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Functional Magnetic Resonance Imaging of Macaque
Monkeys Performing Visually Guided Saccade Tasks:
Comparison of Cortical Eye Fields with Humans

(Petrides and Pandya, 1994; Schall, 1997; Tehovnik et
al., 2000). The human FEF has been assigned to Brod-
mann’s cytoarchitectonic area 6 (BA 6) (Brodmann, 1909)
by recent neuroimaging studies (Paus, 1996; Corbetta
et al., 1998; Luna et al., 1998), whereas the monkey
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FEF has been assigned to BA 8 (Brodmann, 1905) by2 Department of Physics
electrophysiological and microstimulation studies (BruceThe University of Tokyo School of Science
and Goldberg, 1985; Bruce et al., 1985; Schall, 1997). In7-3-1 Hongo, Bunkyo-ku
the posterior parietal cortex, oculomotor functions haveTokyo 113-0033
been implicated in multiple areas in the superior parietalJapan
lobule in humans (Corbetta et al., 1998; Sereno et al.,
2001) and lateral intraparietal areas in macaques (Ander-
sen et al., 1997; Colby and Goldberg, 1999), but func-Summary
tional correspondences among them also remain elu-
sive. These diversities emphasize the importance ofThe frontal and parietal eye fields serve as functional
direct comparison of the functional architecture of thelandmarks of the primate brain, although their corre-
frontal and parietal eye fields between humans and ma-spondences between humans and macaque monkeys
caques by using common technologies and behav-remain unclear. We conducted fMRI at 4.7 T in mon-
ioral paradigms.keys performing visually-guided saccade tasks and

Recently, functional magnetic resonance imagingcompared brain activations with those in humans us-
(fMRI) using macaque monkeys has been developed ining identical paradigms. Among multiple parietal acti-
both anesthetized (Dubowitz et al., 1998; Stefanacci etvations, the dorsal lateral intraparietal area in monkeys
al., 1998; Hayashi et al., 1999; Logothetis et al., 1999,and an area in the posterior superior parietal lobule
2001) and awake (Vanduffel et al., 2001, 2002; Nakaharain humans exhibited the highest selectivity to saccade
et al., 2002; Tsao et al., 2003a, 2003b) preparations.directions. In the frontal cortex, the selectivity was
These studies have enriched our knowledge of the pri-highest at the junction of the precentral and superior
mate cortical organization, especially in striate and ex-frontal sulci in humans and in the frontal eye field (FEF)
trastriate visual areas, but our understanding of inter-in monkeys. BOLD activation peaks were also found
species correspondences of the neocortical associationin premotor areas (BA6) in monkeys, which suggests
areas is still fragmentary. In the present study, we usedthat the apparent discrepancy in location between pu-
high-field fMRI at 4.7 T to obtain blood oxygenationtative human FEF (BA6, suggested by imaging studies)
level-dependent (BOLD) signals (Ogawa et al., 1990;and monkey FEF (BA8, identified by microstimulation
Kwong et al., 1992) from monkeys performing saccadicstudies) partly arose from methodological differences.
eye movement tasks. We also conducted fMRI in hu-
mans (1.5 T) performing the same task as in the monkeyIntroduction
experiments. Our primary objective was to provide di-
rect evidence for the correspondences of functional ar-Exploration of the visual environment is achieved in dis-
chitecture of the cortical eye fields between macaque

crete steps wherein a rapid eye movement called sac-
monkeys and humans, with the use of a common meth-

cade sequentially brings an object in the visual scene
odology (BOLD fMRI) and identical behavioral para-

onto the fovea (the highest-acuity retinal region). A num- digms. Especially, we intended to examine whether
ber of brain regions have been implicated in the control the apparent discrepancy of anatomical assignment of
of saccadic eye movements in macaque monkeys (An- the human FEF (BA 6 by neuroimaging studies) and the
dersen et al., 1997; Schall, 1997; Colby and Goldberg, monkey FEF (BA 8 by microstimulation and single-unit
1999; Tehovnik et al., 2000) and humans (Corbetta et al., recording studies) could be ascribed to methodological
1998; Luna et al., 1998; Petit and Haxby, 1999). However, differences or intrinsic species differences.
despite great efforts that have been made for interspe-
cies comparisons (Courtney et al., 1998; Bremmer et al., Results
2001; Sereno et al., 2001; Tootell and Hadjikhani, 2001;
Van Essen et al., 2001; Astafiev et al., 2003), it has been Monkey fMRI Studies
difficult to directly determine correspondences of the Three awake macaque monkeys underwent functional
cortical oculomotor centers between humans and mon- scanning in a 4.7 T MRI scanner while they performed
keys due to methodological differences. oculomotor tasks with their eye positions monitored by

The frontal eye field (FEF), a major brain center re- an infrared-sensitive CCD camera. We used blocked-
sponsible for control of the saccadic eye movement, design fMRI to identify brain regions activated during
is a landmark structure demarcating anatomically and visually guided saccades compared to fixation baseline
functionally distinct divisions of the frontal cortex and also used event-related fMRI to examine the modu-

lation of neural activity by saccade directions in regions
of interest (ROIs) localized by the blocked-design fMRI*Correspondence: yasushi_miyashita@m.u-tokyo.ac.jp
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In the posterior parietal cortex, significant BOLD acti-
vations were clustered along the banks of the intraparie-
tal sulcus, mainly in BA 7 (Figure 2A). There were multiple
pairs of bilateral peaks from the fundus to the lateral
bank of the intraparietal sulcus (Figure 2B). We call a
pair of bilateral activity peaks “homotopic” (see Experi-
mental Procedures). The most dorsally located one is
likely situated in area LIPd (dorsal lateral intraparietal),
whereas ventrally located ones are possibly in areas
LIPv (ventral lateral intraparietal) or VIP (ventral intrapa-
rietal) (Seltzer and Pandya, 1986; Colby et al., 1993;
Andersen et al., 1997; Lewis and Van Essen, 2000). In
this paper, we tentatively label these peaks “LIPv” and
“LIPv/VIP,” respectively. Close to the LIPd, activity was
also situated on the lateral surface of the inferior parietal
lobule (area 7a). A distinctive homotopic peak was also
found at the posterior tip of the parietal convexity near
the junction of the intraparietal, parietooccipital, and
lunate sulci. The BOLD signal was mapped both in area
DP (dorsal prelunate) lateral to the intraparietal sulcus
(Andersen et al., 1990; Lewis and Van Essen, 2000) and
in the adjacent cortex dorsomedial to the intraparietal
sulcus (Nakamura et al., 1999; Snyder et al., 2000). We
tentatively call this spot “area DP.” Homotopic peaks
were also located more anteriorly in area 7a/7b and in

Figure 1. Oculomotor Tasks and Eye Movements of the Monkeys area AIP. Unilateral activations were found close to the
(A) Horizontal and vertical eye positions during the serial saccade homotopic peaks near the intraparietal sulcus and were
trials (upper) and the fixation trials (lower). Dotted lines indicate the

also situated in the posterior cingulate sulcus.horizontal position of the fixation target on the display. Traces are
In the frontal cortex, the peak of saccade-relatedaligned at the onset of the fixation target (inverted triangles). L, left;

BOLD activity was bilaterally located in the banks of theR, right.
(B) Horizontal eye positions during leftward (left) and rightward (right) arcuate sulcus (Figures 2A and 2D), approximately in BA
saccades. Traces are aligned at the shift of the fixation target (in- 8. This region would correspond to the FEF as defined
verted triangles). by electrophysiology and microstimulation studies in

macaque monkeys (Bruce et al., 1985; Schall, 1997; Te-
hovnik et al., 2000). Unexpectedly, homotopic peaks

In the blocked-design fMRI, fixation trials and serial
were also observed in the premotor areas (PMv and

saccade trials were presented in alternating blocks of
PMd) in BA 6 near the posterior spur of the arcuate

trials. In the fixation trials (Figure 1A, lower), the animals
sulcus (Figure 2A). Significant activations were also

maintained central fixation accurately with a standard
found in the region of posterior principalis near thedeviation of the eye positions of 0.15 � 0.03 degrees in
posterior end of the principal sulcus, approximately invisual angle (mean � SD for three animals). In the serial
BA 46/8.saccade trials (Figure 1A, upper), the animals sequen-
Modulation of BOLD Activitytially made a horizontal saccade in response to the
by Saccade Directionsshift of the fixation target, with a proportion correct of
Then, in event-related fMRI experiments, we compared99.4% � 0.4% and a latency of 204.7 � 15.9 ms (Figure
the BOLD signal changes in response to leftward and1B). During the postsaccadic fixation period, the stan-
rightward saccades (Figure 3). To quantitatively esti-dard deviation of the eye positions was 0.18 � 0.08
mate the bias of BOLD signals to contraversive sac-degrees. The range of the trial length was 3.5–5.5 s,
cades compared with ipsiversive saccades, we definedand there were intertrial intervals of 2–3 s. In the event-
“contraversive selectivity” in functionally defined ROIsrelated fMRI, animals were required to make a horizontal
based on the blocked-design results (see Experimentalvisually guided saccade up to three times within a trial.
Procedures). We found that, in most ROIs, the contraver-The proportion correct was 94.7% � 0.7%, latency was
sive selectivity showed significant direction preference220.3 � 11.3 ms, and the standard deviation of the eye
(p � 0.05, Wilcoxon signed rank test; Table 1). Amongposition during the postsaccadic fixation period was
the parietal homotopic ROIs, the contraversive selectiv-0.25 � 0.18 degrees. With the use of plastic head-hold-
ity was highest in LIPd (z � 8.2) (Figure 3B). Dorsallying devices, motion of the monkey head during the func-
located regions (LIPd and 7a) tended to show highertional data acquisition was minimal: drifts were less than
selectivities than ventrally located regions (LIPv and0.2 mm, and rotations were less than 0.3 degrees.
LIPv/VIP). Among the frontal homotopic ROIs, FEFCortical Regions Activated during Visually
showed the highest contraversive selectivity (z � 4.8),Guided Saccades
and premotor areas showed low selectivities. In the uni-The group analysis of the blocked-design fMRI data led
laterally activated peaks in the frontal and parietal corti-to visualization of a distributed neural system in the
ces, the contraversive selectivities were similar to thosedorsal frontoparietal network subserving saccadic eye

control (Figure 2; Table 1). of nearby homotopic peaks (Table 1).
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Figure 2. BOLD Activity Associated with Saccade in Monkeys

(A) Saccade-related activity in monkeys revealed by the group analysis. Activity map is superimposed on transverse sections of the normalized
structural MRI (thresholded at p � 0.05, corrected for multiple comparisons). At the bottom of each image is indicated the z coordinate in
the bicommissural space. FEF, frontal eye field; LIP, lateral intraparietal; DP, dorsal prelunate; as, arcuate sulcus; ips, intraparietal sulcus; L,
left. (B) Multiple activity peaks along the intraparietal sulcus revealed by the group analysis. Activity map is superimposed on coronal MRI
sections (thresholded at p � 0.05, corrected for multiple comparisons). At the bottom left corner of each image is indicated the y coordinate
in the bicommissural space. Arrow heads indicate activation peaks: green, dorsal lateral intraparietal (LIPd); magenta, ventral lateral intraparietal
(LIPv); blue, ventral lateral intraparietal/ventral intraparietal (LIPv/VIP). (C) Sagittal MRI section showing the origin and axes of the monkey
bicommissural space (Nakahara et al., 2002). AC, anterior commissure; PC, posterior commissure. (D) Saccade-related activity in a single
subject. Saccade-related activity was analyzed in a single monkey subject and superimposed on the transverse sections of the individual
structural MRI (thresholded at p � 0.05, corrected by FDR). (E) Multiple activity peaks along the intraparietal sulcus in a single subject.
Activities in two contiguous coronal sections at the level of intraparietal sulcus are shown (thresholded at p � 0.05, corrected by FDR). Arrow
heads are denoted as in (B). Color scales (A, D, and E) indicate p values. Scale bars (A–E), 10 mm. Left-right direction of the brain images
conforms to that of the figure (A, B, D, and E).

Human fMRI Studies tex, homotopic regions were also situated in the visual
areas and in the cerebellum.Cortical Regions Activated during Visually

Guided Saccades In the frontal cortex, there was a large body of activa-
tions occupying the banks of the precentral sulcusWe conducted functional scanning of healthy human

subjects with a 1.5 T MRI scanner, using the same task (PrCS), which continued to the superior frontal sulcus
(SFS) and the medial wall of the frontal cortex. We tenta-sequence and visual stimuli as in the monkey experi-

ments. A random effect analysis of the blocked-design tively identified four pairs of homotopic peaks within
this cluster (Table 2): PrCS/SFS, located at a medialfMRI data showed significant activations related to sac-

cadic eye movements in dorsal cortical regions includ- position in the cluster near the junction of the precentral
and the superior frontal sulci; inferior PrCS, located ating the frontal and posterior parietal cortex (Figure 4A).

In the parietal cortex, two pairs of homotopic peaks an inferior and lateral position in the cluster near the lip
of the precentral sulcus; superior PrCS, located at awere distinguished along the intraparietal sulcus in the

superior parietal lobule, approximately in BA 7 (Table superior and posterior part of the precentral sulcus; and
MeFG (medial frontal gyrus), on the medial wall of the2). The first one, anterior SPL, was located anteriorly

near the junction of the intraparietal and the postcentral frontal gyrus.
Modulation of BOLD Activitysulci. The second one, posterior SPL, was located at a

more posterior and superior position. Another pair of by Saccade Directions
ROI analysis of the human event-related fMRI data re-activity peaks, IPS/TOS, was located near the border of

the parietal and occipital cortex, just superior to the vealed a characteristic distribution of contraversive se-
lectivities across different cortical areas both in the pari-posterior end of the intraparietal sulcus where it meets

the transverse occipital sulcus. Outside the parietal cor- etal and frontal lobes (Table 2; Figure 4C). In the
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Table 1. Brain Regions Activated in Monkeys

Group Individuals

Coordinates t Value

Hemisphere X Y Z t Value Homotopic Regions CS M1 M2 M3

Frontal
L �16 6 18 7.4 ] FEF 4.8* 4.5 5.2 4.7
R 14 5 14 9.2 6.3 6.4 5.0
L �15 12 14 7.6 ] posterior principalis 2.9* 6.0 6.2 2.9
R 16 10 13 8.3 8.3 8.2 5.8
L �20 2 17 5.5 ] PMv 2.5* 3.9 5.6 –
R 19 2 17 7.9 4.7 7.5 5.6
L �13 10 18 5.4 ] PMd 1.5 2.7 7.9 –
R 12 11 18 6.6 4.2 4.7 4.6
R 13 4 21 6.8 1.0 2.8 5.5 4.5
L �24 �1 9 6.0 n.d. 4.3 4.6 2.7
L �22 �1 15 5.3 1.4 5.9 – –
L �21 9 10 4.8 n.d. 6.1 3.4 –
L �2 13 20 4.7 1.5 – 6.0 4.8

Parietal
L �9 �24 22 8.4 ] LIPd 8.2* 5.7 6.8 5.6
R 11 �23 22 7.9 3.8 6.8 –
L �16 �20 22 5.7 ] 7a 7.9* 4.0 4.4 5.9
R 14 �21 19 6.2 4.6 4.8 8.2
L �6 �23 13 5.3 ] LIPv/VIP 4.4* 3.5 – 3.4
R 8 �24 14 5.1 4.5 2.3 –
L �9 �22 16 5.8 ] LIPv 3.5* 3.6 3.7 3.1
R 11 �22 16 6.5 5.2 4.6 4.5
L �20 �16 20 4.8 ] 7a/7b 4.3* 4.2 2.8 4.3
R 20 �15 17 6.2 5.9 3.5 4.1
L �22 �7 16 4.6 ] AIP 3.8* 4.9 3.4 –
R 22 �8 15 6.5 6.1 4.8 –
R 10 �27 22 6.5 7.8* 5.1 5.7 6.3
L �4 �25 22 6.2 6.2* 3.5 6.1 4.6
R 7 �19 23 5.5 n.d. 2.6 4.3 4.0
R 21 �11 18 5.5 1.6 – 4.6 2.9
R 15 �17 18 5.0 5.2* 2.8 3.5 –
L �24 �8 13 4.9 3.6* 5.3 4.2 –

Parietooccipital
L �8 �33 19 9.6 ] DP 3.0* 6.4 8.3 5.2
R 8 �32 19 8.7 5.5 7.3 5.4
L �3 �34 19 7.8 0.2 4.9 7.1 4.5

Temporal
L �22 �25 14 4.5 ] V4t/V4 1.0 4.6 4.1 3.8
R 20 �25 15 5.6 4.1 4.5 –
R 16 �27 17 5.9 4.6* 4.6 3.6 5.7
R 22 �21 15 5.3 4.1* 3.7 – –
L �20 �20 11 4.7 3.4* – 3.6 3.3
L �24 �19 11 4.6 n.d. 2.9 3.9 3.3

Occipital
L �15 �31 9 3.8†

] V3/V3A n.d. n.d. 4.2 –
R 13 �33 13 4.8 3.2 5.9 –
R 17 �33 15 4.9 1.2 3.2 5.0 2.7
R 5 �25 10 4.7 5.8* – 2.7 4.0

Significant peaks at a voxel level of p � 0.05 corrected for multiple comparisons. Coordinates are listed in monkey bicommissural space
(Nakahara et al., 2002). FEF, frontal eye field; PMv, ventral premotor; PMd, dorsal premotor; LIPd, dorsal lateral intraparietal; LIPv, ventral
lateral intraparietal; VIP, ventral intraparietal; 7a, area 7a; 7b, area 7b; AIP, anterior intraparietal; DP, dorsal prelunate; V4, visual area 4; V4t,
V4 transitional area; V3, visual area 3; V3A, visual area V3A; L, left; R, right; CS, contraversive selectivity; n.d., not defined.
†Data were obtained from two subjects (M2 and M3). *Significant at p � 0.05 (Wilcoxon signed rank test).

intraparietal regions, neural activity showed significant frontal sulci (PrCS/SFS) showed the highest selectivity
to contraversive saccades (z � 2.6; p � 0.02). Contraver-bias toward contraversive saccades in posterior SPL

(z � 3.0; p � 0.003, Wilcoxon test), but not in anterior sive selectivity reached significance in MeFG (z � 2.1;
p � 0.04) but not in superior PrCS (z � 1.6; p � 0.1).SPL (z � 1.2; p � 0.2). The ROI near the parietooccipital

border (IPS/TOS) showed strong contraversive selectiv- Regions in the inferior precentral sulcus (inferior PrCS)
had the lowest contraversive bias among the humanity (z � 3.3; p � 0.001). In the frontal cortex, the region

at the intersection of the precentral and the superior homotopic regions (z � 0.4; p � 0.6).
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Figure 3. Modulation of BOLD Activity by
Directions of Saccades in Monkeys

(A) BOLD activity in response to rightward
saccades (horizontal axis) and to leftward
saccades (vertical axis) for individual runs,
represented as scattergrams. Data for left
and right homotopic ROIs are shown in the
left and right column, respectively. Each row
represents data for LIPd, DP, and FEF (from
top to bottom).
(B) Histograms showing number of runs
sorted by activity difference (percent signal)
between the left and the right homotopic
ROIs during rightward (filled bars) and left-
ward (open bars) saccades. Arrows indicate
the median of the distributions.

Comparisons between Saccade interactions (monkeys, p � 0.001; humans, p � 0.0001)
were obtained. Significantly larger responses in the sac-and Visual Components

To examine the possible contribution of the peripheral cadic condition than in the control condition were also
shown by multiple comparisons in the frontal and pari-visual stimuli to the observed activity, we conducted

control experiments in which visual stimulation parame- etal regions listed above (monkeys, p � 0.034; humans,
p � 0.002) except AIP in monkeys. These results indi-ters were matched to those in the original saccade task,

but no saccade was performed. In both monkeys and cated that activity associated with visually guided sac-
cades in the above-mentioned frontal and parietal re-humans, the BOLD signal increases in most frontal and

parietal homotopic regions were larger in the saccade gions have significant oculomotor components.
condition than in the control condition, but those in
early visual regions were comparable between the two Discussion
conditions (Figure 5A for monkeys, Figure 5B for hu-
mans). We evaluated the responses across different ho- In the present study, we have provided direct evidence

of the functional correspondences of the cortical eyemotopic regions during the saccade and control condi-
tions using two-way ANOVA. In both monkeys and fields between macaques and humans by using a com-

mon technology (BOLD fMRI) and identical oculomotorhumans, there were significant main effects of CONDI-
TION (monkeys, p � 0.0001; humans, p � 0.0001) and paradigms. In the dorsolateral frontal cortex, BOLD

peaks were mapped in FEF (BA 8), premotor areas (BAREGION � CONDITION interactions (monkeys, p �
0.0001; humans, p � 0.004). Multiple comparisons re- 6), and posterior principalis regions (BA 46/8) in mon-

keys and in multiple regions along the precentral sulcusvealed that the frontal and parietal homotopic regions
showed significantly larger responses in the saccade (BA 6), including the intersection with the superior frontal

sulcus (near BA 6/8 border), in humans (Figures 6A andcondition than in the control condition: FEF, posterior
principalis, PMv, PMd, LIPd, 7a, LIPv/VIP, LIPv, 7a/7b 6B). Thus, the saccade-related BOLD signal was distrib-

uted in overlapped frontal regions across the two spe-(p � 0.01; Tukey’s test), and AIP (p � 0.028) in monkeys;
PrCS/SFS, MeFG, superior and inferior PrSC, and poste- cies. In the posterior association cortex, activity was

situated in the lateral bank of the intraparietal sulcusrior and anterior SPL in humans (p � 0.004). We also
performed the same statistical analysis using relative (LIPd, LIPv, LIPv/VIP) and areas 7a, 7a/7b, AIP, DP in

monkeys and in the posterior and anterior SPL regionsBOLD signal changes normalized with those in the oc-
cipital regions (see Experimental Procedures). Again, and IPS/TOS in humans (Figures 6C and 6D). By inter-

species comparison of the BOLD activation locus andsignificant main effects of CONDITION (monkeys, p �
0.0001; humans, p � 0.0001) and REGION � CONDITION its contraversive selectivity, we propose that the human
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Figure 4. BOLD Activity Associated with
Saccade in Humans

(A) Saccade-related activity in humans re-
vealed by the group analysis. Format is as
in Figure 2. At the bottom of each image is
indicated the z coordinate in MNI space.
PrCS, precentral sulcus; SFS, superior frontal
sulcus; MeFG, medial frontal gyrus; SPL, su-
perior parietal lobule; IPS, intraparietal sul-
cus; TOS, transverse occipital sulcus; ant,
anterior; post, posterior; inf, inferior. (B) Sac-
cade-related activity in a single subject. Sac-
cade-related activity was analyzed in a single
human subject and superimposed on trans-
verse sections of the individual T1-weighted
structural MRI. (C) Histograms showing num-
ber of subjects sorted by activity difference in
the homotopic ROIs between rightward and
leftward saccades. Format is as in Figure 3B.
Color scales (A and B) indicate p values. Left-
right direction of the brain images conforms
to that of the figure (A and B).

PrCS/SFS is functionally similar to the macaque FEF related neuronal activity was reported (Andersen et al.,
1990) as well as dorsal area 5 where neural activity isand that the human posterior SPL is similar to the ma-

caque LIPd. These correspondences are basically com- likely modulated by saccades (Snyder et al., 2000) and
eye positions (Nakamura et al., 1999). The location waspatible with what has been proposed by Petit et al.,

Sereno et al., and other authors (Sweeney et al., 1996; close to the parietooccipital border, and we could not
exclude the possibility that part of the activation mightPetit et al., 1997; Courtney et al., 1998; Beauchamp et

al., 2001; Sereno et al., 2001; Rosano et al., 2003). In fall on the most dorsal portion of the secondary visual
cortex (area V2) in the occipital cortex. However, thisthe following, we will discuss individual activation peaks

and attempt to give a detailed account of the functional possibility is less likely for two reasons. First, the mon-
keys made horizontal saccades to the fixation targets.correspondence of the cortical organization for sac-

cadic eye control in primates. Considering the retinotopic organization of macaque
visual areas (Zeki, 1977; Gattass et al., 1981) that is also
confirmed by fMRI mapping (Brewer et al., 2002), activityEye Fields in the Posterior Association Cortex
in V2, if any, should emphasize the representation ofBOLD activity in the monkey parietal cortex was clearly
the horizontal meridian at the V2/V3 border in the fundussituated along the banks of the intraparietal sulcus (Fig-
of the lunate sulcus rather than a representation of theure 2B), where the population of neurons exhibited ocu-
vertical meridian near the V1/V2 border on the dorsallomotor-related activity and intracortical microstimula-
surface. But in our results, this was not the case. Sec-tion evoked saccades (Andersen et al., 1997; Colby and
ond, it is reported that a BOLD signal at a field strengthGoldberg, 1999). Multiple peaks were distinguished from
of 4.7 T can be accurately localized with the underlyingthe fundus to the lateral bank of the intraparietal sulcus,
neural site of activity (Logothetis et al., 2001, 2002) and isnot only in the group analysis, but also in the individual
not seriously affected by perturbations such as vascularanalysis (Table 1). These locations possibly corre-
effects (Menon and Kim, 1999), although this issue issponded to areas LIPd, LIPv, and LIPv/VIP (Seltzer and
still under debate.Pandya, 1980, 1986; Andersen et al., 1997; Lewis and

In the human parietal cortex, the widespread recruit-Van Essen, 2000) that have been identified based on
ment of regions in the SPL (Figure 4A), approximatelyimmunohistochemistry, cyto- and myeloarchitecture,
in BA 7, was consistent with the results of previousconnectivity, and physiological properties. We also
neuroimaging studies using oculomotor paradigmsfound activity in the parietooccipital cortex near the
(Corbetta et al., 1998; Luna et al., 1998; Perry and Zeki,junction of the intraparietal, parietooccipital, and lunate
2000). Two distinct peaks, anterior SPL and posteriorsulci (Figures 2A and 6C). The activation appeared to

include area DP on the lateral surface where saccade- SPL, were bilaterally situated in the human SPL. Among
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Table 2. Brain Regions Activated in Humans

Coordinates (MNI) Coordinates (Talairach)

Hemisphere X Y Z X� Y� Z� t Value Homotopic Regions CS

Frontal
L �26 �12 54 �24 �15 46 9.5 ] PrCS/SFS 2.6*
R 18 �6 56 15 �9 49 9.2
L �14 �6 62 �13 �9 54 7.9 ] MeFG 2.1*
R 12 �2 62 10 �5 54 11.5
L �24 �8 64 �22 �11 55 8.3 ] PrCS sup 1.6
R 20 �4 66 17 �7 57 9.8
L �40 �8 52 �36 �11 45 7.8 ] PrCS inf 0.4
R 40 �4 50 34 �7 43 13.5
R 36 �6 62 31 �9 54 10.2 1.6
R 28 0 56 24 �3 49 9.1 0.2
L �18 �14 62 �17 �17 53 7.4† 1.7
L �6 �4 66 �6 �7 57 7.3 0.2

Parietal
L �22 �62 60 �20 �63 49 9.2 ] SPL post 3.0*
R 22 �62 60 19 �63 49 5.6‡

L �28 �58 54 �25 �60 44 8.0 ] SPL ant 1.2
R 34 �50 56 29 �52 46 8.5

Parietooccipital
L �22 �84 26 �20 �85 18 7.5 ] IPS/TOS 3.3*
R 22 �78 28 19 �79 20 9.0

Temporal
R 44 �62 8 38 �63 4 10.0 1.4
L �52 �70 2 �47 �71 �2 7.5 1.8

Occipital
L �28 �78 �10 �25 �79 �13 8.1 ] Lingual 3.8*
R 28 �74 �8 24 �75 �11 7.5
L �16 �76 �8 �15 �77 �11 11.4 ] Lingual 3.7*
R 12 �74 �12 10 �75 �15 10.1
L �12 �82 2 �11 �83 �3 9.6 ] Calcarine 3.5*
R 8 �84 2 6 �85 �3 8.3
L �8 �72 0 �8 �73 �4 7.7 ] Calcarine 3.3*
R 16 �76 0 13 �77 �4 11.9
L �12 �90 �2 �11 �91 �7 8.3 2.6*
L �2 �84 6 �3 �85 1 7.5 2.4*

Thalamus
L �14 �24 12 �13 �27 9 7.3 0.4

Cerebellum
R �8 �76 �18 �8 �77 �20 7.5 ] Cerebellum 1.3
R 10 �72 �20 8 �73 �22 8.7
R 24 �74 �18 20 �75 �20 11.8 2.7*
R 34 �64 �24 29 �65 �25 8.8 n.d.

Significant peaks at a voxel level of p � 0.05 corrected for multiple comparisons. Coordinates are listed in MNI space and also in Talairach
and Tournoux (1988) atlas space using coordinate transformation program (http://www.mrc-cbu.cam.ac.uk/Imaging/Common/mnispace.shtml).
PrCS, precentral sulcus; SFS, superior frontal sulcus; MeFG, medial frontal gyrus; SPL, superior parietal lobule; IPS, intraparietal sulcus; TOS,
transverse occipital sulcus; L, left; R, right; CS, contraversive selectivity; n.d., not defined.
† The distance between this peak and (18, �6, 56) is the same as the distance between (�26, �12, 54) and (18, �6, 56). Coordinates are in
MNI space. ‡ Significant only at a cluster level of p � 0.05 corrected for multiple comparisons. * Significant at p � 0.05 (Wilcoxon signed rank test).

them, the more posteriorly and superiorly located peaks dence is divergent for interspecies correspondences of
IPL and SPL in primates (Brodmann, 1905; Von Bonin(posterior SPL) showed higher neural selectivity to the

directions of saccade (Table 2). This result was compa- and Bailey, 1947).
In the regions near the parietooccipital junction, sac-rable to the finding from our monkey study that the

more dorsally situated peaks, including some unilateral cade-related BOLD activity was found in monkeys (area
DP) and humans (area IPS/TOS). However, monkey DPregions, exhibited higher contraversive selectivity (Table

1). From these observations, our study adds functional was different from human IPS/TOS in two respects. First,
in monkey DP, the signal changes during the saccadeevidence that the human posterior SPL might be similar

to the monkey LIPd (Figures 6C and 6D). This view is condition were significantly larger than during the visual
control condition (p � 0.0001, ANOVA, Tukey’s test),consistent with a finding from a human imaging study

that singularity of preferred directions lying in the poste- whereas in human IPS/TOS, the signal changes were
not significantly different between the two conditionsrior portion of the SPL may correspond to the “putative”

human LIP (Sereno et al., 2001). However, other inde- (p � 0.0528). This suggests that, unlike in monkey DP,
activity in human IPS/TOS may largely be accounted forpendent studies are required to determine functional

correspondences, because existing anatomical evi- as a response to the visual stimulus. Second, human
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Figure 5. Comparisons of BOLD Signal
Changes in the Homotopic Regions Between
the Saccade and Visual Control Condition

Percent signal changes in the saccade (gray
bars) and control condition (black bars) in
monkeys (A) and humans (B) are plotted. Four
bar plots in each column indicate, from left
to right, the signal changes in the homotopic
ROI of the right hemisphere in the saccade
condition, those of the left hemisphere in the
saccade condition, those of the right hemi-
sphere in the control condition, and those of
the left hemisphere in the control condition.
The signal changes were taken from the voxel
that showed the maximal t value in each ROI.
FEF, frontal eye field; PMv, ventral premotor;
PMd, dorsal premotor; LIPd, dorsal lateral in-
traparietal; LIPv, ventral lateral intraparietal;
VIP, ventral intraparietal; 7a, area 7a; 7b, area
7b; AIP, anterior intraparietal; DP, dorsal pre-
lunate; V4, visual area 4; V4t, V4 transitional
area; V3, visual area 3; V3A, visual area V3A.
PrCS, precentral sulcus; SFS, superior frontal
sulcus; MeFG, medial frontal gyrus; SPL, su-
perior parietal lobule; IPS, intra parietal sul-
cus; TOS, transverse occipital sulcus. Error
bars indicate standard errors.

IPS/TOS showed the strongest bias toward contraver- activity in the premotor areas could be attributed to
task-irrelevant body movements coincidentally corre-sive saccade among the parietal regions (Table 2), while

the monkey area DP showed the weakest (Table 1). lated with the block cycle. Our finding that FEF� in-
volves premotor areas (BA 6) has two implications. First,Thus, it is difficult to determine the functional correspon-

dences of the homotopic regions near the parietooccipi- this finding is consistent with some microstimulation
and single-unit recording studies indicating neural activ-tal border between the two species. One possibility is

that the monkey counterpart of human IPS/TOS and ity related to saccade in the macaque premotor area
(Preuss et al., 1996; Wise et al., 1997; Fujii et al., 1998;human counterpart of monkey DP might have shown

subthreshold activity in our experiment. It should be Ohbayashi et al., 2003). Second, our finding suggests
considerable anatomical overlap of oculomotor repre-noted that our assignment of “area DP” to the activity

peak in the monkey posterior parietal tip is only tentative, sentation in the macaque and human frontal cortex.
Therefore, although the Brodmann area assigned to theand the region could be further divided into functionally

distinct subdivisions. human FEF by neuroimaging studies (BA 6) appears
different from what is assigned to the macaque FEF by
microstimulation studies (BA 8), the apparent interspe-Eye Fields in the Frontal Cortex

In the monkey frontal cortex, the activity peak in the cies difference could have been overemphasized.
As shown in the present study, saccade-related re-banks of the arcuate sulcus would correspond to the

FEF as defined by intracortical microstimulation studies gions in the human precentral sulcus as revealed by
many imaging studies (Paus, 1996; Petit et al., 1997;in macaques (Bruce et al., 1985; Schall, 1997; Tehovnik

et al., 2000). The dorsoventral level of the activation Astafiev et al., 2003) extended along the superior-inferior
and medial-lateral axis, which might be a heterogeneouswas centered approximately at the intersection of the

arcuate sulcus and the posterior extension of the princi- mixture of functionally different fields (Paus, 1996; Petit
et al., 1997; Corbetta et al., 1998; Petit and Haxby, 1999).pal sulcus. Given the amplitudes of the horizontal sac-

cades in our study (5.5 to 11 degrees), this location is We propose that the human PrCS/SFS near the intersec-
tion of the precentral sulcus and the superior frontalconsistent with the topographical organization of FEF

revealed with single-unit recording and microstimulation sulcus would be functionally equivalent to the monkey
FEF proper, because both areas are situated close tostudies (Suzuki and Azuma, 1983; Bruce et al., 1985).

The extent of BOLD activation during the visually the border of BA 6 and BA 8 and show the highest neural
selectivity for contraversive saccades in the frontal cor-guided saccades in our study, which we tentatively call

“FEF�,” was not restricted in the extent of microstimula- tex (Figures 6A and 6B). Human inferior PrCS near the
posterior bank of the precentral sulcus could possiblytion-defined FEF in monkeys, which we call “FEF

proper.” FEF� extended far more posteriorly than we be functionally similar to the monkey premotor areas,
since both areas are situated in the middle of BA 6 andhad expected to other peaks that were located in premo-

tor areas (BA 6) near the posterior spur of the arcuate exhibit relatively low contraversive selectivity.
Consistent with previous imaging studies that havesulcus (Figure 6A). Since no prominent activation was

found in the primary motor cortex, it is not likely that argued that human supplementary eye fields (SEF) are
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Figure 6. Saccade-Related Activity Superimposed on 3D-Rendered Brain Images

Monkey (A and C) and human (B and D) brain images are cut to show activity buried in the sulci in the frontal (A and B) and posterior parietal
(C and D) cortex. Asterisks and crosses indicate homotopic regions showing the highest contraversive selectivity in the frontal and parietal
cortex, respectively. FEF, frontal eye field; LIPd, dorsal lateral intraparietal; PrCS, precentral sulcus; SFS, superior frontal sulcus; SPL, superior
parietal lobule; as, arcuate sulcus; ips, intraparietal sulcus; prcs, precentral sulcus; sfs, superior frontal sulcus; post, posterior.

in fact on the medial wall (Luna et al., 1998; Grosbras (1.28 � 0.37 degrees for small saccades, 1.45 � 0.41
degrees for large saccades). This may be due to traininget al., 1999; Merriam et al., 2001; Picard and Strick,

2001), we found activity in the human MeFG. In the differences across the two species. However, the direct
comparison of saccade metrics across the two speciespresent study, the monkey SEF (Schlag and Schlag-

Rey, 1987; Schall, 1997) was not robustly activated in may need some reservations, because monkeys’ heads
were much more firmly immobilized with head holders,the group data, although activity was observed in some
and the resolution of eye position monitoring was finerindividuals (Figure 2D). The reason why the monkey SEF
for them than for humans. As far as we examined withinactivity did not reach significance bilaterally at the popu-
human subjects, saccade errors were not significantlylation level is likely explained by two factors. First, it has
correlated with MR signal changes in the MeFG ROIsbeen suggested that neural activity in SEF decreases as
(p � 0.16). Second, since the monkey SEF is one of thesubjects become habituated to the task through learning
structures situated farthest from the AC-PC plane, aand experience in both humans (Sakai et al., 1998) and
currently available registration algorithm might not bemonkeys (Chen and Wise, 1995). In this sense, our mon-
accurate enough to compensate for the variability ofkeys were experts who were overtrained in the oculomo-
individual monkey brains.tor tasks for months, whereas the human participants

were novices without any experience prior to the scan-
ning. To test this possibility, we compared saccade Methodological Considerations
metrics across the two species. Saccade errors in the Prior electrophysiological studies using macaque mon-
monkey (0.43 � 0.05 degrees for small saccades, 0.72 � keys suggested that discharges of single neurons reflect
0.18 degrees for large saccades; mean � SD) were sig- several different aspects of the visually guided saccade

in the FEF (Bruce and Goldberg, 1985; Tehovnik et al.,nificantly smaller (p � 0.0001; ANOVA) than in humans
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Experimental Procedures2000) and posterior parietal areas (Andersen et al., 1997).
These include presaccadic motor preparation and visual

Monkey fMRI Studiesattention, saccade execution, or postsaccadic processing
Animals

such as corollary discharge (Sommer and Wurtz, 2002) or We used three macaque monkeys (Macaca fuscata; M1, M2, M3;
evaluation of the new eye position in the orbit (Colby and one female and two males) weighing 4–6 kg. All the experimental

protocols were in full compliance with the regulations of the Univer-Goldberg, 1999). The BOLD signal changes associated
sity of Tokyo School of Medicine and with the NIH guidelines forwith visually guided saccades would be a mixture of these
the care and use of laboratory animals. Before fMRI scanning,heterogeneous neural processes.
MR-compatible custom-made ceramic screws (zirconium oxide,

Our visual control experiments in monkeys and hu- Kyocera, Kyoto) and plastic head holders were implanted in the
mans (Figure 5) confirmed that activities associated with monkeys. Surgery was conducted in aseptic conditions under gen-

eral anesthesia with sodium pentobarbital (5 mg/kg/h).visually guided saccades in frontal and parietal regions,
4.7 T fMRI Acquisitionexcept human IPS/TOS, were not solely caused by visual
To obtain BOLD signal, we used a 4.7 T MRI scanner (Biospec 47/stimulation but were significantly related to saccade
40, Bruker, Ettlingen) and 50 mT/m actively shielded gradient coils.

performance. It is noteworthy that Corbetta et al. re- During the imaging sessions, the monkey’s head was fixed with
ported that attentional mechanisms are automatically the head holders to make the relative head position to the scanner
recruited by the shifts of the targets during visually constant. Multisegmented T2*-weighted gradient-echo echo planar

imaging (GE-EPI) was carried out, in which a segment of the K-spaceguided saccades (Corbetta et al., 1993). Therefore, al-
was scanned in a single step and the whole volume was scannedthough our results confirmed that activity in frontal and
in multiple steps (Schmitt et al., 1998). In the blocked-design fMRIparietal areas was not solely caused by pure visual stim- experiments, 16 segmented EPI were performed with an in-plane

ulation, this does not exclude the possibility that the resolution of 1 � 1 mm2; field of view (FOV), 128 � 128 mm2; echo
activity was associated with automatically recruited at- time (TE), 16.03 ms; time to repetition (TR), 346 ms per segment; flip

angle (FA), 35 degrees; effective bandwidth, 108 kHz; ten contiguoustentional mechanisms. It would be interesting to further
transverse slices; and slice thickness, 2 mm (gapless). In the event-dissociate oculomotor and attentional components of
related fMRI experiments, 4 or 8 segmented EPI were performedthe activity in each ROI by using other behavioral para-
with an inplane resolution of 1 � 1.25 mm2 or 1 � 1 mm2; FOV, 64 �

digms such as delayed saccade, antisaccade, or dou- 80 mm2 or 128 � 128 mm2; TE, 16.93 ms; TR, 625 ms per segment;
ble-step saccade. FA, 40 or 45 degrees; effective bandwidth, 43.4 kHz or 67.9 kHz;

seven contiguous transverse slices, slice thickness 2 mm; and in-The extent of the monkey FEF� defined by our BOLD
terslice gap 0.5 mm. T1-weighted spin-echo images were also ob-fMRI study appears larger than the extent of the FEF
tained in each experimental day for registration of EPI images. Inproper defined by intracortical microstimulation studies.
separate sessions, high-resolution structural images of the monkeys

This does not mean that fMRI mislocalizes neuronal were scanned using both the 3D-MDEFT (modified driven equilib-
activity. The extent of microstimulation-defined FEF is rium Fourier transform) sequence (voxel � 0.5 � 0.5 � 0.5 mm3)

and T1-weighted anatomical spin-echo sequence (voxel � 1 � 1 �not identical with that defined by single-unit record-
1 mm3).ings. Moreover, Logothetis and coworkers reported that
Behavioral ProceduresBOLD fMRI signals correlate well with local field poten-
The monkeys were trained on a fixation task and a serial saccade

tials rather than extracellularly recorded action poten- task, initially outside the magnet room. Then they were adapted to
tials (Logothetis et al., 2001). Thus, it is obvious that the the posture and the noise during high-field fMRI scanning in a cus-
spatial extent of FEF depends on the way by which it tom-made plastic chair (Nakazawa, Tokyo) and finally trained to

perform the oculomotor tasks inside the magnet bore. In the fixationis defined.
task, the monkeys were required to fixate on a white spot at theFunctional lateralization of the attentional system in
center of the display. If they maintained fixation throughout the trialthe human parietal cortex has been suggested in both for 3.5–5.5 s (varied across monkeys), they were rewarded with a

lesion and imaging studies (Driver and Mattingley, 1998; drop of fruit juice. If the eye position deviated out of a fixation
Mesulam, 1999; Perry and Zeki, 2000). In our human window (1.5 degree or less within the fixation spot), the trial was

immediately aborted. Each trial was followed by an intertrial intervalstudy, no suprathreshold activations were found in the
of 2–3 s. During the interval, the monkeys were not required to fixate,right temporoparietal junction regions (Corbetta et al.,
since no visual target was shown on the display. In the serial saccade

2000; but see Astafiev et al., 2003). Laterality of the task, fixation targets were sequentially presented from one position
cortical organization for the oculomotor control, particu- to the next up to ten times within a trial (Figure 1A). The position
larly in humans, remains an important issue. of the fixation target was pseudorandomly determined from three

locations: the center of the display and positions 5.5 degrees leftBased on the anatomical locations of BOLD activa-
or right relative to the center. As the fixation target shifted, thetions and their selectivity to saccade directions, we
animals were required to make a horizontal saccade to the new

found considerable similarities in the cortical organiza- target. Thus, the amplitude of the visually guided saccade required
tion for oculomotor controls in macaques and humans. was either 5.5 degrees (small saccade) or 11 degrees (large sac-
Our results indicate that the well-known discrepancy of cade). After the saccade, the animals were required to maintain

fixation there for fixed (0.25 s or 0.75 s in blocked-design fMRI;cytoarchitectonic areal assignment of the human FEF
see below) or variable (2–10 s in event-related fMRI) lengths of(BA 6) and the monkey FEF (BA 8) might have been
postsaccadic periods until the target was replaced with another one

attributable in part to methodological issues. In the hu- or disappeared at the trial end. The trial was aborted when the eye
man, a region at the junction of the precentral sulcus stayed in the prior fixation window for more than 400 ms after the
and the superior frontal sulcus would be putatively shift or when the eye did not reach the new fixation window in

200 ms after leaving the old window. Behavioral performance wasequivalent to monkey FEF, and a region in the posterior
evaluated by proportion correct, saccade latency, and saccade er-part of the superior parietal lobule would be putatively
rors. Here, proportion correct is defined as the probability that the

equivalent to monkey LIPd. These findings impose sig- monkey’s eye reached the target window within the time limit de-
nificant constraints in understanding the evolution of scribed above.

In the magnet room, we used an infrared-sensitive CCD camerathe cerebral association cortex in primates.
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with magnetic shield (XC-EI50, Sony, Tokyo) to monitor the eye or rightward saccades in response to the shift of the fixation spot
was modeled as an event with the hemodynamic response functionpositions. Spatial resolution of the eye-measurement system was

approximately 0.1 degrees in visual angle. Online processing of eye implemented in SPM 99. A leftward or rightward saccade to the
initial fixation spot at the beginning of the trial was independentlyposition data, visual stimulus presentation, reward delivery, and MRI

pulse trigger for task events were controlled with custom-made PC coded as a covariate of no interest. We localized the regions of
interest (ROIs) using the statistical t map of the blocked-designsoftware (Hasegawa et al., 1998; Tomita et al., 1999). VGA visual

signal was delivered to the magnet room via optic fibers, and visual fMRI: a ROI was functionally defined as those voxels within a 1
mm radius sphere around local peaks on the statistical map. Westimuli were presented on a magnetically shielded 20-inch LCD mon-

itor (Hitachi Medico, Tokyo). measured differential BOLD responses between left and right ROIs
for each run and plotted histograms independently for leftward andfMRI Scan Design

We used a blocked-design fMRI paradigm to identify areas activated rightward saccades (Figure 3B). Data from 100 runs were collected
for each monkey. To evaluate whether the differential activity wasduring the serial saccade task compared to the fixation task and

used an event-related fMRI paradigm to examine modulation of the larger for contraversive than ipsiversive saccades, we applied the
Wilcoxon signed-rank test (Snedecor and Cochran, 1989) and de-BOLD signals by saccade directions in the activated areas. This

approach was adopted because the blocked design affords en- fined the z score of the statistics as “contraversive selectivity.” A
larger score indicates that the activity tended to be more stronglyhanced detection power (Liu et al., 2001), and the event-related

design has the advantage of distinguishing responses sorted by correlated with contraversive than ipsiversive saccades. Contraver-
sive selectivities for nonhomotopic ROIs were similarly calculatedtrial types (Josephs and Henson, 1999). In the blocked paradigm, the

fixation trials and serial saccade trials were presented in alternating by pairing them with the voxels symmetrical to the midsagittal plane.
blocks of two to six trials. In the serial saccade trial, the monkeys
were required to successively make four to ten horizontal saccades Human fMRI Studies
in 3.5–5.5 s. Saccade and fixation blocks lasted for approximately We conducted fMRI experiments with human subjects using the
28–42 s and 14–21 s, respectively. One experimental run consisted same task sequences and visual stimuli as in the monkey experi-
of three to four saccade blocks and four to five fixation blocks in ments. In human experiments, informed consent was obtained from
a total time of 240–288 s, during which 37–52 functional brain 20 (nine female and 11 male) healthy right-handed subjects. They
volumes were acquired. In the event-related paradigm, leftward and were scanned using experimental procedures approved by the insti-
rightward saccades were interleaved with variable intervals of 2–10 s tutional review board of the University of Tokyo School of Medicine.
within or between trials. To accumulate neural activity associated Functional MRI scans were performed on a 1.5 Tesla scanner as
with saccadic eye movements, two consecutive saccades with described previously (Konishi et al., 1998; Kikyo et al., 2002) with
the same direction and amplitude were paired. One experimental single-shot GE-EPI (FOV � 256 � 256 mm2, TR � 4 s, TE � 50 ms,
run lasted for 210–360 s, during which 22–37 leftward and 22–37 flip angle � 90 degrees, matrix � 64 � 64, slice thickness � 4 mm,
rightward saccades were included, and 72–82 functional brain vol- 28 transverse slices). Functional images were realigned, spatially
umes were acquired. normalized to a template with interpolation to a 2 � 2 � 2 mm3

Data Analysis space, and smoothed with a Gaussian kernel (FWHM 6 mm).
Data were analyzed with SPM99 (http://www.fil.ion.ucl.ac.uk/spm/) Eye positions were measured with an infrared monitoring system
and custom-made MATLAB (Mathworks) software. Functional im- (ISCAN, MA) (Gitelman et al., 2002) in separate sessions. Functional
ages were realigned and spatially normalized to a template that we images from the 20 human participants were subjected to a GLM
made from 3D-structural images of one monkey’s whole brain, with analysis (SPM99) and ROI analysis as in the monkey experiments.
interpolation to a 1 � 1 � 1 mm space. This procedure enabled us In human experiments, a random-effect model was used for estimat-
to perform a group analysis of the monkeys and to introduce a ing the data, since there were more subjects for the human study
stereotaxic coordinate arranged in bicommissural space in which and more runs for the monkey study. Coordinates are listed in SPM-
the origin was placed at the anterior commissure (Nakahara et al., MNI space (http://www.fil.ion.ucl.ac.uk/spm/) and also in Talairach
2002). After normalization, the images were spatially smoothed with and Tournoux atlas space (Talairach and Tournoux, 1988) using a
a Gaussian kernel (full width at half maximum 2 mm for the blocked- coordinate transformation program (http://www.mrc-cbu.cam.ac.uk/
design experiments, 3 mm for the event-related experiments). We Imaging/Common/mnispace.shtml). We assessed statistical signifi-
conducted voxel-wise statistical analysis based on the general linear cance at a single-voxel threshold of p � 0.05 corrected for multiple
model (GLM) using SPM99. In the blocked paradigm, sustained comparisons. We excluded those peaks within 8 mm of another
neural activity during each saccade block was modeled as a boxed- peak with a higher t value. For the ROI analysis, data from ten runs
car covariate of variable length in SPM99, and realignment parame- was collected for each subject, and 3 mm radius sphere ROIs around
ters were also included in the model as covariates of no interest. A local peaks were used. The homotopic ROIs were defined when the
fixed-effect model was used for the group analysis of data from the distance of the matched nearest peaks did not exceed 10 mm (round
three monkeys. We assessed statistical significance at a criterion off to 1 mm place). Data from individual subjects, instead of individ-
of a single-voxel threshold of p � 0.05 corrected for multiple com- ual runs, were used for the ROI analysis in the human study, since
parisons (SPM99 default) across the brain volume examined. We there were more subjects for the human study and more runs for
excluded those peaks within 4 mm of another peak with higher t the monkey study.
value. To confirm intersubject reproducibility of activated regions,
we examined whether distinct peaks were located in individual mon-

Visual Control Experiments in Monkeys and Humanskeys within 4 mm of the activity peak of the group analysis (Table
Two monkeys (M1 and M2 that were used in the saccade experi-1). A single-voxel threshold of p � 0.05 corrected by the False
ments) and 12 humans underwent blocked-design visual controlDiscovery Rate method (Genovese et al., 2002) was used for individ-
experiments. During the ON epoch, visual stimuli matching spatialual data analysis. Different correcting methods were applied to
and temporal parameters of the visual targets in the original saccadegroup and individual data because individual data had smaller de-
task were presented, but no saccades were performed. During thegrees of freedom. Three-dimensional brain rendering and functional
OFF epoch, the subjects were required to actively maintain fixation.overlays were constructed using MRIcro software (Rorden and
Scan parameters were equivalent to those in the original saccadeBrett, 2000).
experiments except that the interslice gap of 0.5 mm was used inTo define a homotopic pair of peaks, we used a nearest-neighbor
monkeys to cover ventrally located visual areas. In monkeys, dataalgorithm (Burgund et al., 2003) as follows. First, we flipped the
from 138 runs with the two subjects were analyzed with the fixed-x-coordinates of all the peaks in the left hemisphere and superim-
effect model. In humans, data from ten runs were averaged for eachposed them on the right hemisphere. Second, for each of the peaks
subject and analyzed with the random-effect model. BOLD signalderived from the left hemisphere, the nearest peak originally located
changes under the control condition were measured at the voxelin the right hemisphere was chosen and vice versa. If the nearest
with the maximal t value within a spherical ROI (1 mm radius forpeaks from both hemispheres matched to each other and the dis-
monkeys; 3 mm radius for humans) around each homotopic peaktance did not exceed 5 mm, they were paired as homotopic peaks.

In the event-related fMRI, neural activity associated with leftward defined in the saccade experiments. The signal changes were aver-
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aged across left and right hemispheres in each ROI, and then statisti- Colby, C.L., and Goldberg, M.E. (1999). Space and attention in pari-
etal cortex. Annu. Rev. Neurosci. 22, 319–349.cally analyzed under the saccade and control conditions using two-

way ANOVA (REGION � CONDITION) using SAS/STAT software. Colby, C.L., Duhamel, J.R., and Goldberg, M.E. (1993). Ventral intra-
We also performed the same statistical analysis using normalized parietal area of the macaque: anatomic location and visual response
signal changes. In monkeys, the signal changes in the frontal, pari- properties. J. Neurophysiol. 69, 902–914.
etal, parietooccipital, and temporal ROIs were normalized with those

Corbetta, M., Miezin, F.M., Shulman, G.L., and Petersen, S.E. (1993).
in the ROI of V3/V3A, since it was the only occipital homotopic

A PET study of visuospatial attention. J. Neurosci. 13, 1202–1226.
region included in the brain volume scanned in the original saccade

Corbetta, M., Akbudak, E., Conturo, T.E., Snyder, A.Z., Ollinger, J.M.,experiments. In humans, the signal changes in the ROIs other than
Drury, H.A., Linenweber, M.R., Petersen, S.E., Raichle, M.E., Vanthe occipital ones were normalized with those averaged in all the
Essen, D.C., and Shulman, G.L. (1998). A common network of func-occipital ROIs.
tional areas for attention and eye movements. Neuron 21, 761–773.
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