we found that there
was no significant difference in subtrac-
tion image between (REST � spatial-
CON) and (REST � spatial-DR) or
between (spatial-CON � REST) and
(spatial-DR � REST) (� 2 test, p � 0.05);
the regions showing higher activity during
REST than during spatial-CON were al-
most identical to the regions that were
more active during REST compared with
the spatial-DR task, in terms of both their
location and extent (supplemental Fig. 3A, available at www.
jneurosci.org as supplemental material). Regions with higher ac-
tivity during spatial-CON compared with REST were also almost
the same as regions that were more active in the spatial-DR versus
REST contrast (supplemental Fig. 3B, available at www.jneurosci.
org as supplemental material).

Besides the spatial-DR and spatial-CON tasks, monkey A and
monkey B performed nonspatial-DR as well as nonspatial-CON
tasks during the PET study. For both monkeys, there was no
significant difference in subtraction image between (REST �
nonspatial-DR) and (REST � spatial-DR) or between (nonspa-
tial-DR � REST) and (spatial-DR � REST) (� 2 test, p � 0.05).
Thus, regions with higher activity during REST than during the
nonspatial-DR task were very similar in location and extent to the

regions that showed higher activity during REST compared with
the spatial-DR task (Fig. 3) (supplemental Table 2A, available at
www.jneurosci.org as supplemental material). Also, regions with
higher activity during the nonspatial-DR task versus REST were
similar to the regions showing higher activity when the
spatial-DR task was contrasted with REST (Fig. 4) (supplemental
Table 2B, available at www.jneurosci.org as supplemental mate-
rial). Similarly, subtraction and reverse subtraction images between
REST and nonspatial-CON were similar to those subtraction images
between REST and nonspatial-DR in terms of location and extent
(supplemental Fig. 4, available at www.jneurosci.org as supplemen-
tal material).

In the conjunction analysis, we obtained subtraction images
of [(REST � spatial-DR) � (REST � spatial-CON) � (REST �
nonspatial-DR) � (REST � nonspatial-CON)] for each monkey

Figure 2. Regions with higher activity during the spatial-DR task than during REST. Subtraction images of (spatial-DR � REST) are illustrated for each monkey. Top left (a), bottom left (b) and
right two (c, d) images indicate transverse, sagittal, and coronal sections of each monkey, respectively. Numbers in each panel represent the locations of higher activity during the spatial-DR task and
correspond to the numbers in supplemental Table 1 B (available at www.jneurosci.org as supplemental material). Other conventions are the same as in Figure 1.

Figure 3. Regions with higher activity during REST than during the nonspatial WM task. Subtraction images of (REST �
nonspatial-DR) are shown separately for monkey A and monkey B. Numbers in each panel represent the locations of higher activity
during REST and correspond to the numbers in supplemental Table 2 A (available at www.jneurosci.org as supplemental material).
Other conventions are the same as in Figure 1.
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(Fig. 5) (supplemental Table 3, available at www.jneurosci.org as
supplemental material). As were found in the subtraction of
[REST � (any kind of) task], activities during REST were higher
in LPFC, MPFC, ACC, OFC, and PCC/precuneus for all three
monkeys. As indicated in supplemental Table 3 (available at www.
jneurosci.org as supplemental material), the lateral posterior pa-
rietal and visual association areas were also more active during
REST in all monkeys.

In the multi-subject analysis, we obtained the average location
of spatial task-induced deactivations by averaging data of three
monkeys (A, B, and C) concerning [(REST � spatial-DR) �
(REST � spatial-CON)] (Fig. 6A), as well as that of nonspatial
task-induced deactivations by averaging data of two monkeys (A
and B) concerning [(REST � nonspatial-DR) � (REST � non-
spatial-CON)] (Fig. 6B). Average locations of spatial task-
induced deactivations across the three monkeys were quite similar to
the regions that were more active during REST compared with
the spatial-DR or spatial-CON task in each monkey; all the LPFC,
OFC, ACC, MPFC, and PCC/precuneus areas showed task-
induced deactivations. Additional deactivations were also ob-
served in the lateral posterior parietal area and insula. Average
locations of nonspatial task-induced deactivations in two mon-
keys (A and B) were also similar to the regions that were more
active during REST compared with the nonspatial-DR or
nonspatial-CON task in each monkey, except that the PCC/pre-
cuneus area did not show significant deactivation. Additional
deactivations were observed also in the lateral posterior parietal,
visual association, and motor areas.

For all regions that showed higher activity during REST than
during the spatial-DR task (supplemental Table 1A, available at
www.jneurosci.org as supplemental material), we conducted a
one-way ANOVA on the PET data and found that there were
significant differences in activity among the five different (four
tasks and REST) conditions for all monkeys ( p � 0.01). How-
ever, subsequent post hoc comparisons using Ryan’s methods on
the activity in each region between the WM and control tasks for
all monkeys and between spatial and nonspatial tasks (of either
the WM or control condition) for monkey A and monkey B
demonstrated that there were no regions in which a significant
difference ( p � 0.05) in activity between the two different task

conditions was observed. Thus, in those
regions showing spatial-DR task-induced
deactivation, there was neither significant
WM-related activity (higher activity in the
delayed than in the control task) nor dif-
ferential activity between spatial and non-
spatial tasks (in monkeys A and B).

To determine whether the magnitude
of the rest-related activity (i.e., of the task-
induced deactivation) differed depending
on the task condition, we compared the
total number of voxels showing task-
induced deactivation among the four task
conditions for all three animals (supple-
mental Tables 1, 2, available at www.
jneurosci.org as supplemental material).
Two-way (monkey � task) ANOVA dem-
onstrated a significant difference in the
animal factor ( p � 0.01) but not in the
task factor or the task � animal interaction
( p � 0.05). Post hoc analyses indicated that
there were significant differences in the
total numbers of voxels showing task-

induced deactivation between any two monkeys ( p � 0.01).
However, there was no significant difference in the number of
voxels between the four kinds of rest-related activity for all mon-
keys ( p � 0.05).

We previously reported brain regions that showed spatial
WM-related activity (higher activity during the spatial-DR task
than during the spatial-CON task) outside the LPFC area
(Kojima et al., 2007). We examined whether the spatial-DR task-
induced deactivation was present in regions showing spatial
WM-related activity. Although some of the brain areas (ACC,
insula, and PCC in monkey A; PCC and striatum in monkey B;
and the MPFC in monkey C) in which spatial WM-related activ-
ity was observed were active during REST, the exact locations of
WM-related activity did not overlap with those of rest-related
activity (Fig. 1) (Kojima et al., 2007, their Fig. 2).

Our previous study reported nonspatial WM-related activity
in several PFC areas (Kojima et al., 2007). We examined the rest-
related activity (nonspatial-DR task-induced deactivation) in the
PFC areas that showed nonspatial WM-related activity. In mon-
key A and monkey B, we found that there was no overlap between
the areas showing nonspatial WM-related activity and the areas
with rest-related activity (Fig. 3) (Kojima et al., 2007, their Fig. 3).

To examine the regions that showed the highest levels of rCBF
during REST in the present [ 15O]H2O-PET study, we first iden-
tified the top 5% most active voxels in the whole brain (Fig. 7A)
for each monkey. In all monkeys, the highest level of activity was
observed in the dorsal striatum, but notable activity outside the
striatum was observed only in one monkey (monkey A) in the
somatosensory area, primary visual and visual association corti-
ces, insula, and PCC. In contrast to the chimpanzee study on
resting metabolism (Rilling et al., 2007), the medial PFC and
medial parietal regions were not sufficiently active to meet 5% or
even 10% threshold levels. When we used a more liberal thresh-
old and highlighted the top 20% most active voxels for each mon-
key, in addition to the striatum, all monkeys demonstrated
higher-level rCBF in the medial brain areas that showed task-
induced deactivation (i.e., the ACC, PCC/precuneus, and MPFC)
(Fig. 7B). Higher levels of rCBF were also observed in all monkeys
in the insula, thalamus, cerebellum, and primary visual and visual
association cortices. In monkeys A and B, we observed higher

Figure 4. Regions with higher activity during the nonspatial-DR task than during REST. Subtraction images of (nonspatial-
DR � REST) are illustrated for monkey A and monkey B. Numbers in each panel represent locations of higher activity during the
nonspatial-DR task and correspond to the numbers in supplemental Table 2 B (available at www.jneurosci.org as supplemental
material). Other conventions are the same as in Figure 1.
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levels of rCBF in the LPFC, premotor, and
sensorimotor areas. There was no high-
level rCBF observed in the OFC in any of
the monkeys.

Discussion
Human default activity has been observed
predominantly in medial parts of the
brain (the anterior medial prefrontal and
posterior medial parietal areas) (Raichle
et al., 2001). Similar to the human default
system, all monkeys showed higher rest-
related activity in the medial prefrontal
and medial parietal areas. Functional
roles of medial brain areas may differ
between the monkey and human. However,
in the monkey, the medial prefrontal
area is involved in monitoring behavioral
outcomes, especially in social contexts
(Rushworth et al., 2007), and the medial
parietal area is concerned with outcome
evaluation and subsequent behavioral
modification (Hayden et al., 2008). Thus,
there are some functional similarities be-
tween the medial brain areas in humans
(Gusnard et al., 2001) and those in mon-
keys. It has been proposed that activity in
the human default system is related to internal thought processes
(Christoff et al., 2004). Thus, the results of the present study
demonstrating also default activity in the medial brain areas in
the monkey suggest that there might be internal thought pro-
cesses in the monkey. Of course, it is not known what the exact
nature of the internal thought might be, given the lack of linguis-
tic ability in monkeys. Future studies are needed to conduct PET
or fMRI studies to examine what kind of cognitive operations are
associated with increased activity in the monkey default system.

The lateral posterior parietal area, which is part of the human
default system (Shulman et al., 1997), involves angular and su-
pramarginal gyri that are concerned with linguistic processing

and may support internal thought. In the present study, task-
induced deactivation was observed in the lateral posterior pari-
etal area only during limited kinds of tasks in monkeys A and C.
However, when convergence images across the four different
tasks were obtained (supplemental Table 3, available at www.
jneurosci.org as supplemental material), clear task-induced de-
activation was observed in this brain area in all monkeys. Thus,
the lateral posterior parietal area also appears to constitute the
default system in the monkey, but the roles of this area in the
default system may not be as critical as those in humans.

It is notable that we observed consistently higher rest-related
activity in the lateral and orbital PFC besides the medial brain
areas in the monkey. The monkey LPFC is thought to be con-

Figure 5. Regions with higher REST-related activity than average activity related to the performance of four different tasks. Subtraction images of [(REST � spatial-DR) � (REST � spatial-CON) �
(REST � nonspatial-DR) � (REST � nonspatial-CON)] are shown separately for each monkey. Numbers in each panel represent the locations of higher activity during REST and correspond to the
numbers in supplemental Table 3 (available at www.jneurosci.org as supplemental material). Other conventions are the same as in Figure 1.

Figure 6. Average locations of deactivations in the spatial and nonspatial tasks across individual monkeys. A, Regions with higher
REST-related activity than average activity related to the performance of spatial (both DR and CON) tasks across three monkeys (A, B, and C).
B, Regions with higher REST-related activity than average activity related to the performance of nonspatial (both DR and CON) tasks across
monkey A and monkey B. The deactivations are superimposed on a three-dimensional reconstruction of a template brain MRI that was
produced from Japanese macaque monkeys used in the present study. Other conventions are the same as in Figure 1.
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cerned with higher executive control (Miller and Cohen, 2001). It
thus appears that resting cognition involves greater executive
control than the tasks do. However, it is suggested that the LPFC
may show task-induced deactivation when the task is easy but
may not show deactivation when the task demands a higher cog-
nitive load (Christoff et al., 2004). All tasks in this study were

performed by the monkey with almost
100% accuracy and thus must not be load
demanding. When contrasted with the
magnitude of activity during the CON
task, the magnitude of activity during
REST was far larger than that of activity
during the WM task (WM-related activity
was only slightly higher than CON-related
activity) (Kojima et al., 2007, their Figs. 1,
3), and thus higher rest-related than
WM related activity was observed in the
LPFC. Thus, task-induced deactivations
observed in the LPFC may be caused, not
because resting cognition involved greater
executive control, but because the task sit-
uation did not demand much executive
control.

The OFC is known to be concerned with
processing reward information. During the
PET scan experiment, the monkeys were al-
lowed to perform the task and obtain the
liquid rewards during each of the task con-
ditions but not during REST. It is notable
that the OFC and ventral striatum that are
activated in relation to reward processing
in the human (Porcelli and Delgado,
2009) did not show higher activity during
the task performance than during REST in
the monkey (supplemental Tables 1B, 2B,
available at www.jneurosci.org as supple-
mental material). The monkeys were fluid
restricted and therefore must have been
eager to perform the tasks to obtain their
reward. Thus, the monkey’s desire for the
liquid reward might have been very strong
during REST. Monkey OFC neurons are
related to both reward delivery and re-
ward expectancy (Schultz and Tremblay,
2006). Human neuroimaging studies in-
dicate that the OFC is concerned not only
with receiving the reward but also with
reward expectancy (O’Doherty et al.,
2002). It is speculated that the magnitude
of reward expectancy-related activity
might have been larger than that of reward
delivery-related activity. Conversely, the
resting condition may have been frustrat-
ing to the monkey that was not allowed to
perform the task to obtain the reward.
Considering that the OFC is also related to
processing aversive stimuli (Thorpe et al.,
1983), the resting activity in the OFC
may be related to the monkey’s frustra-
tion associated with the resting condi-
tion. Thus, reward expectancy and/or
frustration during REST might have in-
duced higher rest-related than task-

related activity in this brain area.
Neuronal activities concerned with processing appetitive and

aversive stimuli have been observed not only in the OFC but also
in the LPFC (Thorpe et al., 1983; Hikosaka and Watanabe, 2000;
Kobayashi et al., 2006). Human OFC and LPFC are both activated
in relation to reward processing (Thut et al., 1997). The rest-

Figure 7. Regions with high levels of rCBF. Regions with rCBF levels in the top 5% (A) and top 20% (B) are illustrated separately
for each monkey. Panels in the top left (a), bottom left (b), and right (c– e) indicate transverse, sagittal, and coronal brain sections
of each monkey, respectively. Other conventions are the same as in Figure 1.
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related activity observed in the regions of the LPFC and OFC in
the present study that do not constitute the human default system
may also be concerned with internal thought processes, which
may involve more motivational and emotional contents.

During REST, we did not attempt to influence or control their
thought processes. Thus, it was not surprising that we found indi-
vidual differences in the rest-related activity in terms of magnitude
and regions within the default system (Figs. 1, 3) (supplemental
Tables 1A, 2A, available at www.jneurosci.org as supplemental ma-
terial). Indeed, the number of voxels with task-induced deactivation
differed significantly among the three monkeys; for example, the
number of voxels with spatial-DR task-induced deactivation was
128, 231, and 591 for monkeys A, B, and C, respectively (supple-
mental Table 1A, available at www.jneurosci.org as supplemental
material). In monkeys A and B, single-monkey analysis, but not
multi-monkey analysis, revealed significant, nonspatial task-
induced deactivation in the PCC/precuneus, maybe because the
two monkeys showed the deactivation in different regions within
this brain area.

Although a previous study indicated the highest metabolic
activity in the default system in the resting chimpanzee (Rilling et
al., 2007), we found the highest rCBF in the dorsal striatum in the
resting monkey. Chimpanzees in the previous study remained in
the home cage during the [ 18F]FDG uptake period. In contrast,
the monkeys in our study were sitting in the primate chair in an
upright posture. The subtraction between the REST and (any)
task condition did not reveal a significant difference in activity in
the part of the striatum that showed the highest resting rCBF in all
of the monkeys. Considering also that the monkey moved the
right hand from time to time during REST, the high rCBF in the
dorsal striatum during REST in the present study could be caused
by both the requirement that the animal sit upright on the pri-
mate chair with the head rigidly restrained and the movement of
the monkey’s right hand.

In all monkeys, there were significant differences between re-
gions showing task-induced deactivation and regions showing
the highest level of rCBF during REST. For example, the ventro-
medial PFC including the medial PFC and OFC showed clear
task-induced deactivation, whereas there was no high-level rCBF
observed in this brain area during rest in any monkey. Because
regions with the highest rCBF may differ depending on the rest-
ing condition (such as lying in the bed vs sitting on a chair or
liquid restricted vs not restricted), there may also be differences
between regions with task-induced deactivation and regions with
the highest level of rCBF or metabolic activity on PET or fMRI
scans obtained from human in upright position.

Rilling et al. (2007) suggested that the resting state of chim-
panzees involves emotionally laden episodic memory retrieval
and some level of mental self-projection. Chimpanzees are surely
more similar to the human than the monkey with regard to intel-
lectual abilities. The lateral posterior parietal area constitutes the
default system in the human and may support internal thought
processes by its language-related activity. It is speculated that
resting activity observed in this brain area in the chimpanzee, but
only weakly observed in the monkey, may be related to much
higher cognitive, possibly prelinguistic, operations conducted in
this brain area in the chimpanzee than in the monkey. Although
some researchers have argued that monkeys may not have a the-
ory of mind (Povinelli et al., 1991), there are data indicating that
the monkey has a degree of social intelligence, as exemplified by
their capacity for deceptive behavior (Hauser, 1997), altruistic
behavior (Burkart et al., 2007), and fairness judgments (Brosnan
and De Waal, 2003). Furthermore, a recent study suggested that

monkeys demonstrate “theory of mind” abilities when tested in
more ecologically relevant situations (Flombaum and Santos,
2005). Considering that monkeys live within a complex social
structure and thus are required to process self and others in the
context of society, it is not implausible to consider that internal
thought processes exist not only in chimpanzees but also in
monkeys.
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