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Abstract

Neuroimaging and neurophysiology have revealed that multiple areas in the prefrontal cor-
tex (PFC) are activated in a specific memory task, but severity of impairment after PFC
lesions is largely different depending on which activated area is damaged. The critical rela-
tionship between lesion sites and impairments has not yet been given a clear mechanistic
explanation. Although recent works proposed that a whole-brain network contains hubs that
play integrative roles in cortical information processing, this framework relying on an anat-
omy-based structural network cannot account for the vulnerable locus for a specific task,
lesioning of which would bring impairment. Here, we hypothesized that (i) activated PFC
areas dynamically form an ordered network centered at a task-specific “functional hub” and
(i) the lesion-effective site corresponds to the “functional hub,” but not to a task-invariant
“structural hub.” To test these hypotheses, we conducted functional magnetic resonance
imaging experiments in macaques performing a temporal contextual memory task. We
found that the activated areas formed a hierarchical hub-centric network based on task-
evoked directed connectivity, differently from the anatomical network reflecting axonal pro-
jection patterns. Using a novel simulated-lesion method based on support vector machine,
we estimated severity of impairment after lesioning of each area, which accorded well with
a known dissociation in contextual memory impairment in macaques (impairment after
lesioning in area 9/46d, but not in area 8Ad). The predicted severity of impairment was pro-
portional to the network “hubness” of the virtually lesioned area in the task-evoked directed
connectivity network, rather than in the anatomical network known from tracer studies. Our
results suggest that PFC areas dynamically and cooperatively shape a functional hub-cen-
tric network to reallocate the lesion-effective site depending on the cognitive processes,
apart from static anatomical hubs. These findings will be a foundation for precise prediction
of behavioral impacts of damage or surgical intervention in human brains.
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Author Summary

Patients with lesions in the front part of the brain’s frontal lobe—the prefrontal cortex—
suffer from severe memory deficits. Neuroimaging and neurophysiology studies have
revealed that multiple areas in the prefrontal cortex are activated during a specific memory
task. However, the severity of the memory deficit after a lesion in the prefrontal cortex
largely depends on which of the activated areas is damaged; lesions in only a fraction of
the activated areas actually lead to memory deficits. It is currently unknown why some
activated areas are “lesion effective” and others are not. Here, by using functional magnetic
resonance imaging (fMRI) to measure macaque whole-brain activity during a memory
task, we found that the activated areas and the task-specific functional connectivity among
them formed a hierarchical network centered on a hub. The task-specific “functional hub”
in this dynamic network accurately corresponds to the well-documented lesion-effective
site and avoids the neighboring non-lesion-effective sites. Quantitatively, the predicted
severity of memory impairment is proportional to the network “hubness” of the lesioned
area in the functional network, rather than in the anatomical network, which is statically
determined by axonal projection patterns. Our results suggest that the areas of the pre-
frontal cortex dynamically shape a hub-centric network, reallocating the lesion-effective
site apart from the static anatomical hubs depending on the cognitive requirements of the
specific memory task.

Introduction

The prefrontal cortex (PFC) supports cognitive control of memory [1-6]. As shown using
functional neuroimaging in humans, multiple PFC areas are activated in response to memory
demands [4,6]. However, patients with typically broad cortical damage that includes a portion
of these areas do not necessarily display memory deficits [1,2,7]: only a part of the activated
areas is lesion effective, and the rest is not. Thus, it has been disputed whether the primary
determinant of such a deficit is attributable to the individual brain areas subserving specific
cognitive functions or to the information flow mediated by the connections among widely dis-
tributed PFC areas.

Recently, a third reconciliatory hypothesis was proposed suggesting that cortical areas
form a highly ordered network containing hubs that play integrative roles in cortical informa-
tion processing and lesioning the hub thus results in severe cognitive impairment [8,9]. Most
investigations of the hub structure of the cortical network relied on structural neuroimaging by
diffusion tractography reflecting anatomical connections or functional neuroimaging of spon-
taneous activity at rest [8,10], which was defined irrespective of any specific cognitive demand.
In addition, the impact of abnormalities in such hubs has been examined in patients with non-
focal cortical pathologies, such as schizophrenia and Alzheimer disease [11-13]. Certainly, as
implied by denser fiber tracts among distant brain centers in humans than in nonhuman
primates [14], intellectual integrity spanning across multiple cognitive functions in humans
would relate to strength of organic linkage among brain areas in hardwired anatomical network
structure or in effect relate to hubness of each area in the network. However, the lesion-effec-
tive site for a specific cognitive task is historically known to vary depending on the correspond-
ing cognitive process, and impairment of a specific function is not always accounted for by
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structural network hubs. For example, in semantic processing (retrieving and selecting among
competing alternatives), patients with lesions in the superior frontal gyrus, which is suggested
to be a structural hub area in the whole brain network delineated by diffusion tensor imaging
[15], did not show impairment, whereas patients with lesions in the inferior frontal gyrus,
which is not a structural hub area [15], showed severe impairment [16]. Accordingly, the struc-
tural network-based approach is not versatile enough to localize a vulnerable locus for a task-
specific cognitive function, damage of which would impair performance of the task.

Here, we hypothesized that task-activated PFC areas form an ordered network centered at a
task-specific “functional hub,” and the lesion-effective site corresponds to the “functional hub,”
but not to a task-invariant “structural hub” in a static anatomical network. We tested this func-
tional hub hypothesis using a memory task requiring retrieval of the temporal context of past
events [17-23]. Performance of this behavioral task is known to be impaired after damage to the
lateral PFC in humans [17]. In macaques, this contextual memory retrieval is impaired by experi-
mentally controlled focal lesions of the mid-dorsolateral PFC (MDL-PFC), but not by lesions of
the periarcuate area [18]. Therefore, we recorded whole brain activity in awake macaque mon-
keys via functional magnetic resonance imaging (fMRI) [24-36] while the animals performed the
contextual memory retrieval task, and measured PFC activity and task-evoked directed connec-
tivity among the PFC areas during successful retrieval. Task-evoked connectivity calculated by a
psychophysiological interaction (PPI) analysis is a suitable index to evaluate task-specific changes
in the relationship between brain areas [37]. Because abundant information regarding directed
axonal projections in macaques is available from previous tracer studies [38,39], we were also
able to examine the “hubness” of each PFC area in terms of the directed anatomical network,
which can be investigated only in macaques, but not in humans.

From the identified task-evoked connectivity network, we estimated the behavioral impact
of lesioning each activated area by using a novel simulated-lesion method. The predicted sever-
ity of impairment from this method accorded well with the areal dissociation in contextual
memory impairments observed after lesions to different macaque PFC areas [18]. Quantita-
tively, we demonstrated that the predicted severity of impairment was proportional to the func-
tional network hubness (betweenness centrality; Box 1) of the virtually lesioned area, which
was calculated based on interareal directed task-evoked connectivity. By contrast, the predicted
severity was not explained by the anatomical network hubness calculated based on interareal
directed anatomical connections. Taken together, these results support our functional hub
hypothesis and suggest that PFC areas dynamically and cooperatively shape a hub-centric net-
work to reallocate the lesion-effective site depending on the cognitive processes, apart from
anatomical hubs.

Results
Temporal-Order Memory Retrieval in Macaques

We conducted fMRI in two macaque monkeys (Macaca mulatta) performing a temporal-
order judgment task with a list of visual stimuli (Fig 1A). In this task, after serial presentation
of a stimulus list (Cue), the monkeys were simultaneously presented with two of the listed sti-
muli and were required to judge which stimulus had been presented more recently (Choice).
In the judgment, two types of trials were performed: trials in which the stimulus pair in
Choice included neither the initial nor the last end stimuli in the list (MIDDLE trial) and
trials in which at least one of the paired stimuli was an end (initial or last) stimulus in the list
(EITHER-END trial). Among the EITHER-END trials was a trial in which the stimulus pair
consisted of both an initial and last end stimuli (BOTH-END trial) (Fig 1A). The correct
response rate for each trial type significantly exceeded chance for both monkeys (all p < 107%,
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Box 1. Glossary

Betweenness centrality: a measure of the importance of a node within a network archi-
tecture, indicating how much the node interacts with all the other nodes; it is calculated
as the fraction of all shortest paths in the network that contain a given node [8,12,40].
Task-evoked connectivity: a functional connectivity between one region and another
that is modulated by task demand; in this manuscript, we used PPIs as task-evoked con-
nectivity [37].

Anatomical connectivity: connectivity between regions through axonal projections, the
existence of which was detected by using antero- or retrograde tracing methods; CoCo-
Mac database is a collection of past tracer studies in the macaque cerebral cortex [41].
Functional hub: a region occupying a central position in a network determined by the
task-evoked connectivity; a region with high betweenness centrality in the task-evoked
connectivity network.

Anatomical hub: a region occupying a central position in a network determined by the
anatomical connectivity; a region with high betweenness centrality in the anatomical
connectivity network [8].

Hub-centric network: a network within which information transmission is supported
by a limited numbers of hub regions; a network has hub regions with statistically signifi-
cant betweenness centrality.

Hubness: tendency of a region to play a key role in information transmission within a
network; in this manuscript, hubness is evaluated by betweenness centrality.
Outward/inward connectivity: task-evoked connectivity from a given region to other
regions (outward connectivity) or to a given region from other regions (inward connec-
tivity); note that explicit correspondence with anatomical connectivity (anterograde/ret-
rograde connection) does not exist (see Discussion) [37,42].

Homotopic regions: pairs of geometrically corresponding interhemispheric brain
regions.

Lesion-effective site: a brain site, lesions of which induce severe behavioral impairment
in a specific task.

t-test) (Fig 1B, upper panels and S1 Fig, upper panels). Significant differences in correct
response rates and reaction times among the trial types were indicative of differences in the
demand for temporal-order judgment due to the inclusion of end stimuli, particularly in
BOTH-END trials (all p < 107, paired t-test for each monkey, except p = 0.12 for reaction
times between MIDDLE and EITHER-END trials in monkey K) (Fig 1B and S1 Fig). These
results are consistent with those of earlier studies with temporal-order judgment in humans
[17,21] and monkeys [18]. The contrast of “MIDDLE minus BOTH-END” was used to identify
the neural correlates of contextual memory retrieval in the present fMRI study because the
BOTH-END condition captured more homogeneous cognitive components compared with
the EITHER-END condition (i.e., the last end stimulus in the list was chosen in every trial). We
also compared the eye movement data during temporal-order judgment. No significant differ-
ences were detected in eye traces between MIDDLE and BOTH-END conditions (for average
eye position, p > 0.15, t-test; for fluctuation of eye positions, p > 0.3, two-way analysis of vari-
ance [ANOVA]J; see “Data Analysis of Eye Movement” in S1 Text).
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Fig 1. Temporal-order judgment task and behavioral performance of monkeys. (A) Trial structure in the temporal-order judgment task. In each trial,
monkeys pulled a joystick to initiate the trial (Warning), after which a list of stimuli was presented serially (Cue). After a delay (Delay), two stimuli from the list
were presented simultaneously (Choice). The monkeys were required to select the stimulus that had been presented more recently in the list. The time
parameters and trial structure for monkey H are shown here. The stimuli were selected from a 1,200-picture pool of natural and artificial objects (from
Microsoft Clip Art or HEMERA Photo-Object database) in a pseudorandom order. The images provided in this figure are representations only and were not
used in the experiment. (B) Percentages of correct responses (upper) and reaction times (lower) for each monkey during scanning sessions. The dashed line
indicates the chance level. Error bars indicate standard deviation (SD) across sessions. * p < 1074, t-test. + p< 1074, t1 p<107° tttp <1077, paired t-test.

doi:10.1371/journal.pbio.1002177.9001
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Identification of Cortical Regions Active for Temporal-Order Retrieval

Comparison of fMRI signals in MIDDLE and BOTH-END conditions revealed significant acti-
vation of multiple cortical areas (Fig 2; Table 1, p < 0.05, corrected for multiple comparisons
based on family-wise error [FWE]). The majority of the significant bilateral activations were
located in the PFC (Fig 2A-2C). Significant bilateral activations were found in the frontopolar
area (area 10; see inset in Fig 2A for areal nomenclature and demarcation). Bilateral activations
were also found in the dorsolateral surface and dorsal bank of the principal sulcus (area 9/46d).
Lesioning this area was previously reported to impair temporal-order judgment [18]. Interest-
ingly, activations were found in the periarcuate area (area 8 Ad), though lesions in that area
produce no behavioral deficit [18]. In the temporal cortex, the bilateral activations were found
in the ventral bank of the superior temporal sulcus (area TEa) (Fig 2C). In the parietal cortex,
activations were found in the lateral bank of the intraparietal sulcus (lateral intraparietal area
[LIP]) (Fig 2B). In the medial temporal regions, bilateral hippocampi were activated (Fig 2D),
where the involvement in memory on temporal context has been suggested both in humans
[43,44] and monkeys [45]. We focused on ten “homotopic” areas (see Materials and Methods)
with bilateral significant activation in both monkeys (S1 Table). For activation patterns

among the ten homotopic areas, there was a significant correlation between monkeys (r = 0.25,
p =0.004). To confirm that these activations were not due only to the differences in reaction
times between the MIDDLE and BOTH-END trials (Fig 1B), we conducted a reaction time-
corrected analysis using parametric modulation (see Materials and Methods). Homotopic acti-
vations detected in the original analysis, including the multiple PFC spots, still remained signif-
icant after the reaction time correction (S2 Table). Comparison of fMRI signals in MIDDLE
and EITHER-END conditions also showed significant activations of multiple cortical areas (52
Fig). All the homotopic activations in the original analysis remained significant (S3 Table).

Hub-Centric Prefrontal Cortical Network

We next conducted a PPI analysis to examine whether temporal-order retrieval load affects
connectivity among the identified areas. When we located the PPI seed in area 10, a signifi-
cant increase in task-evoked connectivity (MIDDLE > BOTH-END) from this area was
found in diverse PFC areas, including areas 9/46d and 8Ad (Fig 3A, upper panels). On the
other hand, when we located the PPI seed in area 9/46d, a significant increase in task-evoked
connectivity was found in areas 8Ad and TEa, but not in area 10 (Fig 3A, lower panels; for
the profiles of PPI values for areas 10 and 9/46d, Fig 3B and 3C, S3 Fig; for the characteriza-
tion of functions of area 10, see S4 Fig). When we estimated all the combinations of PPIs
among the ten homotopic areas within the same hemisphere, a three-way ANOVA on PPI
values (laterality [left or right] x seed area x target area) revealed a significant interaction
between seed area and target area (F(81, 81) = 1.49, p = 0.03) with no significant main effect
of laterality (F(1, 1) = 0.001, p = 0.98) or its interactions with seed area (F(9, 9) = 0.45, p = 0.87)
or with target area (F(9, 9) = 0.73, p = 0.67). These results indicate that the PPI patterns were
characterized solely by combinations of connectivity among the homotopic areas (Fig 3D). Simi-
lar PPI patterns among the ten homotopic areas were found in the PPI connectivities with con-
tralateral regions (r = 0.78, p = 1.1 x 10~"?) (S5 Fig; for individual monkey data, S6 Fig), and
these patterns were significantly correlated between monkeys (r = 0.25, p = 0.004).

In order to detect a functional “hub” in the network of 90 (i.e., 10 x (10-1)) possible connec-
tions among the ten homotopic areas (Fig 3D), the network metric “betweenness centrality”
(fraction of shortest paths passing through a certain node [area]) [8,12] was calculated. The
betweenness centrality of area 9/46d was the highest among the PFC areas, and areas 9/46d
and TEa were the only areas with statistically significant betweenness centralities (p = 0.009 for
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Fig 2. Brain regions active for temporal-order judgment. (A) Activity related to temporal-order judgment
revealed by the contrast of MIDDLE minus BOTH-END. An activation map is superimposed on the inflated
brain: top, lateral view; bottom, anterior view. Inset shows the atlas of the macaque prefrontal cortex based on
Petrides (2005) [4] and Petrides (1994) [46]. ps, principal sulcus; as sup, superior branch of arcuate sulcus;
as inf, inferior branch of arcuate sulcus. (B—D) Activation map is superimposed on transverse sections (B),
coronal sections (C), and sagittal sections (D). LIP, lateral intraparietal area; SEF, supplementary eye field;
Hip, hippocampus; ips, intraparietal sulcus; sts, superior temporal sulcus.

doi:10.1371/journal.pbio.1002177.g002

area 9/46d, p = 0.002 for area TEa, randomization test [comparison with the distribution of
randomized network]; see S7 Fig, Materials and Methods) (Fig 3E). In the binarized network
(thresholded at p < 0.05 with false discovery rate [FDR] correction) (Fig 3D), both the degree
(total number of connections possessed by an area) and the betweenness centrality of area
9/46d were significant and the highest among the ten homotopic areas (p = 0.001 for degree,
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Table 1. Brain regions activated in MIDDLE minus BOTH-END contrast.

Coordinates (mm)

Hemisphere X Y z t value Area

Frontal

L -3 23 10 5.93 10 *

R 3 25 9 5.55

L -11 18 12 5.87 46 *

R 9 22 11 5.76

L -14 15 12 5.58 9/46v b

R 16 14 10 4.05%

L -12 14 15 6.01 9/46d *

R 12 16 15 6.19

L -19 10 4 5.46 44/45B *

R 18 10 3 6.64

L -6 11 21 5.51 SEF *

R 3 9 20 5.011

L -1 10 17 6.78 8Ad g

R 10 13 16 5.54

L -16 12 10 6.40 9/46v post #

R 14 6 15 6.16 8Ad post #

L -18 9 12 5.78 8Av #

R 1 6 21 6.03 SMA ant #

L -2 -1 21 5.91 SMA post #

L -10 2 20 6.09 PMd ant #

L -11 -1 20 6.22 PMd post #

L -20 6 7 5.99 PMv #

L -7 15 10 6.09 24c ant #

L -3 1 14 6.08 24c post #

Parietal

L -12 -19 17 6.00 LIP *

R 13 -16 15 4.51%

L -18 -9 17 6.24 5 #

L -12 -12 22 6.00 S

L -3 -14 10 7.57 30 #

L -2 -20 9 5.65 23b #

Temporal

L -24 -8 -8 6.31 TEa *

R 22 -8 -10 6.50

R 18 2 -13 5.77 TEa ant #

R 17 1 -9 6.21 TPO #

R 19 -2 -10 6.04 PGa

L -26 -7 -10 5.57 TEpd #

L -21 -20 4 6.10 TEO #

R 10 -17 -4 5.67 TFO #

L -20 -1 -4 5.81 Insula ant #

L -21 -4 -1 5.80 Insula post #

Occipital

R 26 -21 4 6.19 V4 #

R 24 -23 -1 6.15 V4 #

R 24 -23 8 5.86 V4 #

L -18 -30 2 5.70 V3v #
(Continued)
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Table 1. (Continued)

Coordinates (mm)

Hemisphere X Y z t value Area

Hippocampus

L -13 -2 -10 4.91 Hip *
R 14 -1 -10 517t

L -13 -19 -2 4.68t Hip post

R 16 -9 -14 4.34t Hip mid

Others

R 3 -14 2 6.27 Thalamus #
R 8 9 6 5.76 Cd #
R 14 9 1 5.73 Cd #
R 5 -16 -4 713 SC #
L -9 -20 -8 5.44 Cerebellum #

Significant peaks at a voxel level of p < 0.05 corrected by FWE. Coordinates are listed in monkey bicommissural space [26,28,34].

1 Significant only at a voxel level of p < 0.001 corrected by false discovery rate (FDR).

1 Significant only at a voxel level of p < 0.005 corrected by FDR.

* Homotopic area.

# Nonhomotopic area but the area used for the PPI analysis with a larger set of areas in S10 Fig (see Materials and Methods).

10, area 10; 46, area 46; 9/46v, area 9/46 ventral part; 9/46d, area 9/46 dorsal part; 44/45B, area 44/45B; SEF, supplementary eye field; 8Ad, area 8A
dorsal part; 8Av, area 8A ventral part; SMA, supplementary motor area; PMd, dorsal premotor area; PMv, ventral premotor area; 24c, area 24c; LIP,
lateral intraparietal area; 5, area 5; S1, primary somatosensory cortex; 30, area 30; 23b, area 23b; TEa, area TEa; TPO, area TPO; PGa, area PGa; TEpd,
area TEpd; TEO, area TEO; TFO, area TFO; V4, visual area 4; V3v, visual area 3 ventral part; Hip, hippocampus; Cd, caudate nucleus; SC, superior
colliculus; ant, anterior; post, posterior; mid, middle.

doi:10.1371/journal.pbio.1002177.t001

p =0.01 for betweenness centrality, randomization test) (S8 Fig). Even without any assump-
tions of directionality in PPI, the betweenness centrality of area 9/46d was confirmed to be sig-
nificant (all p < 0.05, randomization test) (Fig 3F and 3G, S9 Fig; see Materials and Methods).
Therefore, area 9/46d makes the strongest contribution to communication within the contex-
tual memory retrieval network via the shortest paths among the homotopic areas and thus
functions as a “hub.” Comparisons between the profiles of betweenness centrality values calcu-
lated based on the directional and nondirectional PPI matrices demonstrate that the hub struc-
ture determined by PPI network (area 9/46d) is sufficiently robust not to be affected by the
directional effects of the PPI. The outstanding betweenness centrality of area 9/46d was also
confirmed in a network containing a larger set of areas that included nonhomotopic areas
(total of 39 areas; S10 Fig; see Materials and Methods). Hence, the cortical areas contributing
to contextual memory retrieval cooperatively form an ordered network centered at area 9/46d
as a functional hub.

We also evaluated the directed axonal projection pattern among the activated areas with the
aid of CoCoMac database (collection of past tracer studies in the macaque cerebral cortex) (Fig
3H, S11A Fig) [41,47,48]. Based on the network of anatomical connections among the ten homo-
topic areas (Fig 3H), the betweenness centralities of areas 8Ad and LIP were statistically signifi-
cant (p = 0.04 for area 8Ad, p = 0.04 for area LIP, randomization test), whereas that of area 9/46d
was not (p > 0.9, randomization test) (Fig 3I). In the anatomical network containing a larger set
of areas that included nonhomotopic areas (S11A Fig), areas 8Ad and LIP, along with areas 46,
24c, 23b, TFO, and thalamus, were also confirmed to have significant betweenness centralities
(all p < 0.05, randomization test), whereas area 9/46d did not have a significant betweenness

PLOS Biology | DOI:10.1371/journal.pbio.1002177 June 30, 2015 9/31
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Fig 3. Hub-centric cortical network for temporal-order judgment. (A) PPl (MIDDLE > BOTH-END). Color t-map of PPI is superimposed on the inflated
brain. Upper and lower panels show the PPI maps for the seeds in areas 10 and 9/46d, respectively. (B, C) Two bar plots in each column show z-values for
PPIs from area 10 (B) or area 9/46d (C) to other ipsilateral homotopic areas (gray) and PPIs from other homotopic areas to area 10 (B) or area 9/46d (C)
(white). Dashed lines indicate significant z-value (p = 0.05 [FDR correction]). * p < 0.05 (FDR correction). (D) PPI matrix among the ten homotopic areas.
Rows and columns indicate seed and target areas, respectively. Significant connectivities are enclosed by thick black lines (p < 0.05 [FDR correction)). (E)
Betweenness centralities of each area calculated based on (D). The dashed line indicates the significance at p = 0.05 (randomization test [comparison with
the distribution of the randomized network]). * p < 0.05. (F) PPI matrix among the ten homotopic areas without assumptions of directionality. The weight of
the connection between A and B is evaluated as the mean value of PPl,_.g and PPIg_.4. (G) Betweenness centralities of each area calculated based on (F).
The dashed line indicates significance at p = 0.05 (randomization test). * p < 0.05. (H) Anatomical connectivity matrix among the ten homotopic areas. Rows
and columns indicate seed and target areas, respectively. A white (black) square indicates the presence (absence) of anatomical connection from row to
column. Anatomical information is based on the CoCoMac database [41,47,48]. The projections to/from areas 8Ad, SEF, and LIP listed in the matrix are
categorized as those to/from areas 8A, 6DR, and POa in CoCoMac, respectively. (I) Betweenness centralities of each area calculated based on (H). The
dashed line indicates significance at p = 0.05 (randomization test). * p < 0.05.

doi:10.1371/journal.pbio.1002177.g003

centrality (p > 0.9, randomization test) (S11B Fig). Structurally, the cortical areas contributing to
contextual memory retrieval would form a network centered at areas 8Ad and LIP as anatomical
hubs. The difference in location between functional and anatomical hubs suggests dynamic allo-
cation of the functional hub, apart from the anatomical hub, in response to the cognitive require-
ments of contextual memory retrieval. Importantly, the functional hub (area 9/46d) corresponds
to the lesion-effective site, damage of which induced task-specific impairment [18], whereas the
anatomical hub (area 8 Ad) does not.

Dynamic Reallocation of the Functional Hub Depending on Task
Demands

To directly test if the location of the functional hub changes depending on demands for specific
tasks, we conducted additional fMRI experiments in the same monkeys using a simple context-
free memory task (delayed matching-to-sample [DMS] task) (Fig 4A; see Materials and Meth-
ods). More accurate and prompt responses during the DMS task in comparison with during
the temporal-order judgment task (all p < 0.002, t-test) (Fig 4B) suggest qualitative differences
in cognitive demands between the two tasks. Comparison of fMRI signals in the DMS task and
baseline revealed significant activation of multiple cortical areas (Fig 4C, S4 Table). In the fron-
tal cortex, significant bilateral activations were found in the ventral surface and ventral bank of
the principal sulcus (area 9/46v), in the periarcuate area (area 8Ad), and in the orbitofrontal
region (area 11). In the temporal cortex, the multiple bilateral activations were found in the
anterior inferior temporal region (areas AITd and AITv). In total, we identified 15 homotopic
areas with bilateral significant activation in both monkeys (see Materials and Methods).

On the basis of PPI patterns (Fig 4D and 4E) and axonal projection patterns (Fig 4F and
4G) among the 15 homotopic areas, we calculated betweenness centrality of each area (Fig 4E
and 4G), similarly to the analyses for the temporal-order judgment task. The results showed
that the location of the functional hub based on PPI patterns (area AITd: betweenness central-
ity, p = 0.001, randomization test) and the location of the anatomical hub based on axonal pro-
jection patterns (areas TEO and LIP: betweenness centrality, all p < 0.03, randomization test)
were different. More importantly, the location of the functional hub in this context-free mem-
ory network was quite different from the location of the functional hub in the network of con-
textual memory (areas 9/46d and TEa). The location of the functional hub in the context-free
memory network corresponded to the lesion-effective site for a similar task [49-52], as is the
case with the contextual memory network—the location of the functional hub corresponds to
the lesion-effective site for a temporal-order judgment task [18]. Therefore, the difference in
location between the functional and anatomical hubs is suggested to be attributed to dynamic
allocation of the functional hub.
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Fig 4. Dynamic reallocation of functional hub in response to demands of the delayed matching-to-sample task. (A) Trial structure in the DMS task.
The monkeys were required to select the stimulus that had been presented as a sample stimulus. The stimuli of natural and artificial objects were chosen
from Microsoft Clip Art or HEMERA Photo-Object database. The images provided in this figure are representations only and were not used in the experiment.
(B) Percentages of correct responses (upper) and reaction times (lower) for each monkey. Behavioral performance of all the trials in the DMS task (yellow) is
compared with that in the temporal-order judgment task (gray). The dashed line indicates the chance level. Error bars indicate SD across sessions. *

p <0.0003, 1 p <0.002, t-test. (C) Brain regions active for the DMS task. Activation map is superimposed on coronal sections. (D) PPI matrix among the 15
homotopic areas identified in the DMS task. Rows and columns indicate seed and target regions, respectively. Significant connectivities are enclosed by
thick black lines (p < 0.05 [FDR correction]). (E) Betweenness centralities of each area calculated based on (D). The dashed line indicates the significance at
p < 0.05 (randomization test). * p < 0.05. (F) Anatomical connectivity matrix among the homotopic areas. Rows and columns indicate seed and target areas,
respectively. A white (black) square indicates the presence (absence) of anatomical connection from row to column. Anatomical information is based on
CoCoMac database. The areas to which the same labels are given in CoCoMac database area merged respectively. (G) Betweenness centralities of each
area calculated based on (F). The dashed line indicates significance at p = 0.05 (randomization test). * p < 0.05.

doi:10.1371/journal.pbio.1002177.g004

Prediction of Behavioral Performance and Behavioral Impairment after
Lesioning

We then examined whether the pattern of PPI connectivity among the ten homotopic areas
encodes behavioral performance during the temporal-order judgment. We classified session-
by-session PPI connectivity patterns into high or low behavioral performance sets for MIDDLE
trials by using multivariate pattern analysis (MVPA) based on support vector machine (SVM)
using nonlinear radial basis function kernels (Fig 5A, (1), (2); see Materials and Methods; for
SVM using linear kernels, see S12 Fig). SVM prediction accuracy using all the PPI connectivity
patterns among the ten homotopic areas was significantly higher than chance (monkey H:
90.9%, p = 1.1 x 10~ monkey K: 73.3%, p = 0.03, binominal test) (Fig 5B, right), but activation
patterns among the ten homotopic areas did not predict the performance class (all p > 0.1,
binominal test) (Fig 5B, left). Even after matching the number of features applied to SVM for
activation patterns to that for the PPI patterns, the prediction based on activation patterns did
not give significantly high accuracy (all p > 0.5, binominal test) (Fig 5B, middle).

To simulate the effects of a cortical lesion on ability for contextual memory retrieval, we
examined the effect of node deletion on prediction accuracy for behavioral performance. Using
node-deleted PPI connectivity patterns (Fig 5A, (3)), SVM prediction accuracy was calculated
and compared with that obtained by using the original connectivity patterns, and we estimated
the impact on the ability to perform the task as a reduction in prediction accuracy (“predicted
impact on performance”; see Materials and Methods) (Fig 5A(3) and 5C). A two-way ANOVA
on the predicted impact on performance after removal of each area (monkey x removed area)
demonstrated a significant main effect of removed area (F(9, 9) = 3.51, p = 0.03) without a sig-
nificant main effect of monkey (F(1, 9) = 0.03, p = 0.85). Among the PFC areas, a significant
predicted impact on performance was observed only after removal of area 9/46d (p = 0.03, ran-
domization test [comparison with the distribution of randomly-edge-deleted network]; see
Materials and Methods). On the other hand, removal of area 8Ad did not cause a significant
reduction in prediction accuracy (p = 0.59, randomization test). These results indicate that the
areal dissociation of lesion-induced memory impairment [18] was predicted by the node-
deleted PPI connectivity pattern (see Discussion for the effect of removing a single connection).
Outside the PFC, a significant predicted impact on performance was observed after removal of
area TEa or the hippocampus (both p = 0.01, randomization test) (see S13 Fig for the differen-
tial contribution of outward and inward connectivity to the predicted impact on performance
among areas 9/46d, TEa and the hippocampus).

We compared the predicted impact on performance after lesioning (Fig 5C) and the be-
tweenness centrality based on task-evoked connectivity network (Fig 3E) for each area in each
monkey. An analysis of covariance (ANCOVA) on predicted impact on performance after
removal of each area (monkey x betweenness centrality) revealed a significant main effect of
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MVPA prediction. (1) First, the whole data session set was divided into three classes based on behavioral performance in the MIDDLE trials (high,
intermediate, and low performance sets). (2) Second, performance levels (high or low) in each session were predicted from the PPI connectivity pattern. (3)
Finally, using node-deleted PPI connectivity patterns, SVM prediction was conducted. By comparing the prediction accuracies between (2) and (3), the
predicted impact on performance after removal of a certain area was assessed. (B) Accuracy of behavioral performance prediction using activation patterns
among the ten areas with ten features (left), activation patterns with 90 features (middle), and PPI connectivity patterns (right). The dashed line indicates
accuracy significantly higher than chance (p = 0.05, binominal test, for group). Each circle and cross represents data for monkey H and monkey K,
respectively. The number of features is shown in the brackets. (C) Predicted impact on performance after removal of the indicated areas is plotted. The red
dashed line indicates significant predicted impact on performance (p = 0.05, randomization test, for group). * p < 0.05. The blue double dashed lines indicate
prediction accuracy significantly higher than chance (p = 0.05, binominal test, for group). Bars below the blue double dashed lines indicate prediction
accuracies still significantly better than chance after removal of the area.

doi:10.1371/journal.pbio.1002177.g005

betweenness centrality of the removed area (F(1, 16) = 6.65, p = 0.02), but no significant main
effect of monkey (F(1, 16) = 0.22, p = 0.64) or interaction between monkey and betweenness
centrality (F(1, 16) = 0.85, p = 0.36). Moreover, we found a significant positive correlation
between the betweenness centrality and the predicted impact on performance (r = 0.53,

p =0.008) (Fig 6A). These observations indicate that removal of an area with higher between-
ness centrality in the task-evoked connectivity network causes a larger reduction in prediction
accuracy. Contrarily, no significant correlation was observed between the betweenness central-
ity based on anatomical connectivity network (Fig 3I) and the predicted impact on perfor-
mance (r = -0.26, p = 0.14) (Fig 6B). Even in a network containing the larger set of areas that
included nonhomotopic areas (total of 39 areas; see Table 1), the predicted impact on perfor-
mance correlated more highly with betweenness centrality based on task-evoked connectivity
than with betweenness centrality based on anatomical connectivity (p = 8.8 x 10”7, paired ¢-
test) (S14 Fig; see “Prediction with the Network with a Larger Set of Areas” in S1 Text). These
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doi:10.1371/journal.pbio.1002177.g006

observations suggest that severity of behavioral impairment induced by a focal lesion is pre-

dicted from the task-evoked connectivity network, but not from the anatomical connectivity

network.
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Discussion

In the present study, we identified the macaque cortical network for temporal-order retrieval
and revealed that area 9/46d acted as a hub in the task-evoked connectivity network, but not in
the anatomical connectivity network. The task-specific functional hub in this dynamic task-
evoked network accurately corresponded to the well-documented lesion-effective site, avoiding
the neighboring non-lesion-effective site [18] (i.e., severe temporal-order memory impairment
after lesioning in area 9/46d, but not in area 8Ad; Fig 6C). We then quantitatively estimated
the behavioral impact of lesioning in each activated area. We found that predicted severity of
impairment was proportional to the network hubness (betweenness centrality) of the virtually
lesioned area in the task-evoked connectivity network rather than in the anatomical network.

This study is the first demonstration, to our knowledge, of the whole-brain mapping for
cognitive control functions on contextual memory in macaque monkeys. In human neuroim-
aging studies, widespread regions in the PFC are reported to contribute to temporal-order
retrieval with comparison between temporal-order memory and item recognition memory
[19,20]. With more stringent comparisons between different demand levels of temporal-order
retrieval, several PFC areas were consistently responsive to cognitive control of memory [21].
In the present study, even with applications of this stringent comparison, we identified multiple
macaque PFC areas active for contextual memory retrieval, similarly as in humans.

The PPI measure was used to evaluate the network architecture of the task-based fMRI data.
PPI measure is a change in functional connectivity modulated by task demand (i.e., difference
in connectivity between the different conditions in the task). Thus, the PPI network is qualita-
tively different from static networks determined by anatomical connections or DTI, and the
network connectivity patterns should dynamically change across different tasks. In addition,
there is no simple correspondence between outward/inward connectivities and anterograde/
retrograde anatomical connections. This is because task-evoked connectivity reflects both
direct and indirect anatomical connections, and it is not fully understood how anatomical con-
nections contribute to task-evoked connectivity [37,42].

Theoretically, in the PPI, the directional contribution in the PPI is established in the rela-
tionship between seed and target areas, whereas causality cannot be inferred from the PPI [37].
In the present study, owing to directionality of the PPI, estimation of the hierarchical structure
identified the monkey area 10 to be situated at the highest level in the hierarchical structure
among the PFC areas (54 Fig), consistent with the proposed function of the human frontal pole
[6,53,54]. We also conducted additional network analyses without any assumptions of direc-
tionality of PPI. The analyses showed that area 9/46d was a hub and area 8 Ad was not (Fig 3F
and 3G, S9 Fig), similarly to the results of the original analysis (Fig 3D and 3E). Therefore, the
hub structure determined by PPI network is sufficiently robust not to be affected by the direc-
tionality of PPI.

We showed that lesions of a task-specific functional hub with high betweenness centrality
(not of an anatomical hub) would bring severe behavioral effect. Our conclusion is corrobo-
rated by actual lesion studies. For the temporal-order judgment task, the functional hub area in
the present study (area 9/46d) corresponds to the lesion-effective site in a previous controlled
study [18], while the anatomical hub area (area 8 Ad) corresponds to the lesion-ineffective site
in the previous study (Fig 6C) [18]. For a simple memory task (DMS task) (Fig 4), the func-
tional hub area in the present study (area AITd) corresponds to the lesion-effective site in pre-
vious studies [49-52], while the anatomical hub area (area TEO) corresponds to the lesion-
ineffective site in the previous studies [49-52].

Several studies have computationally inferred the effects of lesions by evaluating simulated
changes of network measures within structural networks [10,55] or within simulated functional
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connectivity networks [56,57]. These earlier computational studies did not commit specific
cognitive functions nor did they predict behavioral impairment. In the present study, the anal-
ysis of a task-evoked connectivity network through the use of SVM enabled us to estimate the
behavioral impact of lesioning by measuring the reduction in prediction accuracy caused by
removing specific areas and connections. The validity of the current approach is demonstrated
through the consistency of our results with those of an earlier controlled lesion study in mon-
keys [18]. That is, area 9/46d, deletion of which results in a significant decrease in the classifica-
tion performance of SVM, corresponds to a lesion-effective site in the previous study, while
area 8Ad, deletion of which results in no change in the classification performance, corresponds
to a lesion-ineffective site in the previous study (Fig 6C and 6D). Incidentally, for the DMS
task, we could not conduct the classification analysis, because the task was easy for monkeys
and the rate of correct response, which is to be classified with SVM, was nearly 100% consis-
tently across all experimental sessions.

We focused on activity and connectivity in MIDDLE trials in which there is a higher cogni-
tive demand for temporal-order judgment than in BOTH-END trials. Therefore, evaluation of
the predictability for session-by-session performance of MIDDLE trials (not of BOTH-END
trials) is appropriate in the SVM analysis. The higher predictability of behavioral performance
achieved by interareal task-evoked connectivity, compared with that achieved by areal activa-
tions (Fig 5B), suggests that the primary determinant of a deficit is attributable, not simply to
specific cognitive processing within each of these PFC areas, but to intercommunicated signal
flow patterns in a highly ordered PFC network for contextual memory retrieval (Figs 3E and
6D).

The hub regions tend to have more connections than other regions. We also compared the
amount of decrease in classification accuracy after removing a single connection, or a single
edge, in the PPI network. The results showed that removing a single connection from a hub
region had a larger effect than removing a single connection from a nonhub region (hub
region: 2.33 + 0.63%; nonhub region: 1.45 + 0.30%), although differences were marginally sig-
nificant (hub region versus nonhub region: p = 0.058, ¢-test). Much smaller effects were
obtained after removing a single connection than after removing all the connections to/from
one region, as expected. The results suggest that our classification analysis is robust enough so
that the prediction accuracy was not largely changed after removing only a single connection.

It is known that lesions of a single node may often result in changes in the connectivity of
the remaining network nodes. In the present study, however, despite the strong assumption
that the connectivity in the remaining network does not change after lesions, our classification
methods successfully predicted the behavioral effect after removal of area 9/46d, of which even
chronic lesion is known to result in severe impairment in monkeys [18]. Our results showed
that even if the network connectivity among the remaining nodes changed, these indirect
effects would be minor at least in the case of the contextual memory retrieval network.

Both betweenness centrality based on task-evoked connectivity and predicted impact on
performance were highest in area 9/46d among the PFC areas (Figs 3 and 5), and these two
measures showed a significant positive correlation among the task-related areas (Fig 6A),
despite being mutually independent measures. These results converge to suggest that the severe
task impairment induced by lesioning of area 9/46d reflects the functional “hubness” of this
region. Thus, the vulnerable locus is suggested to correspond to the task-specific functional
hub. Contrarily, we identified areas 8Ad and LIP, but not area 9/46d, as anatomical hubs with
significant betweenness centralities both in the axonal projection-based anatomical network
with the ten task-activated homotopic areas (Fig 3H and 3I) and in the network containing a
larger set of areas (S11 Fig). These results of the anatomical hubs are largely consistent with the
previous reports on the anatomical hubs in the whole-brain network of macaques [47,48]. The
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distribution of hubs was different between anatomical and task-evoked networks, and, unlike
functional hubness, anatomical hubness did not predict the task impairment (Fig 6B). The dif-
ferent distribution of the anatomical and functional hubs suggests dynamic reallocation of the
lesion-effective site, which corresponds to the functional hub, depending on the cognitive
processes.

Clinically, as often seen in stroke human patients, slight locational differences between
brain lesions affect severity of their behavioral aftereffects [7]. Our findings of the predicted
severity of impairment will be a foundation of prediction of behavioral and cognitive impacts
of damage or surgical intervention in human brains.

The present study proposes a possible causal link between task-specific cognitive im-
pairment and lesions in the functional hub rather than those in the static anatomical hub. Fur-
ther investigation on this hub-centric property of task-evoked networks involved in other
cognitive functions, together with that on the behavioral impairment due to focal lesioning of
the functional hub, will test the generalizability of our findings and establish a new principle on
how a cortical area obtains its integrative role in the brain network function.

Materials and Methods

All the experimental protocols, animal welfare, and steps for ameliorating sufferings were in
full compliance with the Guidelines for Proper Conduct of Animal Experiments by the Science
Council of Japan, with the University of Tokyo’s “Guidelines Regarding Animal Research and
Animal-Experimentation Manual,” and with the “NIH Guidelines for the Care and Use of Lab-
oratory Animals,” as well as with the Weatherall report, “The Use of Non-human Primates in
Research.” The experimental protocol was approved by the University of Tokyo School of

Medicine Animal Care and Use Committee (Permission Number, MED: P11-098).

Subjects

We used two adult male macaque monkeys (M. mulatta: monkey H, 5 kg; monkey K, 7 kg) in
the experiments. Monkeys were housed in standard primate cages in an air-conditioned room
under 12/12-h light-dark cycle. Toys and puzzle feeders were provided for environmental
enrichment. Monkeys were given primate food (Oriental Yeast) supplemented with fruits and
vegetables. Detailed procedures for fMRI were previously described [34] and will be described
here only briefly. Before fMRI scanning, an MRI-compatible version of a ring-type head fixa-
tion device [34,58] was attached to the monkeys. Surgery for attachment of the head-fixation
device was conducted in aseptic conditions under general anesthesia with sodium pentobarbi-
tal (5 mg/kg/h, IV) and xylazine (2 mg/kg, IM), supplemented as needed. Monkeys were given
postsurgical analgesics (ketoprofen, 1 mg/kg/d, IM) for at least 3 d and postsurgical prophylac-
tic antibiotics (benzylpenicillin, 20,000 unit/kg/d; ampicillin, 100 mg/kg/d, IM; or enrofloxacin,
5mg/kg/d, subcutaneous injection) for 2 wk as described previously [59,60]. All monkeys used
in the present study are alive and healthy and are currently engaged in experiments for other
studies.

Behavioral Procedures for Temporal-Order Judgment

The monkeys performed a temporal-order judgment task modified for fMRI (Fig 1A). Online
behavioral control and reward delivery were controlled using custom-made PC software [28].
In a custom-made MRI-compatible monkey chair (Nakazawa, Tokyo, Japan), each monkey
manipulated an optical fiber-based, custom-made three-way joystick with one of its forelimbs.
An optical fiber-based photoelectric sensor (Omron, Tokyo, Japan) was used to monitor the
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movements of each of the other three limbs. Eye position was monitored at 120 Hz using an
infrared-sensitive CCD camera (ISCAN, Massachusetts, United States of America).

Each trial began when the monkey pulled the joystick to trigger presentation of a fixation
point (“Warning,” the duration varied between 6 s to 9 s on a trial-by-trial basis for monkey H
and was 3 s for monkey K). A list of stimuli was then presented serially (“Cue,” the list con-
sisted of six stimuli for monkey H and four for monkey K). Each stimulus was presented at the
center of the monitor (for 1.5 s with monkey H and 1.1 s with monkey K) and was followed by
an interstimulus interval (0.7 s for monkey H and 0.6 s for monkey K). The stimuli were
selected in a pseudorandom order from a pool of 1,200 pictures of natural or artificial objects
(Microsoft Clip Art or HEMERA Photo-Object database [Source Next, Tokyo]), which were
cropped and presented to the monkeys at 3° x 3° in visual angles. Typically, each picture was
presented only once (twice at most) in each session. The last stimulus was followed by a delay
period (“Delay,” duration varied between 7.5 s and 8.5 s on a trial-by-trial basis for monkey H
and was 5.5 s for monkey K). Finally, two stimuli from the studied list were simultaneously pre-
sented, one each on the right and left (“Choice”). If the monkey responded by moving the joy-
stick in the direction of the stimulus that had been presented more recently, the monkey
received juice drops accompanied by a distinctive secondary visual reinforcement (“Feed-
back”). A secondary visual reinforcement was used to support operant learning for the task in
monkeys from the training phase. Incorrect choices resulted in termination of the trial without
reward. Trials were separated by an intertrial interval, during which the screen was black. If
any limbs moved during the trials, the optical sensors detected the movement, and the trial was
aborted immediately. For monkey H, after a correct choice, two other stimuli in the same list
were presented for judgment (see “Behavioral Effects due to the Inclusion of End Stimuli” in
S1 Text).

In the judgment stage, two types of trials were performed: (1) trials in which the stimulus
pair in Choice included neither the initial nor last end stimuli in the list (MIDDLE trial) and
(2) trials in which at least one of the paired stimuli was either the initial or last end stimuli in
the list (EITHER-END trial). Among the EITHER-END trials were trials in which the Choice
pair consisted of the initial and last end stimuli in the list; this was termed a BOTH-END trial
(Fig 1A).

MRI Acquisition

Functional images were acquired in a 4.7-T MRI scanner (Biospec 47/40, Bruker, Ettlingen,
Germany) with 100 mT/m actively shielded gradient coils and a transceiver saddle RF coil
(Takashima, Tokyo, Japan) [34,59-64]. In each session, functional data were acquired using

a gradient-echo echo-planar imaging (EPI) sequence (1-shot, TR = 2.5 s, TE = 20 ms, flip

angle = 80°, 1.25 x 1.5 mm” in-plane resolution, 64 x 96 matrix, slice thickness = 1.5 mm, inter-
slice gap = 0.2 or 0.25 mm, 30 or 27 horizontal slices covering the whole brain). T2-weighted
spin-echo (RARE) images with the same geometry as the EPI were also scanned. Each run con-
sisted of 120 functional volumes (5 min; the first three volumes were discarded in the analysis),
including typically two MIDDLE trials and two BOTH-END trials for monkey H and three
MIDDLE trials and three BOTH-END trials for monkey K. In separate sessions, high-resolu-
tion T'1-weighted structural images were scanned using a 3-D MDEFT sequence (0.5 mm iso-
tropic). High-resolution EPI (32-shot, TR = 2.5 s, TE = 20 ms, flip angle = 80°, 0.625 x 0.75 mm®
in-plane resolution, 128 x 192 matrix, slice thickness = 0.8 mm with no gap, 62 horizontal slices
covering the whole brain) was also acquired to serve as the template image for spatial normaliza-
tion (see below).
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Identification of Regions Active for Temporal-Order Judgment

Data were analyzed using SPM5 (http://www.filion.ucl.ac.uk/spm/). Functional images were
corrected for slice timing, realigned, spatially normalized to the template image with interpola-
tiontoa 1 x 1 x 1 mm? space, and smoothed with a Gaussian kernel (2.5 mm full width at half
maximum [FWHM)]). The template image was constructed from the high-resolution EPI of
monkey H by coregistering it to monkey H’s anatomical MDEFT image arranged in bicommis-
sural space with the origin at the anterior commissure [26,28,34,64].

We used SPM5 to conduct voxel-wise statistical analyses based on the general linear model
(GLM). The analyses included the following predictors: the Cue stimulus onsets; the Choice
onsets in the MIDDLE trials, BOTH-END trials, EITTHER-END trials with Choice stimulus
pair including only initial end stimulus, and EITHER-END trials with Choice stimulus pair
including only last end stimulus; and the timing of errors. These events were modeled as delta
functions convolved with a canonical hemodynamic response function and its temporal and
dispersion derivatives. Six parameters of head motion derived from realignment were also
included in the model as covariates of no interest. Data were high-pass filtered using a cutoff of
128 s. Data from 34 sessions for monkey H and 31 sessions for monkey K were analyzed. The
analyses were restricted to the hits in the Choice periods. The numbers of MIDDLE,
BOTH-END, and EITHER-END trials were 501, 693, and 1873, respectively, for monkey H,
and 283, 389, and 965, respectively, for monkey K. The numbers of trials in each condition
were sufficient enough to obtain reliable fMRI signals and to compare the difference across
conditions. Misses were included in GLM analysis, but we did not compare the fMRI signals
during miss trials. The numbers of misses in MIDDLE, BOTH-END, and EITHER-END con-
ditions were 183, 1, and 193, respectively, for monkey H and 192, 94, and 436, respectively, for
monkey K. The group analysis of these data was conducted using a random effect model by
treating each session’s data from both monkeys equally as a random effect. The regions active
during temporal-order judgment were identified by comparison of blood-oxygenation-level-
dependent (BOLD) signals between the MIDDLE and BOTH-END conditions [21].

The coordinates of the activation peaks with a threshold of p < 0.05 with FWE correction
were included in Table 1. To detect homotopically activated areas, we used the nearest-neigh-
bor algorithm [28,65] as follows. We flipped the x-coordinates of the activation map in the left
hemisphere and superimposed them on the right hemisphere. Then, each significant activation
peak derived from the left hemisphere was paired with its nearest peak derived from the right
hemisphere if the distance between them was less than 5 mm (areas 10, 46, 9/46d, 44/45B, 8Ad,
and TEa). In addition, nearest neighbors for prefrontal peaks of area 9/46v and the supplemen-
tary eye field were detected among contralateral activations with p < 0.005 corrected by FDR
[66]. Nearest-neighbor bilateral activations with p < 0.005 corrected by FDR were also detected
in hippocampus and posterior parietal cortex (area LIP), the anatomical connections of which
with the prefrontal cortex were suggested to be involved in prefrontal executive and memory
control [4]. These ten bilaterally activated areas were termed homotopic areas and were also
included in Table 1. The peaks were labeled by referring to the atlas of Petrides [4] and the
atlas of Paxinos et al. [67]. The region of interest (ROI) for each peak was defined as the signifi-
cant voxels (p < 0.001) within a 2-mm radius around the peak. For visualization purposes, sta-
tistical maps were projected onto a three-dimensional representation of the cortical surface of
monkey H using Caret software (http://brainvis.wustl.edu/wiki/index.php/Caret:About) [68].

To confirm intersubject reproducibility of activated homotopic areas, we examined whether sig-
nificant activations were located in individual monkeys within the ROIs defined in the group analy-
sis. A single-voxel threshold of p < 0.05 corrected by FWE within each homotopic region was used
for individual data analysis. z-values of significant peaks for each monkey are listed in S1 Table.
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To test whether different reaction times in the MIDDLE and BOTH-END conditions could
explain the activations detected above, in a separate analysis the parametric modulation
method for coding reaction times into GLM was applied using three types of predictors for
MIDDLE and BOTH-END trials [21]. The first predictor coded the main effect of MIDDLE
and BOTH-END trials, the second predictor coded the reaction times in the MIDDLE and
BOTH-END trials, and the third predictor coded the trial type (+1 for MIDDLE and -1 for
BOTH-END trials). We then determined whether significant peaks were detected in this analy-
sis (S2 Table). A single-voxel threshold of p < 0.05 corrected by FDR was used.

We also compared fMRI signals between MIDDLE and EITHER-END conditions. We then
examined whether significant activations were detected in this comparison within the ROIs
defined in the original analysis (MIDDLE minus BOTH-END) (S3 Table). A single-voxel
threshold of p < 0.05 corrected by FWE within each homotopic region was used.

Psychophysiological Interaction Analysis

PPI [69] was estimated among the homotopic areas using SPM5 to determine whether the
temporal-order retrieval load affects the connectivity among the identified areas. The “physio-
logical” time series extracted from a seed ROI was corrected for variance associated with
parameters of no interest, deconvolved with the hemodynamic responses, multiplied by a
parameter encoding the relevant “psychological” contrast (MIDDLE > BOTH-END), and
reconvolved to form a “psychophysiological interaction” (“PPI”) predictor: these three predic-
tors (“physiological” time series, “psychological” contrast, and “PPI”) were entered into a
design matrix alongside the same nuisance predictors used for the GLM analysis described
above. The effect size of the PPI at target ROIs was evaluated as the beta estimate for the “PPI”
predictor averaged across all sessions for the two monkeys.

After calculating all the possible combinations of PPIs among the ten homotopic areas
(10 x (10-1) intrahemispheric connectivities for both hemispheres, without autorecursive
ones), we applied a three-way ANOVA (laterality [left or right] x seed area X target area). We
then averaged PPIs in the left and right hemispheres of the two monkeys and calculated z-val-
ues. We also estimated interhemispheric PPI connectivities and calculated z-values.

The topology of the connectivity networks among the ten homotopic areas were examined
by calculating network metrics. For each area (node), the network measure of “betweenness
centrality” was computed using Brain Connectivity Toolbox (https://sites.google.com/site/
betnet/) [40]. The betweenness centrality is the fraction of shortest paths passing a given node.
In the analysis, the distance from node A to node B (d4_~p) was calculated as the inverse of the
PPI z-value from node A to node B (ds_~p = 1/PPI,_~3) [40] (see S2 Text for the code). If the
PPI z-value was negative or zero, the distance was defined as infinity. To estimate the statistical
significance of betweenness centrality, we generated randomized networks 100,000 times by
changing the pattern of connectivity among the ten homotopic areas [70,71]. For each random-
ized network, we computed the betweenness centrality of each node, after which we estimated
the distribution of betweenness centrality values by pooling all the values from all the nodes of
all the randomized networks. We then compared the experimentally observed betweenness
centrality values with the computed distribution (57 Fig).

We also calculated network metrics from a binarized network [40,72] (thresholded at
p < 0.05 with FDR correction). For each node, the following network measures were computed
using Brain Connectivity Toolbox: “degree,” the total number of connections to a certain node,
“indegree,” the number of inward connections, “outdegree,” the number of outward connec-
tions; the proportion of outdegree to degree; and “betweenness centrality,” the fraction of
shortest paths passing through a certain node (see S2 Text for the code). To estimate the
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statistical significance of degree and betweenness centrality, we generated randomized net-
works 100,000 times while maintaining the total number of connections among the ten homo-
topic areas. For each randomized network, degree and betweenness centrality were computed
for each node. We estimated the distribution by pooling all the values from all the nodes of all
the randomized networks and then compared the experimentally observed degree and
betweenness centrality values with the computed distributions.

We conducted network analyses without any assumptions of directionality in two ways: (1)
an analysis using a network in which the weight of the connection between A and B is equal to
the mean value of PPI, - and PPIj - 4 and (2) an analysis using a network in which the
weight of the connection between A and B is equal to the larger values of PPI, .5 and PPIg . 4.
We calculated the betweenness centrality of each node (see S2 Text for the code).

We also calculated the network measure of betweenness centrality in a network containing
a larger set of areas, including nonhomotopic areas. In addition to the ten homotopic areas
defined above, bilateral peaks in which at least one of the bilateral activations (MIDDLE >
BOTH-END) exceeded a threshold of p < 0.05 with FWE correction and both bilateral activa-
tions exceeded a threshold of p < 0.05 with FDR correction were used for the analysis. In total,
39 areas, including 29 nonhomotopic areas, were employed in the further PPI network
analysis.

Prediction of Behavioral Performance Using Support Vector Machine

We used MVPA based on SVM [64,73-75] to determine whether the PPI connectivity pattern
encodes behavioral performance. We conducted most of our analyses on a supercomputer plat-
form (TSUBAME 2.5 cluster system in Global Scientific Information and Computing Center,
Tokyo institute of Technology, Japan). This system implements 76,038 cores and provides
2,843 TFlop/s with Linpack performance. Before the analysis, the whole data session set was
divided into three subsets based on performance in the MIDDLE trials in each session (high,
intermediate and low performance sets) (Fig 5A, (1)). The sessions in which the performance
in the MIDDLE trials (correct response rates) was in the top (or bottom) tertile of all the ses-
sions were classified as the high (or low) performance set, and the rest were classified as the
intermediate set. Atypical sessions, in which the correct response rate was less than 50%, were
omitted. The PPI beta-values (MIDDLE > BOTH-END) for each connection in each session
from the high and low performance set data were analyzed for each monkey (22 sessions for
monkey H and 15 sessions for monkey K). SVM was used to discriminate between sessions
belonging to two different classes (high or low performance set) using soft-margin separation
(Fig 5A, (2)). SVM classifications used nonlinear radial basis functions (f(x,y) = exp(-y [x-y|),
X, : training vectors) implemented in LIBSVM (http://www.csie.ntu.edu.tw/~cjlin/libsvm/)
[76]. SVM found the maximal margin while allowing some misclassification, and the relative
importance of maximizing the margin versus minimizing the misclassification was controlled
by the constant C. The MVPA was achieved by splitting the data into a training set and a test
set. A standard k-fold cross validation testing regimen was used [64], where k was equal to the
number of sessions. The data from each session were set aside and used, in turn, as the test
data; the remaining data were used as the training data. This method generated k sets for the
SVM training as well as test sets that were used to derive the overall classification accuracy
from the proportion of correct (see S2 Text for the code). Two parameters, C and y, in the
SVM were chosen to optimize the prediction classification accuracy for each monkey. The sta-
tistical significance of the prediction accuracy was evaluated using the binominal test. We
employed SVM using nonlinear radial basis functions because it classifies data, irrespective of
its distribution, more robustly than SVM using linear kernels [76,77]. We also used SVM
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classifications with linear kernels to test if the results were reproduced. For classification accu-
racy using a network with a larger set of areas, we conducted a “feature selection” procedure
before SVM (see “SVM Analysis Using a Larger Set of Areas” in S1 Text).

We also tested whether the activation pattern encodes behavioral performance by applying
the SVM procedure to the activation beta-values (MIDDLE > BOTH-END) of each homotopic
area in each session from the high and low performance sets. In a separate analysis, to match
the number of features in activation patterns to that of the PPI patterns (i.e., 90), each homoto-
pic area was partitioned into nine parts, and nine activation beta-values
(MIDDLE > BOTH-END) of each homotopic area in each session were used for the SVM
analysis.

To computationally examine whether removal of an area affected prediction accuracy, we
conducted an SVM prediction analysis using the node-deleted PPI connectivity patterns (i.e.,
18 PPI connectivities to/from a certain node were omitted from the PPI connectivity pattern
among the ten homotopic areas). The prediction accuracy of the node-deleted PPI connectivity
patterns for each node was estimated and compared with that using all the connectivity pat-
terns. A reduction in prediction accuracy was defined as “predicted impact on performance”
(Fig 5A, (3)) (see S2 Text for the code). The predicted impact on performance was calculated
for each node for each monkey. A two-way ANOVA on the predicted impact on performance
by removal of each area (monkey x removed area) was performed after arcsine transformation.
To estimate the statistical significance of a predicted impact on performance, we generated
connectivity patterns 100,000 times using 18 randomly deleted connectivities, and prediction
accuracy was calculated for each pattern. The distribution of predicted impact on performance
after arcsine transformation was estimated by fitting the normal distribution function. The sta-
tistical significance of the observed predicted impact on performance was evaluated by com-
paring the value with the distribution.

To examine the relationship between betweenness centrality and predicted impact on per-
formance, we performed an ANCOVA on predicted impact on performance after removal of
each area (monkey x betweenness centrality). Betweenness centrality and predicted impact on
performance after removal of each area were calculated for each monkey and were used for the
analysis.

For the areas that showed significant predicted impact on performance (areas 9/46d, TEa,
and the hippocampus), the contributions of outward and inward connectivity were assessed.
We compared the PPI beta-values of each connection from high and low performance sets and
calculated t-values, which were then transformed to z-values that were termed classification
indices. A three-way ANOVA on the classification indices for the connections to and from
removed areas (monkey X area x directionality [outward or inward]) was then conducted.

Anatomical Connectivity Network

The anatomical connectivity data set comprises the data from tract-tracing studies collated in the
online neuroinformatics data base CoCoMac (http://cocomac.g-node.org) [41]. The connection
data consisted of directed projections represented in binary format (connection present = 1,
connection absent = 0). No distinction was made between strong versus weak connections or
between connections that were shown to be absent versus those for which no data were available.
The matrix contained no self-connections. The cortical connection matrix was constructed from
a set of ten homotopic areas (Fig 3H) and also from a larger set of areas that included nonhomo-
topic areas (28 areas) (S11A Fig). For each node, the betweenness centrality was computed. To
estimate the statistical significance of betweenness centrality, we generated randomized networks
100,000 times while maintaining the total number of connections. For each randomized network,
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betweenness centrality was computed for each node. We estimated the distribution by pooling all
the values from all the nodes of all the randomized networks and then compared the observed
betweenness centrality value with the computed distributions.

Identification of Lesion Areas in a Previous Lesion Study

To compare the areas activated in the present study with areas lesioned in a previous study
[18], the extents of lesioned areas in the MDL-PFC were manually drawn for six hemispheres
in three monkeys based on the original figures in the previous study [18]. All the lesioned areas
were superimposed on the atlas, and the extent of overlap was assessed. These procedures were
also performed for a control lesion in the periarcuate area.

Experiments with Delayed Matching-to-Sample Task

We conducted additional fMRI experiments in the same monkeys using a DMS task (Fig 4A).
Each trial began when the monkeys pulled the joystick to trigger presentation of a fixation
point (“Warning,” duration: 1.5 s). A stimulus was then presented (“Sample,” duration: 0.5 s).
After a delay (“Delay,” duration: 1.5 s), two stimuli, one of which had been presented in the
Sample period, were presented simultaneously (“Choice”). If the monkey responded by moving
the joystick in the direction of the stimulus presented in the Sample period, the monkey
received juice drops accompanied by a distinctive secondary visual reinforcement (“Feed-
back”). Trials were separated by an intertrial interval (“ITT”), during which the screen was
black. Functional images were analyzed using SPM5 in the same manner as the experiment for
temporal-order judgment. For the voxel-wise statistical analysis based on the GLM, the time
period from Sample period to Choice period (“DMS task”) was included as a predictor. The
events were modeled as box-car functions convolved with a canonical hemodynamic response
function and its temporal and dispersion derivatives. Six parameters of head motion derived
from realignment were also included in the model as covariates of no interest. Data were high-
pass filtered using a cutoff of 128 s. Data from five sessions for monkey H and five sessions for
monkey K were analyzed. The group analysis of these data was conducted using a fixed-effect
model. The regions active during DMS task were identified by comparison of the fMRI signals
in the DMS task and baseline.

The coordinates of the homotopic activated peaks were listed in S4 Table according to the
following criterion: (1) one of the bilateral peaks exceeded a threshold of p < 0.05 with FWE
correction and both bilateral activations exceeded a threshold of p < 0.001, and (2) significant
activations were located in individual monkeys within the 2-mm radius around the peak deter-
mined by the group analysis (a single-voxel threshold of p < 0.05 corrected with FWE within
the radius). On the basis of PPI patterns and axonal projection patterns among the 15 homoto-
pic areas listed in S4 Table, we calculated betweenness centrality of each area, similarly as for
the temporal-order judgment task.

Supporting Information

S1 Data. Excel spreadsheet containing the underlying numerical data for Figs 1, 3, and 4-6
and S1, S3-S6, and S8-S14 Figs.
(XLSX)

S1 Fig. Behavioral performance of monkeys. Behavioral performance of each monkey during
scanning sessions. Trials in which the stimulus pair included initial (or last) end stimulus in
the list are termed INITIAL-END (LAST-END) trials. Upper panels show percentages of cor-
rect responses for each monkey. The dashed line indicates the chance level. Lower panels show
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reaction times for each monkey. Error bars indicate SD across sessions. * p < 107%, ¢-test. T
p<107% 11 p < 107>, paired t-test.
(TIF)

S2 Fig. Brain regions active revealed by the contrast of MIDDLE minus EITHER-END. (A)
Activity related to temporal-order judgment revealed by the contrast of MIDDLE minus
EITHER-END. An activation map is superimposed on the inflated brain: top, lateral view; bot-
tom, anterior view. (B-D) Activation map is superimposed on transverse sections (B), coronal
sections (C), and sagittal sections (D).

(TIF)

S3 Fig. Task-evoked connectivities from/to area 10 and area 9/46d for each monkey. Corre-
sponding data of individual monkeys for the data in Fig 3B and 3C. Each circle and cross repre-
sents data for monkey H and monkey K, respectively. Two bar plots in each column show z-
values for PPIs from area 10 (A) or area 9/46d (B) to other ipsilateral homotopic areas (gray)
and PPIs from other homotopic areas to area 10 (A) or area 9/46d (B) (white).

(TIF)

S4 Fig. Task-evoked connectivity during temporal-order judgment. (A) Outward selectivi-
ties are plotted for each area. Error bars indicate SD. * p < 0.05 (Bonferroni correction). Area
10 has significant bias toward outward connectivity, whereas area 8 Ad has significant bias
toward inward connectivity. (B) Frequency distribution for 15 optimal hierarchical orderings
in the PFC network. The boxes are shaded according to the relative occurrence of an area at a
particular level across all the computed hierarchies. See “Hierarchical Structure in the Prefron-
tal Cortical Network” and “Estimation of Hierarchical Structure in the Task-Evoked Connec-
tivity Network” in S1 Text.

(TIF)

S5 Fig. Interhemispheric task-evoked connectivity during temporal-order judgment. (A, B)
Effects of interhemispheric PPI. Two bar plots in each column show z-values of interhemi-
spheric PPIs from area 10 (A) or area 9/46d (B) to other homotopic areas (gray) and from
other homotopic areas to area 10 (A) or area 9/46d (B) (white). Dashed lines indicate signifi-
cance at p = 0.05 with FDR correction. * p < 0.05 with FDR correction. (C) Interhemispheric
PPI matrix among the ten homotopic areas. Rows and columns indicate seed areas and target
areas, respectively. Significant connectivities are enclosed by thick black lines (p < 0.05 with
FDR correction). Intrahemispheric (see Fig 3D) and interhemispheric connectivity patterns
were significantly correlated (r = 0.78, p = 1.1 x 10™"°). (D) Outward selectivities are plotted for
each area. Error bars indicate SD. * p < 0.05 with Bonferroni correction.

(TTF)

S6 Fig. Task-evoked connectivity for each monkey. PPI matrix among the ten homotopic
areas for each monkey (top, monkey H; bottom, monkey K; left, intrahemispheric connectivity;
right, interhemispheric connectivity). Rows and columns indicate seed areas and target areas,
respectively. A significant correlation was observed between two monkeys (r = 0.25, p = 0.004).
(TTF)

S7 Fig. Randomization test for betweenness centrality. (A) Schematic illustration of random-
ization test procedure. (1) Randomly rewired connectivity patterns among the homotopic were
generated 100,000 times by shuffling the original 90 connectivity values. (2) For each random-
ized network, we computed the betweenness centrality of each node. (3) The random distribu-
tion of betweenness centrality values were estimated by pooling all the values from all the
nodes of all the randomized networks. (B) The positions of the actual measured betweenness
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centrality of each area in the computed distribution. Data of betweenness centrality from Fig
3E are shown.
(TIF)

S8 Fig. Network metrics in the binarized network. (A) Degrees (overall numbers of connec-
tions) are plotted for each area: white, outdegree (number of outward directed connections);
black, indegree (number of inward directed connections). The dashed line indicates signifi-
cance at p = 0.05 (randomization test). * p < 0.05. (B) Proportions of outdegree are plotted for
each area. (C) Betweenness centralities are plotted for each area. The dashed line indicates sig-
nificance at p = 0.05 (randomization test). * p < 0.05.

(TIF)

S9 Fig. Betweenness centralities in the nondirectional network. (A) PPI matrix among the
homotopic areas without assumptions of directionality. The weight of the connection between
A and B is evaluated as larger values of PPI,_ .y and PPIp_. 4. See also Fig 3D and 3F. (B)
Betweenness centralities calculated based on (A). The dashed line indicates significance at

p =0.05 (randomization test). * p < 0.05.

(TIF)

$10 Fig. Task-evoked connectivity in a network containing a larger set of areas. (A) PPI
matrix among a set of 39 areas. Rows and columns indicate seed and target areas, respectively.
Significant connectivities are enclosed by thick black lines (p < 0.05 with FDR correction). For
both activation patterns and PPI connectivity patterns of the larger set, there was a significant
correlation between two monkeys (for activation pattern, r = 0.26, p = 0.02; for PPI connectiv-
ity pattern, r = 0.15, p = 2.5 x 10~"7). (B) Betweenness centralities are plotted for each area. The
dashed line indicates significance at p = 0.05 (randomization test). * p < 0.05.

(TIF)

S11 Fig. Anatomical connectivity network among a larger set of areas. (A) Anatomical con-
nectivity matrix among a larger set of areas. Rows and columns indicate seed and target areas,
respectively. A white (black) square indicates the presence (absence) of anatomical connection
from row to column. Anatomical information is based on the CoCoMac database [41,47,48].
The areas to which the same labels are given in CoCoMac database are merged respectively.
The projections to/from areas 8Ad, SEF, PMd, PMv, 24c, LIP, 5, 23b, TEpd, TEO, and TFO
listed in the matrix are categorized as those to/from areas 8A, 6DR, 6DC, 6VR, 24, POa, PE, 23,
CITd, PIT, and TF in CoCoMac, respectively. (B) Betweenness centralities calculated based on
(A). The dashed line indicates significance at p = 0.05 (randomization test). * p < 0.05.

(TTF)

$12 Fig. Prediction of behavioral performance and behavioral impairment with SVM anal-
ysis using linear kernels. (A) Accuracy of behavioral performance prediction using activation
patterns among the ten areas with ten features (left) and PPI connectivity patterns (right) with
SVM analysis using linear kernels. The dashed line indicates accuracy significantly higher than
chance (p = 0.05, binominal test, for group). Each circle and cross represents data for monkey
H and monkey K, respectively. (B) Betweenness centrality calculated based on task-evoked
connectivity (horizontal axis) and predicted impact on performance (vertical axis) estimated
using linear kernels for each area for each monkey are plotted as a scattergram. The black line
was fitted (r = 0.46, p = 0.02).

(TIF)

$13 Fig. Classification indices for areas 9/46d, TEa, hippocampus, and 8Ad. For areas 9/
46d, TEa, and hippocampus, which showed significant predicted impact on performance, we
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compared the PPI values to and from deleted areas and estimated the contribution of inward
and outward connectivity to the predicted impact on performance (“classification index”; see
Materials and Methods). A three-way ANOVA (monkey x area [9/46d, TEa, hippocampus] x
directionality [outward or inward]) of classification indices revealed no significant main effects
of monkey, area, or directionality (all p > 0.2) or significant interactions between monkey and
area or between monkey and directionality (all p > 0.3), though significant interaction between
area and directionality was found (F(2, 96) = 5.00, p = 0.008). For area 9/46d, classification
indices of outward directionality were significantly higher than those of inward directionality
(p = 0.006, paired t-test) and were also significantly higher than the classification indices of
other remaining connections (p = 0.008, t-test). For area TEa, classification indices of inward
directionality were significantly higher than those of outward directionality (p = 0.04, paired
t-test) and were also significantly higher than those of other remaining connections (p = 0.03,
t-test). For hippocampus, there is a tendency for classification indices of outward directionality
to be higher than those of inward directionality (p = 0.12, paired t-test). For comparison, in
area 8Ad, there was no significant difference between the classification indices of outward and
inward directionality and no significant increase of the classification indices of outward or
inward directionality from those of other remaining connections (all p > 0.1). * p < 0.05, ¢-test.
T p < 0.05, paired ¢-test.

(TIF)

$14 Fig. Prediction of behavioral performance and behavioral impairment after lesioning
based on connectivity pattern in the network with a larger set of areas. (A) Accuracy of
behavioral performance prediction using activation patterns. The dashed line indicates accu-
racy significantly higher than chance (p = 0.05, binominal test, for group). The circle and the
cross represents data for monkey H and monkey K, respectively. (B) Mean accuracy of behav-
ioral performance prediction using PPI connectivity patterns after a “feature selection” proce-
dure was plotted for the three ranges of number of selected features: 501 to 600 (left), 601 to
700 (middle), and 701 to 800 (right). The double dashed lines indicate accuracy for signifi-
cantly higher than chance for monkey H (p = 0.05, binominal test). (C) Stability of correlation
coefficient between predicted impact on performance and betweenness centrality as a function
of the number of selected features. Betweenness centrality of each area was calculated based on
task-evoked connectivity (green) and on anatomical connectivity (purple), respectively. (D)
Betweenness centrality calculated based on task-evoked connectivity (horizontal axis) and pre-
dicted impact on performance (vertical axis) for each area for each monkey from the data
point in (C) are plotted as a scattergram. The green line was fitted (r = 0.23, p = 0.02). (E)
Betweenness centrality calculated based on anatomical connectivity (horizontal axis) and pre-
dicted impact on performance (vertical axis) for each area for each monkey from the data
point in (C) are plotted as a scattergram. (F) Mean correlation coefficients between predicted
impact on performance and betweenness centrality for the range of the number of selected fea-
tures shown in (C). Betweenness centrality of each area was calculated based on task-evoked
connectivity (green) and on anatomical connectivity (purple), respectively. A dashed line indi-
cates a correlation coefficient of r = 0.19 (p = 0.05). t p < 107', paired ¢-test. Error bar indi-
cates SD.

(TIF)

S1 Table. Individual activation in homotopic areas. Z-values of significant peaks for each
monkey at a voxel level of p < 0.05 corrected by FWE within group homotopic regions. 1 Sig-
nificant only at a voxel level of p < 0.05 corrected by FDR within group homotopic regions.

} Significant only at a voxel level of p < 0.05.

(DOCX)
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S2 Table. Reaction time-corrected activation in homotopic areas. Significant peaks at a
voxel level of p < 0.05 corrected by FDR. Coordinates are listed in monkey bicommissural
space [26,28,34].

(DOCX)

$3 Table. Activation revealed by the contrast of MIDDLE minus EITHER-END in homoto-
pic areas. Significant peaks at a voxel level of p < 0.05 corrected by FWE within group homo-

topic regions. Coordinates are listed in monkey bicommissural space [26,28,34].
(DOCX)

S4 Table. Activations in homotopic areas in delayed matching-to-sample task. Significant
peaks at a voxel level of p < 0.05 corrected by FWE. Coordinates are listed in monkey bicom-
missural space [26,28,34]. T Significant only at a voxel level of p < 0.001.

(DOCX)

S1 Text. Supplementary results and supplementary methods.
(DOCX)

$2 Text. Matlab-style codes for network analyses and SVM analyses.
(DOCX)

Acknowledgments

We thank Tomomi Watanabe for technical assistance and Seiki Konishi and Takamitsu Wata-
nabe for helpful comments.

Author Contributions

Conceived and designed the experiments: TO YM. Performed the experiments: TO YA KM.
Analyzed the data: TO YA KM KJ YM. Contributed reagents/materials/analysis tools: TO YA
KM KJ RS. Wrote the paper: TO YA KM KJ RS YM.

References
1. Milner B, Petrides M. (1984) Behavioural effects of frontal-lobe lesions in man. Trends Neurosci 7(11):
403-407.

2. Shimamura AP, Janowsky JS, Squire LR (1991) What is the role of frontal lobe damage in memory dis-
orders? In Levin HS, Eisenberg HM, Benton AL, editors. Frontal Lobe Functioning and Dysfunction.
New York: Oxford University Press. pp. 173-195.

3. Miyashita Y. (2004) Cognitive memory: Cellular and network machineries and their top-down control.
Science 306(5695): 435-440. PMID: 15486288

4. Petrides M. (2005) Lateral prefrontal cortex: Architectonic and functional organization. Philos Trans R
Soc Lond B Biol Sci 360: 781-795. PMID: 15937012

5. OsadaT, AdachiY, Kimura HM, Miyashita Y. (2008) Towards understanding of the cortical network
underlying associative memory. Philos Trans R Soc Lond B Biol Sci 363(1500): 2187-2199. doi: 10.
1098/rstb.2008.2271 PMID: 18339600

6. Passingham RE, Wise SP. (2012) The neurobiology of the prefrontal cortex: Anatomy, evolution, and
the origin of insight. Oxford: Oxford University Press.

7. Mah YH, Husain M, Rees G, Nachev P. (2014) Human brain lesion-deficit inference remapped. Brain
137(Pt9): 2522—-2531. doi: 10.1093/brain/awu164 PMID: 24974384

8. Sporns O. (2014) Contributions and challenges for network models in cognitive neuroscience. Nat Neu-
rosci 17(5): 652—-660. doi: 10.1038/nn.3690 PMID: 24686784

9. Menon V. (2011) Large-scale brain networks and psychopathology: A unifying triple network model.
Trends Cogn Sci 15(10): 483-506. doi: 10.1016/j.tics.2011.08.003 PMID: 21908230

PLOS Biology | DOI:10.1371/journal.pbio.1002177 June 30, 2015 28/31


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002177.s017
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002177.s018
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002177.s019
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002177.s020
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pbio.1002177.s021
http://www.ncbi.nlm.nih.gov/pubmed/15486288
http://www.ncbi.nlm.nih.gov/pubmed/15937012
http://dx.doi.org/10.1098/rstb.2008.2271
http://dx.doi.org/10.1098/rstb.2008.2271
http://www.ncbi.nlm.nih.gov/pubmed/18339600
http://dx.doi.org/10.1093/brain/awu164
http://www.ncbi.nlm.nih.gov/pubmed/24974384
http://dx.doi.org/10.1038/nn.3690
http://www.ncbi.nlm.nih.gov/pubmed/24686784
http://dx.doi.org/10.1016/j.tics.2011.08.003
http://www.ncbi.nlm.nih.gov/pubmed/21908230

@’PLOS | BIOLOGY

Functional Hub Predicts Vulnerable Locus for Contextual Memory

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Achard S, Salvador R, Whitcher B, Suckling J, Bullmore E. (2006) A resilient, low-frequency, small-
world human brain functional network with highly connected association cortical hubs. J Neurosci 26
(1): 63-72. PMID: 16399673

Buckner RL, Sepulcre J, Talukdar T, Krienen FM, Liu H, et al. (2009) Cortical hubs revealed by intrinsic
functional connectivity: Mapping, assessment of stability, and relation to alzheimer's disease. J Neu-
rosci 29(6): 1860—-1873. doi: 10.1523/JNEUROSCI.5062-08.2009 PMID: 19211893

van den Heuvel MP, Mandl RC, Stam CJ, Kahn RS, Hulshoff Pol HE. (2010) Aberrant frontal and tem-
poral complex network structure in schizophrenia: A graph theoretical analysis. J Neurosci 30(47):
15915-15926. doi: 10.1523/JNEUROSCI.2874-10.2010 PMID: 21106830

Crossley NA, Mechelli A, Scott J, Carletti F, Fox PT, et al. (2014) The hubs of the human connectome
are generally implicated in the anatomy of brain disorders. Brain 137(Pt 8): 2382—-2395. doi: 10.1093/
brain/awu132 PMID: 25057133

Rilling JK, Glasser MF, Preuss TM, Ma X, Zhao T, et al. (2008) The evolution of the arcuate fasciculus
revealed with comparative DTI. Nat Neurosci 11(4): 426—-428. doi: 10.1038/nn2072 PMID: 18344993

van den Heuvel MP, Sporns O. (2011) Rich-club organization of the human connectome. J Neurosci
31(44): 15775-15786. doi: 10.1523/JNEUROSCI.3539-11.2011 PMID: 22049421

Thompson-Schill SL, Swick D, Farah MJ, D'Esposito M, Kan IP, et al. (1998) Verb generation in
patients with focal frontal lesions: A neuropsychological test of neuroimaging findings. Proc Natl Acad
SciU S A 95(26): 15855-15860. PMID: 9861060

Milner B, Corsi P, Leonard G. (1991) Frontal-lobe contribution to recency judgements. Neuropsycholo-
gia 29(6): 601-618. PMID: 1944864

Petrides M (1991) Functional specialization within the dorsolateral frontal cortex for serial order mem-
ory. Proc R Soc B 246: 299-306. PMID: 1686096

Eyler-Zorrilla LT, Aguirre GK, Zarahn E, Cannon TD, D'Esposito M. (1996) Activation of the prefrontal
cortex during judgments of recency: A functional MRI study. Neuroreport 7(15-17): 2803—2806.

Cabeza R, Mangels J, Nyberg L, Habib R, Houle S, et al. (1997) Brain regions differentially involved in
remembering what and when: A PET study. Neuron 19(4): 863-870. PMID: 9354332

Konishi S, Uchida |, Okuaki T, Machida T, Shirouzu |, et al. (2002) Neural correlates of recency judg-
ment. J Neurosci 22(21): 9549-9555. PMID: 12417679

Dobbins IG, Foley H, Schacter DL, Wagner AD. (2002) Executive control during episodic retrieval: Mul-
tiple prefrontal processes subserve source memory. Neuron 35(5): 989-996. PMID: 12372291

Suzuki M, Fujii T, Tsukiura T, Okuda J, Umetsu A, et al. (2002) Neural basis of temporal context mem-
ory: A functional MRI study. Neuroimage 17(4): 1790—1796. PMID: 12498752

Logothetis NK, Guggenberger H, Peled S, Pauls J. (1999) Functional imaging of the monkey brain. Nat
Neurosci 2(6): 555-562. PMID: 10448221

Vanduffel W, Fize D, Mandeville JB, Nelissen K, Van Hecke P, et al. (2001) Visual motion processing
investigated using contrast agent-enhanced fMRI in awake behaving monkeys. Neuron 32(4): 565—
577.PMID: 11719199

Nakahara K, Hayashi T, Konishi S, Miyashita Y. (2002) Functional MRI of macaque monkeys perform-
ing a cognitive set-shifting task. Science 295(5559): 1532—-1536. PMID: 11859197

Tsao DY, Freiwald WA, Knutsen TA, Mandeville JB, Tootell RB. (2003) Faces and objects in macaque
cerebral cortex. Nat Neurosci 6(9): 989-995. PMID: 12925854

Koyama M, Hasegawa |, Osada T, Adachi Y, Nakahara K, et al. (2004) Functional magnetic resonance
imaging of macaque monkeys performing visually guided saccade tasks: Comparison of cortical eye
fields with humans. Neuron 41(5): 795-807. PMID: 15003178

Pinsk MA, DeSimone K, Moore T, Gross CG, Kastner S. (2005) Representations of faces and body
parts in macaque temporal cortex: A functional MRI study. Proc Natl Acad Sci U S A 102(19): 6996—
7001. PMID: 15860578

Maier A, Wilke M, Aura C, Zhu C, Ye FQ, et al. (2008) Divergence of fMRI and neural signals in V1 dur-
ing perceptual suppression in the awake monkey. Nat Neurosci 11(10): 1193—-1200. doi: 10.1038/nn.
2173 PMID: 18711393

Ford KA, Gati JS, Menon RS, Everling S. (2009) BOLD fMRI activation for anti-saccades in nonhuman
primates. Neuroimage 45(2): 470—476. doi: 10.1016/j.neuroimage.2008.12.009 PMID: 19138749

Kagan |, lyer A, Lindner A, Andersen RA. (2010) Space representation for eye movements is more con-
tralateral in monkeys than in humans. Proc Natl Acad SciU S A 107(17): 7933-7938. doi: 10.1073/
pnas.1002825107 PMID: 20385808

PLOS Biology | DOI:10.1371/journal.pbio.1002177 June 30, 2015 29/31


http://www.ncbi.nlm.nih.gov/pubmed/16399673
http://dx.doi.org/10.1523/JNEUROSCI.5062-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19211893
http://dx.doi.org/10.1523/JNEUROSCI.2874-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/21106830
http://dx.doi.org/10.1093/brain/awu132
http://dx.doi.org/10.1093/brain/awu132
http://www.ncbi.nlm.nih.gov/pubmed/25057133
http://dx.doi.org/10.1038/nn2072
http://www.ncbi.nlm.nih.gov/pubmed/18344993
http://dx.doi.org/10.1523/JNEUROSCI.3539-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22049421
http://www.ncbi.nlm.nih.gov/pubmed/9861060
http://www.ncbi.nlm.nih.gov/pubmed/1944864
http://www.ncbi.nlm.nih.gov/pubmed/1686096
http://www.ncbi.nlm.nih.gov/pubmed/9354332
http://www.ncbi.nlm.nih.gov/pubmed/12417679
http://www.ncbi.nlm.nih.gov/pubmed/12372291
http://www.ncbi.nlm.nih.gov/pubmed/12498752
http://www.ncbi.nlm.nih.gov/pubmed/10448221
http://www.ncbi.nlm.nih.gov/pubmed/11719199
http://www.ncbi.nlm.nih.gov/pubmed/11859197
http://www.ncbi.nlm.nih.gov/pubmed/12925854
http://www.ncbi.nlm.nih.gov/pubmed/15003178
http://www.ncbi.nlm.nih.gov/pubmed/15860578
http://dx.doi.org/10.1038/nn.2173
http://dx.doi.org/10.1038/nn.2173
http://www.ncbi.nlm.nih.gov/pubmed/18711393
http://dx.doi.org/10.1016/j.neuroimage.2008.12.009
http://www.ncbi.nlm.nih.gov/pubmed/19138749
http://dx.doi.org/10.1073/pnas.1002825107
http://dx.doi.org/10.1073/pnas.1002825107
http://www.ncbi.nlm.nih.gov/pubmed/20385808

@’PLOS | BIOLOGY

Functional Hub Predicts Vulnerable Locus for Contextual Memory

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Lafer-Sousa R, Conway BR. (2013) Parallel, multi-stage processing of colors, faces and shapes in
macagque inferior temporal cortex. Nat Neurosci 16(12): 1870-1878. doi: 10.1038/nn.3555 PMID:
24141314

Miyamoto K, Osada T, Adachi Y, Matsui T, Kimura HM, et al. (2013) Functional differentiation of mem-
ory retrieval network in macaque posterior parietal cortex. Neuron 77(4): 787-799. doi: 10.1016/j.
neuron.2012.12.019 PMID: 23439129

Wang Z, Chen LM, Negyessy L, Friedman RM, Mishra A, et al. (2013) The relationship of anatomical
and functional connectivity to resting-state connectivity in primate somatosensory cortex. Neuron 78
(6): 1116-1126. doi: 10.1016/j.neuron.2013.04.023 PMID: 23791200

Uhrig L, Dehaene S, Jarraya B. (2014) A hierarchy of responses to auditory regularities in the macaque
brain. J Neurosci 34(4): 1127-1132. doi: 10.1523/JNEUROSCI.3165-13.2014 PMID: 24453305

O'Reilly JX, Woolrich MW, Behrens TE, Smith SM, Johansen-Berg H. (2012) Tools of the trade:
Psychophysiological interactions and functional connectivity. Soc Cogn Affect Neurosci 7(5): 604—-609.
doi: 10.1093/scan/nss055 PMID: 22569188

Miyamoto K, Osada T, Adachi Y. (2014) Remapping of memory encoding and retrieval networks:
Insights from neuroimaging in primates. Behav Brain Res 275: 53-61. doi: 10.1016/j.bbr.2014.08.046
PMID: 25192634

Vanduffel W, Zhu Q, Orban GA. (2014) Monkey cortex through fMRI glasses. Neuron 83(3): 533-550.
doi: 10.1016/j.neuron.2014.07.015 PMID: 25102559

Rubinov M, Sporns O. (2010) Complex network measures of brain connectivity: Uses and interpreta-
tions. Neuroimage 52(3): 1059—-1069. doi: 10.1016/j.neuroimage.2009.10.003 PMID: 19819337

Stephan KE, Kamper L, Bozkurt A, Burns GA, Young MP, et al. (2001) Advanced database methodol-
ogy for the collation of connectivity data on the macaque brain (CoCoMac). Philos Trans R Soc Lond B
Biol Sci 356(1412): 1159-1186. PMID: 11545697

Stephan KE. (2004) On the role of general system theory for functional neuroimaging. J Anat 205(6):
443-470. PMID: 15610393

Ezzyat Y, Davachi L. (2014) Similarity breeds proximity: Pattern similarity within and across contexts is
related to later mnemonic judgments of temporal proximity. Neuron 81(5): 1179-1189. doi: 10.1016/j.
neuron.2014.01.042 PMID: 24607235

Hsieh LT, Gruber MJ, Jenkins LJ, Ranganath C. (2014) Hippocampal activity patterns carry information
about objects in temporal context. Neuron 81(5): 1165—-1178. doi: 10.1016/j.neuron.2014.01.015
PMID: 24607234

Naya Y, Suzuki WA. (2011) Integrating what and when across the primate medial temporal lobe. Sci-
ence 333(6043): 773-776. doi: 10.1126/science.1206773 PMID: 21817056

Petrides M. (1994) Frontal lobes and working memory: Evidence from investigations of the effects of
cortical excisions in nonhuman primates. In Boller F, Grafman J, editors. Handbook of neuropsychol-
ogy, vol. 9. Amsterdam: Elsevier. pp. 59-82.

Modha DS, Singh R. (2010) Network architecture of the long-distance pathways in the macaque brain.
Proc Natl Acad SciU S A 107(30): 13485-13490. doi: 10.1073/pnas.1008054107 PMID: 20628011

Harriger L, van den Heuvel MP, Sporns O. (2012) Rich club organization of macaque cerebral cortex
and its role in network communication. PLoS One 7(9): e46497. doi: 10.1371/journal.pone.0046497
PMID: 23029538

Spiegler BJ, Mishkin M. (1981) Evidence for the sequential participation of inferior temporal cortex and
amygdala in the acquisition of stimulus-reward associations. Behav Brain Res 3(3): 303-317. PMID:
7306385

Mishkin M. (1982) A memory system in the monkey. Philos Trans R Soc Lond B Biol Sci 298(1089):
83-95. PMID: 6125978

Horel JA, Pytko-Joiner DE, Voytko ML, Salsbury K. (1987) The performance of visual tasks while seg-
ments of the inferotemporal cortex are suppressed by cold. Behav Brain Res 23(1): 29-42. PMID:
3828045

Petrides M. (2000) Dissociable roles of mid-dorsolateral prefrontal and anterior inferotemporal cortex in
visual working memory. J Neurosci 20(19): 7496-7503. PMID: 11007909

Badre D, D'Esposito M. (2009) Is the rostro-caudal axis of the frontal lobe hierarchical? Nat Rev Neu-
rosci 10(9): 659-669. doi: 10.1038/nrm2667 PMID: 19672274

Neubert FX, Mars RB, Thomas AG, Sallet J, Rushworth MF. (2014) Comparison of human ventral fron-
tal cortex areas for cognitive control and language with areas in monkey frontal cortex. Neuron 81(3):
700-713. doi: 10.1016/j.neuron.2013.11.012 PMID: 24485097

PLOS Biology | DOI:10.1371/journal.pbio.1002177 June 30, 2015 30/31


http://dx.doi.org/10.1038/nn.3555
http://www.ncbi.nlm.nih.gov/pubmed/24141314
http://dx.doi.org/10.1016/j.neuron.2012.12.019
http://dx.doi.org/10.1016/j.neuron.2012.12.019
http://www.ncbi.nlm.nih.gov/pubmed/23439129
http://dx.doi.org/10.1016/j.neuron.2013.04.023
http://www.ncbi.nlm.nih.gov/pubmed/23791200
http://dx.doi.org/10.1523/JNEUROSCI.3165-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24453305
http://dx.doi.org/10.1093/scan/nss055
http://www.ncbi.nlm.nih.gov/pubmed/22569188
http://dx.doi.org/10.1016/j.bbr.2014.08.046
http://www.ncbi.nlm.nih.gov/pubmed/25192634
http://dx.doi.org/10.1016/j.neuron.2014.07.015
http://www.ncbi.nlm.nih.gov/pubmed/25102559
http://dx.doi.org/10.1016/j.neuroimage.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19819337
http://www.ncbi.nlm.nih.gov/pubmed/11545697
http://www.ncbi.nlm.nih.gov/pubmed/15610393
http://dx.doi.org/10.1016/j.neuron.2014.01.042
http://dx.doi.org/10.1016/j.neuron.2014.01.042
http://www.ncbi.nlm.nih.gov/pubmed/24607235
http://dx.doi.org/10.1016/j.neuron.2014.01.015
http://www.ncbi.nlm.nih.gov/pubmed/24607234
http://dx.doi.org/10.1126/science.1206773
http://www.ncbi.nlm.nih.gov/pubmed/21817056
http://dx.doi.org/10.1073/pnas.1008054107
http://www.ncbi.nlm.nih.gov/pubmed/20628011
http://dx.doi.org/10.1371/journal.pone.0046497
http://www.ncbi.nlm.nih.gov/pubmed/23029538
http://www.ncbi.nlm.nih.gov/pubmed/7306385
http://www.ncbi.nlm.nih.gov/pubmed/6125978
http://www.ncbi.nlm.nih.gov/pubmed/3828045
http://www.ncbi.nlm.nih.gov/pubmed/11007909
http://dx.doi.org/10.1038/nrn2667
http://www.ncbi.nlm.nih.gov/pubmed/19672274
http://dx.doi.org/10.1016/j.neuron.2013.11.012
http://www.ncbi.nlm.nih.gov/pubmed/24485097

@’PLOS | BIOLOGY

Functional Hub Predicts Vulnerable Locus for Contextual Memory

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Kaiser M, Martin R, Andras P, Young MP. (2007) Simulation of robustness against lesions of cortical
networks. Eur J Neurosci 25(10): 3185-3192. PMID: 17561832

Honey CJ, Sporns O. (2008) Dynamical consequences of lesions in cortical networks. Hum Brain Mapp
29(7): 802—809. doi: 10.1002/hbm.20579 PMID: 18438885

Alstott J, Breakspear M, Hagmann P, Cammoun L, Sporns O. (2009) Modeling the impact of lesions in
the human brain. PLoS Comput Biol 5(6): €1000408. doi: 10.1371/journal.pcbi.1000408 PMID:
19521503

Isoda M, Tsutsui K, Katsuyama N, Naganuma T, Saito N, et al. (2005) Design of a head fixation device
for experiments in behaving monkeys. J Neurosci Methods 141(2): 277-282. PMID: 15661310

Koyano KW, Machino A, Takeda M, Matsui T, Fujimichi R, et al. (2011) In vivo visualization of single-
unit recording sites using MRI-detectable elgiloy deposit marking. J Neurophysiol 105(3): 1380-1392.
doi: 10.1152/jn.00358.2010 PMID: 21123662

Matsui T, Tamura K, Koyano KW, Takeuchi D, Adachi Y, et al. (2011) Direct comparison of spontane-
ous functional connectivity and effective connectivity measured by intracortical microstimulation: An
fMRI study in macaque monkeys. Cerebral Cortex 21(10): 2348-2356. doi: 10.1093/cercor/bhr019
PMID: 21368090

Matsui T, Koyano KW, Koyama M, Nakahara K, Takeda M, et al. (2007) MRI-based localization of
electrophysiological recording sites within the cerebral cortex at single-voxel accuracy. Nature Methods
4(2): 161-168. PMID: 17179936

Adachi Y, Osada T, Sporns O, Watanabe T, Matsui T, et al. (2012) Functional connectivity between
anatomically unconnected areas is shaped by collective network-level effects in the macaque cortex.
Cerebral Cortex 22(7): 1586—1592. doi: 10.1093/cercor/bhr234 PMID: 21893683

Matsui T, Koyano KW, Tamura K, Osada T, Adachi Y, et al. (2012) FMRI activity in the macaque cere-
bellum evoked by intracortical microstimulation of the primary somatosensory cortex: Evidence for poly-
synaptic propagation. PLoS One 7(10): e47515. doi: 10.1371/journal.pone.0047515 PMID: 23118875

Miyamoto K, Adachi Y, Osada T, Watanabe T, Kimura HM, et al. (2014) Dissociable memory traces
within the macaque medial temporal lobe predict subsequent recognition performance. J Neurosci 34
(5): 1988-1997. doi: 10.1523/JNEUROSCI.4048-13.2014 PMID: 24478378

Burgund ED, Lugar HM, Miezin FM, Petersen SE. (2003) Sustained and transient activity during an
object-naming task: A mixed blocked and event-related fMRI study. Neuroimage 19(1): 29-41. PMID:
12781725

Genovese CR, Lazar NA, Nichols T. (2002) Thresholding of statistical maps in functional neuroimaging
using the false discovery rate. Neuroimage 15(4): 870-878. PMID: 11906227

Paxinos G, Huang X, Petrides M, Toga A. (2008) The rhesus monkey brain in stereotaxic coordinates.
London: Elsevier Academic.

Van Essen DC, Drury HA, Dickson J, Harwell J, Hanlon D, et al. (2001) An integrated software suite for
surface-based analyses of cerebral cortex. J Am Med Inform Assoc 8(5): 443—-459. PMID: 11522765

Friston K, Buechel C, Fink G, Morris J, Rolls E, et al. (1997) Psychophysiological and modulatory inter-
actions in neuroimaging. Neuroimage 6(3): 218—229. PMID: 9344826

Honey CJ, Kotter R, Breakspear M, Sporns O. (2007) Network structure of cerebral cortex shapes func-
tional connectivity on multiple time scales. Proc Natl Acad SciU S A 104(24): 10240—10245. PMID:
17548818

Artzy-Randrup Y, Stone L. (2005) Generating uniformly distributed random networks. Phys Rev E Stat
Nonlin Soft Matter Phys 72(5 Pt 2): 056708. PMID: 16383786

Minati L, Grisoli M, Seth AK, Critchley HD. (2012) Decision-making under risk: A graph-based network
analysis using functional MRI. Neuroimage 60(4): 2191-2205. doi: 10.1016/j.neuroimage.2012.02.048
PMID: 22387471

Kamitani Y, Tong F. (2005) Decoding the visual and subjective contents of the human brain. Nat Neu-
rosci 8(5): 679-685. PMID: 15852014

Haynes JD, Rees G. (2006) Decoding mental states from brain activity in humans. Nat Rev Neurosci 7
(7): 523-534. PMID: 16791142

Watanabe T, Kimura HM, Hirose S, Wada H, Imai Y, et al. (2012) Functional dissociation between ante-
rior and posterior temporal cortical regions during retrieval of remote memory. J Neurosci 32(28):
9659-9670. doi: 10.1523/JNEUROSCI.5553-11.2012 PMID: 22787051

Chang C, Lin C. (2011) LIBSVM: A library for support vector machines. ACM Transactions on Intelligent
Systems and Technology 2(3): 27:1-27:27.

Dosenbach NU, Nardos B, Cohen AL, Fair DA, Power JD, et al. (2010) Prediction of individual brain
maturity using fMRI. Science 329(5997): 1358—1361. doi: 10.1126/science.1194144 PMID: 20829489

PLOS Biology | DOI:10.1371/journal.pbio.1002177 June 30, 2015 31/31


http://www.ncbi.nlm.nih.gov/pubmed/17561832
http://dx.doi.org/10.1002/hbm.20579
http://www.ncbi.nlm.nih.gov/pubmed/18438885
http://dx.doi.org/10.1371/journal.pcbi.1000408
http://www.ncbi.nlm.nih.gov/pubmed/19521503
http://www.ncbi.nlm.nih.gov/pubmed/15661310
http://dx.doi.org/10.1152/jn.00358.2010
http://www.ncbi.nlm.nih.gov/pubmed/21123662
http://dx.doi.org/10.1093/cercor/bhr019
http://www.ncbi.nlm.nih.gov/pubmed/21368090
http://www.ncbi.nlm.nih.gov/pubmed/17179936
http://dx.doi.org/10.1093/cercor/bhr234
http://www.ncbi.nlm.nih.gov/pubmed/21893683
http://dx.doi.org/10.1371/journal.pone.0047515
http://www.ncbi.nlm.nih.gov/pubmed/23118875
http://dx.doi.org/10.1523/JNEUROSCI.4048-13.2014
http://www.ncbi.nlm.nih.gov/pubmed/24478378
http://www.ncbi.nlm.nih.gov/pubmed/12781725
http://www.ncbi.nlm.nih.gov/pubmed/11906227
http://www.ncbi.nlm.nih.gov/pubmed/11522765
http://www.ncbi.nlm.nih.gov/pubmed/9344826
http://www.ncbi.nlm.nih.gov/pubmed/17548818
http://www.ncbi.nlm.nih.gov/pubmed/16383786
http://dx.doi.org/10.1016/j.neuroimage.2012.02.048
http://www.ncbi.nlm.nih.gov/pubmed/22387471
http://www.ncbi.nlm.nih.gov/pubmed/15852014
http://www.ncbi.nlm.nih.gov/pubmed/16791142
http://dx.doi.org/10.1523/JNEUROSCI.5553-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22787051
http://dx.doi.org/10.1126/science.1194144
http://www.ncbi.nlm.nih.gov/pubmed/20829489

