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How does the human brain integrate information from multiple
domains to guide spatial attention according to motivational needs?
To address this question, we measured hemodynamic responses to
central cues predicting locations of peripheral attentional targets
(food or tool images) in a novel covert spatial attention paradigm.
The motivational relevance of food-related attentional targets was
experimentally manipulated via hunger and satiety. Amygdala,
posterior cingulate, locus coeruleus, and substantia nigra showed
selective sensitivity to food-related cues when hungry but not when
satiated, an effect that did not generalize to tools. Posterior parietal
cortex (PPC), including intraparietal sulcus, posterior cingulate, and
the orbitofrontal cortex displayed correlations with the speed of
attentional shifts that were sensitive not just to motivational state
but also to the motivational value of the target. Stronger functional
coupling between PPC and posterior cingulate occurred during
attentional biasing toward motivationally relevant food targets.
These results reveal conjoint limbic and monoaminergic encoding of
motivational salience in spatial attention. They emphasize the
interactive role of posterior parietal and cingulate cortices in
integrating motivational information with spatial attention, a pro-
cess that is critical for selective allocation of attentional resources
in an environment where target position and relevance can change
rapidly.
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Introduction

The term ‘‘spatial attention’’ designates interrelated sensory,

motor, and cognitive processes that collectively enable the

selective allocation of neural resources to motivationally

relevant parts of the environment. A key aspect of this process

is the compilation of a salience map that combines the spatial

coordinates of an event with its perceptual and motivational

relevance (Fecteau and Munoz 2006; Gottlieb 2007). How the

human brain integrates information from sensory, motor,

cognitive, and motivational domains to dynamically guide

spatial attention is not fully understood.

Spatial attention is supported by a large-scale network

consisting of interacting cortical components in posterior

parietal cortex (PPC), including intraparietal sulcus (IPS),

lateral frontal cortex, including the frontal eye fields (FEF)

and the cingulate gyrus, including its posterior segment (PC)

(Mesulam 1981; Corbetta et al. 1993; Nobre et al. 1997;

Gitelman et al. 1999; Kim et al. 1999; Mesulam 2000). It is likely

that these components support spatial attention by mediating

dynamic interactions between spatial orienting and more

abstract cognitive functions such as motivational and emotional

evaluation. This possibility has been examined via a few single-

unit recording studies in nonhuman primates (Platt and

Glimcher 1999; Coe et al. 2002; Sugrue et al. 2004), but remains

to be examined in humans.

Motivational encoding of stimuli is mediated by subcortical,

limbic, and paralimbic structures, including the amygdala

(LaBar et al. 2001; O’Doherty et al. 2002; Gottfried et al.

2003), orbitofrontal cortex (OFC) (Rolls et al. 1981; Tremblay

and Schultz 1999; Small et al. 2001), and ascending mono-

aminergic pathways arising from the substantia nigra (SN) and

nucleus locus coeruleus (LC) (Foote et al. 1980; Aston-Jones

et al. 1997; Schultz et al. 1997). Effective motivational mod-

ulation of spatial attention most likely depends on accurate

real-time assessment of motivational salience mediated via

these regions. However, the involvement of limbic and mono-

aminergic areas in the encoding of motivational salience of

cues that predict locations of relevant attentional targets is

relatively understudied.

The present study was designed to explore the motivational

modulation of the spatial attention network in a task that

manipulated the motivational properties of the attentional

target, the motivational state of the participant and the location

of the target. To that end, we used a covert attentional shift

paradigm to examine the effect of alterations in motivational

states (hunger and satiety) on attentional biasing to peripheral

locations where motivationally relevant (food) and irrelevant

(tools) targets were expected to appear. We expected

participants to respond faster to food-related targets when

hungry than when full and that this effect would not be present

for tools. We hypothesized that hunger would selectively

increase neural responses in limbic regions and pontomesen-

cephalic monoaminergic nuclei to food- but not tool-related

directional cues. Finally, we examined the possibility that

components of the spatial attention network, including PPC

and posterior cingulate cortex would mediate motivational

modulation of anticipatory spatial attention in a material-

specific manner reflecting the current motivational value of the

attentional target rather than the nonspecific effects of arousal.

Materials and Methods

Participants
Nine right-handed volunteers (4 women; mean/SD age = 27/5.25 years)

participated in the study. Participants were screened for a history of

psychiatric and neurologic illness or contraindications for functional

magnetic resonance imaging (fMRI) and gave written informed consent

prior to participation. Participants were also screened to ensure that

they liked the food stimuli, that is, donuts and danishes and were not

restrictive eaters or diabetics. The study was approved by the

Northwestern University Institutional Review Board. Two participants

were excluded due to fMRI related artifacts resulting in a final N of 7.
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Procedure
Participants were asked to perform a modification of the task

developed by Posner for examining covert shifts of spatial attention

(Posner 1980) while undergoing fMRI in hungry and satiated states

which were counterbalanced across participants. While performing the

task, participants were asked to fixate on a central diamond (1� wide)

that remained on the screen for the complete duration of the task. They

were instructed to respond to the onset of peripherally presented

donuts or hex-nuts (targets) and danishes or screws (foils) by pressing

a button (Fig. 1). To ensure that participants attended to the stimuli,

they were instructed to press the left-hand button for foils and the

right-hand button for target images. All food and tool stimuli were

obtained from commercially available images, and were formatted to

the same resolution and size. Each trial began with a darkening of one

side or the entire central diamond, which provided an alerting

directional or nondirectional cue respectively (Fig. 1). This cue

remained on the screen until the appearance of the target stimulus

to avoid engaging working memory. Three different lengths of delay (or

stimulus asynchrony, SOA of 200, 400, and 800 ms) between cue and

target presentation were employed to maximize attentional demands

and prevent temporal predictability. Following this delay, targets or

foils appeared in 1 of 2 peripheral squares (on the right and left of the

diamond, each 1.5� wide) centered at 7.5� from the central diamond for

100 ms, on the side indicated by the directional cue (valid trial), on the

opposite side (invalid trial), and on either side of the nondirectional

cues (nondirectional trial). The total intertrial interval varied as

a function of SOA such that each trial totaled 2200 ms (i.e., 2000,

1800, and 1600 ms). Null events or time periods when the screen

remained blank, were interspersed with target events to allow decon-

volution of the hemodynamic response function (HRF) (Burock et al.

1998). Null events lasted 1000 ms and up to 3 could occur con-

secutively. Half of the trials in each run were comprised of null events.

Each participant was imaged as they performed the task in 2

experimental sessions, once while hungry and once while satiated on

donuts. The 2 experimental sessions were held 1 week apart and their

order was counterbalanced across subjects. All participants were

instructed not to eat food for at least 8 h prior to the fMRI session.

Ratings of hunger and appetitiveness of all target stimuli were obtained

prior to each experimental session. To manipulate the motivational

salience of the food stimuli, subjects were informed that they would be

given 1 donut following testing in the hunger condition and were

allowed to consume as many donuts as they could before testing in the

satiated condition. In the scanner, the participants viewed the task via

a mirror attached to the head coil. Using a liquid crystal display

projector attached to the stimulus presentation computer, stimuli were

back-projected onto translucent screen that the participants viewed

through a mirror.

Participants performed a total of 6 randomly presented runs in each

experimental session. Within each run, the task was implemented as

a mixed event-related design by presenting the food and tool trials in

separate blocks. This was done in order to avoid introducing the

additional factor of deciding whether the stimuli were foods or tools.

An image saying ‘‘FOOD’’ or ‘‘TOOLS’’ appeared at the beginning of each

block for 1000 ms to cue subjects on the block type. Each run consisted

of 6 randomly presented blocks, 3 food blocks and 3 tool blocks.

Overall, each experimental run consisted of 216 trials (90% targets and

10% foils) out of which, 60% were valid trials, 15% were invalid trials,

and 25% were nondirectional trials.

Image Acquisition
Functional images were acquired with a 3-Tesla Siemens Trio whole-

body MRI system using a birdcage head coil. Participants lay supine

within the scanner. Their heads were immobilized with a vacuum

pillow (Vac-Fix, Bionix, Toledo, OH) and the restraint calipers built into

the head coil. A vitamin E capsule was taped to the left temporal region

to mark laterality for image processing. Participants were given 2

nonmagnetic button boxes, which enabled recording of their reaction

time (RT) data.

In each of the 6 runs/session, 227 images were acquired using echo-

planar T2-weighted sequence (time repetition = 2.1 s, time echo = 20

ms; flip angle 90�, field of view = 220 cm, matrix = 64 3 64 voxels). Each

image consisted of 40 contiguous axial slices (slice thickness 3 mm, in-

plane resolution 3 3 3 mm) acquired parallel to the anterior and posterior

commissures. Six dummy images were collected at the beginning of each

functional run to allow the blood oxygen--dependent (BOLD) signal to

reach a steady state and were excluded from further processing and

analysis. After the fMRI acquisition, a 160-slice magnetization-prepared

rapid gradient echo structural sequence was acquired (spatial resolution

1 3 1 3 1 mm) in each session and was used to register the participant’s

functional data into standard space.

Data Analyses

Behavioral Analyses

Trials with RTs less than 100 ms or greater than 1000 ms were

discarded. Mean RT was calculated for valid, invalid, and nondirectional

trials separately for hungry and satiated experimental sessions. An

overall repeated-measures analysis of variance (ANOVA) with 3 factors,

motivational state (hungry and full), target type (food and tools), and

directional nature of cue (valid, invalid and nondirectional) was

performed to evaluate the impact of alterations in hunger and satiety

on the RT for validly, invalidly, and nondirectionally cued food and tool

targets. To compute the degree to which a valid directional cue

benefited performance, a cue benefit score was calculated using

equation (1).

RTN –RTVi

rRTN
ð1Þ

RTN is the mean RT for the nondirectional trials, RTVi is the RT for

each validly cued trial, and rRTN is the standard deviation of the

nondirectional trials. The cue benefit scores were calculated separately

for the hungry and satiated sessions using the mean and standard

deviation nondirectional RT for that particular session. The cue benefit

scores, which are measures of the speed of attentional shifts to the food

or tool-related targets, were used to predict variations in the HRF

during the validly cued trials.

Image Processing and Analyses

fMRI data were analyzed using the SPM2 software (Wellcome De-

partment of Cognitive Neurology, London, UK) running under the

MATLAB environment (Mathworks, Inc., Sherborn, MA). Functional

images for each participant were corrected for slice timing, realigned

for correction of motion artifacts, coregistered to that participant’s

high-resolution anatomical T1 image, spatially normalized, using the EPI

template provided in SPM2, into a standard anatomical space (Montreal

Neurological Institute [MNI-305]) that approximately conforms to the

atlas of Talairach and Tournoux (1988) and smoothed with an isotropic

Gaussian kernel (full width half maximum = 7 mm). Runs with more

than 1 voxel of scan-to-scan movement were excluded from further

analysis.

For each subject, a canonical HRF approximating the temporal

course of the BOLD HRF to valid, invalid, and nondirectionally cued

food and tool targets was modeled separately for the hungry and

satiated sessions. The temporal derivative of the HRF was included to

accommodate temporal variability in the HRF function across brain

areas and participants. This model yielded a per-voxel parameter

estimate (b) map representing the magnitude of activation associated

with each trial type. Null trials were not modeled explicitly and

contributed to the implicit baseline. The design also included a 128 sec

high-pass filter and an AR(1) model to account for temporal non-

sphericity due to autocorrelations.

The fMRI data were first examined to determine brain regions that

are involved in encoding motivational salience (level 1). These regions

were expected to show selective sensitivity to food-related cues when

hungry but not when satiated, an effect that would not generalize to

tools. For each subject, statistical comparisons between different trial

types were conducted by comparing the corresponding b maps using

linear contrasts. To contrast activation for food versus tool targets in

the hungry versus satiated state, corresponding b maps from validly

cued trials were subjected to a double subtraction procedure resulting

in a [(hungry food – full food) – (hungry tools – full tools)] statistical

parameter (SPM) t map for each subject. This procedure is statistically
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equivalent to motivational state by target type, within-subject in-

teraction. Finally, the [(hungry food – full food) – (hungry tools – full

tools)] linear contrast images computed at the individual subject level

were forwarded to a second-level random-effects analysis to examine

the effect of motivational state (hungry and full) on neural responses to

directional cues indicating food- and tool-related targets.

Next, we examined brain regions that mediate motivational

modulation of anticipatory spatial attention in a material-specific

manner (level 2). For this purpose, another model was estimated to

examine brain areas whose activity was associated significantly with

cue benefit scores. This model was identical to the one outlined above

except for the addition of a condition specific regressor that modeled

the benefit scores derived from the cues as a continuous factor. This

regressor allowed us to identify voxels that specifically show

a significant correlation with cue benefit scores on validly cued trials.

The calculation of the cue benefit scores is described in the behavioral

analyses section above. To examine how motivational state altered the

correlation between neural activity and the speed of attentional shifts

differentially to food versus tool targets we subjected the b maps

denoting correlation between cue benefit scores and brain activity for

validly cued trials to the double subtraction procedure outlined above.

This double subtraction procedure resulted in a [(hungry food – full

food) – (hungry tools – full tools)] SPM t map for each subject. These

maps were forwarded to a second-level random-effects analysis to

examine the effect of motivational state (hungry and full) on the

correlation between cue benefit scores and neural responses to

directional cues indicating food- and tool-related targets.

Because we had specific a priori hypotheses regarding the role of

limbic regions (e.g., amygdala and PC) in encoding of motivational

valence (level 1) and the role of spatial attention network (e.g., PC,

PPC/IPS, FEF) in biasing spatial attention (level 2), we conducted

a region of interest (ROI) analyses. Search volumes for the ROI analyses

were restricted within a 6--10 mm radius of coordinates for amygdala

(±21, –3, –27), PC (±21, –39, 36; ±9, –39, 24), PPC/IPS (±21, --60, 51; ±27,
–60, 57), FEF (±27, –6, 42; ±51, 0, 36), medial OFC (MOFC) (±18, 25,
–18), and lateral OFC (LOFC) (±41, 34, –19) that were derived from

earlier studies conducted in our labs, from contrasts most relevant to

the present study (Gitelman et al. 1999; LaBar et al. 2001; Small et al.

2001, 2003, 2005). For these ROIs small volume correction was applied

to P-values and only regions that were activated above a P < 0.05, false

discovery rate (FDR) corrected threshold are reported. In addition, to

examine regions other than those identified by the ROI analyses, we

conducted an exploratory whole-brain analyses by using a statistical

threshold of P < 0.005, uncorrected and a cluster threshold of greater

than 6 voxels. Finally, the pattern of activation in regions identified as

being above threshold in the ROI and whole-brain analyses outlined

above was examined in greater detail. This was done by extracting

signal time courses and calculating the spatially averaged percent signal

change or parameter estimate for each condition from each activation

cluster using the Marsbar toolbox (http://marsbar.sourceforge.net/).

SPSS was then used to examine the simple effects driving the

interaction confirmed by whole-brain and ROI analyses.

Finally, we examined the task-dependent changes in connectivity

that linked the 2 levels using psychophysiological interaction (PPI)

analyses. The PC, which has been shown to be involved in anticipatory

biasing of spatial attention to motivationally relevant events (Small et al.

2003, 2005), served as a seed region from the first level. For PPI, the

deconvolved time-series data for PC was extracted from each

participants normalized data, based on a sphere of radius 6 mm around

the peak activation voxel from the group analyses. The product of this

activation time-series data and the psychological vector of interest

(hungry food – full food) resulted in the PPI term. New SPMs with the

physiological variable (PC activity), psychological variable, and their

interaction as regressors were computed for each subject. These

subject level PPI SPMs were then entered into a random-effects group

analyses using a t-test within functional parietal and OFC ROIs where

motivational state differentially altered the relationship between neural

activity and speed of attentional shifts toward food compared with tool-

related targets and results were thresholded at P < 0.05 (uncorrected)

with a cluster size of >6 contiguous voxels.

Results

Motivational modulation of spatial attention was examined by

asking participants (in the fasting or satiated state) to perform

an event-related fMRI task in which central cues signaled

locations of motivationally relevant (food) and motivationally

irrelevant (tool) attentional targets that were presented

peripherally. Thus, the present study implemented a motiva-

tional state (hungry and full) by attentional target type (food

and tools) factorial design. One aim was to reveal areas that

were selectively responsive to motivationally relevant targets.

The second aim was to examine whether regions of the spatial

attention network mediate motivational modulation of antici-

patory spatial attention in a material-specific manner.

Behavioral

Behavioral ratings of hunger level showed that participants

rated themselves as significantly more hungry prior to perform-

ing the task in the hungry condition compared with the

satiated condition (Fig. 2A; t6 = 10.07, P < 0.05). Participants

also rated food stimuli as less appetizing when fed than when

hungry, whereas this effect did not generalize to the tools (Fig. 2B).

A repeated-measures ANOVA with motivational state and target

type as factors showed a significant interaction (F1,6 = 31.11,

Figure 1. Stimuli and timelines used in the experimental task. Participants were instructed to respond to the onset of peripherally presented targets (donuts or hex-nuts) and
foils (danishes or screws) by pressing the right and left button respectively. A cue that preceded target onset by 200, 400, or 800 ms indicated that the target would appear on
the side indicated by the directional cue (valid trial), on the opposite side (invalid trial), and on either side of the nondirectional cues (nondirectional trial). Each participant was
imaged as they performed the task in 2 experimental sessions, once while hungry and once while satiated on donuts.
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P = 0.001) and a main effect of target type (F1,6 = 31.11, P =
0.001). Simple-effects tests showed that food stimuli were

rated as more appetizing during the hungry than the satiated

condition (P < 0.05) whereas appetitiveness ratings for tools

remained unaffected by motivational status.

A 3-way repeated-measures ANOVA with motivational state,

target type, and cue type (valid, invalid, and nondirectional) as

factors showed a significant main effect of the cue type (F2,5 =
6.32, P = 0.043). Planned comparisons showed a faster mean RT

for validly cued than invalid and nondirectional trials and

a faster mean RT for nondirectional than invalidly cued trials

(F1,6 = 15.18, P = 0.008) indicating that we were able to

effectively modulate spatial biasing of attention. Because the

present study proposed specific hypotheses regarding selective

enhancement of attentional biasing toward motivationally

relevant targets, we used a 1-tailed, paired t-test to examine

whether participants showed faster RT for food-related targets

that were motivationally relevant. Results showed a trend

toward significance with marginally faster mean RT’s to validly

cued food-related targets when hungry than when full (t6 =
–1.59, P = 0.083). This effect did not generalize to validly cued

tool targets or nondirectionally cued food- and tool-related

targets, indicating that it reflects a relatively specific effect of

hunger-related motivation on spatial attention directed to

edible objects.

Functional MRI

Encoding of Motivational Salience (Level 1)

The first aim of the present study was to reveal areas that are

selectively responsive to the motivational value of targets. For

this purpose, a random-effects analysis was used to examine the

effect of motivational state (hungry and full) on neural

responses to directional cues indicating food- and tool-related

targets (Methods). ROI analyses showed a motivational state by

target type interaction in a priori defined ROIs in the PC and

amygdala (Fig. 3A, Table 1). The pattern of percent signal

change in both ROIs indicated that the interaction was driven

primarily by hunger-related increases in neural responses to

food- but not tool-related cues (Fig. 3B). Repeated-measures

ANOVAs on the mean percent signal change extracted from

these ROIs confirmed the motivation state by target type

interaction in the PC (F1,6 = 5.58, P = 0.056) and the amygdala

(F1,5 = 17.83, P = 0.008). Simple-effects tests examining the

interaction in both ROIs showed that activity for tool-related

cues when hungry did not differ from tool-related cues when

full and food-related cues when hungry (all Ps were non-

significant). In both PC and amygdala, the interaction was

driven by increased activity for cues indicating food-related

targets when hungry than when full (Ps < 0.05). In addition, the

amygdala showed significant difference between food and tool-

related cue activity in the satiated condition (P < 0.05).

Analyses of the whole brain showed a motivational state by

target type interaction in parahippocampal gyrus, peristriate

cortex, and in areas of the pontomesencephalic brainstem

region consistent with the location of the LC and SN (Fig. 3A,

Table 1). The representative pattern of percent signal change in

these clusters indicates that the interaction was driven by

hunger-related increases in neural responses to food- but not

tool-related cues (Fig. 3B). A repeated-measures ANOVA on the

percent signal change confirmed a motivational state by target

type interaction in parahippocampal gyrus (F1,6 = 22.52, P =
0.003), peristrate cortex (F1,6 = 5.60, P = 0.056), SN (F1,6 =
38.78, P = 0.001), and LC (F1,6 = 19.90, P = 0.004), indicating

that these regions responded differentially to food- and tool-

related cues based on motivational state. Simple-effects tests

showed greater activity for food-related cues when hungry

than food-related cues when full and tool-related cues when

hungry (all Ps < 0.05). Simple effects comparing tool-related

cue activity when full to tool-related activity when hungry and

food-related activity when full were nonsignificant. Thus, the

interactions were primarily driven by changes in food-related

cue activity for hungry and satiated condition. Although the

spatial resolution provided by fMRI does not allow for a

precise identification of smaller structures such as brainstem

nuclei, the locations of the activations in the present study

are compatible with locations reported for LC and SN in

earlier imaging studies (O’Doherty et al. 2002; Wittmann et al.

2005; Sterpenich et al. 2006; Germain et al. 2007; Murray et al.

2007).

Motivational Modulation of Spatial Attention (Level 2)

Next we examined whether regions of the spatial attention

network mediate motivational modulation of anticipatory

spatial attention in a material-specific manner. We identified

brain areas where motivational state altered the correlation

between neural activity and speed of attentional shifts toward

Figure 2. (A) Mean ratings of hunger level at pre- and postsatiety. (B) Mean ratings of appetitiveness for food and tool target stimuli at pre- and postsatiety. Error bars represent
1 SEM.
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food versus tool-related targets differentially (Methods). ROI

analyses using a priori ROIs identified in spatial attention

experiments conducted in our lab show a motivation state by

target type interaction in IPS/PPC and PC (Fig. 4A, Table 1). The

pattern of mean parameter estimates extracted from these

regions indicates a stronger positive correlation between brain

activity and benefits derived from cues signaling food-related

targets when hungry versus food targets when full, whereas an

inverse pattern is present for tool-related targets (Fig. 4B). This

interaction was confirmed by repeated-measures ANOVA

conducted on mean parameter estimates extracted from IPS/

PPC (F1,5 = 20.22, P = 0.006) and PC (F1,5 = 6.92, P = 0.046).

Simple-effects tests confirmed a stronger positive relationship

between brain activity and cue benefits when expecting food-

related targets in the hungry condition versus food targets in

the full condition and tool-related targets in the hungry

condition (P < 0.05), whereas an opposite pattern seen for

tools was marginally significant (P < 0.08).

We also conducted ROI analyses with MOFC and LOFC

coordinates because OFC subdivisions have been shown to be

differentially recruited based on the reward value of a food

item. Results showed a motivation state by target type

interaction in the MOFC and LOFC (Fig. 4C, Table 1). Further

examination revealed a differential pattern of results in the 2

OFC subdivisions with increased MOFC activity associated with

greater cue benefits for food-related targets while hungry and

increased LOFC activity associated with less cue benefits while

hungry and greater cue benefits for food-related targets while

full (Fig. 4D).

Finally, whole-brain analyses showed an interaction in PPC/

IPS (upper axial sections in Fig. 4A), temporoparietal junction

(TPJ), and parahippocampal gyrus (lower axial section in Fig.

4A, Table 1). A repeated-measures ANOVA on the parameter

estimates confirmed the motivational state by target item inter-

action in the TPJ (F1,5 = 29.50, P = 0.003) and parahippocampal

gyrus (F1,5 = 6.92, P = 0.046), indicating that these regions were

Figure 3. (A) Modulation of neural responses to food and tool-related directional cues by hunger and satiety. Images from the group random-effects analysis depict regions that
responded differentially to food versus tool-related directional cues in the hungry versus satiated conditions. The images are thresholded at P\ 0.05, uncorrected, for display
purposes. Top coronal and sagittal sections show activity in amygdala (Amg), parahippocampal gyrus (PHG), and posterior cingulate (PC); sagittal and axial sections below display
peristriate (PS), LC, and SN activity; corpus callosum (CC), insula (INS), PPC, occipital cortex (OC), thalamus (T), cerebellum (Cbl), cingulate gyrus (CG), and OFC. (B) Selective
increase in neural responses to directional cues predicting food- but not tool-related targets in the hungry versus satiated condition. Bar plots show the mean percent BOLD signal
change (±1 SEM) in the Amg, PC and SN (B) for food and tool stimuli in hungry and satiated condition.
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differentially involved in spatial attention based on motivational

state. Simple-effects tests confirmed a stronger positive re-

lationship between brain activity and cue benefits when

expecting food-related targets in the hungry condition versus

food targets in the full condition and tool-related targets in the

hungry condition, whereas an opposite pattern was seen for

tool-related targets (P < 0.05).

We also examined PC’s role as a putative neural link between

motivation and spatial attention using PPI analysis (Friston et al.

1997). This analysis allowed us to examine context-specific

changes in functional integration between PC and IPS or OFC

during spatial biasing of attention toward motivationally

relevant compared with irrelevant targets. PPI analysis was

conducted using functional ROIs where motivational state

differentially altered the correlation between neural activity

and speed of attentional shifts toward food compared with

tool-related targets (Methods). Results revealed a cluster of

voxels in the IPS ROI that showed motivational state specific

increments in functional integration with PC such that

functional coupling between IPS and PC for food-related

stimuli increased when the stimuli were motivationally relevant

(hungry state) versus when they were irrelevant (full state).

Thus, the functional coupling between PC and IPS increased

during spatial biasing of attention to motivationally relevant

stimuli compared with irrelevant stimuli. Although a similar

pattern of results was seen for the functional coupling between

OFC and PC, the findings were marginally significant (P < 0.08).

Summary of Results

Subjects rated themselves hungrier and the donuts as more

appetizing after the fast; hunger caused a shortening of RT to

foods but not tools; the SN, LC, amygdala, parahippocampal

gyrus, and peristriate cortex were more strongly activated by

foods than tools when hungry but not when full; activation in

components of the spatial attention network such as the PPC,

banks of the IPS, TPJ, and PC was more positively correlated

with the speed of attentional shifts to food targets when

hungry than full, whereas an inverse pattern was seen for tool

targets; stronger functional coupling between PC and IPS

during spatial biasing of attention toward motivationally

relevant stimuli; in the OFC positive correlations of neural

activity with attentional shifts to foods were seen medially

(MOFC) when hungry and laterally (LOFC) when full.

correlations of neural activity with attentional shifts to foods

were seen medially (MOFC) when hungry and laterally (LOFC)

when full.

Discussion

Earlier studies have used secondary reinforcers like money to

demonstrate the influence of motivational variables on atten-

tion (Small et al. 2003, 2005; Della Libera and Chelazzi 2006;

Engelmann and Pessoa 2007). The present study manipulated

the motivational state of the participants and used targets with

intrinsic hedonic relevance to examine the neural mechanisms

involved in the motivational guidance of spatial attention. In

this study, fasting or satiated participants performed an event-

related fMRI task in which spatially uninformative or di-

rectional cues signaled locations of motivationally relevant

(food) and motivationally irrelevant (tool) attentional targets.

The trials were blocked into ‘‘food’’ and ‘‘tool’’ sessions in order

to maintain a consistent set of motivational expectation. The

foils ensured that subjects attended to the targets, whereas the

invalid and spatially uninformative cues allowed us to quantify

the effectiveness of cue-induced attentional shifts and differ-

entiate them from the effects of temporal expectancy. We

examined the influence of motivational state (hungry vs.

satiated) and cues depicting targets (food vs. tools) on neural

activity in order to explore how attentional shifts are

modulated by motivational factors. Although we modeled

neural activity for predictive cues, it is to be noted that the

present experimental design does not allow clear separation of

cue from target-related activity.

Limbic and Monoaminergic Encoding of Motivational
Valence

Hunger selectively enhanced activity in visual peristriate

cortex, limbic structures (amygdala, PC, parahippocampal

gyrus), and brainstem monoaminergic nuclei (SN, LC) to food-

but not tool-related directional cues. Recordings in monkeys

(Nishijo et al. 1988; Ono et al. 2000), amygdala lesion studies in

rats (Dwyer and Killcross 2006) and humans (Bechara et al.

1995, 1999), and fMRI studies in neurologically intact subjects

(LaBar et al. 2001; O’Doherty et al. 2002; Gottfried et al. 2003)

have demonstrated the importance of amygdala in mediating

the motivational and visceral impact of motivationally relevant

events. Similarly, noradrenergic and dopaminergic pathways

have been known to regulate motivational and arousal aspects

of behavior (Foote et al. 1980; Berridge 1996; Aston-Jones et al.

1997; Schultz et al. 1997). Our study further establishes their

sensitivity to predictive cues that trigger an anticipatory

attentional shift toward locations where motivationally relevant

events are expected to occur.

Through its interconnections with peristriate areas (Aggle-

ton 1993), the amygdala could provide a top-down modulatory

influence that preferentially enhances the encoding of salient

events in visual areas (Fig. 3A). Although it is unlikely that there

is a one-to-one correspondence between the monoaminergic

pathways and specific cognitive domains, the activation of

these modulatory pathways provides a general mechanism for

augmenting neural responses to salient events. The combined

activation of these 2 pathways in anticipation of the food

picture would be expected to enhance the hunger-induced

Table 1
Encoding of motivational relevance (level 1) and motivational modulation of attention (level 2)

Regions Co-ordinates Z Level 1 Level 2

ROI analyses
Amygdala 21, �6, �9 2.99 ** NS
Posterior cingulate 12, �51, 42 3.62 **

�9, �42, 15 2.81 **
PPC/IPS 21, �57, 48 2.95 NS **
MOFC 21, 30, �18 2.73 NS **
LOFC �45, 33, �18 3.40 NS **

Whole-brain analyses
Parahippocampal gyrus 15, �45, �6 3.22 *

36, �12, �24 3.59 *
18, �21, �21 2.94 *

LC 9, �42, �30 3.23 * NS
SN 9, �15, �18 4.55 * NS

3, �15, �6 3.34 *
�3, �24, �6 3.20 *

Peristriate cortex �33, �69, 30 3.18 * NS
TPJ 39, �48, 18 3.20 NS *
PPC/IPS 21, �57, 45 3.01 NS *

27, �54, 54 2.74 *

Note: *Significant at a mapwise threshold of P # 0.005, uncorrected and **significant at a P\
0.05, FDR corrected using small volume correction, NS 5 nonsignificant.
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salience of the motivationally relevant stimulus and therefore

make it a more effective target for attentional shifts.

Motivational Modulation of Attentional Network

How do neurons sensitive to motivational valence influence the

deployment of spatial attention? To address this question, we

looked for those areas where hunger altered the correlation

between neural activity and speed of attentional shifts differen-

tially to foods versus tools. We found that in the parietal

components of the spatial attention network (banks of IPS and

TPJ and in the PC), activity was more positively correlated with

the speed of attentional shifts to food targets when hungry than

when full, whereas an opposite pattern was seen for tool targets.

The banks of the IPS may participate in the guidance of

spatial attention by compiling a ‘‘salience map’’ (Gottlieb 2007;

Molenberghs et al. 2007). An important requirement for the

compilation of a saliency map is sensitivity to the motivational

relevance of extrapersonal stimuli, a property that has been

demonstrated for lateral intraparietal (LIP) neurons of the IPS

in nonhuman primates. In monkeys placed in a foraging

environment where reward values of alternative spatial targets

changed, LIP neurons represented the probability that a partic-

ular region of space would serve as the endpoint of the next

saccade (Sugrue et al. 2004). When animals were allowed to

choose freely between alternative responses, LIP neuronal

activation was correlated with the reward that the animal could

Figure 4. (A) Hunger and satiety differentially modulate the correlation between neural activity in regions involved in spatial attention and the speed of attentional shifts to food
and tool targets. Images from the group random-effects analysis of the regression of cue benefit score across the whole brain show an interaction of motivation state by target
type in the PPC and IPS in top axial sections and TPJ and PC in axial sections below. The images are thresholded at P\ 0.05, uncorrected, for display purposes. (B) Hunger
altered the correlation between neural activity in the attentional network and the speed of attentional shifts differentially to food versus tool targets. There was a stronger positive
correlation of neural activity with attentional shifts to food targets when hungry than when satiated, whereas an inverse pattern was seen for tools. Bar plots show mean
parametric estimates (±1 SEM) of the correlation between neural activity in the PC and PPC and speed of attentional shifts to food and tool stimuli in hungry and satiated
condition. (C) Modulation of correlation between neural activity and the speed of attentional shifts to food targets by hunger and satiety in the MOFC and LOFC. Images from the
ROI analysis of the regression of cue benefit scores on MOFC and LOFC activity examined for an interaction of motivation state by target type. The images are thresholded at p\
0.05, uncorrected, for display purposes. (D) OFC subdivisions show a differential pattern of correlation between neural activity and the speed of attentional shifts towards food-
related targets, with MOFC showing a stronger positive correlation when hungry and LOFC showing a stronger positive correlation when satiated. Findings indicate functional
differences in medial and lateral OFC’s role in motivational guidance of spatial attention.
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expect from each response (Platt and Glimcher 1999; Coe et al.

2002). Our results show that the human IPS region may have

similar response contingencies. Analyses in Figures 3 and 4

indicate that IPS neurons do not mediate a general encoding of

motivational valence but that they are sensitive to motivational

relevance specifically when it guides spatial attention. These

findings support the role of IPS in integrating information from

multiple domains, including motivational and spatial, in forming

topographical saliency representations that guide spatial

attention. Another posterior parietal area with a similar re-

sponse pattern was located in TPJ, a region frequently activated

by spatial attention tasks and implicated in the reorientation of

attentional focus (Nobre et al. 1997; Gitelman et al. 1999;

Corbetta and Shulman 2002). The present study provides

evidence that the involvement of TPJ in spatial attention is

modulated by motivational variables.

In the present study, we also found a negative correlation

between IPS/PC/TPJ activity and attentional biasing toward

motivationally irrelevant (tools when hungry) and devalued (food

when full) targets. This finding is consistent with another study

that showed TPJ deactivation for a stream of distractors, a finding

that is proposed to reflect attentional filtering of irrelevant inputs

(Shulman et al. 2007). Another somewhat unexpected findingwas

that of positive correlation between neural activity in spatial

attention regions and speed of attentional shifts to tool targets

when satiated, a relationship that may be attributable to the

relative preference for tool-related targets in contrast to devalued

(and perhaps aversive) food targets in the satiated state. These

patterns may be indicative of attentional modulation aimed at

enhancing the impact of motivationally relevant stimuli and

diminishing the impact of motivationally less relevant stimuli

(Fenske 2006) in a dynamic fashion that is sensitive to real-time

changes of context.

Present results also demonstrate that the OFC plays an

important role in motivational guidance of spatial attention.

MOFC and LOFC subdivisions show functional (Elliott et al.

2000; O’Doherty et al. 2001; Small et al. 2001) and anatomical

(Morecraft et al. 1992) heterogeneity. MOFC is involved in

processing reward value whereas LOFC is involved in process-

ing aversive information or in suppression of previously re-

warding responses (O’Doherty et al. 2001; Small et al. 2001). Our

results show that MOFC activity correlates positively with

attentional shifts toward motivationally relevant targets and

negatively with shifts toward devalued targets. Conversely, LOFC

activity correlates positively with attentional shifts toward

devalued targets and negatively with motivationally relevant

targets. These findings extend functional differences in medial

and lateral OFC to its role in motivational guidance of spatial

attention. Due to strong connectivity with PC, it is likely that the

OFC provides an encoding of motivational salience that is

relayed to the spatial attention network through the PC.

The Posterior Cingulate Cortex: Crossroads of Motivation
and Spatial Attention

The primate cingulate gyrus is interconnected with the

amygdala, parahippocampal region, insula, OFC, and inferior

parietal lobule (Mesulam et al. 1977; Pandya et al. 1981;

Morecraft et al. 1992; Morris et al. 2000). Furthermore, PC

shows involvement in the generation of visuospatial biases to

cues predicting attentional targets (Hopfinger et al. 2000; Small

et al. 2003). Hence, the PC is ideally suited to serve as a neural

interface between motivation, as encoded by the limbic system,

and spatial attention. We have previously found that neural

activity in the PC correlates positively with anticipatory shifts

of spatial attention and that this relationship is strengthened by

the presence of monetary incentives (Small et al. 2003, 2005),

indicating that the PC is involved in anticipatory biasing of

spatial attention to motivationally relevant events. However, in

these studies the target had no intrinsic hedonic relevance and

became motivationally relevant only through introduction of

monetary incentives. Furthermore, motivational state (desire to

earn money) remained constant and the reward was postponed

until the end of the session when the subject received the

earnings based on performance.

The present experiment involved a more naturalistic setting

where targets had ecologically relevant hedonic valence and

the corresponding biological motivation could be manipulated

to alter the appetitiveness of the targets. The PC neurons in our

study responded differently than IPS and TPJ neurons,

displaying sensitivity to the general motivational valence of an

upcoming stimulus (Table 1, Fig. 3) and also mediating the

motivational guidance of spatial attention shifts (Table 1, Fig.

4). These findings are consistent with monkey single-cell

recording studies showing that PC neurons signal expected and

actual reward outcomes associated with shifts of gaze (McCoy

et al. 2003) as well as subjective preferences that guide visual

orienting (McCoy and Platt 2005). Furthermore, the para-

hippocampal gyrus, a region that is strongly interconnected

with PC (Pandya et al. 1981), shows a similar pattern of results

as the PC (Table 1) which is consistent with the proposed role

of PC--parahippocampal connections in visuospatial biasing

(Vogt et al. 1992). Finally, the proposed role of PC as a neural

interface between motivation and spatial attention was sup-

ported by findings of increased functional coupling between PC

and IPS during spatial biasing toward motivationally relevant but

not irrelevant attentional targets. Hence, a possible mechanism

through which the posterior cingulate directs attention may

involve modulation of saliency representations in the PPC such

that salient locations in extrapersonal space become the

preferential targets of limited attentional resources.

Effective motivational modulation of spatial attention

depends on accurate real-time assessment of motivational

salience. The results of the present investigation reveal

conjoint limbic and monoaminergic encoding of fluctuations

in motivational salience of cues predicting attentional targets.

Furthermore, attentional network components such as IPS and

PC show greater involvement in spatial biasing toward

motivationally relevant targets and less involvement in biasing

toward motivationally irrelevant targets. OFC subdivisions are

differentially involved in motivational guidance of spatial

attention showing positive correlations of neural activity with

attentional shifts to foods medially (MOFC) when hungry and

laterally (LOFC) when full. Finally, PC appears to play a pivotal

role in integrating the limbic encoding of valence with the

sensorimotor aspects of spatial attention, a process that is

essential for directing spatial attention selectively to motiva-

tionally relevant targets in an environment where the position

of targets and their relevance can undergo rapid changes.
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