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中 文 摘 要 ： 釐清人類注意與記憶的運作機制是心理學與認知神經科學領

域長久以來非常重要的研究議題。近年來，由於腦功能造影

技術的快速發展，許多新的研究證據顯示注意力與視覺短期

記憶歷程事實上涉及了許多重疊的神經機制運作；然而，目

前對於這兩個重要的認知歷程是如何進行互動，以及其背後

支持運作的神經機制卻仍然所知有限。在此研究計畫，我假

設由上而下調控的機制在這兩個認知歷程上扮演了一個關鍵

且共同的角色，採取偏誤競爭的模式，選擇與我們所從事作

業目的或當下行為期望相符合的刺激訊息，以成功完成作業

要求。本計畫第一年的研究成果發現由上而下調控的機制可

以根據當下的作業目標，彈性地調節個體早期視覺處理歷

程，更重要的是，我發現了前額葉皮質與早期視覺皮質第四

區間神經的功能性連結，此一調節效果與個體短期記憶的作

業表現有密切的關係。本計畫第二年的研究成果更進一步發

現此由上而下調控的機制可以克服短期記憶表徵與知覺訊息

表徵競爭時所產生的干擾，透過前額葉皮質與後頂葉皮質的

功能性連結以成功完成短期記憶作業，此作業表現的成果與

功能性連結的強度也呈現了正相關。藉由此兩年期研究計畫

的支持，我透過行為測量與腦功能研究方法，展現了個體短

期記憶的行為表現與大腦神經機制間的相關，也證明了由上

而下調控機制的調節扮演了關鍵性角色。更重要的是，本研

究計劃提供了由上而下調控機制神經基礎的證據，說明個體

根據作業目標與行為要求，在知覺處理、視覺短期記憶訊息

登錄，以及表徵訊息維持等歷程上，進行連續性與動態性的

調節，最後使人們能有效率的選擇與維持對我們有意義的資

訊，並成功完成目標作業。 

中文關鍵詞： 注意力，視覺短期記憶，由上而下調控，功能性磁振造影，

功能性連結 

英 文 摘 要 ： Attention and visual short-term memory (VSTM or 

working memory) are recently viewed as overlapping 

mechanisms. However, how these two mechanisms 

interact remains unclear to date. In this two-year 

research work, I hypothesize that top-down 

attentional mechanisms serve as a common architecture 

for perception and VSTM. In the first year, we tested 

whether VSTM representations can be biased via top-

down attentional modulation of visual activity in 

retinotopically specific locations. We manipulated 

attention using retrospective cues presented during 

the retention interval of a VSTM task. Retro-cues 



triggered activity in a large-scale network 

implicated in attentional control and led to 

retinotopically specific modulation of activity in 

early visual areas V1-V4. Importantly, shifts of 

attention during VSTM maintenance were associated 

with changes in functional connectivity between 

prefrontal cortex and retinotopic regions within V4. 

In the second year, we investigate the underlying 

mechanisms by which top-down control can modulate the 

comparisons between VSTM and perceptual 

representations. When attention cannot be effectively 

deployed in advance, we observed a distributed and 

extensive activation pattern in the prefrontal and 

parietal cortices in support of successful VSTM 

performance. Finally, we found enhanced functional 

connectivity between prefrontal and parietal cortices 

for supporting top-down modulation. We also 

demonstrated a close relationship between this 

functional connectivity and behavioural performance. 

Together, our findings from this two-year research 

work provide new insights into top-down control 

mechanisms that modulate VSTM representations for 

flexible and goal-directed maintenance of the most 

relevant memoranda. 

英文關鍵詞： Attention, visual short-term memory, top-down 

modulation, functional magnetic resonance imaging, 

functional connectivity 
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摘要 

 

釐清人類注意與記憶的運作機制是心理學與認知神經科學領域長久以來非常重要的研

究議題。近年來，由於腦功能造影技術的快速發展，許多新的研究證據顯示注意力與視

覺短期記憶歷程事實上涉及了許多重疊的神經機制運作；然而，目前對於這兩個重要的

認知歷程是如何進行互動，以及其背後支持運作的神經機制卻仍然所知有限。在此研究

計畫，我假設由上而下調控的機制在這兩個認知歷程上扮演了一個關鍵且共同的角色，

採取偏誤競爭的模式，選擇與我們所從事作業目的或當下行為期望相符合的刺激訊息，

以成功完成作業要求。本計畫第一年的研究成果發現由上而下調控的機制可以根據當下

的作業目標，彈性地調節個體早期視覺處理歷程，更重要的是，我發現了前額葉皮質與

早期視覺皮質第四區間神經的功能性連結，此一調節效果與個體短期記憶的作業表現有

密切的關係。本計畫第二年的研究成果更進一步發現此由上而下調控的機制可以克服短

期記憶表徵與知覺訊息表徵競爭時所產生的干擾，透過前額葉皮質與後頂葉皮質的功能

性連結以成功完成短期記憶作業，此作業表現的成果與功能性連結的強度也呈現了正相

關。藉由此兩年期研究計畫的支持，我透過行為測量與腦功能研究方法，展現了個體短

期記憶的行為表現與大腦神經機制間的相關，也證明了由上而下調控機制的調節扮演了

關鍵性角色。更重要的是，本研究計劃提供了由上而下調控機制神經基礎的證據，說明

個體根據作業目標與行為要求，在知覺處理、視覺短期記憶訊息登錄，以及表徵訊息維

持等歷程上，進行連續性與動態性的調節，最後使人們能有效率的選擇與維持對我們有

意義的資訊，並成功完成目標作業。 

 

關鍵字： 

注意力，視覺短期記憶，由上而下調控，功能性磁振造影，功能性連結 
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Abstract 

 

Attention and visual short-term memory (VSTM or working memory) are recently viewed as 

overlapping mechanisms. However, how these two mechanisms interact remains unclear to 

date. In this two-year research work, I hypothesize that top-down attentional mechanisms 

serve as a common architecture for perception and VSTM. In the first year, we tested whether 

VSTM representations can be biased via top-down attentional modulation of visual activity in 

retinotopically specific locations. We manipulated attention using retrospective cues presented 

during the retention interval of a VSTM task. Retro-cues triggered activity in a large-scale 

network implicated in attentional control and led to retinotopically specific modulation of 

activity in early visual areas V1-V4. Importantly, shifts of attention during VSTM 

maintenance were associated with changes in functional connectivity between prefrontal 

cortex and retinotopic regions within V4. In the second year, we investigate the underlying 

mechanisms by which top-down control can modulate the comparisons between VSTM and 

perceptual representations. When attention cannot be effectively deployed in advance, we 

observed a distributed and extensive activation pattern in the prefrontal and parietal cortices in 

support of successful VSTM performance. Finally, we found enhanced functional 

connectivity between prefrontal and parietal cortices for supporting top-down modulation. We 

also demonstrated a close relationship between this functional connectivity and behavioural 

performance. Together, our findings from this two-year research work provide new insights 

into top-down control mechanisms that modulate VSTM representations for flexible and 

goal-directed maintenance of the most relevant memoranda. 

 

Keywords: 

Attention, visual short-term memory, top-down modulation, functional magnetic resonance 

imaging, functional connectivity 
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Background 

 

Attention and visual short-term memory (VSTM or working memory) are two theoretical 

constructs in human cognition that have dominated research investigation in the fields of 

psychology and cognitive neuroscience. Accumulating evidence shows that attention and 

VSTM are intrinsically bound (Awh, Anllo-Vento, & Hillyard, 2000; Awh & Jonides, 2001; 

Awh, Jonides, & Reuter-Lorenz, 1998; Awh et al., 1999; Fusser et al.; Mayer et al., 2007). 

However, the neural mechanisms for how they interact remain largely unclear. Here, I 

hypothesised that the mechanisms of top-down modulation serve as a common architecture 

for selective processing in the domains of perception and VSTM. These top-down modulatory 

mechanisms appear analogous between attention and VSTM, both in terms of the site of 

modulatory effect in the early visual areas and the source of top-down signals from the 

higher-order control areas, such as the prefrontal cortex (PFC). I tested these hypotheses in 

this two-year research and explore the functionally neural network of top-down biasing 

mechanisms in VSTM. 

 

Experiment series 1 (year one): 

 

Introduction 

 

Attention is important for maintaining information in VSTM (Awh et al., 1998; Cowan, 1995; 

Gazzaley & Nobre, 2012). Recent studies have revealed that it is possible to orient attention 

to items being maintained in VSTM in order to optimize subsequent memory-based 

performance (for a review see Gazzaley & Nobre, 2012; Griffin & Nobre, 2003; Landman, 

Spekreijse, & Lamme, 2003; Stokes & Nobre, 2012). In behavioural studies, the focus of 

attention during memory maintenance has a great impact on the probability that a specific 

item will be successfully retained in VSTM (Murray, Nobre, Clark, Cravo, & Stokes, 2013; 

Pertzov, Bays, Joseph, & Husain, 2013). Electrophysiological recordings revealed that cueing 

the relevant item being maintained in VSTM modulates delay-related activity, consistent with 

reducing the VSTM load to the relevant item or location (Kuo, Stokes, & Nobre, 2012; 

Lepsien & Nobre, 2007; Lepsien, Thornton, & Nobre, 2011). In this study, we used functional 

magnetic resonance imaging (fMRI) to explore the neural mechanisms supporting top-down 

modulation of representations in VSTM. 

 

A prevailing neural account of attention proposes that top-down modulation of visual activity 

relies on long-range functional interactions with control brain regions including prefrontal and 

parietal cortices (Corbetta & Shulman, 2002; Kastner & Ungerleider, 2000; Nobre, 2001; 

Serences & Yantis, 2006). Moore and colleagues have shown that the activation of neurons in 
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monkey frontal eye field (FEF) modulates the neural responses in V4, and is associated with 

corresponding shifts in the gain of visual input signals (Armstrong, Fitzgerald, & Moore, 

2006; Armstrong & Moore, 2007; Moore & Armstrong, 2003). In humans, the stimulation of 

FEF also caused changes in behavioural performance and physiological changes in early 

visual areas (V1-V4), consistent with the hypothesis that PFC is involved in the top-down 

modulation of visual brain areas (Ruff et al., 2006; Taylor, Nobre, & Rushworth, 2007a, 

2007b). 

 

Evidence suggests that similar top-down attentional biases, particularly from frontal regions 

acting on visual areas, may continue to operate and support the maintenance of VSTM (Awh 

& Jonides, 2001; Curtis & D'Esposito, 2003; Kuo, Yeh, Chen, & D'Esposito, 2011; Postle, 

2006; Ranganath & D'Esposito, 2005). This organisation provides a natural structure for 

top-down signals to continue to bias VSTM representations according to changing task goals 

and priorities. In this study, we test whether attentional orienting in VSTM operates via 

top-down control mechanisms in the PFC modulating spatially specific visual areas. First, we 

demonstrate that orienting attention during VSTM maintenance enhances activity in 

retinotopically specific regions of visual cortex (see also Munneke, Belopolsky, & Theeuwes, 

2012; Sligte, Scholte, & Lamme, 2009). Next, we show that these attention-related biases are 

associated with spatially specific connectivity from right inferior frontal sulcus. Finally, we 

demonstrate that selection of the cued item in VSTM enhances processing of the memory 

probe at the attended location. Together, these results provide novel evidence that top-down 

signals originating from the prefrontal cortex can modulate retinotopic visual activity to 

support the processing of task-relevant items in VSTM. 

 

Materials and Methods 

 

Across two experiments, we tested whether top-down attentional signals can bias information 

that is being maintained in VSTM, and modulate visual activity in a spatiotopically specific 

fashion. We conducted a behavioural experiment (Experiment 1) to validate the task 

parameters and procedures for a subsequent fMRI experiment (Experiment 2). In the fMRI 

task, it was necessary to use prolonged VSTM maintenance intervals so that we could isolate 

the modulation of brain activity associated with the critical task events. However, using long 

intervals may have diminished the ability of participants to perform the task and could have 

invoked the need to use verbalisation strategies. Therefore, we conducted a behavioural 

validation experiment to ensure verbalisation and long delay periods did not unduly affect the 

results. 
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Experiment 1: behavioural validation experiment 

 

Participants 

All participants in Experiment 1 were right-handed, according to the Edinburgh handedness 

inventory (Oldfield, 1971). Eighteen healthy volunteers with normal or corrected-to-normal 

visual acuity were recruited (age range 19-35 years, 12 female). Written informed consent was 

obtained from all participants prior to the study, and they were financially reimbursed for their 

time or received course credit. 

 

Task design 

Each trial began with the onset of a centrally displayed asterisk (500 ms duration), which 

signaled the onset of the trial. After a randomised variable interval (500-1000 ms duration), 

participants viewed a memory array containing four different shapes presented peripherally 

(200 ms duration). Participants were instructed to remember as many of the shapes as possible. 

Following an initial retention interval (2000 ms), an informative, symbolic retro-cue appeared 

for 500 ms at the centre of the screen. The retro-cue indicated a stimulus shape from the 

memory array that would be required to perform the subsequent comparison to the probe 

stimulus. When 8000 ms of a second retention interval following the retro-cue had elapsed, 

the probe array was presented (200 ms). The participants’ task was to decide whether the cued 

item appeared at the same location in the memory and probe array. The same stimuli always 

appeared in the memory and probe arrays; however, two stimulus items always swapped 

location. On 50% of trials, this swap included the cued item. Participants were instructed to 

respond “match” by pressing the left mouse button or “non-match” by pressing the right 

mouse button, using their right hand, according to whether the item at the cued location was 

the same (50% of trials) or different (50% of trials) as the corresponding item from the 

previous memory array. Shape stimuli were drawn from a set of one hundred novel 

meaningless closed shape contours previously developed by Endo and colleagues (Endo, 

Saiki, Nakao, & Saito, 2003), which are difficult to verbalise. In memory and probe arrays, 

each stimulus subtended a visual angle of 1.72° and appeared with equal probability at one of 

four quadrant peripheral locations at 2.58° lateral eccentricity and 2° elevation. All stimulus 

contours were white. A black background was used throughout the experiment. 

 

To test for verbalisation effects, we included a secondary digit task in which participants were 

required to remember three digits presented at the beginning of the trial for later test after the 

probe array on 50% of trials. This dual-task manipulation was based on a previously used 

procedure for a similar purpose (Magen, Emmanouil, McMains, Kastner, & Treisman, 2009). 

Each trial of the dual-task condition started with the onset of a centrally displayed asterisk for 

500 ms, followed, at a variable interval (500-1000 ms duration), by the presentation of three 
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digits for 500 ms appearing side by side and centred at fixation. Following the probe array 

after a randomised variable interval (3500-4000 ms duration), three digits were then presented 

for 1500 ms. Participants were instructed to respond match or non-match relative to the three 

digits presented at the beginning of the trial, using the same response keys (left button for 

match response and right button for non-match response). The interval between trials, which 

included a 1000 ms response period, varied randomly between 3000 and 3500 ms. The string 

of digits was approximately 1° in width and 0.3° in height. All digits were white. The task 

schematic of the behavioural validation experiment is illustrated in Figure 1a. 

 

 

Figure 1  

Tasks and behavioural results. Schematic illustration of the (a) Behavioural validation task 

(Experiment 1) and (b) VSTM retro-cueing fMRI task (Experiment 2). Participants viewed a 

memory array containing four different peripheral shapes at beginning of the trial (200 ms 

duration). Following an initial retention interval (2000 ms), an informative, symbolic 

retro-cue appeared centrally for 500 ms. When 8000 ms of a second retention interval had 

elapsed following the retro-cue, the probe array was presented for 200 ms. Participants’ task 

was to decide whether the cued item appeared at the same location in the memory and probe 

array. To test for the effects of verbalisation, we included a secondary digit task in which 

participants were required to remember three digits presented at the beginning of the trial (500 

ms duration) for later test after the probe array. (c) Behvioural results of the VSTM 
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retro-cueing task for both mean response time (RT, ms)(left panel) and sensitivity measures (d’ 

scores) (right panel). Error bars represent standard errors of the means. 

 

Experimental procedure 

Stimuli were presented on a CRT screen using Presentation software (Neurobehavioral 

Systems, Inc., CA). Participants were comfortably seated in a dimly illuminated experimental 

booth, facing a computer monitor placed 100 cm in front of them. Each participant was given 

written as well as verbal instructions regarding the task requirements and completed 16 

practice trials to ensure they understood the task. They were also instructed to maintain 

fixation on a small fixation marker at the centre of the monitor during the active parts of the 

experiment and to respond as accurately as possible. 

 

Single- and dual-task conditions were presented in a blocked design. To minimise fatigue, the 

experiment was completed in 8 short blocks of 16 trials which participants could self-initiate 

(4 blocks for each task type). There were 128 trials in total (32 match and 32 non-match trials 

in each task type). Task order was counterbalanced across participants (half participants 

performed the single-task condition first). Blocks and response types were intermixed in a 

randomised and unpredictable order. Total experimental time for each participant was 

approximately 1 hour. 

 

Behavioural analyses 

Behavioural measures, including accuracy (percent correct %) and mean RTs, were analysed 

by a 2 (task type: single, dual) x 2 (response type: match, non-match) repeated-measures 

analysis of variance (ANOVA) to assess VSTM performance. Only correct responses were 

included for RT analyses. We also analysed sensitivity score for match/non-match 

discrimination responses [d’ = Z(hit rate) – Z(false alarm rate)] (Green & Swets, 1966), using 

a paired t-test (single vs. dual task). Hit rate was defined as the conditional probability that the 

participants responded “match” when the target item was the same, and the false-alarm rate 

was defined as the conditional probability that the participants responded “match” when the 

target item was different.  

 

Experiment 2: fMRI experiment 

 

Participants 

Sixteen healthy, right-handed (Oldfield, 1971) volunteers with normal or corrected-to-normal 

visual acuity participated in Experiment 2. Written informed consent was obtained from all 

participants prior to the study, and they were financially reimbursed for their time. Data from 

4 participants were excluded due to excessive head movement in the scanner or technical 
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failure. The behavioural and fMRI analyses were performed on the remaining 12 participants 

(age range 23-38 years, 7 female). 

 

Task design 

The main VSTM retro-cueing task used in the fMRI experiment was identical to the 

single-task condition in the behavioural validation experiment (see Figure 1b). Response 

assignment was counterbalanced across participants in the fMRI experiment. Participants 

were instructed to respond as accurately as possible. The interval between trials, which 

included a 1000 ms response period, varied randomly between 5000 ms and 11000 ms.  

 

Visual localiser and retinotopic-mapping tasks 

To identify regions of interest (ROIs) in early visual cortex, participants performed two 

additional tasks: a visual localiser and a retinotopic mapping task. Participants were instructed 

to view the stimuli passively without making any responses. 

 

In the visual localiser task, the same shape stimuli used in the main fMRI task were presented 

in two-item arrays, arranged along a diagonal (left upper and right lower; or left lower and 

right upper) on a black background in a blocked design (Figure 2a). Eccentricity and elevation 

were the same as what was used in the main task. Each two-item array was presented for 500 

ms followed by a 500 ms blank interval, and each array was repeated 16 times in each block 

(16 sec duration for each block). The same shape stimuli and locations were used in each 

block. The interval between blocks was 8000 ms.  

 

We employed a standard retinotopic mapping procedure to estimate polar angle maps in visual 

cortex and determine the boundaries of early visual areas V1, V2, V3, and V4 (Engel, Glover, 

& Wandell, 1997) (Figure 2b). We mapped the boundaries of early visual areas using a slowly 

rotating black/white checkerboard wedge, with an angle of 45°, which completed six rotations 

in 144 sec, stimulating the entire visual field. In total, twelve sets (6 rotations for each set) 

were repeated. A grey background was used throughout the retinotopic mapping experiment. 
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Figure2 

Visual localizer task and retinotopic mapping experiment. (a) In the visual localiser task, we 

showed two-item arrays containing the same shape stimuli presented along a diagonal (upper 

left and lower right; or upper right and lower left) at the same locations of the main VSTM 

retro-cueing fMRI task (top panel). The activation corresponding to the stimulus locations 

was found in early visual areas (bottom panel). (b) In a retinotopic mapping experiment, we 

presented each of the participants with visual stimuli to estimate polar angle maps in visual 

cortex and determine the boundaries of early visual areas V1, V2, V3 and V4 using a 

retinotopic mapping procedure (see methods for details). 

 

Experimental procedure 

Participants completed Experiment 2 over two separate fMRI sessions. In the first session, 

participants completed three runs of the VSTM retro-cueing task (48 trials per run, and 144 

trials in total) and three runs of the visual localiser task (24 blocks per run, 72 blocks in total). 

The retro-cueing and localiser tasks were performed in alternating order. The trial order for 

the VSTM retro-cueing task or the block order for the localiser tasks was randomised within 

runs and randomised across participants. Prior to fMRI scanning, participants completed one 

practice session (32 trials) of the VSTM retro-cueing task outside of the scanner to ensure that 

they could perform the task as instructed. Retinotopic mapping was performed in the second 

fMRI session. Participants were instructed to maintain fixation on a small fixation marker at 

the centre of the screen during the presentation of the visual stimuli.  

 

fMRI acquisition and scanning parameters 

Images were acquired on a Siemens 3T Tim Trio scanner with a 12-channel head coil. 

Functional data were collected using a T2*-weighted gradient echo-planar imaging (EPI) 

sequence (TR = 2000 ms, TE = 30 ms, flip angle = 90˚) to measure blood oxygenation-level 

dependent (BOLD) response. EPI images were obtained from 32 contiguous axial-oblique 

slices (3 mm thick with no gap) acquired in descending order in-plane resolution of 3 x 3 mm 
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(matrix size = 64 x 64; FOV = 192 x 192 mm). High-resolution anatomical images (1 x 1 x 1 

mm) were also acquired for each participant using a T1-weighted MP-RAGE sequence (FOV 

= 192 x 192 mm).  

 

Stimuli were presented with Presentation software (Neurobehavioral Systems, Albany, NY). 

Visual stimuli were rear-projected on to a screen via a Hitachi CP-X80 LCD projector at 1024 

x 768 resolution at a 60-Hz refresh rate. Participants in the MR scanner viewed the screen 

through a mirror fixed to the head coil. If required, MR-compatible corrective lenses were 

used to ensure normal visual acuity during the experiment. Behavioural responses were 

recorded using an MR-compatible response button-box. Participants were also instructed to 

minimise their head movements during scanning and to maintain central fixation through the 

experiment. Scanning time for each participant for the first session was approximately 1 hour 

and for the second session was approximately 40 minutes. 

 

Behavioural analyses 

Behavioural measures, including accuracy and mean RTs, were analysed by a 2 (stimulus side: 

left, right) x 2 (stimulus elevation: upper, lower visual field) x 2 (response type: match, 

non-match) repeated-measures ANOVA. Only correct responses were included for RT 

analyses. We analysed d’ scores using a 2 (stimulus side: left, right) x 2 (stimulus elevation: 

upper, lower visual field) repeated-measures ANOVA.  

 

fMRI data analyses 

The fMRI data processing and analyses were carried out with SPM5 software (Wellcome 

Department of Cognitive Neurology, London, UK) in MATLAB (The MathWorks). The 

FreeSurfer software package (http://surfer.nmr.mgh.harvard.edu) was used for structural 

analysis and for projecting results onto flattened cortical surfaces.  

 

fMRI data were processed separately for the VSTM retro-cueing task, the visual localiser task, 

and the retinotopic mapping task. Three types of analysis were performed on the functional 

data. A whole-brain univariate analysis was used for VSTM retro-cueing task to identify brain 

areas activated during the retroactive orienting of attention to an individual object and 

location in VSTM. Region of interest (ROI)-based analyses were used to detect spatially 

specific modulation of activity in early visual areas involved in maintaining VSTM 

representations triggered by retro-cues. More importantly, a functional connectivity analysis 

tested whether the degree of correlation between higher-order cortical areas involved in 

controlling shifts of attention in VSTM and retinotopically specific areas of visual cortex 

changed when attention was oriented to a specific object location in VSTM. 
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Pre-processing: The first four volumes of each run were discarded to allow for magnetic 

saturation effects. The remaining functional images were corrected for head movement 

artefact and timing differences in slice acquisitions. Pre-processed functional images were 

coregistered to the individual anatomical image. Images for the VSTM retro-cueing task were 

then normalised to the standard SPM/MNI brain template (Collins, Neelin, Peters, & Evans, 

1994) and resampled to a 2-mm isotropic voxel size. Normalised images were spatially 

smoothed with a Gaussian kernel of 8-mm full width at half maximum (FWHM) to 

accommodate any anatomical variability across participants (Hopfinger, Buchel, Holmes, & 

Friston, 2000; Worsley et al., 1996). The time-series data were then high-pass filtered with a 

frequency cut-off at 128 s and prewhitened by means of an autoregressive model AR(1). 

Images for the visual localiser task and retinotopic mapping experiment were pre-processed in 

the participants’ native space, with no spatial normalisation or smoothing.  

 

Whole-brain univariate analysis for the VSTM retro-cueing task 

In the first analysis, we identified retro-cue-related brain areas in a standard SPM univariate 

analysis. The neural responses to events of interest were modelled using the canonical 

hemodynamic response function (HRF). The model of the VSTM retro-cueing task included 

regression functions for the retro-cue events according to the stimulus position (left upper, left 

lower, right upper, right lower visual field). Probe arrays were also modelled by regression 

functions for response type (match, non-match) according to stimulus side and elevation for 

the retro-cue events (left upper, left lower, right upper, right lower visual field). Movement 

parameters were also used to construct six regressors to model variance caused by head 

movements during scanning. We did not model the memory array immediately preceding the 

retro-cue because the interval was too short to disambiguate the two events (only 2 sec). 

Specific contrasts were calculated for single participants’ data at the first level, and group 

results were determined using a random-effects analysis at the second level. To determine 

retro-cue-related effects, all retro-cue events were averaged and compared to the implicit 

baseline using one-sample t-test, with a threshold of p < 0.05, correcting for multiple 

comparisons using the false discovery rate (FDR) correction. 

 

ROI localisation for spatiotopic visual modulation by retro-cues 

The aim of the next analysis was to measure changes in activity at cued (i.e. attended) and 

uncued (i.e. unattended) retinotopic locations throughout the visual hierarchy. Firstly, we used 

retinotopic mapping to determine the boundaries between early visual areas (V1, V2, V3, and 

V4). Secondly, we used the visual localiser results to identify the retinotopic locations 

associated with the main task. Finally, we tested the spatially specific modulation of visual 

areas elicited by the retro-cues. 
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Retinotopic mapping: To delineate the boundaries of visual areas V1, V2, V3, and V4, the 

response of each voxel within the early visual areas was characterised by the amplitude and 

the phase using the Fast Fourier Transformation (FFT). The amplitude determines to what 

extent the voxels are related to retinotopy and the phase determines which frequency is coded 

by the voxels. Next, we constructed a 3D cortical surface for both hemispheres of each 

participant individually according to the boundary between grey and white matter in the 

cortex using FreeSurfer. We then segmented and unfolded the 3D cortical surface. After that, 

fMRI data from the retinotopic mapping task were projected on the flattened cortical maps to 

identify the visual areas for V1, V2, V3, and V4 in each of the two hemispheres.  

 

Visual localiser task: We analysed the localiser task using a GLM and a blocked design for 

modelling in native space. We selected the activated voxels which were sensitive to the four 

stimulus locations in the visual fields by contrasting activations in the two blocks (upper left 

and lower right vs. lower left and upper right), with a liberal threshold at t-value = 1.0. After 

that, the functional activation from the visual localiser task was plotted on each early visual 

area (V1, V2, V3, and V4, respectively). In total, sixteen ROIs were delineated in each subject: 

[four visual fields (left upper, left lower, right upper, right lower visual field) x four visual 

areas (V1, V2, V3, V4)]. Combining the localiser data with the retinotopic maps allowed us to 

determine the sets of voxels that were most sensitive to the attended portion of the visual field. 

These attended locations corresponded to one of the four stimulus locations of the VSTM 

retro-cueing task. 

  

Time-course analysis: We used finite impulse responses (FIR) to model the time course of 

activations in each visual ROI according to the cued locations (attended, unattended) and 

probe condition (match, non-match), yielding four conditions. The FIR model was used to 

estimate the time course from the onset time of the memory array and lasting over twelve, 

2-sec time bins (24 sec total), thereby including all phases of a trial: memory array, retro-cue, 

and probe array.  

 

To test for retinotopically specific modulation of early visual areas during the retention 

interval (post retro-cues), we analysed time-course data in a 2 (cued locations) x 4 (visual 

ROIs) repeated-measures ANOVA using the mean beta estimates of the maintenance-related 

activity between 8 and 12 sec after the onset of the memory array. We also tested the impact 

of retinotopically specific modulation of early visual areas for the processing of the incoming 

probe stimulus in a 3-way (cued locations, item types, and visual ROIs) repeated-measures 

ANOVA. For this analysis we used the mean beta estimates of the probe-related activity 

between 16 and 22 sec after the onset of the memory array (i.e. approximately between 5 and 

11 sec after the appearance of the probe array).  
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Functional connectivity analysis 

In the final set of analyses, we conducted functional connectivity analysis using a 

psychophysiological interaction (PPI) analysis to identify cortical control areas that may 

facilitate top-down attentional modulation of retinotopically specific early visual areas. PPI is 

a regression-based method of functional connectivity that examines the changes in the 

contribution of activation in one brain region to that in another region (physical factor) due to 

the changes in the experimental context (psychological factor) (Friston et al., 1997; Gitelman, 

Penny, Ashburner, & Friston, 2003). This method estimates inter-regional correlation between 

the time-series signal of the seed voxels and the time-series signals of all other voxels. 

  

In the current PPI analysis, we were specifically interested in the functional connectivity 

between cortical control areas and retinotopically specific areas of visual cortex. We selected 

seed regions in the network associated with the control of attention in VSTM guided by our 

univariate analyses of activations triggered by retro-cues, focusing on: bilateral inferior 

frontal sulcus (IFS), frontal eye field (FEF), and posterior parietal cortex (PPC). Peak areas of 

activations within these regions were identified within individual participants [mean MNI 

coordinates (x, y, z): left IFS = -42.50  6.11 mm, 8.75  7.93 mm, 29.17  7.13 mm; right 

IFS = 51.50  4.58 mm, 12.25  4.69 mm, 33.25  3.93 mm; left FEF = -30.75  6.90 mm, 

-2.50  3.80 mm, 56.33  6.00 mm; right FEF = 31.00  5.00 mm, 0  4.21 mm, 56.00  7.16 

mm; left PPC = -27.50  4.01 mm, -58.75  5.79 mm, 51.75  6.09 mm; right PPC = 30.25  

4.14 mm, -58.25  3.93 mm, 53.00  6.98 mm). Seed regions were spheres with a radius of 6 

mm.  

 

To perform the PPI analyses, the deconvolved time-series data (a time-series ‘physiological’ 

variable) for the seed regions was extracted from each participant. We then constructed an 

interaction term that represents the interaction of psychological (attended vs. unattended 

location for retro-cues) and physiological variables (Friston et al., 1997; Gitelman et al., 

2003). Finally, the estimates for PPI values were extracted from each visual ROI from each 

individual participant. We analysed PPI data in a 4-way [cued location x visual ROIs x seed 

regions (IFS, FEF, PPC) x hemisphere (left, right)] repeated-measures ANOVA. 

 

Results 

 

Behavioural results 

Experiment 1 

The behavioural validation experiment confirmed that it was possible to use long VSTM 

delays and that the behavioural performance in the task used for fMRI was equivalent to that 
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under conditions that discouraged verbalisation. The repeated-measures ANOVA revealed 

there were no task-type main effects or interactions for accuracy or RT (ps > .1). The only 

significant main effect we observed was the difference in RT according to response type: 

match (617.45  130.89 ms) vs. non-match (681.06  153.61 ms) [F(1, 17)= 17.54, p< .005]. 

There was no significant effect of task type for d’ scores (p > .1). 

 

Experiment 2 

Behavioural results for the main fMRI task showed that participants performed reliably well, 

but were not at ceiling in the task (match response: 82.18  11.15 %; non-match response: 

82.18  11.62 % accuracy; 2.04  0.93 d’ score). There was no significant effect of either side 

or elevation of the target stimulus in accuracy, RT, or d’ scores (all ps > .1). There was no 

significant effect for response type in accuracy (p > .1). No significant interaction effect was 

found in accuracy, RTs, or d’ scores (ps >.1). The only significant effect was observed in RTs 

between match (548.49  71.90 ms) vs. non-match (597.21  70.84 ms) response conditions 

[F(1, 11)= 6.28, p < .05]. Behavioural data for the main fMRI task is illustrated in Figure 1c. 

 

fMRI results 

Whole-brain univariate results for the VSTM retro-cueing 

We found that retro-cues elicited a bilateral, distributed and extensive activation pattern in 

cortical regions (Figure 3). These activations included superior, middle, and inferior frontal 

gyrus (SFG, MFG, and IFG) which surround the IFS, precentral gyrus (PreCG), frontal eye 

field (FEF), anterior insula/ventrolateral prefrontal cortex (VLPFC), and anterior cingulate 

cortex (ACC) within the frontal cortex. We also found significant activation in the superior 

and inferior parietal lobule (SPL and IPL), intraparietal sulcus (IPS), and precuneus (PCu) 

within the posterior parietal cortex (PPC); inferior and middle temporal gyrus (ITG and 

MTG), inferior and middle occipital gyrus (IOG and MOG) within the visual 

occipito-temporal regions. Significant activation in the left thalamus and bilateral cerebellum 

was also observed. These whole-brain univariate results replicated previous findings that 

identify activity in the control network for orienting spatial attention to item locations in 

VSTM (Gazzaley & Nobre, 2012; Nobre et al., 2004).  

 

 

Figure 3 



15 
 

(a) Whole-brain univariate results for VSTM retro-cueing. A distributed and extensive 

bilateral activation in cortical regions was found after the presentation of retro-cues. This 

activation pattern included: superior, middle and inferior frontal gyrus which surround the 

inferior frontal sulcus, frontal eye field, anterior insula/ventrolateral prefrontal cortex, and 

anterior cingulate cortex within frontal regions; superior parietal lobule, intraparietal sulcus, 

and precuneus within parietal regions; fusiform and middle temporal gyrus, inferior and 

middle occipital gyrus within occipito-temporal regions, and left thalamus and bilateral 

cerebellum. (b) Time-course results of ROI analysis in early visual areas (V1 - V4). Analysis 

of time-courses data revealed a significant modulatory effect by retro-cues in early visual 

areas measured at the attended location compared to unattended location during the retention 

interval (left panel). Time-courses data also showed a significant interaction between cued 

locations and item types during the probe period (right panel). These results indicated a 

greater difference in beta estimates for detecting match vs. non-match items at the 

corresponding attended location (top panel) in contrast to unattended location (bottom panel). 

Error bars represent standard errors of the means. 

 

ROI localisation results for spatiotopic visual modulation by retro-cues 

Analysis of the visual localiser task successfully yielded non-overlapping visual ROIs related 

to the processing of each of the four visual fields. These ROIs were then mapped onto four 

different early visual areas (V1, V2, V3, and V4) by combining visual localiser and 

retinotopic mapping results (see the methods section for details). We tested for the presence of 

spatiotopically specific modulation of early visual areas during the retention interval and 

probe period. 

 

Overall, activity levels dropped below baseline during the retention interval, before returning 

to above-baseline levels during the probe period (Figure 4). Analysis of time courses of 

activations revealed significant spatiotopically attention-related modulation of visual activity. 

During the retention interval, the activation profiles measured at the attended location and 

unattended locations showed a significant modulatory effect by retro-cues in early visual 

areas [F(1, 11)= 9.88, p < .05], indicating greater activation for attended compared to 

unattended locations. We also observed a significant effect of visual ROIs [F(3, 33)= 8.11, p 

< .005], showing stronger activation in V4 compared to V1. There was no significant 

interaction between cued locations and visual ROIs (p > .1).  
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Figure 4 

Time-course results of ROI analysis in early visual areas (V1 - V4). (a) Analysis of 

time-courses data revealed a significant modulatory effect by retro-cues in early visual areas 

measured at the attended location compared to unattended location during the retention 

interval. (b) Time-courses data also showed a significant interaction between cued locations 

and item types during the probe period. These results indicated a greater difference in beta 

estimates for detecting match vs. non-match items at the corresponding attended location (top 

panel) in contrast to unattended location (bottom panel). Error bars represent standard errors 

of the means. 

 

Time courses of activations in the visual ROIs during the probe period showed a main effect 

of cued location [F(1, 11)= 14.69, p < .005], revealing greater modulatory effect by retro-cues 

for attended in contrast to unattended location. The main effect of visual ROIs was also 

significant [F(3, 33)= 4.36, p < .05], showing stronger activation in V1 compared to V4. More 

importantly, a significant interaction effect between cued locations and item types was 

observed [F(1, 11)= 4.78, p = .05]. Follow-up analyses revealed greater difference in beta 

estimates for detecting match vs. non-match items at the corresponding attended location 

(1.73  1.15) in contrast to unattended location (-0.32  0.29) [t(11)= 2.19, p = .05] (Figure 

4b). No other significant effect was found (ps > .1). These results demonstrated the 

involvement of spatiotopic top-down modulation in early visual areas by retro-cues in 

detecting a match vs. non-match stimulus. 

 

Functional connectivity analysis 

The PPI analysis using the IFS region yielded significant main effects of visual ROIs [F(3, 

33)= 4.90, p < .05] and cued locations [F(1, 11)= 7.45, p < .05]. These results showed 

stronger functional coupling with V4 than V1, V2, or V3 (ps < .05), and higher PPI for 

attended location compared to unattended location. More importantly, we found a significant 

3-way interaction [F(3, 33)= 4.95, p < .05]. Follow-up analyses revealed that the IFS in the 

right hemisphere showed stronger functional coupling with V4 at the corresponding attended 
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location compared to unattended location [t(11)= 3.07, p < .05], but not for the left 

hemisphere (p > .1). No significant effect was observed in V1, V2, and V3 for the IFS seed 

(ps > .1). There was no significant effect for FEF and PPC seed regions (ps > .1). Functional 

connectivity results are illustrated in Figure 5. 

 

 

Figure 5 

Functional connectivity results. We found a significant difference in PPI values between 

attended and unattended locations for right hemispheric seed regions [right panel: inferior 

frontal sulcus (IFS), frontal eye fields (FEF), and posterior parietal cortex (PPC); R: right 

hemisphere]. The right IFS showed stronger functional coupling with V4 at the corresponding 

attended location compared to unattended location (left panel). 

 

Discussion 

 

Using a novel retro-cueing task adapted for event-related fMRI, we found evidence that 

analogous mechanisms to those implicated in the top-down biasing of perceptual 

representations during visual attention tasks may also operate to prioritize information being 

maintained in VSTM. Shifts of attention in VSTM led to changes in the relative activation 

strengths in visual areas coding the locations of relevant versus irrelevant items. Responses in 

retinotopically specific early visual areas were significantly elevated when the corresponding 

memory items were attended versus ignored. More importantly, retro-cues also modulated the 

strength of functional coupling between frontal control areas and retinotopically organised 

visual areas. In particular, activity in the right IFS became more strongly coupled to the 

portion of V4 coding the stimulus instructed to be relevant for the subsequent 

change-detection task. Focusing attention during VSTM maintenance also led to increased 

differentiation between matching versus non-matching probe items in retinotopic visual areas. 

These findings provide new insights into top-down modulation within VSTM that can 

influence the maintenance of relevant memoranda in a flexible and goal-directed fashion to 

guide subsequent behaviour. 

 

Our experimental design guaranteed that spatial shifts of attention were internally generated, 



18 
 

based on information being maintained in VSTM. The cue was an object which appeared at 

the centre of the screen and instructed participants to discriminate whether this item and a 

subsequent probe appearing at the same location matched or not. There was no spatial 

information in the cue itself. Instead, it was necessary to access the location of the cued 

memory item in the mnemonic code in order to shift attention to the relevant item location. 

This aspect of the design is important to ensure that the effects we observed were not simply 

the result of a spatial pre-cue modulating activity in anticipation of a probe stimulus. Given 

the tight functional coupling between VSTM maintenance and probe anticipation in these 

tasks, these details become important for interpreting the results (see Nobre & Stokes, 2011; 

Stokes, 2011).  

 

Performance in the task was also unlikely to be supported by, or dependent on, verbalisation 

strategies. In our first behavioural experiment, we found no change in behavioural 

performance when verbal strategies were discouraged by a concurrent verbal memory task. 

Furthermore, the fMRI analyses were primarily aimed at revealing retinotopically specific 

modulatory mechanisms, toward which verbalisation are unlikely to contribute.  

 

In accordance with previous findings (Lepsien, Griffin, Devlin, & Nobre, 2005; Lepsien & 

Nobre, 2007; Lepsien et al., 2011; Nee & Jonides, 2009; Nobre et al., 2004; Raye, Johnson, 

Mitchell, Greene, & Johnson, 2007; Roth & Courtney, 2007; Roth, Serences, & Courtney, 

2006), we found that retro-cues increased activity across a network of brain regions associated 

with attentional control, including frontal and parietal cortices. These results are consistent 

with the suggestion that retro-cues trigger VSTM-based attentional shifts via top-down 

control mechanisms. The use of cues based on mnemonic information helps validate and 

extend previous findings (see also Munneke et al., 2012; Sligte et al., 2009). Our ROI 

analyses further showed that the retro-cues bias activity in retinotopically specific regions in 

early visual cortex. Specifically, the comparison of attended versus unattended locations 

demonstrated that the memory-based shifts of attention modulated activity in multiple early 

visual areas (V1 to V4). Our results are thus consistent with reports of visual modulation 

during VSTM retro-cueing tasks (Munneke et al., 2012; Sligte et al., 2009).  

 

Importantly, our functional connectivity analysis revealed that shifts of attention during 

VSTM results in differential weighting of linkages between the right IFS and specific 

retinotopic coding within V4. The findings represent a significant advance on previous 

demonstrations of functional connectivity between prefrontal and visual areas during VSTM 

maintenance (Gazzaley, Rissman, & D'Esposito, 2004) and its enhancement by effective 

retro-cues (Kuo, Yeh, et al., 2011). Recently, a series of experiments by Gazzaley and 

colleagues have recently implicated the right IFS in playing a causal role in prioritizing items 
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and protecting against distraction in VSTM (Gazzaley, 2011; Zanto, Rubens, Bollinger, & 

Gazzaley, 2010; Zanto, Rubens, Thangavel, & Gazzaley, 2011). Findings using recordings in 

macaques have also suggested that oscillatory activity may mediate changes in coupling 

between prefrontal and visual areas (V4) during effective VSTM maintenance (Liebe, Hoerzer, 

Logothetis, & Rainer, 2012). Here, we extend previous findings to show for the first time that 

attention to items in VSTM is associated with spatially specific connectivity between visual 

and prefrontal cortices.  

 

Accumulating evidence has shown that the PFC is involved in attention, memory, and many 

other cognitive domains (Duncan, 2010; Duncan & Owen, 2000). To accommodate such 

diversity, it has been hypothesised that a basic principle of PFC function is adaptive coding 

(Duncan, 2001). According to this account, PFC functions as a global workspace and is 

associated with diverse cognitive demands in different task contexts. Prefrontal neurons 

become tuned to code relevant inputs and thus are highly adaptable. The PFC adapts its 

function to support the processing of task-relevant information in other cortical systems of the 

brain. Our functional connectivity data support this adaptive coding hypothesis, suggesting 

that the right IFS within the PFC can selectively enhance processing of task-relevant VSTM 

representations via the goal-directed spatiotopic biasing of neural activity in early visual areas. 

Critically, connectivity is rapidly modulated to accommodate flexible task demands. Within 

an adaptive coding framework, our results could reflect rapid re-configuration of neural 

tuning profiles in PFC, with task dependent connectivity patterns. 

 

Previous studies of macaques have revealed that attention can increase the effective contrast 

of a stimulus and improve perceptual discriminability of attended items (McAdams & 

Maunsell, 1999; Motter, 1993; Reynolds & Chelazzi, 2004). This type of attentional 

modulation of perceptual sensitivity was also reported in humans in V1-V4 (Liu, Larsson, & 

Carrasco, 2007; Liu, Pestilli, & Carrasco, 2005; Pestilli, Carrasco, Heeger, & Gardner, 2011). 

Similarly, we found that memory-based shifts of attention during VSTM delays affected the 

subsequent comparison process of probed objects, indexed by an enhanced difference in 

matched versus non-matched objects within the attended visual location. Our results 

highlighted that the neural correlates of attentional shifts in a VSTM task appear to be 

analogous to the modulatory effect attention has on sensory representations. Taken together, 

these findings support the notion that attention can selectively enhance neural responses in 

corresponding retinotopic areas to help differentiate items at attended but not unattended 

locations. Furthermore, these results suggest a greater correspondence between the 

mechanisms of attention in perceptual and VSTM domains (Astle, Scerif, Kuo, & Nobre, 

2009; Dell'Acqua, Sessa, Toffanin, Luria, & Jolicoeur, 2010; Kuo, Rao, Lepsien, & Nobre, 

2009).  
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Time-course analysis showed that fMRI responses in early visual areas dropped below the 

implicit baseline after the initial peak associated with encoding. Similar activation patterns 

have been reported in previous fMRI studies of spatial attention (Munneke, Heslenfeld, Usrey, 

Theeuwes, & Mangun, 2011; Smith, Singh, & Greenlee, 2000; Tootell et al., 1998), and 

location or object-based VSTM tasks (Munneke et al., 2012; Sligte et al., 2009). A lower level 

of fMRI responses relative to the implicit baseline is, however, difficult to interpret (Shmuel, 

Augath, Oeltermann, & Logothetis, 2006; Shmuel et al., 2002). Such effects have previously 

been attributed to “saccadic suppression”, that is, when attention is directed to peripheral 

locations and results in an increase in the difficulty in inhibiting eye movements towards 

peripherally presented stimuli (Duffy & Burchfiel, 1975; Tootell et al., 1998). However, 

relatively decreased fMRI responses in early visual areas can carry precise stimulus-specific 

visual information (Bressler, Spotswood, & Whitney, 2007). In the current study, we suggest 

that it could be due to relatively higher visual stimulation during the inter-trial intervals when 

participants blink, saccade and/or move their eyes. It is important, therefore, to consider the 

difficulties in interpreting absolute levels of activation relative to implicit baselines and place 

greater importance on the relative modulations across experimental conditions. 

 

Although top-down modulatory effects in early visual areas are observed in both attention and 

VSTM, the role that these contribute in each case is not fully understood. Attending to an 

expected visual target/location can lead to anticipatory activation in occipital cortex (Kastner, 

Pinsk, De Weerd, Desimone, & Ungerleider, 1999; Ruff & Driver, 2006). This is thought to 

contribute to the ‘bias’ that is essential for resolving competitive perceptual interactions in 

favour of task-relevant items (Desimone & Duncan, 1995). Persistent activity in sensory 

cortices is also observed during VSTM (Lepsien & Nobre, 2007), and has been implicated in 

supporting maintenance of visual contents during VSTM (Ester, Serences, & Awh, 2009; 

Harrison & Tong, 2009; Pasternak & Greenlee, 2005; Serences, Ester, Vogel, & Awh, 2009). 

However, VSTM and attention tasks share many functional similarities (Awh & Jonides, 2001; 

Gazzaley & Nobre, 2012; Kuo et al., 2009). Most VSTM tasks also involve anticipating probe 

stimuli to be compared to the relevant memoranda. After all, VSTM is an inherently proactive 

function for maintaining information to guide future perception and action. In many, if not 

most cases, therefore, sustained visual activity in VSTM tasks may reflect anticipation of the 

probe stimulus (Lepsien et al., 2011; Stokes, 2011). In our task it is not possible to 

differentiate between retroactive prioritization/modulation of maintenance related activity and 

proactive anticipatory activity. We suggest that top-down modulatory mechanisms may 

provide the functional bridge between boosting the relevant VSTM representation and 

preparing the visual system for upcoming probe demands.  
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Experiment series 2 (year two): 

 

Introduction 

 

The ability to detect changes in an ever-changing visual environment is important in daily life. 

Change detection is particularly challenging, because it requires the interface between 

perception, which is limitless in the amount and complexity of its contents, and VSTM, which 

is highly capacity limited (Hollingworth, 2003; Hyun, Woodman, Vogel, Hollingworth, & 

Luck, 2009; Landman et al., 2003; Luck & Vogel, 1997; Rensink, 2000, 2002; Simons, 2000; 

Simons & Rensink, 2005). Controlled attention is likely instrumental in comparing the 

perceptual and mnemonic representations. This is especially the case in demanding 

circumstances, such as when there are many items to search for a potential change. However, 

how attentional mechanisms operate upon the perceptual and VSTM representations and 

modulate their comparison remains largely unknown. Here we investigate the underlying 

neural mechanisms that control the allocation of spatial attention in a change detection 

paradigm, using fMRI. 

 

Neuroimaging evidence has shown that successful detection of a changed stimulus from the 

visual environment relies upon a distributed brain network including frontal, parietal, and 

temporal-occipital regions, relative to correct rejection or change blindness (Beck, Muggleton, 

Walsh, & Lavie, 2006; Beck, Rees, Frith, & Lavie, 2001; Huettel, Güzeldere, & McCarthy, 

2001; Kuo, Rotshtein, & Yeh, 2011; Pessoa & Ungerleider, 2004; Pollmann & Manginelli, 

2009; Yeh, Kuo, & Liu, 2007). These studies particularly highlighted the importance of 

parietal cortex in change detection. For example, disrupting activity in the right posterior 

parietal cortex adversely affects the ability to detect changes of face stimuli (Beck et al., 

2006). This evidence is consistent with the view that the posterior parietal activity relates 

directly to the capacity limit of VSTM (Linke, Vicente-Grabovetsky, Mitchell, & Cusack, 

2011; Todd & Marois, 2004; Xu & Chun, 2006) and/or the attentional resources needed for 

VSTM rehearsal (Magen et al., 2009). One strong possibility is that prefrontal and parietal 

regions act as the sources for generating top-down attentional signals, which bias neural 

activity in sensory-related brain regions (Corbetta & Shulman, 2002; Curtis & D'Esposito, 

2003; Desimone & Duncan, 1995; Hopfinger, Buonocore, & Mangun, 2000; Kastner & 

Ungerleider, 2000; Miller & D'Esposito, 2005), thereby supporting the attentional demands of 

detecting changes. 

 

Previous studies have revealed that attention can modulate both perceptual and VSTM 

representations according to behavioural expectations or current task-goals (Griffin & Nobre, 

2003; Landman et al., 2003; Posner, 1980; Reynolds & Chelazzi, 2004). An influential neural 
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theory of attention proposes that top-down attention biases the competition arising when 

different inputs compete for representation (Desimone & Duncan, 1995; Duncan & 

Humphreys, 1989; Duncan, Humphreys, & Ward, 1997; Kastner & Ungerleider, 2000). 

Similar top-down attention biases can operate upon remembered information in VSTM (Chun, 

Golomb, & Turk-Browne, 2011; Gazzaley & Nobre, 2012; Shapiro & Miller, 2011). Studies 

introducing retrospective cues (retro-cues) to shift attention to a specific item or location 

during VSTM maintenance can result in substantial improvements in retrieval accuracy and 

speed (Astle, Nobre, & Scerif, 2012; Astle, Summerfield, Griffin, & Nobre, 2012; Griffin & 

Nobre, 2003; Kuo et al., 2012; Landman et al., 2003; Nobre, Griffin, & Rao, 2008; Pertzov et 

al., 2013; Sligte, Scholte, & Lamme, 2008). This type of spatial cue provides prior knowledge 

of a specific target item or location that needs to be compared to the upcoming probe or probe 

array. Recent fMRI investigations also demonstrated that attentional modulation of VSTM 

contents, using these kinds of cue, can influence the magnitudes or the patterns of neural 

activity in the posterior visual regions (Johnson, Mitchell, Raye, D'Esposito, & Johnson, 2007; 

Lepsien & Nobre, 2007; Lepsien et al., 2011; Lewis-Peacock, Drysdale, Oberauer, & Postle, 

2012; Munneke, Heslenfeld, & Theeuwes, 2008, 2010; Nobre et al., 2004; Serences et al., 

2009; Sligte et al., 2009; Yi, Turk-Browne, Chun, & Johnson, 2008). This modulation in 

visual activity may act to facilitate the comparison of the remembered item and the expected 

probe.  

 

Although the remembered representations can be biased by shifts of attention, this 

competitive advantage is not observed whilst cueing simultaneously with the presentation of 

the probe stimuli (termed simultaneous-cue in this study or post-cue in others) (Becker, 

Pashler, & Anstis, 2000; Landman et al., 2003; Makovski & Jiang, 2007; Makovski, Shim, & 

Jiang, 2006; Makovski, Sussman, & Jiang, 2008; Sligte et al., 2008; Sligte, Vandenbroucke, 

Scholte, & Lamme, 2010). This may be because the retro-cue enables participants to insulate 

or protect the VSTM item, such that its otherwise fragile representation is not overwritten by 

the onset of the subsequent competing probe array (Astle, Summerfield, et al., 2012; 

Landman et al., 2003; Sligte et al., 2008); the simultaneous-cue is by definition too late to act 

in this way, so those attentional mechanisms must be recruited, once the interference has 

occurred. In short, the simultaneous cue requires participants to directly resolve the 

VSTM-perceptual interference at the cued location and detect any changes, whereas this is not 

necessary in the retro-cue condition.  

 

In this study, we investigate the neural mechanisms by which attention modulates this 

comparison processes in a cued change detection task. Spatial cues were presented to shift 

attention either to the location of an item in VSTM prior to (retro-cues), or simultaneously 

with the comparison process (simultaneous-cues). A no-cue condition was also included. 
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Firstly we attempted to look at the mechanisms by which attention can be oriented, following 

a retro-cue, to and item in VSTM (Astle, Summerfield, et al., 2012; Kuo et al., 2012). In 

particular we focused on how this anticipatory attentional control will influence the neural 

responses by which VSTM and perceptual representations are compared (i.e. the effect of 

retro-cueing on change detection). Secondly, we examined the neural correlates of perceptual 

and VSTM comparison for the simultaneous-cues. Unlike retro-cues, simultaneous-cues do 

not allow for this anticipatory circumventing of the interference between perceptual and 

mnemonic representations. For this reason they are unlikely to yield as good a behavioural 

advantage as retro-cues (Landman et al., 2003; Sligte et al., 2008), and furthermore they will 

likely recruit attentional control mechanisms as participants attempt to resolve the 

competition necessary to detect changes. The aim of our design was to identify these neural 

mechanisms, and to understand their relationships with behaviour: we also test whether shifts 

of attention during the presentation of the probe stimuli involve changes in the functional 

interaction between prefrontal and parietal regions using a PPI procedure (Friston et al., 1997; 

Gitelman et al., 2003). If this kind of mechanism is involved in the implementation of 

attentional control necessary to detect changes, then we expect the strength of functional 

coupling to influence behavioural performance. 

 

Materials and Methods 

 

Participants 

All participants were right-handed according to the Edinburgh handedness inventory (Oldfield, 

1971). Fourteen healthy volunteers with normal or corrected-to-normal visual acuity were 

recruited from the undergraduate and graduate students at National Taiwan University and 

National Taiwan University of Science and Technology. Written informed consent was 

obtained from all participants prior to the study, and they were financially reimbursed for their 

time. We analysed data from 13 participants (age range 20-30 years, 6 females) because one 

participant showed excessive head movement in the scanner (greater than 5 mm). All 

experimental methods and procedures used in the study were non-invasive and had ethical 

approval from the Research Ethic Office of National Taiwan University.  

 

Task design 

The experimental design followed a 3 (cue type: retro-cue, simultaneous-cue, and no-cue) x 2 

(change type: change and no-change) within-subjects factorial design. The task procedure is 

shown in Figure 6. Participants viewed a memory array, followed by a retention interval, and 

later by a probe array (Luck & Vogel, 1997). Their task was to identify any changes that 

occurred from one array to the next. A spatial cue was present during retention interval in the 

retro-cue condition or during the probe array in the simultaneous-cue condition. Participants 
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simply had to detect changes without the aid of a spatial cue in the no-cue condition.  

 

 
Figure 6 

(a) An example of a change trial in the retro-cue condition (top panel), simultaneous-cue 

condition (middle panel), and no-cue condition (bottom panel). The spatial cue consisted of a 

white line pointing to the upper left corner of a stimulus location and a grey background was 

used throughout the experiment (the cue was represented in black and background was 

represented in white in figure). (b) Behavioural results of successful change detection (change 

trials) and correct rejection (no-change trials) for accuracy (percent correct %) (left), response 

times (RTs, ms) (middle), and d’ score (right). Error bars represent standard errors of the 

means. 

 

Each trial began with the onset of a fixation cross (500 ms duration), which signaled the onset 

of the trial. After that, participants viewed a memory array containing four different peripheral 

colour squares (180 ms duration). Participants were instructed to remember as many items as 

possible that were presented within the memory array. Following a retention interval (900 ms 

duration), the probe array was presented for 1,820 ms. In the retro-cue condition, a spatial cue 

was presented 200 ms after the offset of the memory array for 150 ms during the retention 

interval. In the simultaneous-cue condition, a spatial cue simultaneously appeared on the 

presentation of the probe array for 1820 ms. Participants’ task was to decide whether the cued 

item of the probe array had changed relative to the preceding memory array in both retro- and 
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simultaneous-cue conditions. In the no-cue condition, the participants’ task was to judge 

whether a change had occurred between the probe array and the memory array. The same 

stimuli always appeared in the memory and probe arrays; however, two stimulus items always 

swapped locations on change trials (50%). The stimuli in the memory array and probe array 

were identical on no-change trials (50%). The inter-trial interval was presented for 3,000, 

6,000, or 9,000 ms randomly so that the inter-trial interval was jittered to isolate the 

hemodynamic responses of individual trials (Friston et al., 1998).  

 

Stimuli 

Stimulus arrays were composed of four coloured squares with the colours randomly selected 

from a set of six colours: red, green, yellow, blue, cyan, and magenta. Each stimulus item 

subtended a visual angle of approximately 0.52º x 0.52º (edge-to-edge) and was positioned 

randomly in one of the eight possible peripheral locations of an invisible 3 x 3 matrix that 

subtended approximately 6.2º x 6.2º. The spatial cue consisted of a white line pointing to the 

upper left corner of a stimulus location in the retro-cue and simultaneous-cue trials. When two 

arrays were identical on no-change trials, this cued position was randomly selected from the 

four stimulus locations. On change trials, the two changed items in the probe array were 

randomly selected from the four stimuli on each trial and the cued position was randomly 

selected from the two locations where changes would occur. The retro-cues and 

simultaneous-cues were always informative of the change location (i.e. they were 100% valid). 

Participants were instructed that a spatial cue indicated the location where a change would 

occur in change trials and were encouraged to use the cue information. A gray background 
was used throughout the experiment. 

 

Experimental procedure 

The experimental session consisted of three runs (retro-cue, simultaneous-cue, and no-cue 

conditions), with 96 trials in each run, with the order randomised for each participant. In each 

run, half of the trials were the no-change trials and the other half were the change trials. 

Participants made change and no-change responses by pressing left button and right button on 

a button box using their right hand. Participants were instructed to respond as accurately and 

quickly as possible and maintain fixation on a small fixation marker at the centre of the screen 

during the presentation of the visual stimuli. Prior to fMRI scanning, participants completed 

one practice session (30 trials) outside of the scanner to ensure that they could perform the 

task as instructed. Ten practice trials contained retro-cues, 10 trials contained 

simultaneous-cues, 10 trials contained no cue, with half being change trials and half being 

no-change trials. Stimuli were presented using Presentation software (Neurobehavioral 

Systems, Inc., CA), and synchronized with the MRI scanner acquisition.  

 



26 
 

fMRI acquisition and scanning parameters 

This experiment was run on a Bruker MedSpec 3T system (Bruker, Ettlingen, Germany) at 

National Taiwan University with a quadrature birdcage head coil. The stimuli were visually 

presented on a goggle display system (Resonance Technology Inc., CA, USA). If required, 

both eyes were corrected to normal visual acuity with lenses during the experiment. 

Behavioral responses were recorded using an MRI-compatible fiber-optic light-sensitive 

response button box held in the participant’s right hand. A single-shot T2*-weighted gradient 

echo-planar imaging (EPI) sequence (TR = 1500 ms, TE = 30 ms, flip angle = 90˚) was used 

to measure the blood-oxygen-level-dependent (BOLD) signal. Functional images were 

obtained from 16 contiguous axial-oblique slices (thickness = 5 mm and gap = 1 mm), which 

were acquired parallel to the anterior commissure-posterior commissure (AC-PC) line and in 

plane resolution of 3.75 x 3.75 mm. The experiment was divided into 3 runs, each with 592 

volumes. High resolution anatomical images were acquired by the RARE sequence (matrix 

size = 256 x 256 and FOV = 30 x 30 cm).  

 

Behavioural analyses 

Behavioural measures, including accuracy (percent correct) and mean RTs, were firstly 

analysed by a 3 (cue type: retro-cue, simultaneous-cue, and no-cue) x 2 (change type: change 

and no-change) repeated-measures analysis of variance (ANOVA) to assess change detection 

performance. We also analysed the behavioural data in a 2 (cue type: retro-cue, 

simultaneous-cue) x 2 (change type: change and no-change) repeated-measures ANOVA and 

tested for the difference in attentional modulation in change detection. Only correct responses 

were included for RT analyses. We also analysed a sensitivity score for the successful 

detection/correct rejection discrimination [d’ = Z(hit rate) – Z(false alarm rate)] (Green & 

Swets, 1966), in a one-way (cue type: retro-cue, simultaneous-cue, and no-cue) 

repeated-measures ANOVA. Hit rate was defined as the conditional probability that the 

participants responded “change” when the target item was different, and the false-alarm rate 

was defined as the conditional probability that the participants responded “change” when the 

target item was the same. 

 

fMRI data analyses 

Three types of analysis were performed on the fMRI data. A whole-brain univariate analysis 

was used to identify brain areas activated based on the interaction between cue-type 

(retro-cues, simultaneous-cues, and no-cue) and change detection (change versus no-change). 

Region of interest (ROI) analyses were then conducted to test the modulation in activity in 

both retro-cue and simultaneous-cue condition. To avoid circular analysis (or double dipping) 

(Kriegeskorte, Simmons, Bellgowan, & Baker, 2009), we used the no-cue condition as an 

independent scan to localise functional ROIs in parietal and visual cortices. Finally, we used 



27 
 

PPI to examine the relationship between the functional correlation between the prefrontal and 

posterior parietal areas and successful change detection (focussing particularly on 

simultaneous cues). 

 

The fMRI data processing and analyses were carried out with SPM5 software (Wellcome 

Trust Centre for Neuroimaging, University College London, UK) in MATLAB (The 

MathWorks). The first eight volumes of each run were discarded to allow for magnetic 

saturation effects. The remaining functional images were corrected for head movement 

artefact and timing differences in slice acquisitions. Pre-processed functional images were 

then co-registered to the individual anatomical image and normalised to the standard 

SPM/MNI brain template and resampled to a 2-mm isotropic voxel size. Normalised images 

were spatially smoothed with a Gaussian kernel of 8-mm full width at half maximum (FWHM) 

to accommodate any anatomical variability across participants (Hopfinger, Buchel, et al., 

2000; Worsley et al., 1996). The time-series data were then high-pass filtered with a frequency 

cut-off at 128 s and prewhitened by means of an autoregressive model AR(1). 

 

In a whole-brain univariate analysis, statistical inference was based on a random-effect 

approach at two levels. At the individual level, the data of each participant were analysed 

using the general linear model (GLM) by fitting the time series data with the canonical 

hemodynamic response function (HRF) modeled at the events of interest. Only the events 

with correct responses were modeled for each of the 6 conditions: 3 (cue type: retro-cue, 

simultaneous-cue, and no-cue) x 2 (change type: change and no-change). Linear contrasts 

were computed to characterise responses of interest. We firstly computed the contrasts of 

successful detection (change trials) versus correct rejection (no-change trials), for retro-cue, 

simultaneous-cue and no-cue trials, respectively. Moreover, we computed three interaction 

contrasts: (1) ‘simultaneous-cues: change versus no-change’ versus ‘retro-cues: change versus 

no-change’; (2) ‘simultaneous-cues: change versus no-change’ versus ‘no-cue: change versus 

no-change’; and (3) ‘retro-cues: change versus no-change’ versus ‘no-cue: change versus 

no-change’. The estimations for each contrast were then entered into a standard SPM 

group-level analysis in which the participants were treated as a random variable using a 

one-sample t test. We used a threshold of p < 0.05, correcting for multiple comparisons using 

family-wise error rate at the cluster level.  

 

In ROI analyses, we used the main effect of the no-cue condition from the group-level 

analysis, collapsing across change and no-change trials to define two functional ROIs in the 

occipital cortex [Talairach coordinates (x, y, z): left occipital ROI = -34, -83, 20; right 

occipital ROI = 31, -79, 16]. We also used the contrast of change versus no-change trials in 

the no-cue condition from group-level analysis to determine four functional ROIs in the 
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parietal cortex [Talairach coordinates (x, y, z): left superior parietal lobule (SPL) = -18, -58, 56; 

right SPL = 23, -62, 54; left intraparietal sulcus (IPS) = -48, -33, 49; right IPS = 33, -47, 42]. 

The size of each ROI was defined as a sphere with its centre of the predetermined coordinates 

with a radius of 6 mm. Mean beta estimates for the effects of interest were extracted for all 

conditions for each participant using MarsBaR (http://marsbar.sourceforge.net/). We then 

tested for modulatory effects in a 2 (cue type: retro-cue, simultaneous-cue) x 2 (change type: 

change, no-change) repeated-measures ANOVA for each occipital and parietal ROI. 

 

Finally, we identified cortical control areas that may interact with parietal cortex using a PPI 

analysis. Specifically, we tested change-detection-related activity in brain regions that were 

functionally correlated with those in the parietal cortex for the change trials in contrast to 

no-change trials in the simultaneous-cue condition. We did not test functional connectivity for 

the retro-cues given no significant effect of change detection was observed in a whole-brain 

univariate analysis (see fMRI results for details). According to previous evidence (Beck et al., 

2001; Pessoa & Ungerleider, 2004), we selected a seed region (left IPS) in the parietal cortex 

based on the conjunction of both the interaction results from the contrast of 

‘simultaneous-cues: change versus no-change’ versus ‘no-cue: change versus no-change’ and 

the contrast of ‘simultaneous-cues: change versus no-change’ versus ‘retro-cues: change 

versus no-change’. For each participant, we defined the size of the seed regions as a sphere 

with its centre on the predetermined coordinates with a radius of 6 mm. The deconvolved 

time-series data for the seed voxels was extracted from each participant. The product of these 

time-series data and the psychological vector of interest (‘change versus no-change’) in the 

simultaneous-cue condition, resulted in the psychophysiological interaction term, which was 

convolved with the HRF (Gitelman et al., 2003). The physiological variable (Y regressor), the 

psychological variable (P regressor) and their interaction (PPI regressor) were computed for 

each participant as regressors. The estimates for PPI at the individual level were then entered 

into random-effect group-level analysis with a threshold of p < .05, controlling for family 

wise error rate with a nonparametric permutation analysis 

(http://www.fil.ion.ucl.ac.uk/spm/snpm) (Nichols & Hayasaka, 2003). 

 

All significantly activated areas were then transformed into the Talairach space (Talairach & 

Tournoux, 1988), using a modified version of the mni2tal MATLAB script 

(http://imaging.mrc-cbu.cam.ac.uk/imaging/MniTalairach). Anatomical localisations were 

done with Talairach Daemon software (Research Imaging Center, Health Science Center, San 

Antonio, TX). 
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Results 

 

Behavioural results 

Participants performed reliably well, but did not reach ceiling performance (Figure 6b). The 3 

(cue type: retro-cue, simultaneous-cue, no-cue) x 2 (change type: change, no-change) 

repeated-measures ANOVA revealed a significant main effect of cue type on accuracy [F(2, 

12) = 16.79, p < .005], showing more accurate performance for retro-cues (93.03% ± 6.61) 

compared to simultaneous-cues (84.46% ± 9.57) and no-cue trials (83.73% ± 11.94). Change 

type also significantly interacted with cue type [F(2, 24) = 7.03, p < .005]. This interaction 

arose because the effect of cue type was not significant on no-change trials (ps > .1) whereas 

accuracy for retro-cues trials (94.55% ± 7.63) was significantly higher than simultaneous-cues 

(81.57% ± 11.96) and no-cue trials (77.08% ± 12.90) (p < .005) on change trials. Converting 

the accuracy data into d’ scores revealed a significant main effect of cue type [F(2, 12) = 

14.04, p < .005], with higher d’ scores for retro-cue (2.66 ± 1.29 d’ scores) compared to 

simultaneous-cue (1.21 ± 0.38 d’ scores) and no-cue trials (1.28 ± 0.56 d’ scores). Finally, the 

analysis on RT data indicated a faster RT for retro-cue (609.26 ms ± 117.60) compared to 

simultaneous-cue (838.83 ms ± 100.02) and no-cue trials (775.17 ms ± 121.16) [F(2, 12) = 

35.45, p < .005].  

 

To test for the difference in attentional modulation of change detection performance, we 

computed a 2 (cue type: retro-cue, simultaneous-cue) x 2 (change type: change and no-change) 

repeated-measures ANOVA and showed a significant main effect of cue type on accuracy [F(1, 

12) = 22.96, p < .005], indicating more accurate performance for retro-cues compared to 

simultaneous-cues. The interaction of change type and cue type was marginally significant 

[F(1, 12) = 4.33, p = .059]. Follow-up comparisons indicated more accurate performance for 

retro-cues compared to simultaneous-cues when changes occurred [t(12) = 3.84, p < . 005] but 

only marginally more accurate responses for retro-cues (91.51% ± 5.61) compared to 

simultaneous-cues (87.34% ± 6.10) when no change occurred [t(12) = 1.96, p = .07]. 

Furthermore, RT data revealed faster RTs for retro-cue compared to simultaneous-cue trials 

[F(1, 12) = 65.78, p < .005]. A significant interaction of change type and cue type was 

observed [F(1, 12) = 5.30, p < .05]. This interaction demonstrated a slower RT for change 

trials (860.97 ms ± 106.15) compared to no-change trials (816.68 ms ± 106.83) in the 

simultaneous-cues condition (p < .05) but not in the retro-cues condition (p > .1).  

 

In summary, the behavioural data revealed that participants could use the retro-cues to orient 

their attention to items maintained in VSTM, thereby enabling them to detect changes more 

reliably and more quickly. This benefit is specific to the anticipatory orienting that the 

retro-cue affords; the same benefit is not seen for simultaneously presented cues.  
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fMRI results 

Whole brain univariate results 

We firstly tested for the interaction results from the contrast of ‘simultaneous-cues: change 

versus no-change’ versus ‘retro-cues: change versus no-change’ (Figure 7 and Table 1). We 

found a distributed and extensive activation pattern in cortical regions including middle and 

inferior frontal gyrus (MFG and IFG), FEF, ventrolateral prefrontal cortex (VLPFC), and 

anterior cingulate cortex (ACC) within the frontal cortex. We also observed significant 

bilateral activation in the SPL, inferior parietal lobule (IPL) and IPS, and precuneus within the 

posterior parietal cortex. Moreover, subcortical regions including thalamus and putamen were 

activated. These results were in line with previous findings that identify activity in a 

prefrontal and parietal neural network (Beck et al., 2006; Beck et al., 2001; Huettel et al., 

2001; Kuo, Rotshtein, et al., 2011; Pessoa & Ungerleider, 2004; Pollmann & Manginelli, 

2009). Finally, we tested for the interaction of cue type (simultaneous-cues and no cue) and 

change type and identified a significant activation in the left IPS (peak coordinates = -30, -55, 

41) (Figure 2). No significant activation was observed when the same comparison was done 

for retro-cue versus no-cue trials.  

 

 

Figure 7 

Areas of significant activation associated with successful change detection (change trials) in 

contrast to correct rejection (no-change trials) for the contrast of the simultaneous-cues versus 

retro-cues (top panel) and for the contrast of the simultaneous-cues versus retro-cues (bottom 

panel).  
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Table 1 

Brain areas and their Talairach coordinates (x, y, z) significantly activated by the interaction of 

successful detection on change trials with correct rejection on no-change trials for 

simultaneous-cues versus retro-cues. 

Brain areas  x y z t 

Anterior cingulate cortex Med 9 29 39 6.78 

Frontal eye fields L -22 14 47 5.23 

 R 35 10 58 7.75 

Middle frontal gyrus L -48 30 24 4.95 

 R 49 21 33 4.49 

Inferior frontal gyrus  L -40 11 27 7.28 

 R 47 10 23 8.44 

Ventrolateral prefrontal cortex L -34 39 3 4.94 

 R 41 50 1 5.21 

Superior parietal lobule L -30 -47 41 9.67 

 R 29 -64 51 6.12 

Inferior parietal lobule/intraparietal sulcus L -46 -37 38 5.80 

 R 33 -51 44 5.83 

Precuneus L -26 -61 38 5.61 

 R 19 -59 41 4.77 

Thalamus L -16 -6 2 6.67 

 R 13 -4 5 5.41 

Putamen L -20 2 10 4.58 

 R 23 4 8 5.69 

Note: Medial: Med; Left hemisphere: L; Right hemisphere: R; t: t-score. 

 

ROI analysis 

The ROI results are illustrated in Figure 8. We tested for the presence of attentional 

modulation of activity in the visual and parietal ROIs for retro-cues and simultaneous-cues. 

An analysis of the ROI data in a two-way repeated-measures ANOVA revealed a significant 

interaction between cue type and change type in the left visual [F(1, 12)= 6.41, p < .05], right 

visual [F(1, 12)= 8.13, p < .05], left SPL [F(1, 12)= 5.92, p < .05], right SPL [F(1, 12)= 16.15, 

p < .005], left IPS [F(1, 12)= 5.72, p < .05], and right IPS [F(1, 12)= 28.12, p < .005]. Post 

hoc analyses indicated that successful detection yielded higher mean beta values compared to 

correct rejection in all visual and parietal ROIs for simultaneous-cues (ps < .05). However, 

there was no significant difference between successful detection and correct rejection for all 
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ROIs for retro-cues (ps > .1). These ROI results not only confirmed the whole-brain 

univariate results but also indicated the modulatory effect in parietal and visual occipital 

regions. 

 

 

Figure 8 

Region of interest (ROI) analyses in the posterior visual and parietal regions (SPL: superior 

parietal lobule; IPS: intraparietal sulcus). ROIs were selected based on the no-cue condition. 

Successful change detection (change trials) yielded higher mean beta values than correct 

rejection (no-change trials) for simultaneous-cues, relative to retro-cues. Error bars represent 

standard errors of the means. 

 

Functional connectivity analysis 

Functional connectivity results are illustrated in Figure 9. Our main question was whether 

successful change detection relied on functional coupling between prefrontal and parietal 

regions in controlling of comparison process. We tested this hypothesis in a PPI analysis using 

the left IPS as a seed region and yielded significant effects with the right inferior frontal 

junction (IFJ) (peak coordinates = 43, 9, 36) and IFG (peak coordinates = 45, 8, 14) within the 

prefrontal cortex for simultaneous-cues.  
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Figure 9 

(a) Functional connectivity of attentional modulation of the comparison of remembered and 

perceptual representations for simultaneous-cues. These results showed functional couplings 

with right inferior frontal junction (IFJ) and inferior frontal gyrus (IFG) when left intraparietal 

sulcus (IPS) was a seed region. (b) A significant positive correlation was observed between 

the PPI estimates of functional connectivity in the right IFJ with left IPS and d’ scores 

(Pearson’s r = 0.58, p < .05). 

 

A relationship between brain and behaviour 

Finally, we tested for a relationship between the strength of functional connectivity and 

behavioural performance. The PPI estimates were extracted from the IFJ and IFG from each 

participant in the simultaneous-cue condition based on the contrast of change vs. no-change 

trials using Marsbar. Each frontal ROI was defined with the size as a sphere with its centre of 

the peak coordinates with a radius of 6 mm. We then examined Pearson’s correlation between 

the PPI estimates and behavioural measures (d’ scores and RTs). A significant positive 

correlation was observed between the PPI estimates of functional connectivity in the right IFJ 

with left IPS and d’ scores (r = 0.58, p < .05) (Figure 9b). This brain and behaviour 

correlation suggests that participants with stronger functional coupling between the IFJ and 

IPS exhibit better behavioural performance in discrimination sensitivity for VSTM and 

perceptual comparisons. No other significant correlation was found in the IFG or with the RTs 

(ps > .1). 
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Discussion  

 

Using a cued change detection task, we presented cues during the initial maintenance or 

during the subsequent comparison. This enabled us to investigate the neural mechanisms by 

which attention is recruited in order to facilitate the VSTM and perceptual comparison 

process. Cues delivered in advance of the changes – retro-cues – enabled participants to 

deploy their attention in advance, conferring a large behavioural advantage over no-cue and 

simultaneous-cue trials. The whole-brain analysis showed a distributed and extensive 

activation pattern in the prefrontal and parietal cortices that mirrored the increased 

behavioural difficulty of successful change detection for the simultaneous-cues compared to 

the retro-cues. The ROI analyses using the no-cue condition as an independent functional 

localiser confirmed the difference in neural responses for change versus no-change trials in 

the visual and parietal ROIs for simultaneous-cues, relative to retro-cues. Moreover, we found 

a significant functional coupling between prefrontal and parietal cortices; activity in the right 

IFJ and IFG became strongly coupled to the left IPS when detecting changes on the 

simultaneous-cue trials. Finally, a close relationship between the PPI estimates of functional 

connectivity in the right IFJ with left IPS and d’ scores was found, indicating the better 

behavioural performance with stronger connectivity. In sum, we were able to identify a set of 

neural mechanisms that mirrored our cueing manipulation. We suggest that these neural 

mechanisms reflect the allocation of attention to facilitate change detection. One possibility is 

that this occurs via the biasing of the competitive processing of the two types of 

representations (VSTM and perceptual), such that changes can be successfully detected, and 

that such a process is not necessary when attention has been deployed in advance. 

 

Retro-cues, but not simultaneous-cues, confer a change detection benefit 

Consistent with behavioural evidence (Astle, Summerfield, et al., 2012; Griffin & Nobre, 

2003; Pertzov et al., 2013; Sligte et al., 2008), we observed a beneficial effect of retro-cues 

for both change and no-change trials, relative to simultaneous-cues or no-cue baseline. These 

benefits are in terms of RTs, accuracy and d’ scores, suggesting the results were not due to a 

speed-accuracy trade-off or response bias. In contrast, we found no relative advantage for the 

simultaneous-cues. We suggest that the benefit of a retro-cue in this context is that it enables 

participants to overcome the interfering effect of subsequent perceptual stimuli on their fragile 

VSTM representation (Becker et al., 2000; Landman et al., 2003; Makovski & Jiang, 2007; 

Makovski et al., 2006; Makovski et al., 2008; Sligte et al., 2008; Sligte et al., 2010). This 

probe interference is particularly evident when a changed item was presented. 

 

In accordance with previous fMRI findings (Beck et al., 2006; Beck et al., 2001; Huettel et al., 

2001; Kuo, Rotshtein, et al., 2011; Pessoa & Ungerleider, 2004; Pollmann & Manginelli, 
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2009), our whole-brain univariate results found increased activation in a distributed cortical 

network. This included prefrontal and parietal regions, and subcortical regions including 

putamen and thalamus. This recruitment was specifically for successful change detection in 

contrast to correct rejection, and more so for the simultaneous cues relative to the same 

contrast for the retro-cue condition. This pattern mirrors the increased attentional demands of 

comparing the VSTM and perceptual item at the simultaneously cued location, relative to 

doing this in the retro-cue condition. Furthermore, our ROI analyses confirmed this 

modulatory effect for change detection in the posterior visual and parietal regions (Beck et al., 

2006; Beck et al., 2001; Linke et al., 2011; Pessoa & Ungerleider, 2004). The use of ROIs, 

based on the no-cue condition as an independent functional localiser, ensures that the effects 

in the visual and parietal cortices that we observed result from the cueing modulation of the 

comparison process. Taken together, our whole-brain and ROI results suggest that activity of 

the posterior parietal and visual areas was influenced by the requirements of the type of cue. 

This was only the case for spatial cues presented simultaneously with the presentation of the 

probe array, implying that this mechanism of top-down modulation is not specific to the 

orienting of attention per se (as this also occured in the retro-cue condition), but indexes the 

use of attention to deal with the interfernce imposed by the subsequent perceptual information. 

Given its neural correlates, it is perhaps surprising that the simultaneous-cues do not confer a 

change detection benefit over the neutral baseline. We suggest that the way in which 

participants detect changes when they have no specific location to search is rather different. 

When the simultaneous-cue appears, we suggest that participants engage in a focussed 

attempt to resolve the interference between the new probe item and the old VSTM item, such 

that any changes can be detected; this is what we think our neural responses reflect. However, 

in the block with no-cues participants may adopt some alternative approach, whereby they 

search all locations in parrallel – essentially searching for a pop-out (Hyun et al., 2009). In 

behavioural terms it may not be that one is any better than the other. Nonetheless, we wanted 

to demontrate that there was some behavioural consequence of the simultaneous cueing, by 

relating our functional connectivity measures to detection sensitivity, which we discuss in the 

subsequent section.  

 

The modulation of visual activity during attentional control tasks is in line with previous 

findings in both perceptual and VSTM domains. It has been shown that attention modulates 

visual processing by enhancing neural responses to attended stimuli or suppressing responses 

to unwanted information when multiple visual stimuli items appear simultaneously in the 

visual field (O'Connor, Fukui, Pinsk, & Kastner, 2002; O'Craven, Downing, & Kanwisher, 

1999; Scalf & Beck, 2010; Tootell et al., 1998). Also, directing attention to a target location 

from the visual environment in anticipation of a behavioural relevant stimulus can increase 

subsequent neural responses in visual areas (Kastner et al., 1999; Luck, Chelazzi, Hillyard, & 
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Desimone, 1997). In parallel to the modulation in perceptual domain, attention can also 

modulate visual activity in supporting and protecting VSTM representations from inter-item 

competition or from the probe interference (Kuo et al., 2012; Shapiro & Miller, 2011; Sligte et 

al., 2009).  

 

In summary, drawing together our behavioural and functional imaging results, we demonstrate 

that the modulation of visual activity during change detection mirrors the increased difficulty 

of comparing perceptual and VSTM representations in the simultaneous cue condition. This is 

especially evident when subjects need to correctly detect a change in the environment 

(relative to no-change trials). Furthermore this modulation is only apparent in the 

simultaneous-cue condition – when attention is oriented in advance, this difficulty is 

overcome, and the same neural mechanisms are not recruited.  

 

The role of the SPL and IPS in attentional control and VSTM 

The SPL and IPS have been characterised as carriers of the top-down attention signals in both 

perceptual and memory domains (Corbetta & Shulman, 2002; Hopfinger, Buonocore, et al., 

2000; Kastner & Ungerleider, 2000; Wager & Smith, 2003). Neuroimaging studies have 

demonstrated that a transient increase in SPL activity accompanies shifts of attention between 

two peripheral spatial locations (Yantis et al., 2002; Yantis & Serences, 2003), two voices 

(Shomstein & Yantis, 2006), and visual and auditory domains (Shomstein & Yantis, 2004). 

Recent evidence from patients with SPL lesion indicates a causal role in goal-directed shifts 

of attention (Shomstein, Lee, & Behrmann, 2010). However, studies have shown that these 

areas are implicated not only in attentional control processes per se, but also in VSTM. For 

example, SPL lesions also result in impairments in the manipulation and rearrangement of 

internal information in VSTM (Koenigs, Barbey, Postle, & Grafman, 2009). Similarly, 

activity in the IPS is consistently observed when attention is explicitly oriented to cued items 

within VSTM (Lepsien et al., 2005; Nobre et al., 2004; Trapp & Lepsien, 2012). IPS activity 

reflected the amount of stored information and the magnitude of activity was correlated with 

an individual’s VSTM capacity (Linke et al., 2011; Todd & Marois, 2004; Xu & Chun, 2006). 

So there is some controversy as to whether the involvement of these parietal areas in VSTM 

tasks is because of mnemonic processes per se, or because of the inherent attentional demands 

of the task. A recent fMRI investigation has argued that activity in the IPS represents the 

attentional demand of rehearsal processes that changes as a function of the length of VSTM 

retention interval (e.g. long versus short delay) (Magen et al., 2009). They showed greater IPS 

activity as the attentional demands increased (long delay with the increase in VSTM load). 

Consistent with this account, we showed the modulation of these areas with simultaneous 

cueing. When attention was shifted prior to the comparison process, participants were 

presumably able to bias the competitive processing, and insulate the cued VSTM items from 



37 
 

probe interference. Accordingly, retro-cues did not produce the same change-related activity 

as was present with simultaneously presented cues. The difference in activation between 

change versus no-changes in the SPL and IPS therefore appears to reflect the regulation of the 

comparison of the inconsistent VSTM and perceptual representations for successful change 

detection. 

 

Of particular interest in this study was that the functional connectivity analysis revealed 

inter-regional correlation between right prefrontal regions and the left IPS in supporting of the 

comparison process for the simultaneous-cues. Furthermore, the strength of this connectivity 

was associated with behavioural performance. As noted above, it is generally accepted that the 

prefrontal and parietal cortices provide top-down biasing signals in favour of those inputs 

most relevant to our expectations and goals (Barcelo, Suwazono, & Knight, 2000; Curtis & 

D'Esposito, 2003; Miller & D'Esposito, 2005). These attentional biasing signals can also 

guide selection or orienting in VSTM (Gazzaley & Nobre, 2012; Nobre et al., 2004). A series 

of investigations by Gazzaley and colleagues showed that the strength of functional coupling 

between the right IFJ and category-specific visual areas (e.g. colour or motion) was 

influenced by the magnitude of the attentional enhancement for task-relevant items and 

suppression of irrelevant stimuli during VSTM encoding (Gazzaley, 2011; Zanto et al., 2010; 

Zanto et al., 2011). Our findings add significantly to these previous demonstrations of 

inter-regional correlation between regions. We demonstrate a close relationship between 

functional connectivity in neural responses and discrimination sensitivity in behavioural 

performance, specifically in the context of detecting changes in the environment. 

 

An alternative interpretation is that our effects may be driven by eye-movements. Whilst some 

findings indicate less of a neural overlap between attention and eye movement control than 

previously thought (Gitelman, Parrish, Friston, & Mesulam, 2002; Juan, Shorter-Jacobi, & 

Schall, 2004), there remain a number of studies demonstrating a functional and anatomical 

overlap in dorsal frontal and parietal areas (e.g. frontal eye fields, SPL and IPS) between these 

two functions (Corbetta et al., 1998). If our results were caused by eye movements, one might 

expect to find stronger retro-cueing effects in the eye movement-related areas, relative to 

simultaneous cues, for saccade preparation (Juan et al., 2008; Williams, Pouget, Boucher, & 

Woodman, 2013). However, we did not find any significant difference in activation between 

two cueing conditions. Moreover, it is important to remember that our principal result is 

significant activation in these regions for simultaneous-cues in contrast to retro-cues for 

successful change detection versus correct rejection. We do not think that this pattern of 

results can be explained by eye-movements. Also, our PPI analysis demonstrated a functional 

correlation between IFJ and IPS instead of eye movement-related areas (e.g. FEF or SPL) for 

the simultaneous-cues.  
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Conclusion 

 

We suggest that top-down attentional mechanisms can optimise task-relevant information 

during multiple domains of processing - perception, VSTM, and their comparisons. We 

particularly highlight the roles of attentional control mechanisms in biasing the competitive 

process of comparing remembered and perceptual representations. When subjects direct their 

spatial attention to a location and attempt to compare a previously seen item to the new item 

just presented there, we observed enhanced change-related activity and functional coupling 

between the IPS and IFJ. Furthermore, the strength of this coupling reflected participants’ 

sensitivity to detect such changes.   
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一、 參加會議經過 

 

我於 4月 11日搭機離開台灣，經日本成田機場轉機至美國舊金山市，因此我能夠有

一天的時間了解當地交通環境、調整時差，以及準備報告的內容。會議於 4月 13

日開始，會議一共進行四日，直到 4月 16 日結束，我於 4月 17 日到加州大學柏克

萊分校進行實驗室參訪，並與該校神經科學中心與心理系的學者討論研究合作議題

與實驗內容，於 4月 18日搭機返台。 

 

二、與會心得 

 

The 2013 annual meeting of the Cognitive Neuroscience Society (CNS2013) was carried 

out  in April 13  ‐ April 16 2013  in San Francisco, US. The main  topic  for  the meeting  is 

cognitive  neuroscience  research.  There were  3  keynote  lectures,  a  talk  for George A. 

Miller  Prize  in  Cognitive  Neuroscience,  a  talk  for  Distinguished  Career  Contributions 

Award,  and  3  talks  for  Young  Investigator  award.  Moreover,  there  were  6  invited 

symposiums and 5 mini symposiums, and more than 1000 poster presentations this year. 

I summerise the main ideas from the talks which are related to my research here. 

 

In the keynote talks, Professor William Newsome  firstly presented their recent work  in 

decision  making  using  single‐unit  recording  in  monkeys  (14  April).  He  combined  a 

dynamic system analysis and a dynamic recurrent network model to  investigate neural 

mechanisms underlying gating and  integration  in a context‐dependent decision‐making 

task. He showed that both task‐relevant and irrelevant sensory responses (e.g. colour or 

motion) were observed  in  the  frontal eye  field  (FEF) within  the prefrontal  cortex  that 
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supports  decision‐making  processing  according  to  task  goals.  In  addition,  gating  of 

context‐specific information in FEF occurs very late in the process. Their findings suggest 

that  FEF  plays  a  critical  role  in  filtering  out  irrelevant  sensory  information.  Next, 

Professor Patricia Kuhl presented her work  in  the  field of  language, especially  in early 

language  learning,  using MRI,  DTI,  and MEG  in  infants  and  normal  adults  (15  April). 

Finally,  Professor  Joseph  LeDoux  presented  his  perspectives  and  findings  in  human 

emotion experiences and survival mechanisms  (16 April). He also emphasised  that  the 

capacity to detect/respond to threat stimuli may not be the analogues to the capacity to 

consciously  experience  them.  However,  the  capacities  to  detect  and  experience  to 

threats were both important in survival. 

 

In  the  talk  of  Distinguished  Career  Contributions  Award  (15  April),  Professor  Robert 

Knight firstly presented his amazing work in prefrontal cortex (PFC) and its role in human 

cognition.  Abundant  evidence  exists  that  the  PFC  is  a  source  of  top‐down  signals  to 

guide  and  integrate  human  behaviours  according  to  behavioural  expectations.  He 

demonstrated  a  direct  recording  of  the  electrocorticogram  (ECoG)  from  the  cortical 

surface in neurosurgical patients and showed that gamma frequency oscillations (> 60 Hz) 

were generated  in  the PFC  to host cognitive operations. More  importantly, he  found a 

functional coupling between high‐ (> 80 Hz, gamma power) and  low‐frequency (4‐8 Hz, 

theta phase) bands of ongoing ECoG signals. He also showed that different behavioural 

tasks can be related to different patterns of theta‐gamma coupling. His findings provide 

a clear evidence that phase and amplitude cross frequency coupling  in regulating  large 

scale  brain  networks  during  cognitive  processing.  Secondly,  Professor  Knight  showed 

their data about human peri‐Sylvian language areas which mediated feedback control of 
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vocal  pitches  (e.g.  speak  sound)  using  ECoG  recordings.  Their  data  exhibited  a  clear 

correlation  in  ECoG  responses  between  peri‐Sylvian  neural  network  (e.g.  listening  to 

sound pitches) and ventral premotor areas (e.g. generating vocal responses). This neural 

network may underlie auditory feedback control of pitch. 

 

I  am  particularly  interested  in  the  issue  of  network  of  attention.  In  the  invited 

symposium  (16 April),  Professor Michael  Posner, who  is  the Godfather  in  the  field  of 

human attention and cognition,  reviewed his  findings  in attention network. Moreover, 

he  showed  this  attention  network  is  related  to  individual  differences  and  can  be 

modulated by practice. Secondly, Professor Sabine Kastner tested connectivity between 

pulvinar  (within  the  thalamus)  and  cortical  areas  in  both  functional  and  structural 

aspects. She showed that thalamus can regulate visual processing and orient attention. 

Next,  Professor  Earl  Miller  demonstrated  their  recent  findings  in  top‐down  versus 

bottom‐up control of attention  in the prefrontal and parietal cortices  in monkeys. Their 

data showed strong neuronal synchronisation between prefrontal and parietal (e.g. LIP) 

cortices  in  lower  frequency ranges  (22‐34 Hz) during  top‐down attention but  in higher 

frequency  ranges  (35‐55 Hz)  during  bottom‐up  attention.  Also,  he  showed  that  early 

activity  in  frontal  neurons  reflected  target  location  in  a  visual  search  task  during 

top‐down  attention;  however,  early  activity  in  parietal  neurons was  observed  during 

bottom‐up  attention.  Finally,  Professor  Anna  Christina  Nobre  showed  how  long‐term 

contextual memories can guide subsequent attention and modulate target‐related visual 

processing in a series of experiments developed in her laboratory. The original paradigm 

was based on the original contextual cueing experiments. The main behavioural finding 

was that participants were able to use their memories to guide their attention to learned 
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locations within complex  scenes, as  revealed by  faster  reaction  times  to  target  stimuli 

appearing in valid (learned) as opposed to neutral (unlearned) locations. In addition, the 

validity  effect  was  stronger  in  the  memory‐orienting  than  for  visual‐orienting.  fMRI 

activations  revealed  a  common  frontal‐parietal  network  for  attentional  guidance 

between memory‐ and visually‐guided orienting of attention, which  is commonly  seen 

during  spatial‐attention  tasks.  Furthermore,  for memory‐based  attention,  there was  a 

selective  activation  of  the  hippocampus,  which  is  involved  in  the  retrieval  of 

object‐context associations as described previously, and this activity correlated with the 

ensuing behavioural advantage for valid memory cues. Overall, the results of this novel 

paradigm replicate and extend  the  findings of  the classic contextual cueing paradigms, 

and  reveal a  selective  interaction between  systems  involved  in memory and attention 

when  humans  use  their  long‐term  memories  to  guide  their  attention  in  cluttered 

environments. The hippocampus may  indeed have a ‘proactive’ role by which  incoming 

perceptual information can be biased based on previous experiences. 

 

I am also  interested  in decision making.  In  the  invited symposium  (16 April), Professor 

Matthew Rushworth designed experiments to study the neural mechanisms of foraging 

in  human.  They  showed  that  decision making  and  foraging may  depend  on  distinct 

neural  substrates  in  ventromedial  prefrontal  cortex  (vmPFC)  and  anterior  cingulate 

cortex  (ACC)  using  distinct  reference  frames.  Choice  variables  were  represented  in 

invariant  reference  to  foraging  for  alternatives  that  were  correlated  to  ACC  activity. 

However, activity  in the vmPFC reflected encoding of specific pre‐defined choices. They 

concluded  that  the  ACC  carries  three  signals  for  decision making:  representations  of 

value of options, averaged values of alternatives, and the cost of actions. 
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In  addition  to  the  issues,  neuroimaging methods  are  also  very  critical  to  the  field  of 

cognitive neuroscience. In recent years, fMRI pattern classification methods have led to 

rapid advances  in the  field.  In a mini‐symposium of analysing patterns of brain activity 

(14 April), Professors Frank Tong, John Serences, and Jack Gallant reviewed their recent 

advances  in brain and mind reading  (or decoding)  in  the  issues of visual cognition and 

short‐term memory (Frank Tong), attention (John Serences), and semantic categorisation 

(Jack  Gallant).  This  decoding  technique  revealed  how  different  types  of  information, 

visual, auditory, intentional, sematic, etc., are represented in specific brain areas. Taken 

together,  their  evidence  showed  not  only  functional  organization  of  these 

representations but also brain activity patterns that can be predictive of future actions.   
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三、發表論文全文或摘要 

 

Searching for targets within visual short‐term memory versus perceptual representations: A 

magnetoencephalograhic study 

 

Bo‐Cheng Kuo1, Duncan E. Astle2,4, Gaia Scerif2, Mark W. Woolrich3, Anna Christina Nobre2,3 
1 Department of Psychology, National Chengchi University, Taipei, Taiwan 
2 Department of Experimental Psychology, University of Oxford, Oxford, United Kingdom 
3 Oxford Centre for Human Brain Activity, University of Oxford, Oxford, United Kingdom 
4 Medical Research Council Cognition and Brain Sciences Unit, Cambridge, United Kingdom 

 

Abstract 

Recent event‐related potential (ERP) studies have revealed that searching for relevant  items 

from  within  visual  short‐term  memory  (VSTM)  representations  involves  spatiotopically 

specific top‐down biasing of neural activity  in a manner similar to that occurs during visual 

search  for  items  within  perceptual  representations.  However,  the  underlying  neural 

substrates of VSTM and perceptual search were not fully  investigated. Here our aim was to 

localise the neural source of brain activity associated with spatiotopic selection of targets in 

VSTM  representations  by  using  magnetoencephalograhy  (MEG).  Participants  (N  =  11) 

performed a visual and VSTM search task. Participants viewed a sample shape and a search 

array of different shapes. Their task was to respond whether the sample shape was present 

in the search array. In visual search trials, the sample shape appeared before the search array, 

and participants searched for the target item within the perceptual array. In VSTM trials, the 

sample shape appeared after the search array, and participants searched for the target item 

within representations held in VSTM. In accordance with previous ERP findings, we found the 

mN2pc  for both VSTM and visual search  from event‐related magnetic  field recording. MEG 
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source  localization  using  beamforming  analysis  revealed  that  the mN2pc  was  related  to 

posterior  visual  areas  for  both  search  tasks. Moreover,  the mN2pc  for  VSTM  search  also 

reflected  neural  activity  in  the  frontal  cortex.  Taken  together,  these  findings  bolster  the 

notion that top‐down biasing in VSTM may share properties with spatially specific attentional 

mechanisms that bias perceptual processing in favour of the relevant information. 

 

四、建議 

(1)  希望當局能更重視認知神經科學基礎研究，以此作為發展應用領域的基礎。 

(2)  給予議題面與方法面相等的資源投入與發展鼓勵。 

 

五、攜回資料名稱及內容 

會議手冊。 
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等） 

期刊論文 0 0 100%  

研究報告/技術報告 0 0 100%  

研討會論文 0 0 100% 

篇 

 
論文著作 

專書 0 0 100%   

申請中件數 0 0 100%  
專利 

已獲得件數 0 0 100% 
件 

 

件數 0 0 100% 件  
技術移轉 

權利金 0 0 100% 千元  

碩士生 1 0 20%  

博士生 0 0 100%  

博士後研究員 0 0 100%  

國內 

參與計畫人力 

（本國籍） 

專任助理 1 0 80% 

人次 

 

期刊論文 2 0 100% 

一篇期刊論文已
經被接受；一篇期
刊論文目前投稿
審查中。 

研究報告/技術報告 0 0 100%  

研討會論文 3 0 100% 

篇 
本 研 究 成 果 於
2012 年國際認知
神 經 科 學 年 會
(Cognitive 
Neuroscience 
Society) 受 邀 進
行演講報告(Oral 
presentation)。

論文著作 

專書 0 0 100% 章/本  

申請中件數 0 0 100%  
專利 

已獲得件數 0 0 100% 
件 

 

件數 0 0 100% 件  
技術移轉 

權利金 0 0 100% 千元  

碩士生 0 0 100%  

博士生 0 0 100%  

博士後研究員 0 0 100%  

國外 

參與計畫人力 

（外國籍） 

專任助理 0 0 100% 

人次 

 



其他成果 

(無法以量化表達之成

果如辦理學術活動、獲
得獎項、重要國際合
作、研究成果國際影響
力及其他協助產業技
術發展之具體效益事
項等，請以文字敘述填
列。) 

計畫主持人就此研究議題目前正與英國牛津大學、劍橋大學，以及美國加州大

學柏克萊分校相關研究團隊之實驗室主持人討論進行國際合作計畫。 

 成果項目 量化 名稱或內容性質簡述 

測驗工具(含質性與量性) 0  

課程/模組 0  

電腦及網路系統或工具 0  

教材 0  

舉辦之活動/競賽 0  

研討會/工作坊 0  

電子報、網站 0  

科 
教 
處 
計 
畫 
加 
填 
項 
目 計畫成果推廣之參與（閱聽）人數 0  

 



科技部補助專題研究計畫成果報告自評表 

請就研究內容與原計畫相符程度、達成預期目標情況、研究成果之學術或應用價

值（簡要敘述成果所代表之意義、價值、影響或進一步發展之可能性）、是否適

合在學術期刊發表或申請專利、主要發現或其他有關價值等，作一綜合評估。

1. 請就研究內容與原計畫相符程度、達成預期目標情況作一綜合評估 

■達成目標 

□未達成目標（請說明，以 100字為限） 

□實驗失敗 

□因故實驗中斷 

□其他原因 

說明： 

2. 研究成果在學術期刊發表或申請專利等情形： 

論文：□已發表 ■未發表之文稿 □撰寫中 □無 

專利：□已獲得 □申請中 ■無 

技轉：□已技轉 □洽談中 ■無 

其他：（以 100字為限） 
已投稿，審查中。 

3. 請依學術成就、技術創新、社會影響等方面，評估研究成果之學術或應用價
值（簡要敘述成果所代表之意義、價值、影響或進一步發展之可能性）（以

500字為限） 

注意力與記憶分別是心理學與認知神經科學領域長久以來非常重要的研究議題，近年來，

由於腦功能造影技術的快速發展，許多新的研究證據顯示，注意力與短期記憶歷程事實上

涉及了許多重疊的神經機制運作；然而，我們仍然不了解這兩個重要的認知歷程是如何進

行互動。本研究計畫透過行為測量與神經造影研究方法，展現了行為表現與大腦神經機制

間的相關。更重要的是，本研究探討了由上而下調控機制的神經基礎，以及此機制是如何

根據作業目標與行為要求，在知覺處理、短期記憶訊息登錄，以及表徵訊息維持等歷程上，

進行連續性與動態性的調節，最後使人們能有效率的選擇與維持對我們有意義的資訊，並

成功完成目標作業。 

 


