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Sustained Activity in Topographic Areas of Human Posterior
Parietal Cortex during Memory-Guided Saccades

Denis Schluppeck, Clayton E. Curtis, Paul W. Glimcher, and David J. Heeger
Department of Psychology/Center for Neural Science, New York University, New York, New York 10003

In a previous study, we identified three cortical areas in human posterior parietal cortex that exhibited topographic responses during
memory-guided saccades [visual area 7 (V7), intraparietal sulcus 1 (IPS1), and IPS2], which are candidate homologs of macaque parietal
areas such as the lateral intraparietal area and parietal reach region. Here, we show that these areas exhibit sustained delay-period
activity, a critical physiological signature of areas in macaque parietal cortex. By varying delay duration, we disambiguated delay-period
activity from sensory and motor responses. Mean time courses in the parietal areas were well fit by a linear model comprising three
components representing responses to (1) the visual target, (2) the delay period, and (3) the eye movement interval. We estimated the
contributions of each component: the response amplitude during the delay period was substantially smaller (<30%) than that elicited by
the transient visual target. All three parietal regions showed comparable delay-period response amplitudes, with a trend toward larger
responses from V7 to IPS1 and IPS2. Responses to the cue and during the delay period showed clear lateralization with larger responses
to trials in which the target was placed in the contralateral visual field, suggesting that both of these components contributed to the

topography we measured.
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Introduction

We can remember and discriminate visual stimuli that are sepa-
rated in time by a delay period, a cognitive process known as
working memory. Furthermore, we are able to maintain atten-
tion to a particular location of visual space over time and delay
motor behaviors. Neural activity during such delay periods is
believed to be a neural correlate of working memory, mainte-
nance of attention, and the plan or intent to move. Such sustained
delay-period activity has been reported in both human and mon-
key prefrontal, inferotemporal, and parietal cortex (Andersen
and Buneo, 2002; Goldberg et al., 2002; Curtis and D’Esposito,
2003; Glimcher, 2003; Passingham and Sakai, 2004).

In this study, we characterized the response properties of three
cortical areas in human posterior parietal cortex [visual area 7
(V7), intraparietal sulcus 1 (IPS1), and IPS2] during memory-
guided saccades, a well studied delayed oculomotor behavior.
The cortical areas were identified in each subject by mapping the
topographic organization for delayed saccades to reveal areas
containing neurons with properties like those in the macaque
areas lateral intraparietal area (LIP) and parietal reach region
(PRR) (Sereno et al., 2001; Connolly et al., 2003; Schluppeck et
al., 2005). Each of the three areas contained topographic maps of
the contralateral visual-saccadic space. One of the areas corre-
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sponded to visual area V7, as determined by standard retinotopic
measurements. The other two, labeled IPS1 and IPS2 for their
anatomical positions, were located on the medial aspect of the
intraparietal sulcus, rostral to V7 at the transverse occipital sul-
cus. The topographic mapping experiment, in which subjects
made memory-guided saccades to a series of target locations,
extracted a single topographic organization for a number of pos-
sible separable factors, including transient presentation of the
target, transient (exogenous) attention to the target presentation,
transient motor activity involved in making the saccade, sus-
tained motor intention, sustained (endogenous) attention to the
cued location, sustained spatial working memory for the loca-
tion, and advance preparatory processes that might be occurring
because of the predictability of the upcoming target location.
Some or all of these confounding factors could have contributed
to the measured topographic maps. Importantly, we could not,
from that experiment, conclude that the candidate areas exhib-
ited sustained delay-period activity. Because the delay period in
that experiment was constant and short (3 s) compared with the
dispersion of hemodynamic responses, it was not possible to un-
ambiguously attribute the measured cortical activity to the delay
periods.

We therefore performed an experiment, reported here, to ex-
plicitly test for sustained delay-period activity during memory-
guided saccades in the predefined areas (V7, IPS1, and IPS2). We
confirmed that all three topographic areas of human posterior
parietal cortex exhibited sustained delay-period activity, a critical
physiological signature of the potentially homologous areas in
the macaque brain (including LIP and PRR). The amplitudes of
the sustained delay-period responses, although statistically sig-
nificant, were small compared with transient responses at the
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beginning (visual target presentation) and end (eye movement
interval) of each trial, similar to electrophysiological results in
monkey parietal cortex. Both the cue and delay-period responses
were lateralized, suggesting that both of these components con-
tributed to the topography observed in the previous mapping
experiments.

Materials and Methods

Subjects

Four experienced subjects participated in this study with written consent.
Procedures were in compliance with the safety guidelines for magnetic
resonance imaging (MRI) research and approved by the human subjects
Institutional Review Board at New York University. Each subject partic-
ipated in a number of scanning sessions: one session to obtain a high-
resolution anatomical volume, two sessions to measure the retinotopic
maps in visual cortex (see below), two to three sessions to measure topo-
graphic organization of posterior parietal cortex, and two to three ses-
sions to measure delay-period activity.

Visual stimuli and task

Stimuli were presented via a liquid crystal display projector and long-
throw optics onto a back-projection screen in the bore of the MR scan-
ner. Subjects were supine and viewed the projected stimuli (maximum
eccentricity, 14°) through an angled mirror.

Main experiment (delayed saccades). Subjects fixated centrally while a
peripheral target was briefly (~100 ms) presented. After a variable delay
(3—-15sin 1.5 sincrements) the fixation spot disappeared, cueing subjects
to make a saccade to the remembered target location (Fig. 1 A, B). After
the saccade, the target reappeared, providing feedback. Subjects were
instructed to make a corrective saccade, if necessary, to accurately refix-
ate the target. After an additional 1.5 s delay, the central fixation spot
reappeared, signaling the subject to fixate that target with a return sac-
cade. The next trial began after a randomized intertrial interval (10.5-15
sin 1.5 s increments). Brightening of the fixation spot cued the impend-
ing start of the next trial. Subjects were instructed to make saccades as
quickly as possible after the cue. Targets appeared at 1 of 20 locations at
8—11° eccentricity within 45° of the horizontal meridian (Fig. 1C). The
order of trials was pseudorandom such that subjects could not predict the
targetlocation or delay-period duration before the onset of each trial. We
included a larger number of trials with medium to long delay periods
because they are more informative for estimating sustained delay-period
activity (Fig. 1 D). We also included control trials to measure the func-
tional MRI (fMRI) response to the presentation of the visual target alone,
in which the delay period was aborted after 1.5 s (fixation turned red) and
no eye movements were made. Subjects performed the task in a series of
scans lasting 300 s and were allowed to rest for several seconds between
scans. Data from all trials were included in the subsequent analyses. To
ensure that subjects could fixate throughout the duration of the delay
period, we measured eye position during the task inside the scanner for
one subject (infrared video eye tracker, ASL 504LR; Applied Science
Laboratories, Bedford, MA). Additionally, we confirmed in another
group of 12 subjects performing the same task that the accuracy of the
memory-guided saccades did not depend on delay-period duration for
delays between 7.5 and 13.5 s (supplemental Fig. 1, available at www.
jneurosci.orgas supplemental material), consistent with previous reports
(White et al., 1994).

Retinotopy. Retinotopic visual areas (V1, V2, V3, V3A, V3B, hV4, and
V7) were defined using standard methods (Engel et al., 1994, 1997; Ser-
eno et al., 1995; DeYoe et al., 1996). For details, see Schluppeck et al.
(2005).

Topography for delayed saccades. Subjects performed a delayed saccade
task in which targets appeared at successive locations “around the clock”
at the same eccentricity, separated by 30° angular steps (Sereno et al.,
2001; Schluppeck et al., 2005). On each trial, a small random angular
offset was added to the target locations (range, +5°). Each cycle lasted
54 s (number of target locations X trial duration = 12 X 4.5 s). Subjects
performed the task for five cycles, resulting in scans lasting 270 s. We
alternated scans in which the target progressed in clockwise and coun-
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Figure 1. Stimulus and behavioral task. A, B, Subjects were instructed to fixate centrally
while a peripheral target was briefly (~100 ms) presented at one of 20 locations. Subjects
remembered the location of the target during a variable delay period (3—155). Dimming of the
fixation spot signaled the subjects to make a saccadic eye movement to and hold gaze at the
remembered target location. The target then reappeared, allowing for a corrective saccade that
subjects had been instructed to make. On brightening of the central fixation spot 1.5 s later,
subjects made a return saccade. The next trial began after a variable interval (10.5-15s). B,
Timing of each event during a trial. E, Eye position; FP, fixation point; T, target. €, Targets were
presented at 1 of 20 locations close to the horizontal meridian. D, Delay-period durations were
3-15sinincrements of 1.5s. The histogram shows the number of trials per delay period for each
scanning session. We included control trials that were aborted after 1.5 s (fixation turned red)
and no eye movements were made. The order of trials (target, delay) was pseudorandomized.

terclockwise directions and allowed subjects to rest for several seconds
between scans.

In each topography scanning session, we also included one or two
scans (duration, 270 s), in which subjects alternated between blocks of
central fixation (13.5 s) and blocks consisting of a rapid series (one every
750 ms) of eye movements (13.5 s). During the eye movement block,
subjects shifted their gaze between the central fixation spot and a series of
peripheral targets. The presentation of the peripheral targets (750 ms, 10°
eccentricity, random angles) alternated with the central fixation spot
(750 ms), only one of which was visible at any time.

We defined regions of interest (ROIs) corresponding to areas V7, IPS1,
and IPS2 (see Fig. 2) based on the results from the topography protocol
and further restricted each ROI to subregions of cortical gray matter that
exhibited strong responses in the saccade-versus-fixation condition (for
details, see Schluppeck et al., 2005). As reported previously, there were
three topographically organized regions on the medial aspect of the in-
traparietal sulcus (Schluppeck et al., 2005). All three areas were evident in
both hemispheres of all four subjects. One of the parietal regions corre-
sponded to area V7, as confirmed by standard retinotopic mapping. We
previously labeled the other areas IPS1 and IPS2 for their anatomical
location, specifically to avoid drawing a premature inference about pos-
sible homologies with macaque cortical areas. Data from the main exper-
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iment were analyzed by averaging over regions of cortical gray matter
corresponding to each of the three topographically defined cortical areas.
Additionally, we defined a region of interest just lateral to the three
topographic areas, which did not show topographic organization either
for delayed saccades or during conventional retinotopic mapping.

Functional imaging

We used functional magnetic resonance imaging at 3 T (Allegra; Sie-
mens, Erlangen, Germany) to measure blood-oxygen level-dependent
(BOLD) changes in cortical activity. During each fMRI scan, a time series
of volumes was acquired using a T2*-sensitive echo planar imaging pulse
sequence (repetition time, 1500 ms; echo time, 30 ms; flip angle 75° 24
slices; 3 X 3 X 3 mm?’ voxels; field of view, 192 mm). Images were
acquired using custom radio frequency coils (NM-011 transmit head-
coiland NMSC-021 four-channel phased array receive coil; NOVA Med-
ical, Wakefield, MA).

Data analysis

To minimize head motion, subjects were stabilized by use of a bite bar
and/or foam padding. Post hoc image registration was used to correct for
residual head motion [MCFLIRT (motion correction using FMRIB’s
Linear Image Registration Tool)] (Jenkinson et al., 2002). Data from the
first 14 s of each fMRI scan were discarded to minimize transient effects
of magnetic saturation. Additional preprocessing of the fMRI data were
as follows. First, we bandpass filtered the time series at each voxel to
compensate for the slow drift typical in fMRI measurements (Biswal et
al., 1995, 1997a,b; Zarahn et al., 1997; Purdon and Weisskoff, 1998;
Smith et al., 1999). The cutoff frequencies were 0.01667 and 0.1667 Hz,
making the low-frequency cutoff much lower than the longest delay
period to ensure that the filter did not attenuate the sustained delay-
period activity. Next, we divided the time series of each voxel by its mean
intensity to convert the data from arbitrary image intensity units to per-
centage signal modulation (and to compensate for the decrease in mean
image intensity with distance from the receive coil). The preprocessed
time series from the main (delayed saccade) experiment were averaged
over a region of cortical gray matter corresponding to each ROI, as de-
fined topographically.

We then performed two complementary analyses of data to estimate
(1) the fMRI response time course for each trial type, and (2) the re-
sponse amplitudes for each of the three intervals of the behavioral task
(visual target presentation, delay period, and eye movement interval).
The data were analyzed separately for each of the predefined cortical
areas.

fMRI responses. We used standard event-related analysis methods (Bu-
rock et al., 1998; Dale, 1999; Burock and Dale, 2000) to estimate the fMRI
response time course for each trial type. There were 10 different trial
types: nine corresponding to different delay-period durations (3-15 s in
increments of 1.5 s) and one corresponding to a control, during which no
eye movements were made (see above, Visual stimuli and task). Specifi-
cally, we calculated the fMRI responses from each scan by trial-triggered
averaging, solving an equation of the form y = Ax, where the vector y was
the measured time course during one scan (200 time points), the vector x
contained the estimated fMRI responses for a given trial type in that scan,
and A was the design matrix that characterized the trial sequence. The
design matrix A had k rows (k indicates the number of time points in a
scan, 200) and n columns (# indicates the number of time points in the
estimated response time courses for trial type). The first column of A
contained the value 1 at indices corresponding to the onset of trials with
a given delay-period duration, 0 elsewhere. The second column con-
tained a 1 at indices corresponding to the second time point of those
trials, and so on. We calculated the ordinary least-squares solution asx =
(ATA)TATy, where [ ]” is matrix transpose and [ ] is pseudoinverse. We
repeated this calculation for all trial types.

The resulting fMRI responses from this analysis were further averaged
across 8—16 scans and plotted with error bars representing the SEM
across these 8—16 repeats. We first combined data across all target loca-
tions; in a subsequent analysis step, we analyzed the effect of target loca-
tion (see below, Lateralization). Figure 3 shows example fMRI responses
from one region of interest (in one subject) for trials with different delay-
period durations.
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Response amplitudes. We used multiple linear regression to estimate
the amplitudes of the responses to each of the three distinct intervals of
the memory-guided saccade task. This was done by constructing a linear
model of the underlying neural activity for each 300 s scan (see Fig. 4).
Each trial was modeled with three components: (1) a transient at the
beginning of each trial (an impulse at ¢ = 0, labeled v) that reflected the
onset of the visual target, (2) a sustained component that had a constant
amplitude and lasted throughout the delay period (duration of 3 s-15's,
labeled d), and (3) a transient component at the end of each trial that
captured the saccade to the remembered target, the reappearance of the
target, and the corrective and return saccades (an impulse at the time of
fixation dimming, labeled s). This is illustrated for one example trial in
Figure 4 A. Each of the components (v, d, and s) of the neural model was
then convolved with a model of the hemodynamic impulse response
function and bandpass filtered in the same way as the measured fMRI
data to yield three predictors of the fMRI measurements. Linear regres-
sion (as written above) was used to estimate the three response ampli-
tudes that, when multiplied by the three predictors, yielded the best
(least-squares) fit to the data.

The hemodynamic impulse response function was modeled with a
difference of two gamma functions (Glover, 1999; Jezzard et al., 2003):

a — —_— d] a — — dz
b e R R

where d; = a;b; is the time-to-peak. The parameters used were a, = 5.15,
a,=16.26,b, = 0.97, b, = 0.94, and ¢ = 0.09, which makes the shape of
the hemodynamic response function similar to that used by other stan-
dard analysis packages (Friston et al., 1995).

We fit the model, separately for each scan (200 time points), to obtain
estimates for the three amplitudes (v, d, and s). Because we randomized
both the order of the trial types and intertrial intervals, this randomiza-
tion (in addition to measurement noise) contributed to the variability
across scans in the estimated response amplitudes. To assess the variabil-
ity in the model fits and to compare the model with the measured fMRI
responses, we calculated the mean and SD of the model fit using the
trial-triggered averaging analysis outlined above. The mean and SD of the
model fit was then superimposed with the mean and SEM of the fMRI
responses (see Fig. 3). To quantify the model fit across ROIs and subjects,
we calculated the proportion of variance accounted for in the observed
mean fMRI responses (r2):

, var(residual)

T var(observed) ’

We also fit the model omitting each of the three components (v, d, and s)
in turn. Predictably, decreasing the number of parameters led to worse
fits and therefore a decrease in the variance accounted for by the model.
For example, the effect of omitting the sustained activity during the delay
period from the fit (equivalent to assuming it to be 0) is illustrated in
supplemental Figure 2 (available at www.jneurosci.org as supplemental
material): the fit systematically underestimated the sustained activity
during the delay period. (The model was fit simultaneously for trials at all
delay-period durations.) Assessing the statistical significance of such a
worsening of the fits, however, is complicated. Standard statistical tests
on nested hypotheses (e.g., F tests for the difference in the variance of
residuals) require assumptions about the independence of residuals (the
difference between the measured fMRI response and the model fit) at
consecutive time points. These statistical assumptions are likely to be
false and therefore care has to be taken in interpreting the resulting p
values; we also relied on visual inspection that clearly indicated that the
model fits were substantially worse after omitting any of the three com-
ponents. We also performed a complementary statistical test (that did
not rely on statistical independence at consecutive time points) to dem-
onstrate that each of the three components was significantly greater than
0 (see Results and Table 2).

Lateralization. Because our topographic mapping experiments
(Schluppeck et al., 2005) revealed contralateral representations of the
visual field in areas V7, IPS1, and IPS2, we expected one or more com-
ponents of the measured fMRI responses to show larger amplitudes for
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trials in which targets appeared in the contralateral visual field, e.g., trials
in the left visual hemifield for right hemisphere ROIs. We therefore fit the
model (see above) for trials left and right of fixation separately to the
responses measured in left and right hemisphere V7, IPS1, and IPS2. To
assess whether components of the fMRI responses were lateralized we
calculated a lateralization index, L, on the estimated amplitude parame-
ters as

_ Bcontra - Bipsi

L=
|Bcontra| + |Bipsi|

where B, .. is the estimated response amplitude for contralateral trials,
and B is the estimated response amplitude for ipsilateral trials. The
lateralization index is positive (0 < L = 1) if responses are larger for
contralateral trials, negative (—1 = L < 0) if responses are larger for
ipsilateral trials, and 0 if responses are equal for both ipsilateral and
contralateral trials.

Statistical parameter mapping. In addition to the region-of-interest
analyses described below, we also performed conventional statistical pa-
rameter mapping (Friston et al., 1991) on a subset of the data (Fig. 2
shows data from subject 3, one scan, 300 s). This analysis allowed us to
localize regions of cortex that exhibited statistically significant sustained
delay-period activity, even if they did not exhibit topography. Analysis
was performed using FEAT (FMRI Expert Analysis Tool) version 5.4,
part of FSL [Software Library of FMRIB (Functional Magnetic Reso-
nance Imaging of the Brain), www.fmrib.ox.ac.uk/fsl]. The general linear
model was identical to that outlined above, with three covariates or ex-
planatory variables: one for transient events at the beginning (v) of every
trial, one for transient events at the end (s) of every trial, and one to
account for sustained responses during the delay period (d). Statistical
maps were thresholded using clusters determined by Z > 2.3 and a (cor-
rected) cluster significance threshold of p = 0.01 (Worsley et al., 1992).
The resulting thresholded statistical maps were rendered on a partially
inflated cortical surface representation of the subject’s cortex using cus-
tom software (Larsson, 2001).

Results

Topography and statistical parameter mapping

We defined three regions in posterior parietal cortex (V7, IPS1,
and IPS2) in each subject by topographic mapping as described
previously (see Materials and Methods) (Schluppeck etal., 2005).
For additional analysis, data from the main experiment were then
analyzed by averaging over regions of cortical gray matter corre-
sponding to each of the three topographically defined cortical
areas. To confirm the choice of our ROIs, we also performed
conventional statistical parameter mapping on a subset of the
data (Fig. 2). This analysis revealed regions in the intraparietal
sulcus with statistically significant sustained responses during the
delay periods, which fell within the ROIs defined by topographic

mapping.

fMRI responses to memory-guided saccades

The fMRI responses exhibited three distinct components corre-
sponding to the three intervals in the memory-guided saccade
task (Fig. 3). (1) The first component was locked to the onset of
the trial when the visual stimulus (cue) was presented. (2) The
second component reflected a sustained response lasting
throughout the delay period. (3) The third component was
locked to the eye movement interval at the end of each trial. By
systematically varying the delay-period duration, we unambigu-
ously determined that activity was sustained during the delay
periods in all three areas. For longer delay periods (e.g., 12 and
15 s) the transient events at the beginning and end of the trials
were separated from one another in time, despite the relatively
slow hemodynamics. The measured fMRI responses did not re-
turn to baseline during the delay periods, even for the longest
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Figure2. Cortical areas in posterior parietal cortex. A, Tessellated surface representation of
the gray/white matter boundary in lateral/posterior aspect (right hemisphere of one subject,
partially inflated). Three cortical areas are indicated. Green, V7; dark blue, IPS1; red, IPS2. These
cortical areas were defined in a separate experiment that measured topographic organization
during delayed saccades (Schluppeck et al., 2005). Light blue, A region within the IPS adjacent
to IPST and IPS2, approximately comparable in size but that did not exhibit topography. This
more lateral IPS region was used as an internal control. ¢s, Central sulcus; sts, superior temporal
sulcus. B, Axial slices of the high-resolution anatomical image of the same subject. (Radiological
convention; spacing between displayed slices, 4 mm.) Cortical areas are superimposed in color.
L, Left; R, right. , D, Statistical parameter mapping. Partially inflated left hemisphere (subject
S3) in lateral (€) and posterior (D) aspect. Colors, Areas with significant delay-period activity
(Z > 2.3; corrected cluster significance threshold, p << 0.01; see Materials and Methods).
Region of interest outlines: green, V7; blue, IPS1; red, IPS2. Location of intraparietal sulcus (ips)
is indicated as an anatomical landmark.

delay-period durations. For short delay periods (e.g., 3 and 6 s),
conversely, the different components of the response coalesced
because of the sluggishness of the hemodynamics.

Model simulations

The slow timescale of the hemodynamic response presents a chal-
lenge for fMRI measurements aimed to unambiguously separate
sensory, motor, and delay-period activity (Fig. 4). We performed
model calculations to illustrate this point and to optimize the
design of our imaging experiment. We calculated the expected
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Figure 3.  Data and model fits (IPS2, right hemisphere, S1). Open symbols and error bars
indicate mean fMRI response == 1 SEM across 12—16 scans. Top left panel, fMRI response for
control condition (trials aborted after 1.5 s, no eye movements). Other panels, fMRI responses
for each delay-period duration. Shaded region indicates == 15D of model fits (see Materials and
Methods). Estimated response amplitudes for the full model fit: v = 1.22,d = 0.28,s = 1.44,
r*=077.

fMRI response for single trials by adopting a model of the under-
lying neural activity and a model for how an fMRI measurement
depends on underlying neural activity. The model of neural ac-
tivity had three components: (1) a transient at the beginning of
the trial, v (visual), that reflected the onset of the visual target, (2)
a sustained component, d (delay), that had a constant amplitude
and lasted throughout the delay period, and (3) a transient com-
ponent at the end of each trial, s (saccade), that captured the eye
movement interval (Fig. 4A). This model for the time course of
neural activity was convolved with a hemodynamic impulse re-
sponse function to yield predicted fMRI responses (Fig. 4 B). The
simulation results illustrate two critical issues.

First, because the hemodynamic response acts as a leaky inte-
grator, sustained neural activity had a large effect on the simu-
lated fMRI responses (Fig. 4C). We calculated the predicted fMRI
response for two trials that only differed in the amplitude of the
delay-period activity. For the sake of illustration, the amplitudes
of the transient events at the beginning (v) and end (s) of the
delayed-saccade trial were set to 1 (arbitrary units). The duration
of the delay period was set to 15 s, and the amplitude of the
delay-period activity (d) was set to either 0.1 or 0.3. The two
resulting fMRI responses illustrate the disproportionate effect of
sustained neural activity. The ratios between the initial peak val-
ues and the local minimum during the delay period were ~0.1:
0.35-0.29 and 0.3:0.45—-0.67 for the two different levels of delay-
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period activity compared with 0.1:1 and 0.3:1, the ratios in the
model of neural activity.

Second, for short delay-period durations, the simulated fMRI
responses to the onset of the trial were confounded with changes
in the amplitude of delay-period activity (Fig. 4D, insets show
simulated neural responses). Likewise, the simulated fMRI re-
sponse at the end of the trial was subject to the same confound
when the activity during the eye movement interval was super-
imposed with the remaining effects of the delay-period activity.
For long delay periods, conversely, the responses to the visual cue
and the delay period could be unambiguously resolved (Fig. 4E).

We therefore adopted an experimental protocol that included
long delay-period durations (Fig. 1). Although long delay trials
are most informative for estimating sustained activity, short
delay-period trials were included as well to control subjects’ be-
havior. In fact, the delay-period duration was variable and ran-
domized (from 3 to 15 s in increments of 1.5 s), and the target
location was also randomized (see Materials and Methods). Sub-
jects were instructed to hold fixation until cued to move at the
end of each trial and then to make saccades as quickly and as
accurately as possible. Each subject practiced the task extensively
before scanning. To ensure that subjects held fixation accurately
throughout the duration of the delay period, we measured eye
position during the task inside the scanner in one of our subjects
(supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material). Fixation error was ~1° on average, much less
than eccentricity of the saccade targets, and inspection of the eye
position traces revealed no evidence of large saccades during the
delay periods. In a separate series of related experiments (Srimal
et al., 2005), we measured eye movements on 12 subjects per-
forming the same task while in the scanner and found that the
saccade accuracy did not depend on delay-period duration for
delays between 7.5 and 13.5 s (supplemental Fig. 1, available at
www.jneurosci.org as supplemental material), a result that con-
firms previous psychophysical studies of saccades at long delays
(White et al., 1994). The variable, randomized delays motivated
subjects to prepare to make a saccade and to maintain the in-
tended eye movement during the delay period. With a fixed,
predictable delay period, subjects might have used a strategy in
which they would not need to hold the motor plan in a “ready to
go” state. The randomized target locations minimized the possi-
bility that subjects learned to make stereotyped eye movements.
With fixed, predictable target locations, subjects might have
overlearned the eye movements, relying on different neural
circuitry.

Estimating response amplitude of sustained

delay-period activity

We fit the measured fMRI responses with a linear model com-
prising three components identical to those described above.
Note that there were only three free parameters: the amplitudes of
three components, one corresponding to the sustained response
during the delay period, and the other two to the transient re-
sponses at the beginning and end of each trial.

The linear model based on these three components provided
an excellent fit to the data (Fig. 3, Table 1). Because the order of
trials was randomized, each trial was preceded by a different his-
tory of trials, which contributed (along with measurement noise)
to the variability in the model fits. To illustrate this variability, we
computed the mean and SD of the model fits (see Materials and
Methods) and plotted them superimposed with the measured
fMRI responses. The quality of the model fits was quantified by
comparing the resulting mean model fits with the mean fMRI
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Figure 4. Model simulations. 4, Three response amplitude parameters defined the model of neural response during a given
trial: v, visual target (transient response at the beginning of each trial); d, delay period; s, saccades (transient at the end of trial).
Delay-period response amplitudes (light gray, 10%; dark gray, 30%) specified relative to the visual onset response amplitude. B,
Predicted fMRI responses were calculated by convolving (conv) the neural response model with a hemodynamicimpulse response
function (HRF) (difference of two gamma functions, two free parameters, delay and dispersion; see Materials and Methods). C,
Predicted fMRI response time courses. Gray curves and symbols (open circles), Responses with low (10%, light gray) and high
(30%, dark gray) levels of delay-period activity. Thin red, green, and blue curves show contributions of each component (v, d, and
s) to the total predicted fMRI responses. Red, v; green, d (dashed line, low; solid line, high); blue, s. Colored bars, Corresponding
timing of the three components before convolution. D, E, Simulated responses for short (D) and long (E) delay periods. Colors,
Responses with low (10%, light gray) and high (30%, dark gray) levels of delay-period activity. Red line, Responses with increased
amplitude for the visual transient (+40%) that are confounded with sustained activity at short but not long delay-period
durations. Insets, Simulated neural responses over time (before convolution with hemodynamic response function). For short
delays, amplitude variations in delay period and visual transient signals are confounded in the fMRI measurements.

crease during the delay period or with dif-
ferent values for each increment in delay-
period duration, would fit the data better,
however, at the cost of including more pa-
rameters and with the concomitant risk of
overfitting the data.

We confirmed that all three topo-
graphic areas of human posterior parietal
cortex exhibited sustained delay-period
activity (Fig. 5, Tables 1, 2). The delay-
period response amplitudes were signifi-
cantly larger than 0 in IPS2 in all four sub-

Table 1. Model fit parameters

jects and in V7 and IPSI in three of four
subjects (Table 2). Even for the subject in

Region of interest v d s r which there was no statistically significant
V7 079+ 0.27 0.12 + 0,09 202+ 043 071 ?Iflsaly'liﬁ“‘;dﬁa;m“?' o bﬂ;ﬁgil VZ ang
IPS1 072+ 028 0.16 = 0.08 1.67 = 051 0.72 1> the left hemusphere RUIS showe

1PS2 091 + 0.24 0.25 + 0.07 1.78 =+ 0.25 072 statistically significant sustained responses

Best-fit parameters across subjects and hemispheres (mean and SEM across subjects). r* column indicates the variance accounted for by the three-parameter

model, averaged across subjects.

responses. Although there were only three free parameters, the
model accounted on average for >70% of the variance in the data
(Table 1). Leaving out any of the three fit parameters decreased
the variance accounted for by the model substantially (supple-
mental Fig. 2, available at www.jneurosci.org as supplemental
material).

There were small discrepancies between the model fits and the
measured fMRI responses. For the fMRI responses from the sub-
ject shown in Figure 3, for example, the model fits did not exactly
capture the transient changes at the beginning and end of the
measured fMRI responses (> = 0.77 for this example). There are
several possible explanations for these small discrepancies. First,
we assumed a certain shape for the hemodynamic response func-
tion (double gamma), which is known to vary across different
regions of the brain and across subjects. We explored whether the
particular choice of parameters for the shape of the hemody-
namic response function caused these discrepancies by changing
them and refitting the data. None of these changes in parameters,
however, improved the overall fit of the model. Second, because

for contralateral trials. Although statisti-
cally significant, delay-period response
amplitudes were small compared with the
transient responses corresponding to the
visual stimulus and the eye movement intervals (Table 1). Note,
however, that the relatively small amplitude of the delay-period
activity could still affect the shape of the observed fMRI responses
substantially, because the hemodynamic response function acts,
in effect, as a leaky integrator over time (Fig. 4). As an internal
control, we defined a region within the IPS adjacent to IPS1 and
IPS2, approximately comparable in size but that did not exhibit
topography, neither during delayed saccades nor during conven-
tional retinotopy measurements. This control IPS region did not
exhibit sustained, delay-period activity (Fig. 5C, inset).

Lateralization

Because our topographic mapping experiments (Schluppeck et
al., 2005) revealed contralateral representations of the visual field
in areas V7, IPS1, and IPS2, we expected one or more compo-
nents of the measured fMRI responses to show larger amplitudes
for trials in which targets appeared in the contralateral visual field
(e.g., trials in the left visual hemifield for right hemisphere ROIs).
We analyzed the trials in the left and right hemifield separately for
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Figure 5.  Average responses across subjects. A-D, fMRI responses as a function of time for
different delay-period durations. Error bars indicate == 1 SEM across subjects. Each panel corre-
sponds to a different cortical area: A, V7; B, IPS1; C, IPS2; C, inset, control IPS. D, Response
amplitudes estimated from the model fits and averaged across subjects. Red, Response to visual
cue (v); green, sustained delay-period response (d); blue, response during saccade interval (s).
Error bars indicate =1 SEM.

each ROI and calculated a lateralization index from the estimated
amplitude parameters (see Materials and Methods). Both re-
sponses to the presentation of the visual cue and sustained delay-
period activity showed substantial lateralization (Fig. 6). The es-
timated response amplitudes during the saccade interval were not
significantly lateralized (Fig. 6). During that interval, however,
subjects made a saccade to the target and also a saccade in the
opposite direction back to fixation. Responses during the saccade
interval would therefore be expected to include both components
for ipsiversive and contraversive movements on every trial.
Which of the lateralized components (response to the visual
cue or sustained delay-period activity) was responsible for the
topographic maps that were used to define V7, IPS1, and IPS2 in
the topographic mapping experiment? On the one hand, it is
possible that the lateralized response to the brief cue dominated
the topography measurements because the amplitude of the re-
sponse to the visual cue was larger. On the other hand, although
lower in amplitude, the sustained delay-period activity may have
dominated because it was integrated by the hemodynamics over a
longer time. To assess which of the factors dominated, we per-
formed additional model calculations using the parameters from

Table 2. Statistical significance of response amplitudes
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the model fits obtained in this experiment. We first calculated the
fMRI responses for ipsilateral and contralateral trials given the
mean fit amplitude parameters for each ROI (V7,1PS1, and IPS2)
across subjects (Table 1). The timing parameters were chosen to
match those of the topography experiment: (1) an impulse at the
beginning of the trial reflecting a transient cue response; (2) a
sustained component lasting 3 s to model delay-period activity;
and (3) an impulse after the delay period to model the saccade-
related response. Second, we calculated the area under the simu-
lated response curves (i.e., the total response per trial) for the
ipsilateral and contralateral fMRI responses and the resulting lat-
eralization index (see Materials and Methods). Third, we then
repeated these calculations assuming that (1) only the transient
response to the visual cue or (2) only the sustained delay-period
activity was lateralized. Finally, we used these results to calculate
the proportion of the total lateralization accounted for by each of
the two components. For the 3 s delay-period duration (used in
the topographic mapping experiment), the lateralization of the
cue outweighed that of the sustained delay period by a factor of
~?2. For longer delay-period durations (>7.5 s), conversely, the
lateralization of the delay-period activity contributed increas-
ingly, outweighing the effect of the lateralized cue response.
These results suggest that, for the short delay-period durations
used in the topographic mapping experiments, the observed to-
pography was mostly attributable to the lateralized responses to
the visual cue.

Discussion

We used an event-related protocol to demonstrate sustained
delay-period activity in topographically organized areas of hu-
man posterior parietal cortex. To unambiguously demonstrate
that the activity was sustained, we varied the duration of the delay
period. The fMRI responses increased at the beginning of each
trial, after the presentation of the saccade target, and remained
elevated for a variable amount of time depending on the duration
of the delay period. At the end of the trial, we observed another
transient response to the movement interval. We obtained simi-
lar results for each of three topographically organized cortical
areas: V7, IPS1, and IPS2. The estimated amplitude of the delay-
period responses was <<30% of that elicited during the presenta-
tion of the visual cue. Both the cue and delay-period responses
were lateralized, suggesting that both of these components con-
tributed to the topography observed in the previous mapping
experiments. Calculations based on the model fits indicated that,
for short delay periods (3 s), the lateralization of the cue re-
sponses was the dominant effect. A control region in the IPS just

Subject Region of interest v d s DOF
1 V7 20.44 (<10~ 10.90 (<10™%) 20.36 (<107 31
IPS1 15.50 (<1074 10.78 (<104 15.91 (<1079
IPS2 13.18 (<107%) 10.39 (<1079 9.98 (<10™%)
2 V7 8.69 (<1074 —3.95(>0.1) 22.98 (<107 31
IPS1 7.46 (<10~ —2.09 (>0.1) 15.60 (<104
IPS2 15.40 (<10~%) 3.43 (<0.01) 19.62 (<10~%)
3 V7 3.39 (<0.05) 7.58 (<1074 6.87 (<107 27
IPS1 4,07 (<0.01) 4.57 (<107%) 5.02 (<107%)
IPS2 3.41(<0.01) 7.25 (<1079 6.39(<107%)
4 V7 1.33 (>0.05) 6.06 (<107 9.43 (<1074 15
IPS1 1.45 (>0.05) 6.55(<107%) 9.29 (<107%)
IPS2 4.36 (<0.01) 14.93 (<1074 10.59 (<10~%)

t statistic and p values are listed for each cortical area in each subject. Entries in boldface indicate statistical significance at p << 0.05, one-tailed t test (hull hypothesis, mean of 0). DOF (degrees of freedom) = n — 1, where nis twice the

number of scans (assuming that the measurements were statistically independent in the two hemispheres).
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Figure 6. Lateralization of fMRI responses. A, fMRI responses from the left and right hemi-

sphere V7 for a subset of delay-period durations (9, 12, and 155). Black lines, Trials presented in
left visual field; red lines, trials in right visual field. Mean == SEM across trials. Responses to the
visual cue and during the delay are larger for contralateral trials (red above black in the left
column and black above red in the right column). The corresponding lateralization indices were
as follows, for v, d, and s, respectively: 0.24,0.27, —0.19 (left hemisphere V7); and 0.29, 0.48,
0.11 (right hemisphere V/7). Note that the indices were calculated using the best-fit parameters
estimated from all delay-period durations, not just the subset shown here. B, Lateralization
indices for V7, IPS1, and IPS2 (see Materials and Methods). Bars and error bars indicate mean
and SEM across eight hemispheres.

lateral to these cortical areas did not respond during memory-
guided saccades.

Posterior parietal cortex contains a number of separate and
distinct cortical areas believed to perform different functions.
Cortical areas have been identified with precision in macaque
monkey parietal cortex based on a combination of physiological
and anatomical measurements (Andersen et al., 1990a; Colby and
Duhamel, 1991; Lewis and Van Essen, 2000a,b; Andersen and
Buneo, 2002). Much of the research in macaque posterior parietal
cortex has concentrated on the LIP, a region in the intraparietal
sulcus known to play an important role in the planning and pro-
duction of saccadic eye movements (Andersen and Buneo, 2002;
Goldberg et al., 2002; Glimcher, 2003). A defining physiological
signature of monkey LIP is that neurons in this area exhibit visual
response fields, movement fields, and delay-period activity dur-
ing memory-saccade tasks of the type we examined here (Gnadt
and Andersen, 1988; Barash et al., 1991a,b). Neurons in this re-
gion of the brain respond when a sensory stimulus is presented,
when attention is paid to a stimulus, while maintaining the mem-
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ory of a stimulus, while computing the sensory—motor transfor-
mation involved in making a movement to a stimulus, while
maintaining the intention to make such a movement, and while
computing the decision concerning which of two or more move-
ments to make (for review, see Andersen and Buneo, 2002; Gold-
berg et al., 2002; Glimcher, 2003).

Neuroimaging studies of human posterior parietal cortex
have revealed potentially homologous regions (for review, see
Fink, 2005). The medial bank of the human IPS has been
found to respond during manual reaching, whereas the lateral
bank has been found to be selective for attention and eye
movements (Rushworth et al., 2001; Astafiev et al., 2003; Con-
nolly et al., 2003), similar to what has been reported for mon-
key areas LIP and PRR/medial intraparietal area (Snyder et al.,
1997). Human posterior parietal cortex has been shown to
exhibit some of the response properties that characterize mon-
key LIP. There are numerous reports of sustained activity in
human posterior parietal cortex during a delay period before
subjects make saccades (Connolly et al., 2002; Astafiev et al.,
2003; Curtis et al., 2004; Curtis and D’Esposito, 2006). Human
posterior parietal cortex also exhibits spatial updating after
eye movements (Medendorp et al., 2003; Merriam et al.,
2003), analogous to what has been observed in macaque LIP
(Duhamel et al., 1992). An area in the ventral portion of the
IPS has been found to respond to visual, auditory, and so-
matosensory motion (Bremmer et al., 2001), similar to what
has been found in monkey ventral intraparietal area (Colby et
al., 1993; Duhamel et al., 1998). An area in the anterior portion
of the IPS has been found to respond during grasping or when
subjects perform a crossmodal visuotactile delayed matching-
to-sample task (Binkofski et al., 1998; Grefkes et al., 2002),
analogous to what has been observed in monkey anterior in-
traparietal area (Sakata et al., 1995). Another area on the lat-
eral bank of the IPS posterior to LIP in macaques has been
reported to contain neurons sensitive to both monocular and
binocular depth cues (Shikata et al., 1996; Tsutsui et al., 2002);
a possible human homolog of this area CIP has also been
proposed (Shikata et al., 2001). Activity in some areas of hu-
man posterior parietal cortex is modulated by eye position
(DeSouza et al., 2000), similar to what has been found in
monkeys (Andersen et al., 1985, 1990b; Stricanne et al., 1996;
Snyder et al., 1998). Because we measured responses only dur-
ing delayed saccades and because all three of the human cor-
tical areas studied (V7, IPS1, and IPS2) exhibited similar re-
sults, and we cannot determine which of the human and
macaque areas are most comparable with one another. The
delay-period activity reported here might not be tied to spe-
cifically to saccades. Rather, it might be present during other
tasks involving other (e.g., reaching) movements as well.

Progress in our understanding of posterior parietal function
would be accelerated by enhancing our knowledge about the
correspondence between human and macaque parietal corti-
cal areas. Whereas single-unit electrophysiology in the ma-
caque has focused on targeted and well defined cortical areas
(such as LIP), this has not typically been the case with human
fMRI studies that instead have usually revealed relatively large
swaths of activity in a frontoparietal network of cortical areas.
Specifically, Connolly et al. (2002) examined the responses in
parietal and frontal cortex related to preparation of pro-
saccadic and anti-saccadic eye movements. They concluded
that only the responses in frontal cortex, not parietal cortex,
are directly related to the preparation of saccadic eye move-
ments. Astafiev et al. (2003) reported the locations of statisti-
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cally significant responses in parietal and frontal cortex to
“attending,” “looking,” and “pointing.” They also reported
potential correspondences of frontal and parietal areas in ma-
caques and humans. The study by Curtis et al. (2004) com-
pared delay-period activity during memory-guided saccade
trials in which the metrics of the memory-guided saccade were
or were not known during the delay. Both frontal eye fields
(FEF) and intraparietal sulcus showed persistent delay-period
activity in both conditions. However, activity was slightly in-
creased in FEF and slightly decreased in parietal cortex when
the metrics of the upcoming saccade were known before the
delay. Following up on this finding, Curtis and D’Esposito
(2006) specifically examined the effect of response selection
on delay-period activity in the FEF and parietal cortex. They
found that, once subjects selected a saccade among several
possibilities, delay-period activity in FEF but not parietal cor-
tex persisted throughout along and variable retention interval
until the memory-guided saccade was finally generated. The
tasks in each of these studies were markedly different from
ours, however, and the parietal areas revealed in most of these
studies were anterior to V7, IPS1, and IPS2. The delay-period
durations used in the studies by Medendorp et al. (2003, 2005)
were very short (1.25 s), and their localization protocol only
allowed them to establish lateralization rather than topo-
graphic organization. The Curtis and D’Esposito (2006) study
was the only of these in which the duration of the delay-period
interval was long and variable, as in our study, to disambiguate
delay-period activity from sensory and motor responses. None
of these previous studies, however, were aimed at quantifying
delay-period responses in topographically localized areas of
interest. Hence, none of these studies provided the necessary
information to establish potential homologies between hu-
man and macaque parietal areas. A recent fMRI study pro-
vided a road map for the possible homologies between oculo-
motor areas in the monkey and human cortex by running
exactly the same protocol in both species (Koyama et al.,
2004); although comparable regions of cortex were activated,
much more work remains to be done to identify and precisely
localize the functionally homologous areas in different parts of
the brain.

How do the responses during the delay period measured
with fMRI compare with those reported in electrophysiologi-
cal studies? Sustained activity in a delayed visually guided sac-
cade task is the criterion by which many laboratories confirm
the placement of their electrodes in the lateral bank of the IPS.
Usually, however, only delay periods that would be considered
short in our context (<2000 ms) are used in the screening of
these cells, partly because this provides sufficient information
for selecting neurons but also because it is difficult for the
animals to perform the task with longer delays. In a study of
response properties of 54 LIP neurons, Barash et al. (1991a)
reported a ratio of ~2:1 in the levels of relative activity during
the “light-sensitive” and “memory” intervals (firing rates nor-
malized to baseline) for what would be considered short delays
here. Similarly, Paré and Wurtz (1997) reported the firing
rates of macaque LIP neurons (#n = 50) in both delayed visu-
ally guided and memory guided saccades, for short delays
(500-1000 ms) (Paré and Wurtz, 1997, their Table 1). In their
sample of neurons with significant delay-period activity, the
responses to the visual cue were larger than that during the
memory interval by a ratio of ~2:1 (Paré and Wurtz, 2001).

The amplitude of the delay-period activity in the fMRI
measurements we report here was smaller (~15-28% or be-
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tween 6:1 and 3.5:1) than that reported in the electrophysiol-
ogy studies. There are several reasons that may account for the
differences between these measurements by the two different
techniques. First, although BOLD fMRI reflects the metabolic
demand of neural activity, the precise relationship to neural
firing rates is not known (Mathiesen et al., 1998; Lauritzen,
2001; Logothetis et al., 2001; Heeger and Ress, 2002; Logoth-
etis and Wandell, 2004). It is possible that subthreshold
changes in neural activity, invisible to single-unit recording,
may be accompanied by substantial changes in fMRI response.
In particular, the measured fMRI responses during the cue and
saccade response periods in our experiment might reflect
more subthreshold (feedback) modulation across the popula-
tions of neurons, which does not significantly affect the firing
rates of individual neurons in LIP. This would then predict
that the fMRI measurements underestimate the delay-period
activity relative to the single-unit electrophysiology measure-
ments, similar to what we observed. Second, sustained delay-
period activity is usually measured electrophysiologically in
very short trials. Short delays are impractical for fMRI mea-
surements of delay-period activity because of the temporal
delay and dispersion of the hemodynamic response (Fig. 4). It
is possible that delay-period activity in parietal neurons de-
clines for longer delay-period durations (>8 s). Currently, no
published electrophysiology data from LIP neurons exists for
memory-guided saccades with such long durations. Third, the
electrophysiological results were based on a sample of cells
that had been preselected because they showed significant
delay-period activity. The fMRI measurements, conversely,
may more accurately reflect the pooled activity over a whole
population of neurons, some of which may exhibit strong
delay-period activity, and others, which may be overlooked or
undersampled in electrophysiology experiments exhibit only
weak delay-period activity.

To conclude, the results we present here provide the first clear
evidence that the topographically organized areas in human pos-
terior parietal cortex (IPS1 and IPS2) show sustained, lateralized
delay-period activity in memory-guided saccades, a defining fea-
ture of macaque areas such as LIP and PRR. This need not have
been the case because there was no means for assessing delay-
period activity per se from the topographic mapping experi-
ments. These areas are therefore potential homologs of monkey
parietal regions.
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