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Abstract
Success in a dynamically changing world requires both rapid shifts of attention to the location of
important objects and the detection of changes in motivational contingencies that may alter future
behavior. Here we addressed the relationship between these two processes by measuring the
blood-oxygenation-level-dependent (BOLD) signal during a visual search task in which the
location and the color of a salient cue respectively indicated where a rewarded target would appear
and the monetary gain (large or small) associated with its detection. While cues that either shifted
or maintained attention were presented every 4 to 8 seconds, the reward magnitude indicated by
the cue changed roughly every 30 seconds, allowing us to distinguish a change in expected reward
magnitude from a maintained state of expected reward magnitude. Posterior cingulate cortex was
modulated by cues signaling an increase in expected reward magnitude, but not by cues for
shifting versus maintaining spatial attention. Dorsal fronto-parietal regions in precuneus and FEF
also showed increased BOLD activity for changes in expected reward magnitude from low to
high, but in addition showed large independent modulations for shifting versus maintaining
attention. In particular, the differential activation for shifting versus maintaining attention was not
affected by expected reward magnitude. These results indicate that BOLD activations for shifts of
attention and increases in expected reward magnitude are largely separate. Finally, visual cortex
showed sustained spatially selective signals that were significantly enhanced when greater reward
magnitude was expected, but this reward-related modulation was not observed in spatially
selective regions of dorsal fronto-parietal cortex.
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1.Introduction
Reward and spatial attention are closely intertwined during natural behavior, as animals and
people frequently shift their attention to the location of potentially rewarding stimuli.
Therefore, it is important to understand how the neural activity related to shifts of attention
is affected by reward-related variables. Many studies have shown that in humans, dorsal
fronto-parietal regions such as frontal eye field (FEF), intraparietal sulcus (IPS) and
precuneus play a primary role in controlling spatial attention (Corbetta et al., 2008; Shulman
et al., 2009; Kelley et al., 2008; Serences and Yantis, 2007). Mesulam has proposed that the
posterior cingulate is an interface between this dorsal attention network and limbic areas
traditionally associated with reward and motivation (Mesulam, 1981). In support, Mesulam
and colleagues have reported that the correlation between neural activity in the posterior
cingulate (PC) and the behavioral benefit of anticipatory shifts of attention is enhanced by
motivational incentives (Small et al., 2005; Mohanty et al., 2008). However, these studies
have left unclear whether the posterior cingulate is modulated specifically by shifts of
attention. A second line of research involving single-unit studies in monkeys has led to a
more general proposal that the posterior cingulate encodes environmental variables, such as
reward outcomes or changes in reward contingencies, that affect the expected value of
stimuli or actions and prompt changes in subsequent behavior (McCoy and Platt, 2005;
Hayden et al., 2008; Pearson et al., 2011). According to this view, activity in the posterior
cingulate is not necessarily tied to shifts of attention.

Conversely, it is unclear how different components of the dorsal attention network are
affected by reward-related variables. In recent fMRI studies a clear functional-anatomical
segregation has been found between signals for shifting attention from one location to
another and signals for maintaining attention at contralateral versus ipsilateral locations
(Shulman et al., 2009; Kelley et al., 2008; Greenberg et al., 2010). How these specific
attentional signals within the dorsal network are modulated by reward-related variables,
however, has not been studied. To address these issues we manipulated two kinds of reward-
related signals: signals associated with a change in expected reward magnitude (e.g. a
transition from low to high expected reward magnitude), and signals associated with a
maintained state of expected reward magnitude (e.g. high expected reward magnitude). We
also manipulated whether these reward-related signals occurred in conjunction with shifts of
attention between locations or with maintenance of attention at a location. Specifically,
subjects searched for a rewarded target object in one of two rapid-serial-visual-presentation
(RSVP) streams presented left and right of fixation. The location of an occasional salient cue
indicated which stream would contain a target. A cue might appear in the currently attended
stream, indicating that attention should be maintained, or it might appear in the opposite
stream, evoking a shift of attention. The color of the cue indicated whether the detection of
subsequent targets in the cued stream would be rewarded with small or large monetary
gains. Because the cue color only changed roughly every 30 seconds, activations due to a
change in reward contingency (e.g. a shift from low to high expected reward magnitude)
could be distinguished from activations reflecting a tonic state of high or low reward
expectation.
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2.Material and Methods
2.1. Participants

Twenty-seven right-hand volunteers with normal or corrected-to-normal vision and no
history of psychiatric disorders gave written consent to participate in the study, in agreement
with the guidelines of the human studies committee of Washington University School of
Medicine. Data from twenty-six subjects were included in the fMRI study, while the data
from one subject was excluded because of excessive eye movements.

2.2. Paradigm and Stimuli
Subjects performed a RSVP (rapid serial visual presentation) visual search task involving
search for a predefined target object in two visual streams of objects, one left and one right
of fixation (Fig. 1A). Each task-relevant stream was surrounded by three task-irrelevant,
distracting streams, ensuring that attention needed to be focally directed to the relevant
stream. At regular intervals, a highly salient cue stimulus (a filled colored square) was
presented in one of the two streams location, with no other objects presented in the other
stream locations. The location (left, right) and the color of the cue (green, red) indicated,
respectively, which of the two streams would contain subsequent targets and the reward
value associated with detection of those targets. In half of the participants, the red and green
cues were associated with a reward of 1 and 20 cents, respectively, while the association was
reversed for the other half. The location of the cue always correctly predicted the location of
the target (spatial cue validity = 100%) but only correctly predicted the reward associated
with a detected target with probability .75 (reward cue validity = 75%). In order to
manipulate the reward validity of the cue, two different orientations (upright and upside
down) of the target object were presented. One orientation indicated that the expected
reward would be received (e.g. high reward target following a high reward cue), while the
other orientation indicated that the unexpected reward would be received (e.g. low reward
target following a high reward cue). The effect of reward validity on the BOLD response is
not discussed in the current paper since it focuses on the relationship between signals for
reward expectation and spatial attention rather than on signals associated with the detection
of rewarded targets such as the ‘reward-prediction’ errors produced by unexpected rewards
(Sutton and Barto, 1981; Schultz, 1998, 2004).

A cue stimulus either occurred in the same location as the previous cue stimulus, indicating
that attention should be maintained on the same stream (stay cue), or occurred in the
opposite location, indicating that attention should be shifted to the opposite stream (shift
cue). Cues occurred on average every 4.12, 6.18 or 8.24 sec within a temporal window of
400 msec centered on those time points. While shift and stay cues were selected randomly,
the reward value of the cue, indicated by its color, changed roughly every 30 seconds,
therefore producing blocks in which reward expectation was fixed. Modulations due to
changes of reward contingencies were studied by distinguishing the cue that appeared at the
beginning of a block (transition cue) from the cues that appeared within a block (stream
cues).

Although the cue indicated both the location and reward value of subsequent targets, it never
predicted when a target would occur. Targets occurred on average every 8 sec. Each non-cue
display frame in the RSVP sequence was shown for 200 msec, resulting in a relatively high
level of target identification (90% accuracy).

Target and distracter objects contained in the eight RSVP streams were 3 by 3 degrees (deg)
drawings of colored inanimate objects. The cue stimulus was a 3 by 3 deg filled square of
red or green color. Both target and cue stimuli were only presented in the more central, 5
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deg eccentric RSVP stream and never in the distracter streams located one above, one below
and one more eccentric to the target stream.

The experimental design, which was a modified version of a paradigm previously used to
investigate the relationship between signals for shifting of attention and the frequency of
shifting attention (Shulman et al., 2009), controlled for several important factors. First, it
eliminated time-locked activations to the cues that were related to the temporal prediction of
target onset (Coull and Nobre, 1998; Coull et al., 2000), ensuring that the cues provided
information only about reward magnitude and the location of attention/reward. Second, by
independently manipulating shifts of attention (shift versus stay cues), and changes in
expected reward magnitude (transition versus stream cues), the effects of shifts of spatial
attention were studied independently of changes in reward contingencies. Third, the design
allowed a well controlled test of whether expected reward magnitude affected signals
specifically associated with shifts of attention, since perceptually identical cue stimuli
instructed subjects either to shift or to maintain attention under different levels of reward
expectation in a factorial design.

2.3. Procedure
Before participating in the fMRI experiment subjects were familiarized with the task in a
behavioral training session in which they were initially shown the target object (the bus in
Fig. 1A) and then underwent a staircase procedure in which performance was monitored
during a series of runs in which the duration of each target and distracter frame in the RSVP
sequence was progressively reduced up to a frame duration of 200 msec. When the desired
accuracy threshold was satisfied (target was detected with 90% accuracy), subjects were
informed about the different reward values associated with the color of the cue (in half of
the subjects red and green indicated a 20 cent reward and 1 cent reward for a detected target,
respectively, while the color-reward association was reversed for the remaining half).
Subjects were also told that the target would always occur at the cued location but that it
could violate the reward expectation (high, low) indicated by the cue (75% valid reward)
and were instructed about the reward significance of the upright and upside down targets. As
mentioned above (see paradigm and stimuli section), violation of reward expectation
associated with the cue stimulus was manipulated by presenting two opposite orientations
(upright and upside down) of the same target object. For half of the subjects, the upright
object was the most frequent target and had a reward value that conformed to that indicated
by the color of the cue, while the upside down object was less frequent and had a reward
value opposite to the one indicated by the cue. The opposite association was given to the
other half of the subjects.

The eye movement records from the training session were used to screen out subjects who
were not able to maintain fixation. Only subjects that did not exceed a threshold of about 3–
4 eye movements per 3 minutes of recording were subsequently selected for the actual
experiment.

The experiment started with the appearance of the fixation cross followed by the onset of a
cue stimulus that directed attention to one of the two stream locations and the onset of the
eight RSVP streams. The duration of each display frame containing the 8 objects of the
RSVP streams was 200 msec. The duration of the cue frame was 160 msec, with no inter-
stimulus interval (ISI) between cue and display frames or between consecutive display
frames. Targets had a fixed, independent probability of being displayed within each 1 sec
interval and occurred on average every 8 sec. The hazard function was flat, with the
following exceptions. A minimum inter-target interval of 1 sec was instituted to allow
detection responses to be separately collected on each target presentation. Cue and target
onsets were independent except that a target could not occur simultaneously with a cue or in
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the 200 msec display frame preceding the onset of a cue. Each subject performed 16 scans/
session where each scan was of 206.4 sec duration. In addition to their regular fixed
participation fee, subjects could earn up to a maximum amount of 37 dollars based on their
performance.

2.4. Eye movement recording
Eye position was monitored and recorded in all subjects during both the behavioral training
and the fMRI experiment via an infrared eye-tracking system (ISCAN ETL-220 during
scanning and ASL 504 during behavioral measurements).

2.5. fMRI methods
Image acquisition and apparatus—Magnetic resonance imaging (MRI) scans were
collected on a Siemens Allegra 3T scanner, using a gradient-echo echoplanar imaging
sequence to measure BOLD contrast over the entire brain [Thirty-two contiguous 4 mm
thick axial slides, 4 × 4 mm in-plane resolution, echo time (TE), 25 msec; flip angle, 90°,
repetition time (TR), 2.06 sec]. Anatomical images were acquired using a magnetization-
prepared rapid acquisition gradient echo (MP-RAGE) sequence (TR, 1810 msec; TE, 3.93
msec; flip angle 12°; inversion time, 1200 msec, voxel size, 1 × 1 × 1.25 mm). Visual
stimuli were presented with a Power Macintosh G4 computer running Matlab software with
the psychophysics toolbox (Brainard, 1997; Pelli, 1997), projected to the head of the scanner
via a liquid crystal display projector (sharp LCD, C20X) and viewed through a mirror
attached to the head coil.

Preprocessing and statistical analyses—Differences in the acquisition time of each
slice in a MR frame were compensated by sinc interpolation so that all slices were aligned to
the start of the frame. Functional data were realigned within and across scans to correct for
head movement using six-parameter rigid body realignment. A whole brain normalization
factor was uniformly applied to all frames within a scan in order to equate signal intensity
across scans. Images were resampled into 3 mm isotropic voxels and transformed into a
standardized atlas space (Talairach and Tournoux, 1988). Movement correction and atlas
transformation was accomplished in one resampling step to minimize blur and noise.

The hemodynamic responses time-locked to the presentation of cue and target stimuli were
estimated without any shape assumption (Ollinger et al., 2001a; Ollinger et al., 2001b), on a
voxel by voxel basis, according to the general linear model (GLM). Evoked responses to cue
stimuli were analyzed as a function of 1) cue onset position, i.e. whether cues were
presented at the beginning (transition cues) or within (stream cues) a constant reward block,
2) expected reward magnitude, i.e. whether cues signaled a low or a high expected reward
magnitude of the target, 3) cue type, i.e. whether cues occurred in the opposite (shift cues) or
in the same location (stay cues) as the previous cue stimulus and 4) cue location, whether
cues were presented in the left or right RSVP stream (also classified as contralateral or
ipsilateral to the region under examination).

Two different models were used. The first model included sixteen cue regressors (factorial
combination of stay/shift, left/right, high/low reward, transition/stream cue) and eight target
regressors (factorial combination of valid/invalid, left/right, high/low reward) for a total of
240 task-related regressors, in addition to baseline and linear trend regressors in each scan.
The second model was identical to the first with the exception that cue regressors were
collapsed across transition and stream cues for a total of 160 task-related regressors. Each
cue and target regressor consisted of 10 time points regressors extending out to 18.5 sec. The
time courses of the evoked response to these different types of cues and target stimuli were
then analyzed at the whole brain level using voxelwise within-subject ANOVAs or within
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regions of interest (ROIs), identified from voxelwise maps (regional analyses). Before
conducting the voxelwise ANOVAs, the time course data were spatially smoothed by a
Gaussian filter with a full-width-at-half-maximum of 6 mm. Voxelwise ANOVAs were
corrected for non-independence of time points by adjusting the degrees of freedom and for
multiple comparisons using joint z-score/cluster size thresholds (Forman et al., 1995)
corresponding to z = 3.0 and a cluster size of 13 face-contiguous voxels. The z-score/cluster
size thresholds were determined using volume-based monte-carlo simulations. Regional
ANOVAs were conducted on regions-of-interest (ROIs) that were automatically created
from the voxel-level maps using a peak-finding routine (Kerr et al., 2004). For each subject
and ROI, the BOLD time courses for a condition were averaged over all voxels in the ROI,
and the regional time course for each condition was entered into an ANOVA, which
corrected for non-independence of time points by adjusting the degrees of freedom. A
significance threshold of p < .05, uncorrected for the number of tested ROIs, was adopted
for regional analyses.

To analyze the relationship between signals for reward expectation and spatial attention, we
first identified regions of interest that responded to a certain type of modulation using
voxelwise ANOVAs and then tested whether these regions were modulated by another type
of effect using regional ANOVAs. Because the statistical term in the ANOVA used to select
regions was independent of the term(s) reported from the ANOVA, this approach is
unbiased. For example, regions that were modulated by a change in expected reward
magnitude in a specific direction (e.g. from low to high), which was a main focus of this
work, were first identified at the whole brain level by a voxelwise test for the interaction of
cue onset position by expected reward magnitude by time. These regions were then tested
for attention-related modulations such as shifts of attention (cue type by time) or cue
location (cue location by time) via regional ANOVAs. Since both regional and voxelwise
ANOVAs indicated the level of significance of an effect but not its direction, statistical
significance was coupled with inspection of regional time courses of activation.

Finally, we note that a significant interaction between cue onset position, expected reward
magnitude, and time identified regions whose BOLD time course was modulated by a
change in expected reward magnitude in a specific direction, i.e. a greater BOLD signal
change for going from low to high expected reward than from high to low expected reward,
or the reverse pattern. Importantly, regions that show this interaction are not simply
responding to effects of novelty (e.g. the change in stimulus color) or to any change in
expected reward magnitude. These latter effects instead are reflected in the interaction of
cue onset position by time, since they are equally present for a change in expected reward
magnitude from low to high and from high to low. Moreover, regions that show the cue
onset position by expected reward magnitude by time interaction are not simply responding
more strongly to high than low reward expectation, which instead is reflected in the
interaction of expected reward magnitude by time.

For display purposes, volumes were mapped to surface-based representations using the
PALS atlas and CARET software (Van Essen, 2005).

3. Results
3.1. fMRI Behavior

Subjects detected the target with a mean accuracy of 95.5% with no significant difference
between conditions. An ANOVA conducted on reaction time (RTs), however, indicated
main effects of target reward validity (reward invalid versus reward valid targets: F1,25=11.2
p=.002) and reward expectation (high versus low expected reward magnitude: F1,25=8.5 p=.
007) with no interaction between the two factors (F1,25=1.2 p=.3)(Fig. 1B). Although the
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RTs difference between reward conditions was small, these results indicate that subjects
were significantly faster to detect targets that occurred during a period of high versus low
reward expectation, independently of whether the targets conformed to the expected reward
magnitude (reward validity). The independent effect of target reward validity could reflect
the fact that valid targets occurred in the expected orientation, i.e. an effect of stimulus
expectation, or that they signaled the expected reward. Notably, we did not observe better
performance when an unexpected target (reward invalid) signaled a reward higher than
expected (e.g. expect 1 cent target, instead a 20 cent target is actually presented), as
compared to when an unexpected target signaled a reward lower than expected (e.g. expect
20 cent target, instead a 1 cent target is actually presented). Therefore, performance was
more influenced by the reward that was expected for an upcoming target than by the reward
actually provided by that target. Since we were interested in the relation between reward
expectation and spatial attention, the main focus of the paper is on cue- and not on target-
related activity and the principal aim of presenting the behavioral data is to show that reward
expectation affected performance.

3.2. Imaging
3.2.1. Changes of reward expectation but not shifts of attention modulate
posterior cingulate cortex—Our overall goal was to determine how representations for
expected reward magnitude and changes in expected reward magnitude are distributed in the
brain, and their relation to signals for shifting versus maintaining attention. As part of this
aim, we first identified cortical regions that were more modulated by a change in expected
reward magnitude, relative to the current expectation, in one direction than another (i.e. a
larger BOLD signal when expected reward goes from low to high than from high to low, or
the reverse pattern). Specifically, a voxelwise ANOVA tested for the interaction between
cue onset position (transition, stream), expected reward magnitude (high, low) and time (10
time points). By identifying regions in which the BOLD signal depended on the direction of
change, we eliminated the effects of two factors that were present for changes in expected
reward magnitude in either direction and were not specific for reward. In particular, time-
locked activations to transition cues could reflect activity for rare or novel events (Spencer
et al., 1999; Downar et al., 2000; Stevens et al., 2000) or dishabituation of a color-specific
mechanism.

Over the whole brain, a significant interaction of cue onset position by expected reward
magnitude by time was observed in two regions of the medial parietal cortex (Fig. 2A): a
precuneus region whose location closely matched the shift-related activation in recent fMRI
studies of spatial attention (Shulman et al., 2009), and a posterior cingulate region whose
location closely matched the region identified in fMRI studies on the effect of incentive on
the correlation between BOLD activity and performance (Small et al., 2005; Mohanty et al.,
2008). The time course of activity in these two regions as a function of cue onset position
and expected reward magnitude indicated that both posterior cingulate and precuneus
regions showed a selective increase of activity following transition cues that indicated the
beginning of a high reward period (Fig. 2B).

We next investigated whether the precuneus and posterior cingulate regions that were
identified by the voxelwise ANOVAs of cue onset position by expected reward magnitude
by time were additionally modulated by attention-related signals associated with shifts of
spatial attention or with cue presentation in a contralateral or ipsilateral location. To this
aim, we compared the BOLD responses of these two regions for shift versus stay cues and
left versus right cues in a regional ANOVA with cue onset position (transition, stream), cue
type (stay, shift), cue location (left, right), and time as factors. The results of these ANOVAs
indicated that, while the precuneus was both significantly modulated by cues indicating a
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shift of attention (cue type by time: F9,225=8.5 p < .0001) and by cues indicating
maintenance of attention at a contralateral versus ipsilateral location (cue location by time:
F9,225=3 p= .001), the posterior cingulate did not show any evidence of increased BOLD
signals to cues that shifted rather than maintained attention (F9,225=.5 p=.8) or that were
presented in a contralateral versus ipsilateral location (F9,225=.6 p=.7) (see time course of
precuneus and posterior cingulate to shift versus stay cues in Fig. 2C). Importantly, although
the precuneus region was both modulated by changes in expected reward magnitude and by
shifts of attention, it did not show any significant interaction between cue onset position,
expected reward magnitude, cue type and time in a regional ANOVA, thus indicating that
the reward and attention shifting modulations were independent one from another (cue onset
position by expected reward magnitude by cue type by time: p=.8).

Therefore, while activity in the precuneus was significantly modulated both by increases in
expected reward magnitude and by shifts of attention, with these modulations additive to
one another, activity in posterior cingulate was only significantly modulated by increases in
expected reward magnitude.

3.2.2. Identification of regions for shifting and maintaining attention—We
identified regions that were modulated by shifting and maintaining attention using whole-
brain analyses. A voxelwise ANOVA was conducted with cue type (stay, shift), cue location
(left, right) and time as factors. The interaction of cue type by time isolated regions of the
dorsal [superior parietal lobule (SPL), frontal eye field (FEF), precuneus)] and ventral
attention networks [right temporo-parietal junction (TPJ), right inferior frontal gyrus (IFG),
bilateral prefrontal cortex (PFC)] (Yantis et al., 2002; Kelley et al., 2008; Shulman et al.,
2009; Corbetta et al., 2000; Arrington et al., 2000). Activity in these regions was transient
and time-locked to the presentation of the cue stimulus and increased in magnitude for
shifting versus maintaining attention (Supplementary Fig. 1A).

Regions modulated by maintaining attention to the contralateral versus ipsilateral visual
target streams were identified by the interaction of cue location by time. This comparison
isolated large swaths of retinotopic visual cortex, including areas V1–V2, VP-V4, V3A-V7,
MT-LO, parietal regions within the medial IPS previously shown to be topographically
mapped (Sereno et al., 2001; Schluppeck et al., 2005; Schluppeck et al., 2006; Silver et al.,
2005; Hagler and Sereno, 2006; Swisher et al., 2007; Jack et al., 2007), and small
topographic parts of FEF (Supplementary Fig. 1B). Consistent with the results from a
previous study that used the current paradigm (Shulman et al., 2009), regions in dorsal
fronto-parietal cortex and throughout visual cortex showed a sustained, spatially selective
signal in which BOLD activity was increased in regions contralateral to the attended RSVP
stream. The sustained nature of the BOLD activity indicated that it was not a sensory
response to the cue but reflected either the maintenance of attention at the cued location or
the modulation of the sensory-evoked activity from the objects in the RSVP stream.

3.2.3. Independent signals for shifts of attention and reward expectation in
shift-related regions of dorsal fronto-parietal cortex—We next examined how
reward-related signals modulated the activity of shift-related regions in dorsal-fronto parietal
cortex, which were identified from the above voxelwise analyses. We first tested whether
precuneus and FEF regions of dorsal fronto-parietal cortex (see black outlines in Fig. 3A)
encoded signals for changes in expected reward magnitude in a specific direction, as
assessed by the interaction between cue onset position (transition, stream), expected reward
magnitude (high, low) and time. As shown in Figure 3B, transition cues indicating a change
in expected reward magnitude from low to high produced the largest response in all four
regions, similarly to what was observed in the posterior cingulate. Regional ANOVAs on the
time courses, however, indicated that the interaction was only significant in left FEF and
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right precuneus (right precuneus: F9,225=3 p=.002, left FEF: F9,225=2.4 p=.012). The right
precuneus ROI corresponded well to the precuneus region identified earlier (Fig. 2A) that
showed significantly greater activations for high reward transition cues in a voxelwise
analysis. The left FEF region also showed a significant main effect of expected reward
magnitude (expected reward magnitude by time, F9,225= 1.9 p=.04). Therefore, a significant
effect of an increase in expected reward magnitude was observed in the BOLD response of
some shift-related regions of dorsal fronto-parietal cortex.

We then tested whether signals for expected reward magnitude interacted with signals for
shifting attention by conducting regional ANOVAs that tested for the interaction between
cue onset position (transition, stream), expected reward magnitude (high, low), cue type
(stay, shift) and time (10 time points). The interaction did not reach statistical significance in
any of the four regions of dorsal fronto-parietal cortex (left precuneus, right precuneus: p= .
8, right FEF: p=.9, left FEF: p=.4), indicating that the effect of expected reward magnitude
was independent of whether attention was shifted or maintained on the current RSVP stream
[see Fig. 3C for the time courses of activation to high and low reward cues (averaged across
transition and stream cues) as a function of cue type]. In order to confirm the robustness of
this result, we conducted ANOVAs separately on the transition and stream cues, reflecting
effects of changes or maintenance of expected reward magnitude, respectively. No
significant interaction was found between expected reward magnitude, cue type and time in
any of the four regions (transition cues: left precuneus: p= .8, right precuneus: p=.5, right
FEF: p=.6, left FEF: p=.9; stream cues: left precuneus: p= .3, right precuneus: p=.9, right
FEF: p=.7, left FEF: p=.8). Although the absence of an interaction is a null result, the time
courses in Figure 3C do not indicate even a trend for greater effects of reward during a shift
of attention.

A second analysis investigated whether in these regions, signals for changes in expected
reward magnitude or for maintained states of expected reward magnitude interacted with
spatially-selective signals for maintaining attention at a location. Since both right FEF and
right precuneus showed significantly stronger activity for contralateral than ipsilateral cues
(cue location by time, right FEF: F9,225=3.9 p <0.001, right precuneus: F9,225=4.2 p <0.001),
we tested whether the spatially-selective signals in these regions were affected by reward-
related variables by testing the interaction between cue onset position, expected reward
magnitude, cue location and time in regional ANOVAs. The results showed that the
interaction did not reach significance or was marginally significant both in these regions and
in regions of left precuneus and left FEF that showed the same non-significant trend of
greater activity for contralateral versus ipsilateral cues (cue onset position by expected
reward magnitude by cue location by time, right precuneus: p=.4, right FEF: p=.08, left
precuneus: p=.6, left FEF: p=.1) [see Fig. 3D for the time courses of activation to high and
low reward cues (averaged across transition and stream cues) as a function of cue location in
the four regions of dorsal fronto-parietal cortex].

To summarize, dorsal fronto-parietal regions showed robust signals related to shifts of
attention between locations. Some of these regions also showed more modest but significant
BOLD modulations for cues indicating a change in expected reward magnitude from low to
high, but this reward-related activity did not interact with the activity associated with
shifting attention or with maintaining attention at a location.

3.2.4. No modulation by reward expectation in shift-related regions of ventral
fronto-parietal cortex—In contrast to the reward-related modulations observed in shift-
related regions of dorsal fronto-parietal cortex, no modulations were found in shift-related
regions of the ventral fronto-parietal cortex, including right temporo-parietal junction (TPJ),
and bilateral dorso-lateral prefrontal cortex (DLPFC), which were similarly identified from
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the voxelwise map of cue type by time (Supplementary Fig. 2A). Although inspection of the
time courses of activation in these regions (Supplementary Fig. 2B) suggested a trend in
right TPJ and right DLPFC for greater activity for high reward transition cues than for the
others conditions, none of the statistical analyses yielded significant effects of reward
expectation. Specifically, results from regional ANOVAs indicated that none of these
regions showed significant modulations due to changes in expected reward magnitude or
modulations for signals for shifting attention between RSVP streams due to changes in
expected reward magnitude [cue onset position (transition, stream) by expected reward
magnitude (high, low) by time (10 time points), right TPJ: p=.3, right DLPFC: p=.9, left
DLPFC: p=.8; cue onset position by expected reward magnitude by cue type by time, right
TPJ: p=.7, right DLPFC: p=.5, left DLPFC: p=.3] [see Supplementary Fig. 2B and 2C for
time courses of activity in these regions as a function of cue onset position, expected reward
magnitude and cue type (same format of the time courses in Fig. 3B–C)].

The evidence that shift-related regions in dorsal and ventral fronto-parietal cortex showed
distinct functional responses to manipulations of reward-related variables is consistent with
the fact that they support partially segregated functions and do not form a functionally
homogeneous network (Shulman et al., 2009).

3.2.5. No modulation by reward expectation in spatially-selective regions of
dorsal fronto-parietal cortex—Along with the above analyses of reward-related signals
in shift-related regions of dorsal and ventral fronto-parietal cortex, we examined the effects
of reward-related signals in regions of the dorsal fronto-parietal cortex that showed
sustained spatially selective signals and were likely involved in maintaining attention at a
location (Shulman et al., 2009; Serences and Yantis, 2007; Silver and Kastner, 2009). As
described in section 3.2.2. and shown in Supplementary Figure 1, spatially-selective regions
of dorsal fronto-parietal cortex, which were identified from the voxelwise map of cue
location by time, included bilateral regions of the IPS that were located lateral to the shift-
related regions of the precuneus and small topographic regions in FEF. Using the same logic
adopted for shift-related regions, we examined whether these regions were modulated by
changes in expected reward magnitude in a particular direction and whether these
modulations were associated with changes of spatial selectivity by testing the interaction
between cue onset position (transition, stream) expected reward magnitude (high, low) and
time (10 time points) and the interaction between cue onset position, expected reward
magnitude, cue location (left, right) and time via regional ANOVAs (Supplementary Fig. 3,
A-B-C). ANOVAs revealed that these regions were not significantly modulated either by a
particular direction of change in expected reward magnitude or by the interaction of signals
for directionally selective changes with spatially-selective signals (cue onset position by
expected reward magnitude by time, right IPS: p=.9, left IPS: p=.7, left FEF: p=.1, right
FEF: p=.2; cue onset position by expected reward magnitude by cue location by time, right
IPS: p=.9, left IPS: p=.8, left FEF, right FEF: p=.6). For IPS regions, we additionally
verified that the same null results were observed whether regions were selected from the
voxelwise ANOVA comparing left and right cues (above results) or from the intersection of
this voxelwise map with the co-registered average anatomical borders of human visual areas
in the software suite Caret (Van Essen, 2004, 2005) (Supplementary Fig. 3D) (cue onset
position by expected reward magnitude by time, right drawn IPS: p=.2, left drawn IPS: p=.5;
cue onset position by expected reward magnitude by cue location by time, right drawn IPS:
p=.7, left drawn IPS: p=.8).

3.2.6. Interaction between spatially selective signals and reward expectation
in visual cortex—In contrast to the null effect of reward-related variables on the spatially
selective signal in medial IPS and FEF, significant effects were observed in visual cortex.
Regions of interest were selected in visual cortex based on a voxelwise ANOVA comparing
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left and right cues (averaging shift and stay cues) [see Fig. 4A for locations of selected
regions of visual cortex in relation to the borders of human visual areas from the Caret
software atlas (Van Essen, 2004, 2005)]. As no significant effects were found in these
regions for the interaction of cue onset position, expected reward magnitude and time,
regressors were collapsed across transition and stream cues and the time course of the
BOLD response was analyzed in each ROI using ANOVAs with cue location (contralateral,
ipsilateral), expected reward magnitude (high, low), cue type (shift, stay) and time as
factors.

As shown in Figure 4B, the four regions in ventral visual cortex that were identified from
the voxelwise map of cue location by time showed an interaction between expected reward
magnitude and the location of the attended stream. In particular, in clusters that
approximately fell within the borders of areas VP/V4/V8 according to co-registered average
anatomical borders of human visual areas in the software suite Caret (Van Essen, 2004,
2005), the difference between attended (contralateral) and unattended (ipsilateral) responses
was significantly greater during periods of high than low reward expectation (interaction
between expected reward magnitude, cue location and time, V4/V8, −28 −59 −10:
F9,225=2.2 p=.02; V4/V8, −23 −76 −10: F9,225=2.1 p=.03; VP, −15 −80 −11: F9,225=1.8 p=.
05; V1/V2/VP, +14 −81 −07: F9,225=1.7 p=.04) (Fig. 4B). Similar results were obtained
when ROIs were drawn based on the intersection of the voxelwise activity map with the
borders of human visual areas in the Caret software (Van Essen, 2004, 2005)
(Supplementary Fig. 4A). This approach is not meant to substitute for individual retinotopic
mapping of visual areas, but is a convenient way to identify large clusters of activity in
visual cortex and it was used to confirm the effects of reward expectation on spatially-
selective signals observed following regional ANOVAs on small regions in visual cortex
selected on the voxelwise map of cue location by time. We drew five large regions in each
hemisphere at the group level: V1/V2; VP/V4/V8; V3/V3A/V7; MT/LO.

Consistent with the results on regions of visual cortex identified from the cue location by
time voxelwise map, a significant interaction between expected reward magnitude, cue
location and time was observed in VP/V4/V8 (F9,225=2.3 p=.017) (Supplementary Fig. 4B).
A significant interaction was also observed in right V1/V2 (F9,225=2.2 p=.02)
(Supplementary Fig. 4C), while overall weaker effects were observed in MT/LO and V3/
V3A/V7 (Supplementary Fig. 4D–E). The above findings indicate that high reward
expectation modulated spatially-selective signals in visual cortex.

In contrast to the interactive influence of reward expectation on spatially selective signals
for maintaining attention and for sensory modulations, reward expectation had an additive
effect on signals related to shifts of attention. Figure 4C shows that in spatially selective
regions of visual cortex the greater activity for contralateral than ipsilateral cues was much
stronger for shift than stay cues. This effect has been previously described (Shulman et al.,
2009), and is consistent with an attenuation of the sensory modulation when subjects hold
attention onto the same stream of sensory stimuli (stay cues), as compared to when they shift
attention to a new stream (shift cues). The novel finding displayed in Figure 4C is that high
reward expectation produced the same increase in contralateral versus ipsilateral activity
following stay and shift cues. This result was quantitatively confirmed by the absence of an
interaction between cue type, cue location, expected reward magnitude and time in the
spatially-selective regions described above (V4/V8, −28 −59 −10: p=.4; V4/V8, −23 −76
−10: p=.9; VP, −15 −80 −11: p=.7; V1/V2/VP, +14 −81 −07: p=.2). Therefore, expected
reward magnitude did not affect the spatially selective neural activity in visual cortex that
was specifically associated with a shift of attention, similar to the result reported earlier in
dorsal fronto-parietal regions.
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The overall conclusion is that in visual cortex, a maintained state of high expected reward
magnitude affected the steady-state spatially-selective signals associated with the
maintenance of attention at a location rather than the dynamic signals associated with shifts
of attention to a different location. This result in visual cortex contrasted with the absence of
reward-related modulations in spatially selective regions of IPS. One possible explanation is
that the reduced spatial selectivity of dorsal fronto-parietal regions compared to regions of
visual cortex may have weakened our ability to detect modulations by reward expectation.
Another possibility is that our paradigm did not involve the specific reward-related functions
carried out in IPS (see discussion for more details).

3.2.7. Modulations by reward detection in the caudate—We observed reward-
related signals in a structure that has been classically associated with reward acquisition or
expectation, the caudate (Knutson et al., 2000, 2001a, 2001b, 2003, 2005; Watanabe et al.,
2003), providing further evidence that our manipulation of reward magnitude was effective.
Supplementary Figure 5A displays the caudate region that was localized in a voxelwise
ANOVA that compared the time courses of BOLD activity following high and low reward
targets. As expected, the time courses of BOLD activity indicated that activity was greater
for detection of high relative to low reward targets (averaging reward valid and invalid
conditions) (Supplementary Fig. 5B). We also examined whether the neural activity in this
region was additionally modulated by changes in expected reward magnitude in a specific
direction and by shifts of spatial attention by conducting regional ANOVAs with cue onset
position, expected reward magnitude and cue type on the caudate ROI formed from the
voxelwise comparison of reward target detection. The results showed that, unlike regions in
the posterior cingulate and dorsal fronto-parietal cortex, the caudate was not significantly
modulated by changes in expected reward magnitude (Supplementary Fig. 5C, cue onset
position by expected reward magnitude by time, p=.3) or by shifts of attention (Fig. 5D, cue
type by time, p=.9). Overall, the results indicate that reward-related modulations in the
caudate were most strongly evident for reward detection.

3.3. Eye Movements
Two different measures were computed to determine whether subjects maintained accurate
fixation. The first measure was the mean difference in eye position during periods of
attending to the left versus right RSVP streams. In one subject, excluded from further
analyses, the mean difference value was −1.5 degree, which indicated a bias to fixate closer
to the attended than unattended streams (negative values refer to fixation to the left). The
remaining subjects showed, on average, a −.15 degree value (standard deviation, .4 degree),
which indicated that eye position during attention to the left and right streams was well
aligned to the central fixation cross.

The second measure was based on the event-related time course of eye position time-locked
to the presentation of shift and stay cues that appeared on the right and the left RSVP
streams. The eye position in the 100 msec interval following each event onset was used as a
baseline to determine the relative change in eye position during 7 time bins that spanned the
2 seconds following cue onset (100 msec to 325 msec, 325 to 550, 550 to 775, 775 to 1000,
1000 to 1250, 1500 to 1750, and 1750 to 2000). Averaged across intervals, the mean change
of eye position was −.1 degree for cues to shift attention to the left stream and .03 degrees
for shift cues to the right. These small values indicate that subjects accurately maintained
fixation not only during periods of sustained attention to the left and the right stream, but
also following the onset of a cue that shifted attention from one location to another.
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4. Discussion
The results showed that signals due to shifts of spatial attention and increases in expected
reward magnitude were largely separate. First, regions in the posterior cingulate, which
previously have been linked with processing of reward, showed significant activations for
changes in expected reward magnitude from low to high but were not modulated by shifts of
spatial attention. Regions in the dorsal attention network such as precuneus and FEF, which
were strongly modulated by shifts of attention, showed modest effects of increases in
expected reward magnitude, but these effects were similar for cues that shifted and
maintained attention. Therefore, in the dorsal attention network, signals for increases in
expected reward magnitude did not affect the dynamic signals associated with shifts of
attention.

The above conclusions were based on a task in which shifts of spatial attention and increases
in expected reward magnitude occurred with different frequencies. While shifts of attention
occurred on average every 6.18 seconds (as did ‘stay’ cues), transition cues indicating an
increase in expected reward magnitude were more infrequent and occurred on average every
30 seconds (as did ‘high to low’ transition cues). It is unlikely, however, that the sensitivity
of posterior cingulate to increases in expected reward magnitude but not to shifts of spatial
attention was a consequence of their different frequencies. In a previous fMRI study that
used the current RSVP paradigm but manipulated the frequency of shifts of attention
(Shulman et al., 2009), the posterior cingulate did not manifest any modulation by shifts of
attention irrespective of shift frequency. Our results in dorsal fronto-parietal cortex were
also unlikely to be caused by differences in condition frequency. We observed reward-
related effects in these regions that were smaller in magnitude than the effects related to
shifts of attention, while to the extent that condition frequency affects the BOLD response, a
rare condition might be expected to produced greater a response than a frequent condition.
We cannot rule out the possibility, however, that an interaction of signals for shifting
attention and increases in expected reward might have occurred in these regions if both were
equally infrequent. Finally, in regions of ventral visual cortex high reward expectation
produced an increase in spatially-selective signals related to the maintenance of attention
and sensory-evoked modulations at a location. Because these regions are specialized for the
perception and discrimination of visual features, these reward-related modulations may be
useful for rapidly detecting target objects that confer high monetary reward.

4.1. Reward- and attention-related signals in the posterior cingulate
A major finding of our study is that neural activity in the posterior cingulate was particularly
sensitive to changes in expected reward magnitude from low to high but not to shifts of
spatial attention. These results clarify both the nature of reward-related representations in the
posterior cingulate and its involvement in spatial attention, especially in relation to previous
findings in humans and non-human primates.

Previous neurophysiological studies have suggested that the posterior cingulate is
specifically implicated in monitoring reward outcomes that prompt changes of future
behavior. In choice tasks in which a monkey’s behavior on a given trial was strongly
influenced by the reward outcome experienced on previous trials, not only were neurons in
the posterior cingulate sensitive to reward outcomes, but these outcome-contingent
modulations persisted across subsequent trials and predicted a change of choice behavior
(Hayden et al., 2008; Pearson, et al., 2009, 2011). Our results in humans are partly
consistent with these findings, but also suggest a particular sensitivity to stimuli signaling an
increase in expected reward. The posterior cingulate responded more strongly to high reward
transition cues than to high reward stream cues, indicating that it was more associated with
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monitoring for events that signal increases in expected reward than a maintained state of
high expected reward.

Our results also allow clear conclusions about the role of the posterior cingulate during
shifts of spatial attention. The evidence that posterior cingulate activity is more strongly
correlated with the behavioral benefit of anticipatory shifts of attention when a monetary
incentive is expected and that it is anatomically located in a zone of transition between core
limbic areas and fronto-parietal neocortex (Pandya et al., 1981; Baleydier and Mauguiere,
1980; Morecraft et al., 1993; Cavada and Goldman-Rakic, 1989; Vogt and Pandya, 1987),
has led some authors to propose that it is a critical component of the attention network and
mediates the motivational guidance of spatial attention (Mesulam, 1981; Small et al., 2003,
2005; Mohanty et al., 2008).

The view that the posterior cingulate encodes signals for shifts of spatial attention, however,
is hard to reconcile both with the neurophysiological findings that posterior cingulate
neurons are typically activated following saccades, which suggest that they monitor rather
than control shifts of visual attention (Vogt et al., 1992), and with the evidence from human
neuroimaging studies for activation of dorsal fronto-parietal cortex but not posterior
cingulate during the cueing phase of spatial attention paradigms (Corbetta and Shulman,
2002; Corbetta et al., 2008).

In the original studies by Mesulam and colleagues, activation of the posterior cingulate was
correlated with the speed of target detection during Posner cueing paradigms but was not
significantly greater for shifts of attention than for baseline conditions in random-effect
analyses (Mesulam et al., 2001). The correlation between detection speed and activation was
enhanced by expectation of monetary incentives in more recent studies on the attention-
motivation interaction (Small et al., 2005; Mohanty et al., 2008). However, these studies did
not separate cue-related responses from evoked responses related to target detection or
reward feedback, leaving unclear whether shifts of attention modulated the posterior
cingulate. In particular, the observed correlations may have reflected non-specific effects of
shorter RTs or processes active at target detection rather than during the preceding shift of
spatial attention. In addition, because these studies always contrasted directional cues with
neutral cues, the observed modulations of posterior cingulate may have reflected the
differential motivational significance associated with the different sensory stimuli that cued
a diffuse versus a focused distribution of attention. Consistent with this interpretation, a
recent study that separated cue and target activity found weak or nearly absent responses of
the posterior cingulate to cues that induced an anticipatory shift of attention relative to
neutral cues (see Supplementary Figure in Mohanty et al., 2009). In our study, the temporal
independence of cue and target stimuli and the use of identical shift and stay cues, both of
which signaled a focused, peripheral distribution of attention, allowed a well-controlled
measurement of any selective modulations specifically due to shifts of spatial attention.
Moreover, our null effects of spatial attention were observed in posterior cingulate regions
that showed significant reward-related modulations and had Talairach coordinates that
corresponded well with those from previous studies (Small et al., 2005; Mohanty et al.,
2008, 2009).

The predominant involvement of the posterior cingulate in reward-related variables rather
than shifts of spatial attention is supported by the findings of a recent fMRI study
demonstrating that activity in the posterior cingulate directly participates in the evaluation
process of monetary rewards during inter-temporal choices (Kable and Glimcher, 2007). The
observation that posterior cingulate encoded the subjective value of reward-related choices
independently of the specific motor parameters used to communicate the choice have led to
the proposal that it is part of a network of regions that evaluates choice options and then
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provide input to structures in the fronto-parietal cortex that convert the output of the
evaluation process in action value i.e. the value of the particular actions used to
communicate the choice.

In conclusion, based on our results, previous neurophysiological studies, and the above
considerations of prior neuroimaging studies, we suggest that the posterior cingulate
primarily encodes motivational variables rather than signals for shifts of spatial attention.
Our results additionally suggested that the motivational signals encoded in the posterior
cingulate are particularly related to environmental events that signal an increase in expected
reward.

4.2. Reward and attention-related signals in shift-related regions of dorsal fronto-parietal
cortex

We found that expectation of different levels of reward magnitude modulated the activity of
regions of the dorsal attention network, consistent with other studies (Krawczyk et al., 2007;
Leon and Shadlen, 1999; Hikosaka and Watanabe, 2000; Watanabe et al., 2002; Kobayashi
et al., 2002; Mohanty et al., 2009; Engelmann et al., 2009).

The novelty of the current study is that the use of different types of cues allowed us to both
determine the nature of the reward-related representations in these regions and to examine
how signals for reward expectation affected the typical attention-related signals in these
regions.

Regions in the FEF and precuneus that showed robust signals for shifting attention from one
location to another were additionally modulated by reward-related variables such as stimuli
that indicated a change of reward expectation from low to high.

These effects of expected reward magnitude, however, did not modulate the dynamic signals
associated with shifts of attention. Instead, the BOLD signal was additively increased
following cues to shift or maintain attention, in regions both ipsilateral and contralateral to
the cued location. These results indicate that reward expectation and shifts of spatial
attention were both encoded in these regions but independently from one another.

The independent modulations for shifts of attention and shifts of reward contingencies in the
precuneus are reminiscent of the recent proposal that the precuneus is a source of domain-
independent cognitive control. In particular, the evidence that precuneus is transiently
activated by shifts of attention in multiple domains (shifts of spatial attention, shifts of
feature attention, shifts between categorization rules and shifting attention in working
memory) has suggested that it represents a common hub for the control of shift-related
signals that reconfigure the brain for current task goals (Chiu and Yantis, 2009; Esterman et
al., 2009; Greenberg et al., 2010). In our study, however, the activation peak in the
precuneus was more anterior and dorsal than the common shift-related activations in these
studies, and precuneus activations were observed for both shifts of spatial attention and
shifts from low to high reward expectation, but not for shifts from high to low reward
expectation. One possible explanation is that a pre-requisite of the transient response of the
precuneus during across-domain shifts of attention is that the shifts are associated with a
change of behavioral performance or attentional selection. Consistently, both the shift-
related signals in the above mentioned studies and the shifts of spatial attention and reward
contingencies from low to high reward expectation in our study involved a resetting of
attentional selection or behavioral performance, which may not have occurred for shifts
from high to low reward. Furthermore, the independence of signals for shifts of spatial
attention and reward expectation observed in our study is consistent with the evidence that
the across-domain region of activation in the precuneus contains multiple subpopulations of
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neurons, each specialized for shifting attention in a particular domain (Chiu and Yantis,
2009; Esterman et al., 2009; Greenberg et al., 2010). In summary, our findings distinguish
the posterior cingulate, which specifically encodes signals for changes of reward
contingencies in a direction that is relevant to behavior and is not modulated by shifts of
spatial attention, from attention regions in dorsal fronto-parietal cortex, which encode
independent signals for shifts of attention and expected reward magnitude. Based on the
anatomical connectivity of posterior cingulate with both reward-related and oculomotor
areas of the brain (Pandya et al., 1981; Baleydier and Mauguiere, 1980; Morecraft et al.,
1993; Cavada and Goldman-Rakic, 1989; Vogt and Pandya, 1987), one possibility is that
neurons in the posterior cingulate provide information about increases in reward
expectation, irrespective of whether attention is concurrently shifted or maintained, to
regions of dorsal fronto-parietal cortex that are involved in shifting attention.

4.3. Reward and attention-related signals in spatially-selective regions of the dorsal fronto-
parietal cortex

In contrast to shift-related regions of dorsal fronto-parietal cortex, we found no evidence of
reward modulations in regions of medial IPS that showed the most robust spatially-selective
signals related to the maintenance of attention to the contralateral versus ipsilateral visual
streams of objects. Therefore, expected reward magnitude did not affect the neural signals in
dorsal fronto-parietal cortex that were specifically associated with either shifting attention or
maintaining attention at a specific location.

Particularly for spatially-selective regions in the IPS, these results might appear to conflict
with electrophysiological evidence of reward modulations in monkey area LIP (Platt and
Glimcher, 1999; Sugrue et al., 2004). A recent study by Peck and colleagues (Peck et al.,
2009), for example, examined neural responses in LIP to cues that predicted reward but not
the location of targets at which a saccadic movement conferred the predicted reward. The
authors showed that, although maladaptive to optimal performance, LIP activity indicated an
attentional bias toward the location of cue stimuli that predicted the eventual receipt of
reward, and concluded that LIP translated the results of reward evaluation into spatial
behaviors. LIP neurons, moreover, have been implicated in the encoding the expected value
of targets lying within their response field in other neurophysiological work that used either
a cued or a decision-making saccade task (Platt and Glimcher, 1999; Sugrue et al., 2004).

It important to note, however, that in all of these experiments the critical manipulation
associated different reward magnitudes or probabilities with different locations in the visual
field (whether inside or outside the receptive field of the neuron under study). This feature
of the experimental design might foster the typical “salience” representation of the
environment described in LIP neurons (Gottlieb, 2007; Bisley and Goldberg, 2010). In our
experiment, however, although processes of selective spatial attention were robustly taxed
by the presence of adjacent, irrelevant distracter RSVP streams (three on each side) and the
brief presentation of the target stimuli, rewards only appeared at locations at which subjects
were already attending, minimizing signals related to choice behavior. Therefore, although
our paradigm activated visuo-spatial maps in parietal cortex, these maps may not have been
needed specifically to encode reward–related variables for the purpose of guiding spatial
attention. In other words, because rewards were not acquired through choice behavior but
were conflated with the locus of attention, the use of parietal spatial maps to guide reward-
related choice behavior may have been minimized.

4.4. Reward and attention-related signals in visual cortex
In visual cortex high expected reward magnitudes increased the sustained spatially-selective
signals associated with the maintenance of spatial attention and sensory-evoked modulation,
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i.e. they increased the difference between attending to contralateral versus ipsilateral
locations. The presence of reward modulation in areas such as VP/V4/V8, which are
specialized for feature discrimination (Desimone and Schein, 1987; Reynolds and Chelazzi,
2004; Orban, 2008), is consistent with the heavy emphasis of our task on object recognition
and is reminiscent of recent findings from electrophysiological and imaging studies showing
that stimulus features that have been associated with higher reward magnitudes are more
robustly represented in regions of the visual cortex that selectively encode those features
(Franko et al., 2010; Hickey et al., 2010; Serences and Saproo, 2010).

What is less clear, however, is the mechanisms by which reward expectation affected the
spatially-selective signals in these areas. The first and simplest explanation is that high
reward expectation induced a stronger contralateral bias of attention that in turn produced a
stronger spatially selective sensory evoked modulation in visual cortex. While we have no
direct evidence against this view, it is puzzling that a similar modulation of spatially
selective signals was not observed in the dorsal fronto-parietal regions that are often thought
to control spatial attention.

An alternative explanation is that reward modulated a fronto-parietal signal for feature
attention related to the representation of the target object, rather than spatial attention
(Greenberg et al., 2010). This fronto-parietal signal, which might correspond to the reward-
related activation we observed in FEF and precuneus that did not interact with spatial
position, would be transmitted to visual cortex independently of whether attention was
directed to the contralateral or ipsilateral hemifield (Serences and Boynton, 2007). Within
visual cortex, the reward-enhanced signal for feature attention would be combined with the
sustained, spatially-selective signals from attention-related regions of the IPS and FEF that
are traditionally considered the source of modulatory signals for spatial attention in visual
cortex (Blankenburg et al., 2010; Ruff et al., 2006, 2008; Ekstrom et al., 2008; Moore and
Armstrong, 2003; Gregoriou et al., 2009; Bressler et al., 2008). In other words, another
possible explanation for the observed reward-related enhancement of the spatially-selective
signals in visual cortex was that a feature-attention signal related to the perceptual
representation of the target object was increased under periods of high reward expectation,
fed down to visual cortex, and interacted with spatial-attention signals that were also fed
down.

We acknowledge that we cannot distinguish these two possibilities, nor do we have evidence
that the reward-related signals observed in visual cortex involved modulations from dorsal
fronto-parietal regions.

4.5. Conclusions
In this manuscript we found that signals for increases in reward expectation and shifts of
spatial attention were largely independent. Regions of posterior cingulate that showed robust
activations for increases in expected reward magnitude were not modulated by shifts of
spatial attention. Therefore, posterior cingulate showed only reward-related signals. In
contrast, regions in dorsal fronto-parietal cortex showed both reward-related and shift-
related modulations, but the former were modest and smaller than the latter and the two sets
of signals were largely independent. Increases in expected reward did not change the
magnitude of the transient activations associated with shifting attention, relative to
maintaining attention. High expected reward, relative to low expected reward, did increase
the magnitude of the sustained activations in visual cortex associated with maintaining
attention to the contralateral visual field, relative to the ipsilateral visual field. This effect
was not observed, however, in spatially selective regions of dorsal fronto-parietal cortex,
mirroring the null effect of increases in expected reward on shift-related signals. Therefore,
while high reward expectation increased the modulatory effect of attention on spatially-
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selective signals in visual cortex, high reward expectation and spatial attention produced
largely independent effects in higher level cortical regions.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. fMRI paradigm and behavioral results
A. Subjects searched for a target object (a bus with an upright or upside down orientation of
200 msec duration) in two visual streams of objects, one left and one right. The location of a
cue stimulus (a filled color square stimulus of 160 msec duration) indicated where to attend/
where the target object would appear, while its color indicated whether detection of any
subsequent targets would be rewarded with a large or small monetary gain.
The cue stimulus could occur on the same side (stay cue) or the opposite side (shift cue) of
the subject’s current focus of attention. Targets always occurred in the attended location but
were presented with 75% probability in the expected orientation (valid reward i.e. reward
that conformed to that indicated by the color of the cue) and with 25% probability in the
unattended orientation (invalid reward).
B. Accuracy and reaction time results for detection of high and low reward targets as a
function of reward validity. Error bars represent within-subjects standard error of the mean
(s.e.m) calculated according to Cousineau, 2005.
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Figure 2. Effects of changes in expected reward magnitude: Voxelwise analysis
A. Voxels that showed a significant interaction of cue onset position (transition, stream) by
expected reward magnitude (high, low) by time (voxelwise ANOVA map corrected for
multiple comparison) are superimposed over a medial representation of the right hemisphere
of the PALS atlas. Two regions in right precuneus and posterior cingulate cortex with the
greatest activation peak magnitude are outlined in black.
B–C. The time course of the BOLD signal in posterior cingulate and precuneus ROIs,
defined from the voxelwise interaction map, are plotted as a function of expected reward
magnitude and cue onset position (top graph), or cue type (stay, shift) and cue onset position

Tosoni et al. Page 24

Cortex. Author manuscript; available in PMC 2014 June 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(bottom graph). Error bars represent within-subjects s.e.m calculated according to
Cousineau, 2005.
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Figure 3. Effects of changes in expected reward magnitude in shift-related regions of dorsal
fronto-parietal cortex
A. Voxels that showed a significantly different activation following shift and stay cues (cue
type by time ANOVA map, corrected for multiple comparisons) are superimposed over a
lateral and medial representation of both hemispheres of the PALS atlas. Bilateral regions of
FEF and Precuneus with the greatest activation peak are outlined in black.
The graphs show the time course of the BOLD signal following high and low reward cues as
a function of cue onset position (B), cue type (C), cue location (D) in the FEF and Precuneus
ROIs highlighted. Error bars represent within-subjects s.e.m calculated according to
Cousineau, 2005.
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Figure 4. Effects of expected reward magnitude in visual cortex I
A. Voxels that showed a significantly different activation following left and right cues (cue
location by time ANOVA map, corrected for multiple comparisons) and four ROIs of visual
cortex (black outlines) defined from the cue location by time map are superimposed over a
flat representation of both hemispheres of the PALS atlas.
The graphs show the time course of the BOLD signal following high and low reward cues as
a function of cue location (B) and cue location and cue type (C) in the four ROIs
highlighted. Error bars represent within-subjects s.e.m calculated according to Cousineau,
2005.
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