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Abstract

■ Attention can be directed not only toward a location in space
but also to a moment in time (“temporal orienting”). Temporally
informative cues allow subjects to predict when an imminent
event will occur, thereby speeding responses to that event. In
contrast to spatial orienting, temporal orienting preferentially ac-
tivates left inferior parietal cortex. Yet, left parietal cortex is also
implicated in selective motor attention, suggesting its activa-
tion during temporal orienting could merely reflect incidental
engagement of preparatory motor processes. Using fMRI, we
therefore examined whether temporal orienting would still acti-
vate left parietal cortex when the cued target required a difficult
perceptual discrimination rather than a speeded motor response.
Behaviorally, temporal orienting improved accuracy of target
identification as well as speed of target detection, demonstrating

the general utility of temporal cues. Crucially, temporal orienting
selectively activated left inferior parietal cortex for both motor
and perceptual versions of the task. Moreover, conjunction anal-
ysis formally revealed a region deep in left intraparietal sulcus
(IPS) as common to both tasks, thereby identifying it as a core
neural substrate for temporal orienting. Despite the context-
independent nature of left IPS activation, complementary psy-
chophysiological interaction analysis revealed how the functional
connectivity of left IPS changed as a function of task context. Spe-
cifically, left IPS activity covaried with premotor activity during
motor temporal orienting but with visual extrastriate activity dur-
ing perceptual temporal orienting, thereby revealing a cooperative
network that comprises both temporal orienting and task-specific
processing nodes. ■

INTRODUCTION

Various studies have examined the psychophysical and
neural bases of directing, or “orienting” attention to loca-
tions in space, most notably using the spatial orienting
paradigm developed by Posner, Snyder, and Davidson
(1980). Adapting this classic paradigm for the temporal do-
main, Coull and Nobre (1998) demonstrated that attention
could also be voluntarily oriented to specific moments in
time (“temporal orienting”). In the orienting paradigm,
spatially or temporally informative cues allow subjects to
predict where or when an imminent target will appear,
thereby speeding RTs as compared with neutral, uninfor-
mative cues. Neuroimaging data (PET and fMRI) revealed
hemispheric lateralization for spatial and temporal orient-
ing in right and left inferior parietal lobes, respectively
(Coull & Nobre, 1998).

These data may seem at odds with many studies show-
ing timing-related activity in a distributed cortico-striatal
network, including SMA, right inferior frontal cortex, and
BG (e.g., Harrington, Zimbelman, Hinton, & Rao, 2010;
Livesey, Wall, & Smith, 2007; Coull, Vidal, Nazarian, &
Macar, 2004; Ferrandez et al., 2003). However, these stud-
ies typically employ explicit timing tasks, in which subjects

compare the duration of a currently elapsing sensory
event with that of a previously memorized standard to
make overt judgments of relative duration (e.g., shorter
or longer). By contrast, in the orienting paradigms as-
sociated with left parietal activity, subjects use temporal
cues to direct attentional resources to precise moments
in time so as to optimize sensorimotor processing of
events appearing within this attentional window, resulting
in faster responding (Coull & Nobre, 1998) or more accu-
rate discrimination (Correa, Lupiáñez, & Tudela, 2005).
Interestingly, however, if temporal cues are used to make
overt duration judgments (e.g., did the event occur earlier
or later than expected) then areas typical of explicit timing
tasks, such as cerebellum and right-sided cortical areas, are
found once more (OʼReilly, Mesulam, & Nobre, 2008).
Recent meta-analyses confirm that whereas a distributed
cortico-striatal network is associated with explicit duration
judgments (Wiener, Turkeltaub, & Coslett, 2010a), left
parietal cortex is associated with the use of temporal cues
to optimize (nontemporal) processing at predictable mo-
ments in time (Wiener, Turkeltaub, & Coslett, 2010b).
Yet left inferior parietal cortex has also been implicated

in motor orienting of attention (or “motor intention”;
Rushworth, Ellison, & Walsh, 2001), in which subjects
are cued to respond to a target with a particular motor
effector. Such neuroanatomical overlap suggests that
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activation of left inferior parietal cortex by temporal orient-
ing may simply be an incidental consequence of selective
motor attention. This hypothesis is unlikely to provide a
complete explanation, however, given that left inferior
parietal cortex is still activated by temporal orienting even
when subjects cannot prepare in advance the side (left or
right) of the eventual motor response nor indeed the
motor effector system (eyes or hands) with which the
response will be made (Cotti, Rohenkohl, Stokes, Nobre,
& Coull, 2011). Nevertheless, to confidently reject the null
hypothesis that left parietal activation during temporal ori-
enting indexes incidental motor preparation processes,
it would be helpful to show that left parietal cortex can
still be activated by temporal orienting even when the
cued target requires a nonmotor form of information
processing.
Consequently, we conducted a block design fMRI study

to compare and contrast neural substrates of perceptual
versus motor versions of the temporal orienting task. Prior
behavioral studies have confirmed that temporal orienting
not only confers faster motor response times (Griffin,
Miniussi, & Nobre, 2001; Coull & Nobre, 1998) but also
enables faster and more accurate stimulus perception
(Correa et al., 2005; Martens & Johnson, 2005; Correa,
Lupiáñez, Milliken, & Tudela, 2004). We hypothesized
that, if left inferior parietal cortex plays a fundamental role
in temporal orienting, activation of this brain area should
be observed whether the task was motor or perceptual
in nature. The principle aim of this study was, therefore,
to confirm the role of left inferior parietal cortex in the
perceptual benefits of temporal orienting and to compare
this directly to the motor benefits of temporal orienting
within the same experimental paradigm. Previously, we
(Coull &Nobre, 2008) and others (Assmus,Marshall, Noth,
Zilles, & Fink, 2005; Assmus et al., 2003) have linked left
inferior parietal cortex activity to the spatio-temporal pre-
dictability of dynamic stimuli when making perceptual
collision judgments. A supplementary aim was, therefore,
to confirm these findings within an entirely nonspatial
context.
A final aim was to explore the physiological mechanisms

underlying temporal orienting. Simply demonstrating that
left inferior parietal cortex is activated by temporal cues
does not tell us how these cues exert their performance-
enhancing effects. One possibility is that, in a manner
analogous to feature and spatial attentional mechanisms
(Pessoa, Kastner, & Ungerleider, 2003), left inferior parie-
tal cortex exerts top–down temporal attentional mod-
ulation of activity in task-specific networks. To test this
hypothesis, we used psychophysiological interaction
(PPI) analysis to determine whether the areas coactivated
with left inferior parietal cortex changed significantly as a
function of task context. Specifically, we predicted in-
creased functional connectivity between left inferior parietal
cortex and visual areas during perceptual discrimination,
but between left inferior parietal cortex and motor areas
during motor detection.

METHODS

Subjects

Thirteen healthy (three women) right-handed volunteers
(mean age = 30 years, SD = 8 years) participated in the
study. The experimental protocol was approved by the
local ethics committee, and written informed consent was
obtained before the study. Although data from two addi-
tional subjects were acquired, they had to be discarded be-
cause of technical problems during stimulus presentation.

Cognitive Tasks

Subjects were asked to perform a speeded motor detec-
tion and a perceptual discrimination version of a temporal
orienting task. There were two cueing conditions per task,
which manipulated subjectsʼ expectations of when a tar-
get would appear: (i) the time condition, in which visual
cues predicted the target would appear after either a short
(600msec) or long (1380msec) cue–target ISI, and (ii) the
neutral condition, in which visual cues provided no infor-
mation concerning the length of cue–target ISI, which
could be short (600 msec), medium (990 msec), or long
(1380 msec). We, thus, had four conditions within a 2 × 2
factorial design, with Task (Motor/Perceptual) and Cue
(Time/Neutral) as the experimental factors (see Figure 1).

The basic visual display consisted of a black screen, in
the center of which cues, distractors, and/or target stim-
uli appeared. Intertrial intervals varied between 500 and
1500 msec to prevent temporal anticipation of the next
trial and to ensure random subsampling of the brain vol-
ume relative to each of the event types. Each trial began
with a visual cue consisting of two concentric circles, pre-
sented for 500 msec (Figure 1). In the time condition,
either the inner or outer circle could be brighter, indicat-
ing that the target would appear after a short (600msec) or
long (1380 msec) interval, respectively. The temporal in-
formation provided by the informative cue was 100% valid
(i.e., the target always appeared at the predicted time),
and short and long cue–target ISI trials were equiprobable.

In the neutral condition, the entire cue brightened, thus
conveying no predictive information concerning cue–
target ISI. The target could appear after a short (600msec),
a medium (990msec), or a long (1380msec) time interval.
Themedium length ISI was included to increase the uncer-
tainty of target appearance at the longest interval, so as to
minimize the asymmetric cueing benefits that are com-
monly seen in paradigms employing only two possible ISIs
(Correa, Lupiáñez, & Tudela, 2006; Griffin et al., 2001;
Coull, Frith, Buchel, & Nobre, 2000). In these paradigms,
temporal cues typically speed RTs at short, but not long,
ISIs (or “foreperiods” as they are sometimes called). This
asymmetry is due to the predictive power of the unidirec-
tional flow of time itself (Coull, 2009): If the target has not
occurred at the short ISI in the neutral condition, then it
must occur at the long one, allowing subjects to reorient
attention to the long ISI, thus speeding performance. The

Davranche et al. 3319



increasing conditional probability of event occurrence
over time, the so-called “hazard function,” effectively re-
moves the cost of the uninformative neutral cue, render-
ing the RT difference between temporally and neutrally
cued trials at the long ISI negligible. Indeed, the neutral
condition in the temporal orienting paradigm is akin to a
variable foreperiod paradigm, in which RTs have repeat-
edly been shown to get faster as ISI gets longer (Niemi &
Näätänen, 1981; Woodrow, 1914).

To minimize the behavioral consequences of the haz-
ard function further still, we applied a probability bias
to the distribution of the short, medium, and long ISIs.
Specifically, they followed a “nonaging” distribution (e.g.,
Granjon, Requin, Durup, & Reynard, 1973; Baumeister &
Joubert, 1969; Zahn & Rosenthal, 1966), with the probabil-
ity of occurrence corresponding to 0.53, 0.27, and 0.13,
respectively. This positively skewed a priori probability off-
sets the predictive power of the passage of time, rendering
conditional probability effectively constant across the en-

tire ISI period. Finally, we also included a small number of
catch trials (6.66%), in which no target was presented, to
further increase uncertainty at the longest ISI as well as to
prevent anticipatory responding in the motor task. Sub-
jects were informed that no response was required during
such trials.
Before fMRI scanning, all subjects performed a training

session consisting of six blocks of 60 trials. Three blocks
(two blocks of the time condition and one block of the
neutral condition) of each task (motor detection or per-
ceptual discrimination) were performed during this
session.

Motor Detection Task

In themotor detection task (Figure 1, right), subjects were
asked to respond, as quickly as possible, by pressing the
response button with the right index finger as soon as
the target symbol × appeared at the center of the screen.

Figure 1. In the time
conditions (top), a brighter
inner circle (top left) predicts
a short temporal delay before
the onset of an upcoming target
(600 msec), whereas a brighter
outer circle (top right) indicates
that the target will appear after a
long interval (1380 msec).
The figure shows illustrative
examples only: In reality, both
short and long cue types were
intermixed during both the
motor detection and perceptual
discrimination tasks. In the
neutral conditions (bottom),
the entire cue brightened,
providing no temporal
information, and the target
could appear after a short
(600msec), amedium(990msec)
or a long (1380 msec) time
interval. Subjects provided a
speeded motor response to the
target in the motor detection
tasks (right) but provided a
delayed discriminatory response
in the perceptual discrimination
tasks (left). The relative position
(left/right) of the symbols on
the response screen of the
perceptual discrimination task
specified the response (index/
middle finger) to be given and
varied on a trial-by-trial basis. In
the examples given here, the
correct response would be a
middle finger button press for
the time condition (top left)
and an index finger button
press for the neutral condition
(bottom left).
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Subjects were explicitly advised to use the temporal cues
to predict when the target would appear so as to react
to it as quickly as possible. They were told that neutral cues
did not allow them to predict when the target would
appear but that they should still try to respond as quickly
as possible whenever it appeared.

Perceptual Discrimination Task

In the perceptual discrimination task (Figure 1, left), sub-
jects were asked to discriminate which of two target sym-
bols (+ or ×) had been presented within a rapid serial
presentation of visually similar distractors. Our paradigm
was modeled on that used by Correa et al. (2005). The vi-
sual stream (2083 msec) comprised rapid presentation
(50 msec presentation time per symbol, ISI = 83.33 msec)
of 14 distractors, which had been randomly selected from
a set of six possible symbols, plus one target. One of two
target symbols could appear, once only, in either the fifth,
eighth, or eleventh position of the stream, corresponding
to an ISI of 600, 990, and 1380msec, respectively. Subjects
were asked to use the temporal cue to predict when the
target would appear in the sequence so as to better dis-
criminate which of the two target symbols (+ or ×) had
been presented. On the other hand, they were informed
that neutral cues could not help them predict when the
target would appear but that they should still try to dis-
criminate target shape.
In contrast to the motor detection task and to minimize

the motor component of the perceptual discrimination
task, subjects did not respond as soon as they had seen
the target but instead had to wait until the offset of the
visual stream, at which point a response screen was pre-
sented for 2000 msec. They were under no time pressure
to give a response andwere aware that only the accuracy of
the response would be taken into account. Crucially, the
onset of the response screen was identical across time
and neutral conditions, meaning that the timing of the dis-
criminatory response was no more predictable in the time
condition than in the neutral condition. As previously
described, the only item that was differentially predict-
able across conditions was the onset of the target to be
discriminated.
Upon presentation of the response screen, subjects had

to press one of two response buttons corresponding to
which of the two targets had been perceived during the
sequence. The response screen presented the two possi-
ble targets (+ and ×), one on the left-hand side and one
on the right-hand side of the screen. If the perceived target
appeared on the left-hand side, the subject pressed with
their index (leftmost) finger of the right hand, whereas
they pressed with their middle (rightmost) finger of the
right hand if it appeared on the right-hand side of the re-
sponse screen. Tominimizemotor preparation asmuch as
possible, the nature of the response signal changed from
trial to trial: On half of the trials, the+ appeared on the left
of the screen and the × appeared on the right, whereas

these contingencies were reversed on the remaining trials
(see Figure 1, left). In this way, subjects could not begin to
prepare a motor response as soon as the target had been
detected. Index and middle finger responses were coun-
terbalanced across all conditions and trials. If participants
failed to respond within 2000 msec, the response signal
disappeared and the next trial began. During catch trials
(6.66%), in which no target was presented, the response
screen comprised two horizontal dashed lines (- -) in
place of the + and × symbols and the subject made no
response.

fMRI Scanning

Scans were acquired using a 3-T (3T-MAGNEX) Bruker
Medspec 30/80 Advancewhole-bodyMRI system (Ettlingen,
Germany), equipped with a head coil. EPI was used to
obtain T2*-weighted fMRI images in the axial plan, using
an interleaved slice acquisition sequence. The acquired
image volume consisted of 36 × 3 mm transverse slices,
with an interscan interval (TR) of 2.4 sec. The size of this
image volume allowed us to scan the entire cerebral cortex
andmost of the cerebellum. Three scanning runs (339, 340,
and 343 image volumes, approximately 13 min per run)
were acquired for each subject.

The fMRI experimental design was blocked. Each scan-
ning run contained five blocks (25–32 sec per block) of
each of the four experimental conditions (motor time,mo-
tor neutral, perceptual time, and perceptual neutral). Each
block contained six trials of the appropriate experimen-
tal condition, giving a total of 90 trials per experimental
condition across the three scanning runs. The four experi-
mental conditions were presented in permuted order.
After one full permutation of the four conditions, a short
(16 sec) baseline condition was inserted, which comprised
a central fixation point (×) identical to the target used for
the detection task. Subjects were asked simply to fixate
the × during this time. A structural MRI was also acquired
(using a standard T1-weighted scanning sequence, 1 mm3

resolution) to allow anatomically specific localization of
significant areas of brain activation.

Data Analysis

Behavioral Data

Initially, we conducted a behavioral pilot study to validate
the paradigm by verifying that both motor and perceptual
performance could be improved by the use of temporal
cues. Behavioral data were collected from 12 subjects
(nine women, mean age = 33 years), although data from
two subjects were discarded due to chance performance in
the discrimination task (<50% of accuracy). The relative
advantage of temporal cueing was assessed independently
for the motor detection and the perceptual discrimina-
tion task, using repeated measures ANOVA with temporal
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cueing (time vs. neutral) and ISI duration (short vs. long)
as within-subjects factors. Significance was set at p < .05
for all analyses. For the detection task, overt responses
before presentation of the response signal, responses to
catch trials, and anticipatory (RT < 100 msec) or exceed-
ingly slow (RT > 1500 msec) responses were excluded
from further RT analyses. For the discrimination task, the
analysis was performed on accuracy data, corresponding
to the percentage of correct target discriminations. As
means and variances of percentage data are closely re-
lated, percentage accuracy data were arcsine transformed
before being submitted to the ANOVA.

Additional analyses using signal detection theory, a
more sensitive measure of perceptual performance, as-
sessed whether temporal orienting differentially affected
perceptual sensitivity and response criterion, indexed by
d 0 and beta measures, respectively (Green & Swets,
1966). Mean d 0 and beta values were submitted to separate
ANOVAswith temporal cueing (time vs. neutral) as a within-
subject variable. Unfortunately, the number of trials was in-
sufficient (particularly in the neutral condition because of
the use of the nonaging distribution) to produce robust
values for short and long trial types separately; therefore,
we were unable to include ISI duration (short vs. long) as a
second within-subject factors. Behavioral data collected
during the brain imaging session were analyzed in an iden-
tical manner to assess the effect of temporal cueing on
both detection speed and perceptual discrimination dur-
ing fMRI acquisition.

fMRI Data

Functional images were processed and analyzed with
SPM5. All functional images for each subject were slice
time corrected, then realigned to correct for head move-
ment between scans. Each structural MRI was coregistered
to the corresponding mean realigned functional image to
put structural images into the functional brain space. All
images were then spatially normalized into a standard spa-
tial reference frame by matching each image to a standard-
ized template from the Montreal Neurological Institute.
Functional images were spatially smoothed to accommo-
date intersubject differences in anatomy using isotropic
Gaussian kernels of 8 mm.

Condition and subject effects were estimated according
to a general linear model at each voxel in brain space. We
initially implemented 13 separate within-subject analyses.
For each subject, we specified two contrast vectors to pro-
duce SPMs that identified regions activated by temporal
orienting in either task by contrasting the condition in
which cues conveyed temporal information with the con-
dition in which they conveyed no temporal information
([Motor Time − Motor Neutral] or [Perceptual Time −
Perceptual Neutral]).

Each of the 13 maps (one per subject) that had been de-
fined for each contrast of interest were then entered into a
second level of analysis, and statistical inferences for each

contrast were derived using one-sample (simple main ef-
fects) or paired (interactions) t tests in SPM. We identified
(1) regions selectively recruited by temporal orienting
during each task independently (i.e., the simple main ef-
fects of cue [Motor Time−Motor Neutral] and, separately,
[Perceptual Time− Perceptual Neutral]), (2) regions pref-
erentially activated by temporal orienting during one task
compared with the other (i.e., the interaction between
task and cue [Motor Time−Motor Neutral]− [Perceptual
Time − Perceptual Neutral] and, conversely [Perceptual
Time− Perceptual Neutral]− [Motor Time−Motor Neu-
tral]), and (3) regions common to temporal orienting during
both tasks (i.e., the conjunction of the simple main effect
of cue inmotor and perceptual tasks ([Motor Time−Motor
Neutral] and [Perceptual Time− Perceptual Neutral]). To
control for the large sensorimotor differences across tasks,
the time conditions were first compared with their respec-
tive neutral conditions (simple main effects of cue) before
then being compared with one another (Cue× Task inter-
action). For reference purposes, the main effects of each
task [(Motor Time+Motor Neutral)− (Perceptual Time+
Perceptual Neutral)], and vice versa were separately as-
sessed using one-sample t tests and are included in Sup-
plementary Material. However, the main purpose of this
investigation was to interrogate whether discrete compo-
nents of these task-specific networks could be modulated
by temporal attention, hence the contrasts comparing tem-
poral to neutral cues (described above) form the basis of
this report.
As previous findings in the literature (Coull, Nobre, &

Frith, 2001; Coull & Nobre, 1998) allow us to define a spe-
cific region (viz. left inferior parietal cortex and IPS) within
which to interrogate the data for simple main effects and
interactions, we adopted a significance threshold for this
region that was uncorrected for multiple comparisons
( p < .001). This region was further subject to a small
volume correction procedure, thresholded at p< .05 cor-
rected (using false discovery rate) for multiple comparisons.
The restricted search volume was defined as a spherical
ROI, with a radius of 12 mm, centered on the mean coor-
dinate (−36, −51, 45 mm) of previously reported (Coull
et al., 2001; Coull & Nobre, 1998) activation peaks. Other-
wise, all other regionswere thresholded at p< .05, corrected
(using false discovery rate) for multiple comparisons. In
addition, we inclusively masked activations resulting from
the Task × Cue interaction analysis with the simple main
effects of temporal cue for each task type (e.g., ([Motor
Time − Motor Neutral]− [Perceptual Time− Perceptual
Neutral] was masked inclusively by [Motor Time − Motor
Neutral] thresholded at p < .05, uncorrected for multiple
comparisons). This procedure ensured that the activations
reported for the interaction were due to temporal cueing
in the task of interest rather than neutral cueing in the
comparison task.
Additionally, we investigated task-related changes in

functional brain connectivity using psychophysiological
interactions (PPIs). The PPI analysis examines whether
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region-to-region coactivation changes significantly as a
function of task. Our physiological regressor was activity
within the area of left parietal cortex specific to temporal
orienting, the psychological regressor was the nature of
the task (perceptual vs. motor) and the interaction be-
tween these two regressors represented the PPI. The seed
area for the physiological regressor was defined in the fol-
lowing manner: The peak voxel location from the group
conjunction map, corresponding to the brain area com-
monly involved in both motor and perceptual temporal
orienting, was used to locate the nearest local maximum
to the center of this volume in individual subject maps
(i.e., the nearest single-subject peak to the coordinate
[−33 −45 39]). For each subject, we identified this peak
within the contrast map that contained activity from both
themotor and perceptual tasks (i.e., themain effect of tem-
poral cueing [(Motor Time + Perceptual Time) − (Motor
Neutral + Perceptual Neutral)], thresholded at p < .01).
We then defined a spherical VOI (12-mm radius) centered
upon this peak. All single-subject VOIs lay within the
12-mm FWHM of the dataset and within a 12-mm radius
from the group conjunction peak (with eight of the VOIs
being centered exactly on this peak), apart from one sub-
ject whose VOI was centered 15 mm anterior to the group
peak.
Using these subject-specific VOIs, eigenvariate time se-

ries were extracted from individual subject data to create
one physiological regressor per run. These extracted data
were used as inputs towhole-brain PPI analyses, alongwith
the psychological regressor corresponding to task type
(motor/perceptual) to generate individual subject PPI
maps. A second level analysis was performed on individual
PPI maps to investigate task-related changes in functional
connectivity of left parietal cortex with any other area of
the brain during temporal orienting in a motor or a per-
ceptual context. PPI maps were thresholded at p < .001
(minimum voxel extent 3).

RESULTS

Behavioral Data

Behavioral Pilot Study

During the motor detection task, RTs were faster when
temporal cues were used (197 msec) than when neutral
cues were provided (216 msec; F(1, 9) = 30.84, p < .001).
There was also amain effect of ISI duration (F(1, 9) = 5.76,
p< .05), such that RTs were faster for short ISIs (204msec)
than for long ones (214 msec). However, the interaction
between the two factors was not significant.
For the perceptual discrimination task, signal detection

theory revealed a significant perceptual advantage for tem-
poral cues. Mean d 0 was higher (F(1, 9) = 11.88, p < .01)
when temporal (mean d 0 = 1.80) rather than neutral
(mean d 0 = 1.39) cues were presented. The main effect
of temporal cue on beta was far from significant (F < 1).

Temporal cueing thus modulated perceptual sensitivity
but not response criterion. We also examined percentage
correct as a function of cue and ISI duration and found a
significant interaction between temporal cue and ISI dura-
tion (F(1, 9) = 21.68, p< .01). Specifically, temporal cues
helped to correctly discriminate the targetʼs appearance at
the short ISI (a benefit of 8%, p < .01) but not at the long
one (a benefit of 1%,p=.19). An asymmetric cueingbenefit
for short versus long ISIs is a common finding in temporal
orienting tasks (Correa et al., 2006; Coull et al., 2000; Coull
& Nobre, 1998) and is because of changing conditional
probabilities of target appearance as a function of elapsing
time (the “hazard function”; Niemi & Näätänen, 1981).

Overall, the results of the behavioral study validated the
paradigm, showing that temporal cues improved both
motor and perceptual behavior.

fMRI Study

Data collected during the brain imaging session confirmed
the temporal cue advantage for the motor detection task
(F(1, 12) = 36.28, p < .001). RTs were faster when tem-
poral cues were provided (344msec) compared with neutral
cues (383 msec). An interaction with ISI duration showed
that this benefit tended to be greater (F(1, 12) = 4.17,
p = .06) for the short ISI duration (a benefit of 50 msec)
than for the long one (a benefit of 28msec). Temporal cues
also improved accuracy of perceptual discrimination during
the fMRI session. Specifically, d 0 was higher (F(1, 12) =
24.22, p < .001) in the time condition (mean d 0 = 1.18)
than in the neutral condition (mean d 0 = 0.72). By con-
trast, there was no effect of cueing on beta (F < 1). The
analysis of percentage correct at each of the ISIs showed
improved performance with temporal cues at the short
compared with long delay, although this effect did not
reach a significant level (F(1, 12) = 2.05, p = .18).

fMRI Data

Temporal Orienting Activity in Motor
and Perceptual Tasks

Analyzing the simplemain effects of cue revealed that tem-
poral, compared with neutral, cueing in the motor detec-
tion task selectively activated left parietal cortex, including
both IPS and a more lateral region of inferior parietal cor-
tex (Table 1A and Figure 2, top). Crucially, in the percep-
tual discrimination task temporal versus neutral cueing
also revealed activation of left IPS (Table 1B and Figure 2,
bottom). Therewere absolutely no other clusters of activity,
even at a liberal threshold of p < .001 (uncorrected for
multiple comparisons).

The interaction between task type and cue, in which
motor temporal cueing is compared directly to perceptual
temporal cueing, revealed preferential activation of left IPS
([−33−57 54] Z=3.47), left lateral inferior parietal cortex
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([−54−48 48] Z= 3.55), and left ventral premotor cortex
([−30 3 0] Z = 3.86) for the motor versus perceptual ver-
sion of the task. We also noted subthreshold activity
selective to the motor temporal cueing in the right-sided

homologues of both inferior parietal cortex ([45,−60, 54]
Z=3.63, p< .001 uncorrected) and ventral premotor cortex
([39 0 24] Z = 4.15, p < .001 uncorrected). Although we
had no a priori hypothesis that these right-sided areas

Figure 2. Left inferior parietal
cortex is activated by temporal
orienting (time–neutral) during
both (A) motor detection and
(B) perceptual discrimination
tasks. Activations are displayed
on coronal and saggital sections
of a coregistered template
brain. The left side of the figure
corresponds to the left side
of the brain.

Table 1. Temporal Orienting Activity, as Identified by the Contrast Time–Neutral, for (A) Motor and (B) Perceptual Versions
of the Task, as well as Activity that is (C) Common to Both Motor and Perceptual Tasks

Anatomical Structure x, y, z Coordinates (mm) Z score

(A) Motor Detection

L IPS −36, −57, 48 4.23

−45, −42, 36 4.08

L lateral inferior parietal cortex (BA 40) −48, −51, 57 3.54

(B) Perceptual Discrimination

L IPS −33, −48, 36 3.32

(C) Common to Motor Detection and Perceptual Discrimination

L IPS −33, −45, 39 3.27

All activations were in hypothesized areas (left inferior parietal cortex and IPS; Coull & Nobre, 1998) and, therefore, significant at an uncorrected
whole-brain threshold of p < .001. Supplementary small volume correction analysis further confirmed the significance of these areas at a corrected
threshold of p < .05. L = left; BA = Brodmannʼs area.

3324 Journal of Cognitive Neuroscience Volume 23, Number 11



would be activated by temporal orienting and, therefore,
cannot formally treat them as significant at our uncorrected
threshold, we report them here simply for completeness.
No areas were significantly more activated by temporal cue-
ing during the perceptual discrimination compared with
motor detection task.

Temporal Orienting Activity Common
to Motor and Perceptual Tasks

Conjunction analysis formally revealed that temporal
orienting in bothmotor detection and perceptual discrimi-

nation tasks activated one region in common, namely left
IPS (Table 1C and Figure 3A).

Task-specific Patterns of Intraparietal
Functional Connectivity

PPI analysis revealed that functional connectivity of left IPS
fluctuated as a function of the task (perceptual vs. motor).
Specifically, the analysis revealed functional connectivity
between left IPS and bilateral extrastriate visual cortex
during the perceptual task. Conversely, we observed func-
tional connectivity between left IPS and bilateral precentral

Figure 3. (A) Top: A task-
independent temporal orienting
area (yellow) is located in the
left IPS, as revealed by the
conjunction analysis of brain
areas involved in motor (green)
and perceptual (red) versions
of the temporal orienting
task. Bottom: Plot of brain
activity (beta values) in this left
IPS cluster [peak −33 −45 39]
showing greater activity in the
time compared with neutral
conditions for both motor and
perceptual tasks. The dashed
line indicates left IPS activity
during the baseline condition.
(B) Functional connectivity of
left IPS changes as a function
of task context. Activity in left
IPS covaries with activity in
extrastriate visual cortex during
the perceptual discrimination
task, but with activity in
premotor cortex during the
motor detection task.

Table 2. PPI Results: Brain Areas Expressing an Interaction between Activity in Left IPS and the (A) Motor versus (B) Perceptual
Nature of the Task

Anatomical Structure x, y, z Coordinates (mm) Z score

(A) Motor Detection

R ventral premotor cortex (BA 6/44) 66, 0, 15 3.89

L inferior frontal gyrus (BA 44) −45, 6 33 3.41

L primary motor cortex (BA 4) −30, −21, 57 3.88

(B) Perceptual Discrimination

L fusiform gyrus (BA 18/19) −15, −81, −12 3.78

R fusiform gyrus (BA 18) 27, −78, −12 3.48

All activations are significant at an uncorrected threshold of p < .001. L = left; R = right; BA = Brodmannʼs area.
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and inferior frontal gyri during the motor task (Figure 3B
and Table 2).

DISCUSSION

The aim of this study was to investigate whether left infe-
rior parietal cortex was consistently activated by temporal
orienting whether temporal cues helped subjects make
speeded motor responses or difficult perceptual discrimi-
nations. Analysis of behavioral data confirmed that tem-
poral cues significantly enhanced both motor speed and
perceptual sensitivity. Crucially, fMRI results confirmed
that temporal orienting activated left inferior parietal cor-
tex whether temporally informative cues were used to re-
act more quickly or to optimize perceptual discrimination.
Although the behavioral benefits of temporal orienting are
now well established, this is the first neuroscientific dem-
onstration that activation of left inferior parietal cortex
during temporal attentional orienting is independent of
task goals.

Task-independent Activation of Left IPS by Both
Motor and Perceptual Temporal Orienting

Left inferior parietal cortex is selectively activated both
when subjects expect a target to appear at a particular mo-
ment in time (Coull &Nobre, 1998) or when they expect to
provide a particular motor response (Rushworth et al.,
2001; Rushworth, Nixon, Renowden,Wade, & Passingham,
1997). We , therefore, designed the present study to estab-
lishwhether left inferior parietal cortex activity during tem-
poral orienting tasks simply reflects the ability to prepare a
motor response at a particular moment in time or, more
generally, to direct attentional resources in time so as to
optimize performance, whatever the nature of the task.
First, we confirmed previous findings (e.g., Cotti et al.,
2011; Coull et al., 2001; Coull & Nobre, 1998) that tem-
poral orienting selectively activates left inferior parietal
cortex when temporal cues are used to speed motor re-
sponding. Second, we show, for the first time, that tem-
poral orienting also activates left inferior parietal cortex
when temporal cues are used to help make difficult per-
ceptual discriminations. Third, by comparing and contrast-
ing neural substrates of motor and perceptual temporal
orienting tasks within the same experimental paradigm
(taking care to use amatched neutral cue condition to con-
trol for sensorimotor differences across tasks), we show
that temporal orienting in both tasks activated the same
region of left inferior parietal cortex, deep in the IPS, thus
identifying this region as a core neural substrate for the ori-
enting of attention in time, independent of task context.

We did note, however, subtle neuroanatomical differ-
ences according to the motor versus perceptual nature
of the task: Although motor temporal orienting activated
distinct areas of left IPS and adjacent lateral inferior parietal
cortex, the activation was restricted to a single left IPS clus-

ter during perceptual temporal orienting (Figure 2). As dis-
cussed above, this pattern of results establishes left IPS as a
core neuroanatomical substrate for temporal orienting but
additionally suggests that the more lateral inferior parietal
region is implicated more specifically in motor aspects of
attentional orienting. Consistent with this hypothesis, lat-
eral areas of left inferior parietal cortex, more precisely left
supramarginal gyrus, have already shown to be implicated
in the selection and preparation of hand movements inde-
pendently of the lateralization (left/right) of the move-
ment required (e.g., Hesse, Thiel, Stephan, & Fink, 2006;
Astafiev et al., 2003; Rushworth, Johansen-Berg, Gobel, &
Devlin, 2003; Rushworth et al., 2001). The lack of a more
lateral parietal activation during the perceptual orienting
task (Table 1) suggests that subjects did not use temporal
cues to prepare the onset of a motor response in this task
but, instead, to better discriminate a temporally defined
target from surrounding visual distractors.
The interaction analysis revealed that temporal orient-

ing induced subthreshold activations in right premotor
and parietal cortices during themotor, but not perceptual,
task. Although nonsignificant, these activations are worth
mentioning given previous findings that motor versions of
both spatial and temporal orienting engage an overlapping
bilateral fronto-parietal network when compared with
baseline (Coull & Nobre, 1998). However, spatial orienting
was found to preferentially activate right parietal cortex
when compared directly to temporal orienting, whereas
temporal orienting preferentially activated left parietal
cortex when compared directly to spatial orienting (Coull
& Nobre, 1998). Therefore, although both hemispheres
were recruited by both spatial and temporal orienting,
each hemisphere was differentially sensitive to the spatial
versus temporal characteristics of the task. Indeed, the
greater specificity of left parietal cortex for temporal ori-
enting is further supported by our current findings show-
ing that left parietal cortex was the only region activated by
both motor and perceptual versions of the task, whereas
right parietal cortex was activated only (and at a subthresh-
old level) when the motor version was compared directly
to the perceptual version. Therefore, although right parie-
tal cortex may contribute to the distributed network of re-
gions required to perform duration estimation (e.g., Bueti,
Bahrami, & Walsh, 2008; Coull et al., 2004) or temporal
orienting (Coull & Nobre, 1998), its involvement is not se-
lective to either one of these. In addition, although some
recent studies have demonstrated a selective role for right
parietal cortex in timing, they havemeasured the temporal
order of sequential events rather than the duration of a single
event (VanRullen, Pascual-Leone, & Battelli, 2008; Battelli,
Pascual-Leone, & Cavanagh, 2007).

Relevance to Prior Studies
of Temporal Predictability

In contrast to our consistently left-lateralized activations
for temporal orienting (Cotti et al., 2011; Coull et al.,
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2001; Coull & Nobre, 1998) others have highlighted a role
for right PFC in temporal predictability (Bueti, Bahrami,
Walsh, & Rees, 2010; Vallesi, McIntosh, Shallice, & Stuss,
2009; Vallesi, Shallice, & Walsh, 2007). Crucially, how-
ever, these studies measured temporal expectations that
evolved as a function of the passage of time itself (the
“hazard function”). In our temporal orienting studies by
contrast, we measure expectations for a fixed moment in
time that are derived a priori from learned visual cues
(although see Triviño, Correa, Arnedo, & Lupiáñez, 2010,
who have recently shown that an intact right PFC is neces-
sary, but not specific, for temporal expectations derived
either from the passage of time or from learned cues). In
hazard function studies, subjects learn that a target can
appear within a range of possible times and the expecta-
tion for target onset evolves dynamically within a single
trial as a function of passing time. In the temporal orienting
studies, on the other hand, subjects learn that a given cue
indicates a particular onset time and so, within a single
trial, expectations are fixed to the prelearned time.
Electrophysiological recordings of the contingent nega-

tive variation, a slow wave indexing temporal preparation,
support the important distinction between expectations
derived from the passage of time or those derived from
learned cues. Specifically, when the contingent negative
variation was measured over right frontal electrodes, it in-
creased steadily until the end of the ongoing stimulus
duration (Pfeuty, Ragot, & Pouthas, 2003), whereas if it
was measured over left frontal (Pfeuty et al., 2003), parietal
(Macar & Vidal, 2003), or premotor (Praamstra, Meyer,
Cools, Horstink, & Stegeman, 1996) electrodes, it in-
creased only up until the learned (or entrained) duration
had been reached. This hemispheric distinction parallels
previous fMRI data in which targets appearing at a delay
later than expected, necessitating updating of expecta-
tions as a function of elapsed time, activated right frontal
areas (Coull et al., 2000), whereas those appearing at pre-
viously learnt cued times activated left premotor and
parietal areas (Coull & Nobre, 1998). Considered as a
whole, these data suggest that right-sided cortical areas
are critical for updating temporal expectations as a function
of time-in-passing, whereas left parietal cortex is engaged
when an overlearned temporal expectation is deployed in
the first place.

Task-specific Functional Connectivity of Left IPS
with Motor and Visual Processing Areas

Conventional fMRI analyses provide information about the
fluctuation of brain activity within a particular region as a
function of the experimental manipulation. On the other
hand, PPI analysis assesses correlations in activity between
different brain areas and estimates how this correlation
fluctuates according to experimental conditions. In the
present study, this method was used to investigate how
the functional connectivity of left IPS during temporal ori-

enting changes as function of the motor or perceptual na-
ture of the task. As illustrated in Figure 3B, we observed
that the level of activity in left IPS correlated over time with
activity in bilateral premotor/motor cortex for the motor
detection task and with activity in bilateral occipital cortex
for the perceptual discrimination task. These differential
patterns of interregional coactivation were consistent
with distinct networks specific to the inherent character-
istics of each cognitive task (motor vs. perceptual) and
provided information, complementary to the results of
the conventional analysis, concerning potential attentional
mechanisms.

Merely attending to a specific stimulus feature, even in
the absence of physical change, modulates activity in basic
feature-specific visual processing areas (e.g., Pessoa et al.,
2003; Kastner & Ungerleider, 2001; Corbetta, Miezin,
Dobmeyer, Shulman, & Petersen, 1990). In particular,
modulation of feature- or sensory-specific activity by spa-
tially directed attention has been the focus of a large body
of work. Spatial attention affects neural activity through
top–down inputs and biases information processing for
stimuli appearing at the attended location (Kastner &
Ungerleider, 2001). Functional brain imaging studies sup-
port the idea that this top–down spatial attention signal is
generated by a distributed network of higher-order areas
in frontal and parietal cortex (for a meta-analysis, see
Kastner & Ungerleider, 2000). It is possible that analogous
attentional control mechanisms may be activated during
directed temporal orienting such that left IPS generates
a top–down biasing signal for activity in task-specific
sensorimotor areas (i.e., areas recruited for processing of
specific stimulus features or motor task goals) so as to
bias information processing for stimuli appearing at the
cued time.

Electrophysiological recordings in nonhuman primates
have shown that temporal expectancymodulates neuronal
firing in ventral visual cortex during a feature discrimina-
tion task (Ghose & Maunsell, 2002) or in inferior temporal
cortexduring aperceptual temporal orienting task (Anderson
&Sheinberg, 2008). In addition, very recent fMRI data dem-
onstrate modulation of primary visual cortex activity by
temporal expectancy in a speeded RT task (Bueti et al.,
2010). Our own fMRI data reveal modulation of ventral oc-
cipital cortex by temporal expectancy during perceptual,
but not motor, temporal orienting. The ventral visual (or
“what”) pathway, projecting ventrally from primary visual
cortex to inferior temporal cortex, is implicated in visual
feature identification (Milner & Goodale, 1995; Mishkin,
Ungerleider, & Macko, 1983). The lateral occipital complex
in particular (located on the lateral bank of the fusiform
gyrus extending ventrally and dorsally) plays a central role
in human object recognition (Grill-Spector, Kourtzi, &
Kanwisher, 2001; Kourtzi & Kanwisher, 2001; Malach
et al., 1995). Coactivation of left IPS with lateral occipital
cortex during temporally directed attention could, there-
fore, provide support for the notion that left IPS modu-
lates activity in areas primordially engaged in the feature
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discrimination aspects of our perceptual temporal orient-
ing task.

In a similar vein, the motor intention literature shows
that activity in motor processing areas can be modulated
simply by anticipating that a movement will be executed,
even in the absence of physical motor execution (Fabbri-
Destro&Rizzolatti, 2008; Fadiga, Fogassi, Pavesi, &Rizzolatti,
1995). This is a process perhaps equivalent to the atten-
tional “baseline shift,” in which anticipation that a particu-
lar stimulus feature will be presented increases activity in
feature-specific processing areas even before the stimulus
has been physically presented (Chawla, Rees, & Friston,
1999; Kastner, Pinsk, DeWeerd, Desimone, & Ungerleider,
1999). Covariation of left IPS with premotor cortex in our
motor detection task suggests anticipatory modulation of
premotor activity and is consistent with electrophysiologi-
cal data showing modulation of motor cortex activity
(either increased spike synchronisation [Riehle, Grun,
Diesmann, & Aertsen, 1997] or increased firing [Renoult,
Roux, & Riehle, 2006; Roux, Coulmance, & Riehle, 2003])
as a function of temporal expectancy in a choice RT task.
Our premotor activity was localized to ventral premotor
cortex (BA 6/44) bilaterally, considered the human homo-
logue of monkey area F5 and anatomically connected to
inferior parietal cortex (Luppino, Murata, Govoni, &Matelli,
1999). This circuit is critical in visuomotor transformations
(Rizzolatti & Luppino, 2001) and has been implicated in the
selection and preparation of hand movements (Rushworth
et al., 2003; Toni, Rushworth, & Passingham, 2001). It is,
therefore, conceivable that during motor tasks, temporally
directed attention modulates activity in hand preparation
areas, thus helping subjects to promptly perform the re-
quired manual motor act.

Yet, although functional connectivity analysis identifies
regions that covary with one another, it does not specify
the direction of influence. Therefore, the functional con-
nectivity between left IPS and task-specific processing
areas could instead represent a signal from visual or pre-
motor cortices toward IPS. Elapsed time can be encoded
within patterns of neural activity in context-specific process-
ing areas (e.g., Mauk & Buonomano, 2004; Buonomano &
Karmarkar, 2002). Therefore, in our perceptual temporal
orienting task, the neural signature of elapsed time, instan-
tiated in visual cortex (Bueti et al., 2010; Ghose &Maunsell,
2002), could signal when the cued time was reached and,
therefore, activate attentional mechanisms in IPS. Parietal
cortex may then, in turn, feedback into visual cortex so
as to bias information processing. Given the lack of direc-
tionality in functional connectivity analysis, we cannot yet
conclude whether our data represent a bottom–up or
top–down mechanism, or indeed some combination of
the two.
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