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SUMMARY

Memory can strongly influence how attention is deployed in future encounters. Though memory 

dependent on the medial temporal lobes has been shown to drive attention, how other memory 

systems could concurrently and comparably enhance attention is less clear. Here, we demonstrate 

that both reinforcement learning and context memory facilitate attention in a visual search task. 

Using functional magnetic resonance imaging, we dissociate the mechanisms by which these 

memories guide attention: trial by trial, the hippocampus (not the striatum) predicted attention 

benefits from context memory, while the striatum (not the hippocampus) predicted facilitation 

from rewarded stimulus-response associations. Responses in these regions were also distinctly 

correlated with individual differences in each type of memory-guided attention. This study 

provides novel evidence for the role of the striatum in guiding attention, dissociable from 

hippocampus-dependent context memory.

INTRODUCTION

Attention can be profoundly influenced by memory. Even something as simple as having 

previously viewed a picture or an array of shapes can inform where visual attention will be 

directed, enhancing perceptual sensitivity (Chun and Jiang, 1998; Patai et al., 2012; 

Summerfield et al., 2006). While the influence of memory on attention is a relatively recent 

topic (Hutchinson and Turk-Browne, 2012; Rosen et al., 2015), there is compelling evidence 

that hippocampal memory can guide attention. The hippocampal memory system rapidly 

encodes episodic memories, which are flexible and rich in contextual detail (Burgess et al., 

2002). Long-term memory for complex scenes engages the hippocampus and facilitates 

attention and eye movements to targets, even in the absence of explicit recall (Hannula and 
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Ranganath, 2009; Summerfield et al., 2006). The contextual cueing effect demonstrates that 

memory for a repeated spatial configuration guides attention and improves performance in 

visual search (Chun and Jiang, 1998). These memories depend on medial temporal lobe 

(MTL) structures and have frequently been shown to involve the hippocampus (Chun and 

Phelps, 1999; Giesbrecht et al., 2013; Greene et al., 2007; Preston and Gabrieli, 2008).

Although these studies have demonstrated the critical role of hippocampal memory in 

guiding attention, memory is not a unitary process (Squire, 1992). Different neural systems 

support encoding and retrieval of specific kinds of information (Henke, 2010). Thus, the 

ability of memory for diverse cues to guide attention may depend on distinct memory 

systems. Unlike hippocampal memory, the striatum slowly acquires rigid associations 

between stimuli and responses (Bayley et al., 2005; Graybiel, 1998; Yin and Knowlton, 

2006). In healthy individuals, hippocampal and striatal systems can concurrently acquire 

information (Foerde and Shohamy, 2011), and lesion studies in rats (Packard and McGaugh, 

1996) and human patients (Knowlton et al., 1996) have dissociated these systems. However, 

the influence of striatal memory on attention has not been studied.

We hypothesize that people can learn and use multiple informative cues to guide attention. 

Furthermore, we hypothesize that changing the type of cue can change the memory system 

that guides attention. We developed a way to directly compare how hippocampal and striatal 

memory influences attention. Contextual cueing demonstrates the impact of hippocampal 

memory on attention in visual search. During the search task, participants search for a target 

(a rotated “T”) and press a button once they find it, indicating the direction of the “T” 

(Figure 1). The influence of hippocampal memory is shown via repeated configurations of 

target and distractors; on these trials, memory for spatial context guides attention to the exact 

location of the target. This effect is implicit. Participants do not have explicit memory for the 

repeated context (Chun and Jiang, 1998, 2003; Chun and Phelps, 1999).

While contextual cueing has been frequently replicated and provides an index of 

hippocampal memory guiding attention, other forms of predictive associations, potentially 

reliant on other memory systems, have been less studied. To address this, we modified the 

search task to include probabilistic stimulus-response (SR) associations known to rely on the 

striatum as mnemonic cues for attention. Specifically, on some trials, the target and 

distractors appeared in a different color. The predictive color probabilistically (80% validity) 

cued the target location (quadrant of the screen) and the button-press response (the direction 

of the “T”). Thus, the cue evoked a “chunked” response of orienting to the quadrant and 

preparing the button press. The striatum is critical to forming such SR associations, 

including the chunking of motor and cognitive actions following a cue (e.g., Graybiel, 

1998). We randomly interleaved these cued trials, hereafter contextually cued (CC) and SR, 

with trials that had no mnemonic cue. The influence of both cues on attention was quantified 

as faster reaction time (RT) on cued compared to uncued trials.
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RESULTS

Behavior

Participants improved their search performance (showed faster RT) for all trial types 

(F(5,170) = 108.5, p < 0.001; Figure 1D). Importantly, they showed superior performance on 

both CC and SR relative to no-cue trials (main effect of trial type, F(2,68) = 11.03, p < 

0.001). This was replicated in a separate sample (Figure S1). There was no significant 

difference in RT between SR and CC trials, suggesting that both mnemonic cues comparably 

enhanced attention, although the learning rate differed (Figure S1).

Participants were accurate (97.5%). There were no speed-accuracy tradeoffs for memory-

guided attention: accuracy on SR (97.7%) was not significantly different from that on no-cue 

trials (97.1%; t(34) = 1.35, p = 0.2), while CC (98%) were more accurate than no-cue trials 

(t(34) = 2.29, p = 0.03).

Critically, SR associations were specifically evoked by the SR cue: when the SR cue (color) 

was absent, participants were not faster at finding the “T” in the SR-cued quadrant (t(34) = 

0.7, p = 0.5), and they were not faster in making the SR-cued response (t(34) = 1.36, p = 

0.2), indi cating that the benefit on SR trials was specifically elicited by the SR cue. 

Furthermore, the cued response involved more than a simple button press after viewing the 

SR color (Figure S2).

To test whether memory for CC and SR associations was explicit, we probed memory for 

“T” location quadrant (CC and SR) and button-press response (SR). Participants did not 

differ from chance (25%) in recalling the “T” location on CC (mean accuracy = 23.9% 

[SEM = 1.8%]; t(34) = 0.59, p = 0.6) or SR trials (mean accuracy = 29.2% [SEM = 2.8%]; 

t(34) = 1.5, p = 0.14) and did not differ from chance (50%) in recalling the motor response 

on SR trials (mean accuracy = 45.7% [SEM = 4.2%]; t(34) = 1.0, p = 0.3).

These results demonstrate that memories for CC and SR associations implicitly guided 

attention. We hypothesized that changes in attention resulting from these memories 

depended on different neural systems. To test this, we examined blood oxygen level-

dependent (BOLD) responses as participants performed the task, enabling us probe memory-

guided attention as it unfolded (Karuza et al., 2014).

Subsequent Attention Effect: Trial-by-Trial BOLD Response Predicts Behavior

We investigated how neural systems supporting memory influence attention trial by trial. 

Earlier work on episodic memory has shown that activity at encoding predicts retrieval 

success (Wagner et al., 1998). Here, we examined whether trial-evoked BOLD responses 

(Figure S3) could predict memory-guided attention (RT) on the subsequent trial (Figure 2A). 

We anatomically defined a priori regions of interest (ROIs; hippocampus and striatum). In 

one set of linear regressions, signals from both hippocampus and striatum were predictors of 

subsequent RT. To understand the contributions of subregions, we also ran separate linear 

regressions in which one subregion at a time served as the predictor.
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Our subsequent attention effect (SAE) analysis revealed that BOLD signal in the 

hippocampus significantly predicted subsequent attention on CC trials (mean β = 0.03, p = 

0.03) while striatal signal did not (Figure 2B). The hippocampus was a stronger predictor of 

CC-based SAE than the striatum (β = –0.02, t(34) = 2.18, p = 0.04). In separate regressions, 

almost all hippocampal subregions significantly predicted CC-based SAE (full 

hippocampus: β = 0.028, p = 0.049; left: β = 0.03, p = 0.007; right: β = 0.025, p = 0.09, 

anterior: β = 0.028, p = 0.047; posterior: β = 0.034, p = 0.01; Figure 2C), but activity in 

striatal regions did not. Positive hippocampal β values indicate that lower hippocampal 

signal predicts greater SAE (lower RT) on CC trials.

We observed the opposite pattern on SR trials. BOLD signal in the striatum predicted SR-

based SAE (β = –0.04, p = 0.02), while hippocampal signal did not (Figure 2B). When we 

ran separate regressions, signal in all striatal subregions predicted SR-based SAE (full 

striatum: β = –0.049, p = 0.003; caudate: β = –0.047, p = 0.003; putamen: β = –0.042, p = 

0.01), but signal in hippocampal regions did not (Figure 2C). Negative β values indicate that 

a higher striatal signal predicts greater SAE on SR trials. These results dissociate 

hippocampal and striatal involvement in CC- and SR-guided attention.

SAE: Neural Circuits

To probe neural networks of SAEs, we ran an analogous analysis using trial-evoked 

responses in the hippocampus and striatum to predict subsequent BOLD responses in other 

regions (Figure 2D). We used trial-evoked responses from the hippocampus and striatum as 

parametric modulators for CC and SR trials, testing where hippocampal response on CC trial 

t predicted BOLD signal on CC trial t + 1 and where striatal response predicted subsequent 

BOLD on SR trials. As decreased hippocampal BOLD predicted CC-based SAE, we probed 

negative correlations with the hippocampus and, as increased striatal BOLD predicted SR-

based SAE, we probed positive correlations with the striatum (Table 1). These analyses 

revealed distinct networks for striatum- and hippocampus-guided subsequent attention 

(Figure 2E).

Common Activity in Memory- and Visually Guided Search

To better understand brain regions involved across memory- and visually guided search, we 

identified areas that were commonly active on accurate CC, SR, and no-cue trials (following 

Summerfield et al., 2006). Using a generalized linear model (GLM), we separately identified 

regions that were significantly active in three contrasts: (voxel-wise corrected p < 0.05): CC 

versus baseline, SR versus baseline, and no-cue versus baseline (accurate only). To test for 

significant activity in all contrasts, we performed a conjunction analysis, taking the 

maximum p value from these maps (Nichols et al., 2005). Peak and local maxima are shown 

in Table S1 and Figure 2E. These include the anterior insula, precentral sulcus, superior 

parietal lobule, and lateral occipital cortex.

BOLD Responses Correlate with Individual Differences in Memory-Guided Attention

Next, we probed whether BOLD signal in our ROIs correlated with individual differences in 

memory-guided attention. We quantified memory-guided attention as the difference in RT 

between no-cue and memory-cued trials during the second half of the experiment (Chun and 
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Jiang, 1998). This revealed considerable variability across participants (Figure 3A). To 

understand how the hippocampus and striatum contribute to this variability, we used a GLM 

to derive BOLD estimates per trial type per ROI. We then correlated these responses with 

attention benefits from each mnemonic cue and compared the dependent correlations 

(Steiger, 1980, Equations 3, 10, and 14).

Our metric of memory-guided attention uses performance in the second half of the 

experiment, raising the question of whether early or late BOLD signal would predict 

individual differences. Early hippocampal signal predicts later contextual cueing effects 

(Giesbrecht et al., 2013), but striatal learning tends to follow a slower time course (Henke, 

2010). We examined whether BOLD responses during the first or second half of the 

experiment correlated with individual differences in later memory-guided attention. BOLD 

responses in the posterior hippocampus (CC > no cue) during the first half correlated with 

later CC-guided attention (r = 0.41, p = 0.01), such that participants with lower hippocampal 

responses on CC than on no-cue trials showed greater CC-guided attention. Striatal signal 

did not correlate with CC-guided attention. In contrast, for SR-guided attention, responses in 

the putamen (SR > no cue) during the second half trended toward correlating with SR-

guided attention (r = 0.32, p = 0.06), such that those with higher putamen responses on SR 

than no-cue trials showed greater SR-guided attention. Hippocampal signal did not correlate 

with SR-guided attention.

To facilitate comparison of CC- and SR-guided attention, we contrasted BOLD responses on 

CC versus SR trials, further demonstrating divergent temporal trajectories. Striatal signal 

during the second half was significantly more correlated with individual differences in SR-

guided attention than striatal signal during the first half (SR > CC—first half: r = –0.17, 

second half: r = 0.27; Z = 2.4, p = 0.02). Hippocampal BOLD during the first half trended 

toward correlating more with variability in CC-guided than in SR-guided attention (CC > SR

—CC: r = 0.22, SR: r = 0.07; Z = 1.8, p = 0.07). This difference was significant in the left 

hippocampus (CC: r = –0.28, SR: r = 0.05; Z = 2.07, p = 0.04).

Given these different time courses, we examined whether change in signal from the first to 

the second half of the experiment correlated with individual differences in memory-guided 

attention (Figures 3B and 3C). Changes in striatal BOLD were significantly more correlated 

with variability in SR-guided attention (SR > CC—r = 0.42, p = 0.01) than in CC-guided 

attention (SR > CC—r = 0.04; Z = 2.5, p = 0.01; also caudate [SR: r = 0.38, p = 0.03; CC: r 
= –0.03; Z = 2.6, p = 0.008] and putamen [SR: r = 0.42, p = 0.01; CC: r = 0.08; Z = 2.2, p = 

0.03]). Conversely, changes in hippocampal BOLD trended toward being more correlated 

with variability in CC-guided attention (CC > SR—r = 0.26) than in SR-guided attention 

(CC > SR—r = –0.03; Z = –1.88, p = 0.06). This dissociation was significant in the left 

hippocampus (CC: r = 0.26; SR: r = –0.07; Z = –2.08, p = 0.04) and posterior hippocampus 

(CC: r = 0.24; SR: r = –0.1; Z = –2.21, p = 0.03).

DISCUSSION

This study demonstrates that multiple mnemonic cues facilitate attention via distinct neural 

systems. In our visual search task, participants showed subsequent attention benefits (faster 
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RT) after learning CC and SR associations. By changing the cue, this task changed the 

memory system that guided attention: the hippocampus for CC-guided attention and the 

striatum for SR-guided attention. Trial by trial, trial-evoked BOLD responses in each region 

predicted RT on the subsequent exposure to the corresponding mnemonic cue. BOLD signal 

in these regions also correlated with individual differences in memory-guided attention.

Our trial-by-trial subsequent attention analysis revealed a double dissociation of neural 

regions involved in CC and SR learning. Analogous to the subsequent memory effect 

(Wagner et al., 1998), imaging data were sorted based on later behavior, allowing us to probe 

BOLD activity that predicted memory-specific behavior changes. Trial-evoked responses in 

the hippocampus on a CC trial significantly predicted attention on the next CC trial, while 

striatal responses did not. The opposite pattern was observed on SR trials: striatal responses 

predicted subsequent attention, while hippocampal responses did not. This demonstrates the 

role of multiple memory systems in contributing to a dynamic, integrated priority map that 

guides attention (Awh et al., 2012).

To understand brain networks in memory-guided attention, we conducted an analogous 

analysis in which trial-evoked responses predicted BOLD activity in other regions. While 

both hippocampus and striatum predicted subsequent BOLD in the insula, occipital pole, 

and putamen, these networks also had distinct features, revealing differences in how these 

memory systems guide attention. Several regions have previously been related to memory-

guided attention: for the hippocampus, the precuneus (Rosen et al., 2015; Sestieri et al., 

2010) and left caudate (Summerfield et al., 2006) and, for the striatum, the anterior cingulate 

(Rosen et al., 2015; Summerfield et al., 2006). The anterior cingulate functions as part of a 

circuit with the striatum (Alexander et al., 1986). In general, regions identified by this 

analysis overlapped with areas identified by our conjunction analysis, which correspond to 

the dorsal frontoparietal network (Corbetta and Shulman, 2002).

Our individual difference analyses highlighted the ability of memory regions to explain 

variability in CC- and SR-guided attention. Hippocampal BOLD, particularly the left and 

posterior hippocampus (previously correlated with contextual cueing; Greene et al., 2007) 

correlated more with variability in CC-guided than in SR-guided attention. By contrast, 

striatal BOLD correlated more with variability in SR-guided than in CC-guided attention. 

We also observed distinct temporal trajectories: CC-guided attention correlated more with 

early hippocampal BOLD, while SR-guided attention correlated more with late striatal 

BOLD. Early hippocampal activity predicts later contextual cueing (Giesbrecht et al., 2013), 

suggesting the importance of initial encoding. By contrast, striatal projection neurons change 

firing patterns gradually, showing increased coherence later in learning (Graybiel, 1998). 

These trajectories have been shown previously, with the MTL active initially and the caudate 

active later in learning (Poldrack et al., 2001).

We observed distinct directionality in hippocampus- and striatum-guided attention, with 

lower hippocampal and higher striatal BOLD predicting facilitated attention. This striatal 

pattern is consistent with habit studies that show increased striatal activity over the course of 

training (Tricomi et al., 2009). However, the hippocampus does not show consistent 

directionality. Other studies have also found that lower hippocampal signal during repeated 
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encoding (Vannini et al., 2013; Ward et al., 2013) and retrieval (Gonsalves et al., 2005; 

Suzuki et al., 2011) correlate with better memory. The role of the hippocampus in memory-

guided attention is mixed, with decreased (Rosen et al., 2015) and increased (Stokes et al., 

2012; Summerfield et al., 2006) activity related to facilitated attention. It is possible that the 

explicit nature of the memory plays a role. Repetition suppression in several MTL areas has 

been related to (implicit) repetition priming but not explicit memory (Ward et al., 2013), 

although increased hippocampal activity has been shown before retrieval of implicit memory 

(Hannula and Ranganath, 2009). Thus, while the hippocampus is commonly recruited in 

memory-guided attention, the directionality of hippocampal BOLD activity in relation to 

implicit and explicit memory deserves further study.

Using a stimulus that probabilistically (80% validity) predicted a response, we demonstrated 

that striatal memory could guide attention. Previous research on top-down control of 

attention has shown that participants can successfully orient attention based on probabilistic 

cues. However, in prior studies, the association between cue and response was instructed and 

explicit, leading to specific preparatory control signals (Corbetta and Shulman, 2002) and 

enhanced efficiency. Such explicit associations between stimuli and responses are unlikely to 

rely on the striatal memory system (Graybiel, 1998; Yin and Knowlton, 2006). By contrast, 

in our study, the relationship was implicit. Striatal memory is recruited in situations for 

which the appropriate response to the cue is unclear (Foerde and Shohamy, 2011; Knowlton 

et al., 1996), requiring gradual trial-and-error learning.

Although the goal of the current study was to dissociate the contributions of hippocampal 

and striatal memory to attention, these memory systems do not typically function in 

isolation. In real-world search, multiple types of information (which may be learned by 

distinct systems) can facilitate target detection (Chun and Turk-Browne, 2007). In some 

situations, both systems are required for optimal performance (Shohamy et al., 2009), while 

in others, factors such as distraction (Foerde et al., 2006), duration of training (Poldrack et 

al., 2001), or stress (Schwabe and Wolf, 2012) influence which memory system will 

dominate performance. Future research is necessary to determine how hippocampal and 

striatal memory interact to influence attention in such scenarios.

EXPERIMENTAL PROCEDURES

This research was approved by New York University's University Committee on Activities 

Involving Human Subjects. For monetary compensation, 35 right-handed participants (51% 

female, mean age = 21.7 years) completed the study. Based on power analyses from prior 

behavioral data (Figure S1), 35 participants were needed for a power level of 0.08 (α = 

0.05).

After 24 practice trials, participants completed 576 trials of visual search for a target among 

distractors (Figure 1). Following fixation, participants had up to 4 s to locate the “T” and 

make a response. As soon as the participant responded, this screen disappeared. Next, a 

feedback screen showed points earned (based on speed and accuracy). Participants 

completed 576 trials over six scanning runs. Across trials, we controlled for factors (such as 

“T” location) that could bias visual search (details in the Supplemental Experimental 
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Procedures). Search trials had no mnemonic cue, CC, or probabilistic SR cues. On CC trials, 

repeated spatial configurations cued the exact “T” location but did not cue the response 

(50% probability). On SR trials, the color of the shapes cued (80% probability) the location 

of the “T” and the response (see Figure S2 for design of SR trials). These mnemonic cues 

were never presented together—that is, the CC trials were never presented in the SR-

predictive color, and the spatial configuration of SR trials was randomly generated. 

Immediately following search, participants were tested for explicit memory for these 

mnemonic associations.

Scanning was performed on a 3T Siemens Allegra head-only scanner with a Siemens 

standard head coil at the New York University Center for Brain Imaging. SAE analyses are 

described in Figure 2. For detailed experimental procedures, please see Supplemental 

Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Multiple memory systems concurrently and implicitly facilitate attention

• The striatum predicts attention benefits from reinforcement learning

• The hippocampus predicts attention benefits from implicit context memory

• The hippocampus quickly guides attention, while the striatum is slower

Goldfarb et al. Page 11

Neuron. Author manuscript; available in PMC 2017 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Experiment Design and Behavior
(A) Trial sequence.

(B) Example search screen and correct response.

(C) Schematic of CC and SR associations.

(D) Behavioral results. Participants were significantly faster at finding the “T” in the 

presence of a CC or SR cue compared to no cue (replication, Figure S1). Left: learning 

throughout the experiment (one run = mean of four sequential blocks). Only responses for 

accurate, non-outlier trials are shown. Outliers were defined as RTs more than 3 SDs outside 
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the mean for that trial type (1.5% of trials, no significant difference between trial types; 

Chun and Jiang, 2003). Right: performance during the second half of the experiment (gray 

background). Error bars, ±1 SE. ***p < 0.001.
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Figure 2. SAEs Are Predicted by Distinct Neural Regions
(A) Analysis procedure, trial-by-trial prediction of behavior. For each trial, we extracted the 

trial-evoked response from each ROI and computed the area under the curve (Figure S3). We 

used these trial-evoked responses (trial t) to predict RT for the next trial with that memory 

cue (t + 1). For CC trials, this analysis was conducted for each repeated configuration 

separately and then averaged; for SR trials, this was run iteratively for all subsequent trials.

(B) Hippocampus and striatum dissociate SAEs. When trial-evoked responses from the 

hippocampus (blue) and striatum (purple) were both used as predictors of subsequent CC-

guided attention, the hippocampus significantly predicted attention while the striatum did 

not. By contrast, trial-evoked responses in the striatum significantly predicted SR-guided 

attention while hippocampal responses did not. Positive β values, negative trial-evoked 

responses predict decreasing RT; negative β values, positive responses predict decreasing RT.

(C) Hippocampal regions predict CC-guided attention, while striatal regions predict SR-

guided attention. Regressions were run separately for each region and graphed as described 

in (B). Left panel: CC trials. Right panel: SR trials. All, full ROI (striatum left, hippocampus 

right); Caud, caudate; Putam, putamen; L. Hipp, left hippocampus; R. Hipp, right 

hippocampus; A. Hipp, anterior hippocampus; P. Hipp, posterior hippocampus.

(D) Neural circuitry of SAE and analysis procedure. Trial-evoked responses from the 

hippocampus on CCt (as in A) modulated activity on CCt+1, and trial-evoked responses from 

Goldfarb et al. Page 14

Neuron. Author manuscript; available in PMC 2017 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the striatum on SRt modulated activity on SRt+1. Following (B), we examined regions 

negatively modulated by the hippocampus and positively modulated by the striatum.

(E) Distinct mechanisms of memory-guided attention. Blue, negatively modulated by 

hippocampus; purple, positively modulated by striatum; green, search regions, determined 

by conjunction analysis of significant activity on all accurate trials. Conjunction analyses are 

voxel-wise corrected p < 0.001, modulation analyses are cluster corrected (Z > 2.3) to a 

corrected threshold of p < 0.05. See the full list of significant clusters in Tables 1 and S1.

Error bars, ±1 SEM. *p < 0.05, **p < 0.01, †p = 0.09.
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Figure 3. Distinct Neural Regions Correlate with Individual Differences in Memory-Guided 
Attention
(A) Variability in memory-guided attention across participants. Cue learning (y axis) is the 

mean RT difference between no-cue and memory-cued (CC and SR) trials, second half of 

the experiment (as in Chun and Jiang, 1998). Positive values indicate memory-guided 

attention. Each participant is represented by two bars: red, SR-guided attention; green, CC-

guided attention.

(B) Change in BOLD correlates with individual differences. Scatter plots show correlation 

between change in signal (first to second half) and memory-guided attention across 

participants. Negative x axis values indicate decrease in signal. Cue learning as in (A).

(C) Hippocampal and striatal BOLD dissociate individual differences. Change in striatal 

BOLD correlates with individual differences in SR-guided attention (red asterisks) and is 

more correlated with SR-guided than with CC-guided attention across participants (also B, 

top). Conversely, change in hippocampal BOLD is more correlated with individual 

differences in CC-guided than in SR-guided attention (B, bottom). x axis labels as described 

in Figure 2. **p < 0.01, *p < 0.05, ~p = 0.06.
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Table 1

Regions Tracking SAE: Activity on Trial t + 1 Predicted by Signal on Trial t

CC-Based SAE: Hippocampal Signal

X Y Z Z Score

Frontal

L precentral gyrus −48 −4 34 3.47

14 −24 46 4.24

L central opercular cortex/insula −38 −8 14 3.79

L central opercular cortex −46 −8 18 3.59

Parietal

L central opercular cortex/postcentral gyrus −54 −18 20 3.62

L central opercular cortex/parietal operculum cortex −54 −22 20 3.7

R precuneus 12 −54 50 3.65

L precuneus 0 −80 40 4.67

0 −52 48 3.68

−2 −64 54 3.51

Temporal

L temporal pole −40 12 -18 3.65

Occipital

L occipital pole −4 −90 38 3.86

Subcortical

L putamen −26 8 −4 3.94

L putamen/white matter −20 2 −12 3.5

−24 8 −12 3.48

L caudate −16 −14 4 3.73

L thalamus −4 −8 2 4.11

SR-Based SAE: Striatal Signal

X Y Z Z Score

Frontal

R frontal pole 38 58 20 3.6

32 52 18 4.35

38 48 6 3.27

34 46 8 3.04

34 40 22 4.55

R frontal pole/middle frontal gyrus 36 40 32 3.5

L frontal orbital cortex −36 24 −4 3.28

R anterior cingulate 2 −4 38 3.99

L anterior cingulate 0 12 40 4.55

R paracingulate 2 28 32 4.12
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SR-Based SAE: Striatal Signal

X Y Z Z Score

4 20 40 3.71

R anterior insula 38 8 0 3.81

−42 8 −6 3.21

L anterior insula −38 4 2 3.58

Occipital

L temporal-occipital-fusiform cortex −28 −54 −14 4.04

R lateral occipital cortex, superior 28 −80 22 4.49

16 −86 20 3.98

Occipital

R lateral occipital cortex, inferior 42 −66 −6 4.17

38 −74 4 4.35

R occipital pole 16 −90 18 4

Subcortical

L amygdala/white matter −20 2 −14 4.08

L putamen −26 4 −12 3.71

Table includes peak and local maxima. Coordinates are in standard Montreal Neurological Institute atlas space. For CC-based SAE, signal on trial t 
+ 1 is negatively predicted by hippocampal signal on trial t; for SR-based SAE, signal on trial t + 1 is positively predicted by striatal signal on trial 
t. Hippocampal and striatal signals on trial t are computed as in Figure 2 (for details, see Figure S3); clusters are shown in Figures 2D and 2E. R, 
right hemisphere; L, left hemisphere.
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