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1. General Introduction 
 

“Visual awareness is a favorable form of consciousness to study 

neurobiologically. We propose that it takes two forms: a very fast form, linked 

to iconic memory, that may be difficult to study; and a somewhat slower one 

involving visual attention and short-term memory.” From: Crick and Koch, 

1990. 

 
And so the quest to unravel the neurobiological basis of consciousness begins, in an 

era that will be dominated by techniques making it possible to look into and to 

manipulate the workings of the living human brain. 

 
Take a look around you and consider how rich your percept of the visual world actually is. 

Then close your eyes and try to bring back a mental image of what you have just seen. 

Probably, you will probably realize that you remember little of what you have just seen, with 

the exception of a few visual “hotspots” or objects. This distinction between the richness of 

our immediate perception and the impoverished image we keep in memory is a compelling 

phenomenon and it might even provide us with a scope on how consciousness works. 

Exactly because of this reason, I have explored visual short-term memory processes over 

the past four years and the results of my research are reported in this dissertation.   

 

Iconic memory: a derivative of our rich, visual perception  
After the fall of behaviorism as the dominant line of thinking in psychology, a new era started 

in which we try to look into the “black box” that contains our working minds to reveal the laws 

of human cognition. When considering visual short-term memory (VSTM), this endeavor 

started with the ingenious work of George Sperling (1960) who laid the foundations of the 

standard model of visual short-term memory made up of 1) iconic memory that is much like a 

rapidly fleeting memory of our rich visual perception, and 2) visual working memory that 

reflects the impoverished contents of our mind’s eye. 

 In the following section, I will provide an in-depth view on early iconic memory 

research. I will emphasize the controversies that have been revealed with several different 

iconic memory paradigms culminating in a discussion on whether iconic memory is a unitary 

phenomenon or a two-partite system composed of visible persistence and informational 

persistence. Finally, I will talk about the neural basis of iconic memory. 
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Sperling’s partial-report paradigm 

The golden standard for studying iconic memory was developed by George Sperling 

(Sperling, 1960). In the basic design of his experiments, human observers were briefly (5-

500 ms) presented with displays composed of three rows containing four letters each and 

they were asked to memorize all the presented items to their best ability (see Fig. 1.1A). 

Some time after offset of the display, the observers were asked to report as many letters as 

they could and people reliably report a maximum of about four letters in this “whole-report” 

condition, reflecting the contents and capacity limits of visual working memory.  

 

 

 
 
Figure 1.1 A. Example of Sperling’s iconic memory design. B. “Partial report” performance (iconic 

memory) is higher than “whole-report” performance (visual working memory) when the cue is delivered 

less than a second after stimulus offset. This Figure is a modified version of Figure 7 in Sperling 

(1960). 

 
 
However, when people were presented with a sound (high, medium, or low pitch indicating 

which row to report) immediately following the disappearance of the display, they could 

report almost all items of the cued row. When we follow the logic that the display containing 

all objects was no longer in sight, while people could still report almost all information from 

any specific row, we must conclude that all information had been represented in short-term 

memory at least for a brief period of time. To calculate the exact amount of represented 

information that drives performance in the “partial-report” condition, performance on a single 

(reported) row is multiplied by the number of rows that were presented (see Fig. 1.1B).  

Initial partial-report studies suggested that the capacity of iconic memory was about 

9.1 (Sperling, 1960) or 10.4 letters (Averbach & Coriell, 1961) when the cue was presented 

immediately after stimulus offset. These estimates most likely underestimate the capacity of 

iconic memory as it takes time to interpret and use the partial-report cue to retrieve 
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information from memory and by the time that information is retrieved some of the 

information in iconic memory might already have decayed. Indeed, when the partial-report 

cue is presented just before onset of the memory array, people are able to report up to 17 

out of 18 letters (Averbach & Sperling, 1961), which implies that iconic memory capacity is 

virtually unlimited. 

 The lifetime of iconic memory can be estimated by delaying the partial-report cue with 

respect to the offset of the memory array, until there is no evidence anymore of superior 

performance on the  “partial-report” condition compared to the “whole-report” condition. In 

general, performance on the partial-report condition declines exponentially with increases in 

cue delay. When using cue delays of 500 ms, there is still some evidence for superior 

performance on the partial report condition, but not anymore at cue delays of 1,000 ms 

(Averbach & Coriell, 1961; Sperling, 1960). Based on these results, the duration of iconic 

memory has been estimated to last for a maximum of half a second, although the exact 

duration does depend on the luminance of the background (Averbach & Sperling, 1961). 

 Moreover, iconic memory is easily masked by new visual stimulation. This is best 

illustrated by an experiment of Averbach and Corriell (1961), where a partial-report circle was 

presented around one of locations that was occupied by a letter. When the circle was 

presented before or during array onset, people were very good at reporting the probed letter 

as they just saw a circled letter. However, when the circle was presented after offset of the 

memory array, performance was far worse compared to ordinary partial-report cues. The 

circle thus seemed to mask the previously shown letter. In addition, it has been reported that 

complete masking of iconic memory occurs when the memory array is followed by a noise 

field composed of jumbled lines (Sperling, 1963).  

 Finally, the representational format of iconic memory seems to be a purely visual one; 

when partial-report cues ask people to report the location (Averbach & Coriell, 1961; 

Sperling, 1960), color (Clark, 1969), brightness (Von Wright, 1968), or shape (Turvey & 

Kravetz, 1970) of an item, a partial-report benefit over whole-report conditions is observed. 

However, partial-report cues that require people to report letters from an array of letters and 

digits (Sperling, 1960; Von Wright, 1968) or report of letters ending in the sound “ee” 

(Coltheart, Lea, & Thompson, 1974) do not yield a partial-report benefit. This implies that 

iconic memory has no semantic or phonological characteristics. 

 

Visible persistence 

Based on the characteristics described above, the modal view on iconic memory emerged 

(Coltheart, et al., 1974; A.O.  Dick, 1974; Von Wright, 1972) that describes iconic memory as 
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a brief, pre-categorical and high-capacity form of visual memory. However, this view did not 

last for a long period of time. Definitional problems surfaced when techniques were 

developed to measure the visible persistence of a stimulus beyond its duration (see 

(Coltheart, 1980; Long, 1980); for a complete review). An example of a visible persistence 

experiment it shown in Figure 1.2. 

 

 

 

Figure 1.2 Example of a visible persistence experiment. In the experiment, subjects first have to 

adjust the timing of a visual stimulus, so that it matches the onset of an auditory signal (STEP 1). 

Then, subjects have to adjust the timing of a second tone, so that it matches the offset of the visual 

stimulus (STEP 2). Now, the timing between the two tones indexes the perceived duration of the visual 

stimulus. By subtracting the actual visual stimulus duration from the perceived stimulus duration, one 

can then calculate the visible persistence of a stimulus beyond its actual duration.   

 

In general, all visible persistence studies revealed that a stimulus evoked shorter visible 

persistence when the stimulus was presented longer onscreen (Bowen, Pola, & Matin, 1974; 

Briggs & Kinsbourne, 1972; Di Lollo, 1977; Efron, 1970; Haber & Standing, 1970) or with 

higher intensity/luminance (Allport, 1970; Bartlett, Sticht, & Pease, 1968; Bowen, et al., 1974; 

Dixon & Hammond, 1972; Efron & Lee, 1971; Haber & Standing, 1969; Pease & Sticht, 

1965). These so-called inverse duration and inverse intensity effects can only be explained 

by retinal adaptation mechanisms; as the stimulus is presented for longer periods of time or 

with more intensity, the rods in the eye will fatigue more rapidly and will show a briefer after-

effect after the stimulus has gone. If visible persistence equals iconic memory, one should 

conclude that iconic memory is related to a retinal mechanism. However, duration and 

intensity of the stimulus did not have any significant effects on the lifetime of iconic memory 

when measured with partial-report methods. As it was initially believed that partial-report and 

visible persistence paradigms measured the same construct (iconic memory), empirical 
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results were at odds with theory and new models on iconic memory were developed to 

explain these mixed findings.  

 

Two-stage models on iconic memory 

One of the earliest, “new” models of iconic memory was proposed by Coltheart (Coltheart, 

1980), who argued that iconic memory should be dissociated into 1) visible persistence, and 

2) informational persistence. He described visible persistence as a precategorical 

phenomenon caused by neural persistence in the retina and it makes us see an image or an 

object for a brief period of time after it has physically disappeared. Informational persistence, 

on the other hand, is persistence at a much higher level in the neural architecture and it 

provides us with categorical information of (almost) all objects in our visual field.  

It seems that two-partite models of iconic memory (Coltheart, 1980; Di Lollo & Dixon, 

1988; Dixon & Di Lollo, 1991) are perfectly able to explain why inverse intensity/duration 

effects were present in visible persistence paradigms, while they were absent in partial-report 

paradigms. However, most scholars still believe that iconic memory is a unitary phenomenon 

that is precategorical in nature. In fact, the two-partite model just described has never made 

it into common psychology textbooks and research on iconic memory came to a stop for a 

considerable amount of time after the formulation of these theories.  

 

The neural substrate of iconic memory 

Little is known about the neural substrate underlying iconic memory, but there are some 

starting points to explain the neural mechanisms of iconic memory. To begin with, 

electrophysiological recordings of rods and cones show that responses of photoreceptors 

persist beyond stimulus duration (Whitten & Brown, 1973a, 1973b, 1973c). However, iconic 

memory cannot be explained purely as a product of photoreceptor persistence. For instance, 

when rod receptors are unavailable to support iconic memory, in case of color stimuli (Banks 

& Barber, 1977), very small stimuli (Adelson & Jonides, 1980), or under high-luminance 

(Adelson & Jonides, 1980), the capacity and lifetime of iconic memory does not suffer. Cone 

responses persist for no more than 50 to 80 ms (Baron, Boynton, & Hammon, 1979), which 

is far too short to support the typical lifetime of iconic memory.  

 A more likely candidate to support iconic memory would be primary visual cortex as 

cells in primary visual cortex continue to respond after stimulus offset (Duysens, Orban, 

Cremieux, & Maes, 1985), and the duration of the response is inversely related to stimulus 

duration, just like inverse duration effects in visible persistence studies. Nevertheless, this 

does not explain how informational persistence in iconic memory is achieved. There is 
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actually only one study that looked into this (Keysers, Xiao, Földiák, & Perrett, 2005). In that 

study, partial report performance of human subjects was related to the response patterns of 

neurons in macaque monkeys viewing the same stimuli as the human subjects had observed 

(which is a very indirect way of finding a ‘neural correlate’). Activity patterns in the anterior 

part of the superior temporal sulcus (aSTS) seemed to mirror the accuracy patterns of 

human observers. Importantly, aSTS neurons do seem to share many characteristics with 

the properties of informational persistence as 1) responses of aSTS neurons persist for 

several hundreds of milliseconds, 2) independently of stimulus duration, and 3) new stimuli 

terminate aSTS responses (Keysers, Xiao, Foldiak, & Perrett, 2001; Kovacs, Vogels, & 

Orban, 1995; Rolls & Tovee, 1994).  

To summarize, visible persistence seems to be related to persistence in retinal 

photorececeptors and in primary visual cortex. Informational persistence on the other hand 

depends on lingering activity in areas higher up in the visual hierarchy. Nevertheless, the 

exact neural mechanisms underlying iconic memory remain to be elucidated. 

 

Visual working memory: the impoverished contents of the mind’s eye 
Research on iconic memory thus shows that people continually build up a brief internal 

picture of the outside world. This high-capacity picture is overwritten each time we make an 

eye movement or when a new image is displayed on a computer screen to make way for a 

new high-capacity internal picture. Still, when we lay our eyes on a pretty person walking by, 

we are able retain his/her appearance in mind for some time with a surprising amount of 

detail, even in the face of the continuous arrival of new visual information. This kind of 

memory - that is resistant to overwriting - is usually called visual working memory.  

 In the following section, I will introduce the change detection paradigm that is 

commonly used to measure visual working memory. In addition, I will talk a little bit about the 

neural substrate underlying visual working memory. 

 

The change detection paradigm  

One of the striking aspects of visual working memory is its severe capacity limit and this can 

be illustrated beautifully with change detection experiments. In standard change detection 

experiments performed in the lab (see Fig. 1.3), people are shown a memory display (or 

sample display) containing multiple objects or a complex natural scene and they are asked to 

memorize the entire image to their best ability. After a brief retention delay, a test display (or 

probe/match display) is shown in which one of the objects or parts of the scene have 

changed with respect to the memory display on 50 percent of the trials and subjects have to 
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indicate whether there was a change between displays or not. In general, people perform 

badly on change detection tasks, even when changes are as large as a jet engine or a 

building disappearing.  

The apparent blindness to changes can be well explained; usually, changes in the 

environment are accompanied by a motion signal that automatically captures attention 

(Rensink, 2002; Simons & Rensink, 2005). When capture of attention is prevented by 

masking the change (in this case by interposing a blank interval), people have to rely on top-

down information that is represented in visual working memory. As the capacity of visual 

working memory is very limited, change blindness is the rule rather than the exception. Note 

that iconic memory is of no help here as the new stimulation after the blank interval 

overwrites iconic traces and renders them ineffective.  

 

 
 
Figure 1.3 Two examples of change detection tasks. People are asked to memorize a display and 

after a blank interval of at least 80 ms a test display is shown in which there is a change in 50 percent 

of the trials. Subjects have to indicate on each trial whether there is a change or not between 

successive displays. In the above examples, there is a change in both cases. 

 

So far, it has been shown that visual working memory has a maximum capacity of four 

integrated objects (Luck & Vogel, 1997; Vogel, Woodman, & Luck, 2001), although capacity 

limits seems to be stricter for more complex stimulus material (Alvarez & Cavanagh, 2004; 

Eng, Chen, & Jiang, 2005; Olsson & Poom, 2005). For instance, when people have to 

remember multiple faces or Chinese characters, they can only remember one or two objects 
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Figure 1.4 The circuitry underlying visual working 

memory. Labels are explained in the main text, 

except for dorsal occipital (DO) and inferior temporal 

gyrus (ITG). 
This Figure was adopted from Pessoa and colleagues (2002) with 

permission from Elsevier ©.  

 

 

at a time. Also, when the objects to remember are simple, but the change between memory 

and test display is very small, people perform badly on change detection tasks (Bays & 

Husain, 2008).  

 

The neural substrate underlying visual working memory 

Initial studies in maquaque monkeys showed that the dorsolateral prefrontal cortex (DLPFC) 

was crucial for working memory maintenance as lesions of this region (within and around the 

principal sulcus; BA 46) greatly impaired working memory performance (Goldman and 

Rosvold, 1970; Bauer and Fuster, 1976; Funahashi et al., 1993). In addition, single-cell 

recordings from the DLPFC revealed sustained activity during the delay of visual working 

memory tasks (Funahashi, Bruce, & Goldman-Rakic, 1989, 1990, 1991; Fuster & Alexander, 

1971; E. K. Miller, Erickson, & Desimone, 1996). 

Subsequent functional MRI studies revealed that the DLPFC  was also active in man 

during visual working memory maintenance (Courtney, Ungerleider, Keil, & Haxby, 1997; 

Curtis, 2006; Curtis & D'Esposito, 2003; Pessoa, Gutierrez, Bandettini, & Ungerleider, 2002). 

Additionally, it was found that visual 

working memory maintenance was 

related to activity in the anterior 

cingulate cortex (ACC), the frontal eye 

fields (FEF), the posterior part of the 

middle frontal gyrus (pMFG), the 

intraparietal sulcus (IPS), the superior 

parietal lobe (SPL), and many high-level 

visual areas in visual and temporal 

cortex (see Fig. 1.4 for a typical 

activation pattern during visual working 

memory maintenance; adopted from 

Pessoa et al., 2002 with permission).  

Even primary visual cortex seems to be important for visual working memory 

maintenance. In a study of Supèr, Spekreijse and Lamme (2001), monkeys performed 

delayed eye movements to briefly presented figures. By either presenting the figure inside 

the receptive field (RF) that was measured with single-cell recordings or outside the RF, it 

was possible to isolate delay activity related to the representation of the figure in working 

memory. It was evident that there was more activity when the figure was inside the measured 

RF compared to when it was outside the measured RF over a delay of maximally two 
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seconds and this additional activity was task-relevant; when a new, but irrelevant display was 

shown the additional working memory related activity was still present after the display, but 

not when the monkey had to react to the intervening display. In addition, on a proportion of 

trials the monkeys did not make an eye movement after the delay and on these missed trials 

the additional activity related to the figure representation was present for a short period of 

time (probably reflecting iconic memory), but collapsed before the delay was over. Recently, 

the group of Frank Tong also found working memory-related activity in primary and 

secondary visual cortex in human subjects (Harrison & Tong, 2009).  

Altogether, visual working memory maintenance seems to depend on the 

orchestrated cooperation of a widespread network of brain regions. Whether all these areas 

are involved with stimulus maintenance or whether particular brain areas subserve other 

functions are necessary for working memory maintenance, such as top-down attention and 

control, remains, for now, an open question. 

 

A third form of visual short-term memory? 
To complicate matters, recent work from our lab has suggested the existence of a third form 

of visual short-term memory (VSTM) that outlasts the lifetime of iconic memory and at the 

same time has twice the capacity of visual working memory. This new form of VSTM can be 

measured by combining the partial-report, iconic memory paradigm with the change 

detection, working memory paradigm. In the general set-up of the experimental paradigm, a 

partial-report cue is shown during the delay of a change detection task and the partial-report 

cue retrospectively singles out the item to change. Several studies have so far shown that 

partial-report cues dramatically boost change detection performance (Griffin & Nobre, 2003; 

Landman, Spekreijse, & Lamme, 2003; R. Landman, Spekreijse, & Lamme, 2004) compared 

to when the cue is presented after the change. Then, capacity is limited to 4 objects, which is 

the well-known limit of visual working memory (Luck & Vogel, 1997; Vogel, et al., 2001). 

Moreover, increases in change detection performance caused by a partial-report cue are not 

due to speed-accuracy trade-offs (Griffin & Nobre, 2003; Lepsien, Griffin, Devlin, & Nobre, 

2005), response biases (Griffin & Nobre, 2003), eye movements (Griffin & Nobre, 2003; 

Matsukura, Luck, & Vecera, 2007), or articulation (Makovski & Jiang, 2007; Makovski, 

Sussman, & Jiang, 2008).  

Importantly, partial-report cues boost change detection performance even when they 

are presented four seconds after stimulus disappearance (Lepsien & Nobre, 2007), which is 

far beyond the lifetime of iconic memory. In addition, elementary feature binding seems to be 

present in this form of VSTM (Landman, et al., 2003; R. Landman, et al., 2004), an 
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observation that has never been made in relation to iconic memory. Thus, this seconds-

lasting and bound form of VSTM seems to be something entirely different from either iconic 

memory or visual working memory, and even the idea of Coltheart that iconic memory 

consists of visible and informational persistence does not fit with a seconds-lasting, high-

capacity and bound form of VSTM.  

 

Thesis outline 
The present dissertation aims to unravel the behavioral characteristics and the neural 

substrate of this new and intermediate VSTM store and how it differs from iconic memory 

and visual working memory both on the behavioral and the neural level. 

In Chapter 2, I will describe a series of experiments that provides evidence that 

visual short-term memory (VSTM) consists of three stages; 1) an extremely high-capacity, 

but brief form of visual memory that depends on an after-image in the retina (“iconic 

memory”), 2) a relatively high-capacity and seconds-lasting form of visual memory that is 

independent of retinal mechanisms (“weak or fragile VSTM”), and 3) a sustained form of 

visual memory with limited capacity (“visual working memory”). In Chapter 3, I will present 

evidence that representations in iconic memory and fragile VSTM are visually detailed or 

high-resolution representations, while visual working memory representations are mostly 

abstract representations. In Chapter 4, I will show that that the right dorsolateral prefrontal 

cortex (DLPFC) is crucial for visual working memory maintenance, but not for maintenance of 

representations in fragile VSTM, thereby dissociating these two VSTM stages from each 

other. In Chapter 5, I will show that activity in visual area V4 predicts whether an item is 

represented in fragile VSTM or in visual working memory. In Chapter 6, I will show that brain 

anatomy constrains the capacity of iconic memory, fragile VSTM and visual working memory, 

albeit at different levels in the visual hierarchy.  

Together, the findings reported in this dissertation argue for a new and tri-partite 

model of VSTM that dissociates 1) iconic memory, a low-level and brief form of VSTM that 

depends on prolonged retinal firing beyond stimulus duration that in turn drives neural 

processes in primary visual cortex, 2) fragile VSTM, a medium-level and relatively sustained 

form of VSTM that depends on activity in object-selective visual areas, and 3) visual working 

memory, a high-level and sustained form of VSTM that depends on activity in parietal and 

prefrontal cortex in addition to activity in visual parts of the brain.  
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2. Are there multiple visual short-term memory stores? 
 

Background: Classic work on visual short-term memory (VSTM) suggests that people store 

a limited number of items for subsequent report.  However, when human observers are cued 

to shift attention to one item in VSTM during retention, it seems as if there is a much larger 

representation, which keeps additional items in a more fragile VSTM store. Thus far, it is not 

clear whether the capacity of this fragile VSTM store indeed exceeds the traditional capacity 

limits of VSTM. The current experiments address this issue and explore the capacity, 

stability, and duration of fragile VSTM representations. 

 

Methodology/Principal Findings:  We presented cues in a change-detection task either 

just after off-set of the memory array (iconic-cue), 1,000 ms after off-set of the memory array 

(retro-cue) or after on-set of the probe array (post-cue). We observed three stages in visual 

information processing 1) iconic memory with unlimited capacity, 2) a four seconds lasting 

fragile VSTM store with a capacity that is at least a factor of two higher than 3) the robust 

and capacity-limited form of VSTM. Iconic memory seemed to depend on the strength of the 

positive after-image resulting from the memory display and was virtually absent under 

conditions of isoluminance or when intervening light masks were presented. This suggests 

that iconic memory is driven by prolonged retinal activation beyond stimulus duration. Fragile 

VSTM representations were not affected by light masks, but were completely overwritten by 

irrelevant pattern masks that spatially overlapped the memory array.  

 

Conclusions/Significance: We find that immediately after a stimulus has disappeared from 

view, subjects can still access information from iconic memory because they can see an 

after-image of the display.  After that period, human observers can still access a substantial, 

but somewhat more limited amount of information from a high-capacity, but fragile VSTM that 

is overwritten when new items are presented to the eyes. What is left after that is the 

traditional VSTM store, with a limit of about four objects. We conclude that human observers 

store more sustained representations than is evident from standard change detection tasks 

and that these representations can be accessed at will.  

 

Published as: Sligte, I.G., Scholte, H.S., & Lamme, V.A. (2008). Are there multiple visual 

short-ter memory stores? PLoS ONE, 3(2), e1699. [impact factor = 4.3; cited 20 times] 
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Introduction 
Humans are constantly interacting with a complex and ever-changing environment. 

Selectively orienting our attention to specific parts of the external world seems to be essential 

to efficiently process all available information. Although we tend to believe that we perceive 

everything around us, the visual change-detection task strikingly demonstrates that this is not 

the case. In the typical change-detection task, observers are shown a multi-item memory 

array (or a complex natural scene containing many items) and they are asked to remember 

as much individual items as possible. A short while after disappearance of the memory array, 

a probe array appears and subjects report whether the probe array is identical to the memory 

array or not. Observers are generally good at this task when they have to remember four 

items or less, but performance deteriorates rapidly when more than four items are shown in 

the memory array. A well-accepted explanation for this result is that people can store a 

maximum of about four integrated objects in visual short-term memory (VSTM) (Irwin, 1991, 

1996; Luck & Vogel, 1997; Parr, 1992; Pashler, 1988; Phillips, 1974; Vogel, et al., 2001), 

although the exact capacity seems to depend on stimulus complexity (Alvarez & Cavanagh, 

2004; Eng, et al., 2005; Olsson & Poom, 2005) and the organization of objects in the memory 

array (Jiang, Chun, & Olson, 2004; Jiang, Olson, & Chun, 2000). 

Recently, several authors have begun to question whether indeed mental 

representation are limited to the four objects stored in VSTM. They probed for additional 

representations by introducing cues during the retention interval of a change-detection task 

that retrospectively indicate which item has to be attended (a so-called retro-cue). This is 

very similar to the way iconic memory is measured (Sperling, 1960) only now the retro-cue is 

provided well beyond the time domain in which iconic memory can exert its influence. All 

experiments so far (Griffin & Nobre, 2003; Landman, et al., 2003; Lepsien, et al., 2005; 

Lepsien & Nobre, 2007; Makovski & Jiang, 2007; Makovski, et al., 2008; Matsukura, et al., 

2007) have reported an increase in performance when a retro-cue is provided compared to 

when no cue or a cue during the probe array is provided (a so-called post-cue). This 

suggests that VSTM has an additional capacity that is however overwritten as soon as a 

second array (i.e. the probe array) is shown. 

One can ask what happens to a VSTM representation when it is cued retrospectively. 

It seems that a retro-cue protects a fragile VSTM representation from interference with new 

information (such as the probe array), regardless of whether this new information is irrelevant 

(Makovski & Jiang, 2007) or task-relevant, (Makovski, et al., 2008; Matsukura, et al., 2007). It 

does so by recruiting the same frontoparietal network (responsible for selective attention) as 

when a cue is shown before the presentation of an image, resulting in enhanced activity of 
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the representation in object-specific cortex (Lepsien & Nobre, 2007). Most likely, this 

enhancement in object-specific cortex protects relatively fragile VSTM representations 

against overwriting. So, contrary to dogmatic views of VSTM as a robust and capacity-limited 

store that is able to retain information as long as subjects concentrate on the task at hand, 

VSTM seems to exhibit gradations of robustness, depending on the amount of attention that 

is allocated to it. 

However, whether the capacity of VSTM indeed surpasses the “magical number 4” is 

still controversial (Cowan, 2001) . All the findings referred to above are limited since the 

number of items presented in the memory array cannot be presumed to have really 

exceeded the capacity limits of VSTM, except maybe for the experiment of Landman 

(Landman, et al., 2003). Yet, a commonly heard objection against the high-capacity results of 

Landman is that oriented rectangles were used in the paradigm and subjects could have 

grouped these objects to form fewer compound figures (‘chunking’), hence the high capacity 

measure. Therefore, the current experiments further explore the capacity, stability and 

lifetime of fragile VSTM representations. In addition, we address whether ‘chunking’ of simple 

oriented rectangles into fewer compound figures can explain the high capacity of fragile 

VSTM. 

 
Results 
Representational limits in VSTM  

The goal of this experiment was to produce estimates of the representational limits in VSTM 

and we varied set size of the memory array up to 32 figures accordingly. We used simple 

oriented rectangles, as the capacity of VSTM tends to decrease with stimulus complexity 

(see below). In the basic design, subjects were asked to detect changes between a briefly 

presented memory array (Fig. 2.1A/B) and a subsequently delivered probe array. There was 

a change in 50% of cases, and we cued the location of the potentially changing item at 

different moments after presentation of the memory array. This cue (Fig. 2.1C) was provided 

either 10 ms after off-set of the memory array (iconic-cue; Fig. 2.1D), 1,000 ms after off-set 

memory array, but before on-set of the probe array (retro-cue; Fig. 2.1E) or 100 ms after on-

set of the probe array (post-cue; Fig. 2.1F).  

To prevent that subjects used a strategy of grouping similar items together, we 

rotated all other items by 90 degrees between memory and probe array. When subjects did 

use strategy of grouping, this should lead to the general percept of change on each trial, and 

a corresponding decrease in performance. In addition, we manipulated strength of the 

positive after-image by using either white items on a black background, or red items on an 
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isoluminant gray background (Fig. 2.1A/B). By using white rectangles on a black 

background, we recruited both rod and cone systems, and by using red rectangles on a grey 

background of the same luminance, we recruited the isolated cone system (Adelson, 1978). 

It is well known that rod receptors integrate information over relatively long periods of time 

and will continue to respond for some period of time after off-set of a stimulus, whereas cone 

receptors respond to stimulation with very brief bursts of activation. In effect, by selectively 

recruiting the rod system, we induced a strong (Fig. 2.1A) or a weak (Fig. 2.1B), positive 

after-image. Still, the visibility of a strong, positive after-image would not last more than a few 

hundred milliseconds, and would thus only influence results when an iconic-cue is delivered 

(we measured phosphor persistence of our monitor to preclude that experimental effects 

were due to persistence of the display instead of persistence in the visual system, see 

Materials and Methods). 

 
 

 
 

Figure 2.1 Design Representational limits in VSTM A. High contrast black-white stimulus producing 

strong after-image B. Isoluminant red-grey stimulus producing weak after-image C. Cue display; 

background is black in high-contrast condition and grey in isoluminant condition. D. Iconic-cue 

condition measuring iconic memory E. Retro-cue condition measuring fragile VSTM F. Post-cue 

condition measuring robust VSTM 

 
 
When iconic-cues were delivered, subjects performed nearly perfectly regardless of set size 

when stimuli producing strong after-images were presented. However, performance was 

significantly worse when stimuli producing weak after-images were presented [F(1,9) = 

22.36, p = .001] (Fig. 2.2A). On the other hand, when retro-cues or post-cues were 

delivered, no differences due to the strength of after-images were found [F(1,9) = .25,  p = 

.63]. Still, we observed that subjects could report much more items when retro-cues were 

provided (Fig. 2.2B) instead of post-cues (Fig. 2.2C) [F(3, 7) = 38.45, p < .001]. 
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 Apparently, subjects can retain and report large amounts of information up to 1,000 

ms after stimulus off-set, and this is not due to a retinal afterimage producing iconic memory. 

However, upon arrival of the next image we see ‘overwriting’ of this large capacity store and 

subjects can only access objects that are represented in VSTM in a robust way. Surprisingly, 

we found that positive after-images made up the majority of the iconic memory effect, but 

after-images do not seem to boost performance 1,000 ms after image off-set or after onset of 

a new image. Based on these results, we can say that there is evidence for two high-capacity 

stages in visual information processing: 1) iconic memory that is highly dependent on after-

images of the shown image and does not seem to be limited in capacity (at least up to 32 

objects), and 2) a fragile form of VSTM that at least exceeds a capacity of 10 objects on top 

of robust VSTM. 

 
 

 
 

Figure 2.2 Results Representational limits in VSTM A. Capacity of iconic memory depends on 

strength of after-image; unlimited for strong after-images and lower, but still high for weak after-images 

B. Capacity of fragile VSTM not dependent on strength of after-image; capacity high for both kinds of 

stimuli C. Capacity of robust VSTM not dependent on strength of after-image; capacity more or less 

limited to about 4 figures. Data are plotted as mean Cowan's K+SEM. 

 
 
Stability of VSTM representations 

We explored the stability of iconic memory and fragile VSTM representations. This was done 

by displaying masks before the attention-directing cue was presented. Subjects were 

informed of these irrelevant mask displays, and they were instructed to ignore them. The 

mask display was either: 1) a uniform display of light (Fig. 2.3B) in the same color as the 

previously shown objects in the memory arrray (Fig. 2.3A), or 2) a pattern mask that was 

identical to the previously shown memory array with respect to the location of all items, only 
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orientation of individual items was randomly re-assigned (Fig. 2.3C). Again, in this 

experiment, all non-cued items were rotated between memory and probe array to prevent 

grouping. 

 
 

 
 

Figure 2.3. Design Stability of VSTM representations A. Memory arrays B. Light masks C. Pattern 

masks; objects are at the same location as memory array, orientations are randomized D. Iconic-cue 

condition with or without preceding 10-ms light mask E. Retro-cue condition with or without preceding 

250-ms light or 250-ms pattern mask F. Post-cue condition 

 
 
The presentation of a light mask before the iconic-cue wiped out differences in capacity due 

to the strength of the after-image [F(1,9) = 18,99, p = .002] (Fig. 2.4A). Conversely, this 

manipulation did not affect performance in the retro-cue condition [F(1,9) = .17, p = .69] (Fig. 

2.4B). Yet, the appearance of a pattern mask before the retro-cue did result in a dramatic 

performance deterioration [F(1,9) = 24.39, p = .001] such that no performance difference with 

the post-cue condition was observed [F(1,9) = .00, p = 1.00] (Fig. 2.4B).  

The fact that iconic memory can be wiped out by a non-informational flash of light 

suggests that this type of memory is pre-categorical in nature and must be driven by 

persistent activation in the retina. Conversely, the same light mask did not influence retro-cue 

aided VSTM performance. Only when new, but irrelevant oriented rectangles were 

presented, did we observe that retro-cues could no longer aid standard VSTM performance. 

We suggest that iconic memory is driven by persistent retinal activation beyond stimulus 

duration, while persistent activation in visual and temporal cortex (without additional input of 
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the retina) is responsible for maintenance of fragile VSTM representations (see also (Lepsien 

& Nobre, 2007). 

 
 

 
 

Figure 2.4 Results Stability of VSTM representations A. Iconic memory is overwritten by presenting a 

light mask B. Fragile VSTM is not influenced by the presence of a light mask, but a pattern mask 

erases fragile VSTM representations leading to drop-off in performance to robust VSTM levels. Data 

are plotted as mean Cowan's K+SEM. 

 

Influence of perceptual organization on change detection 

A potential problem with our results thus far, showing higher capacity representations upon 

the retro-cue compared to the post-cue, is that our measure to counter chunking (rotating all 

irrelevant items between memory and probe arrays) could have introduced a difference in 

capacity by itself. It was recently shown that the orientation of lines is automatically coded in 

a memory representation (Jiang, et al., 2004; Jiang, et al., 2000). When the context of the 

item to report is changed (as in our case), retrieval is impaired. Only when attention is 

directed to the relevant item before the change occurs, it was observed that context changes 

did not affect performance. This alternative explanation could account for the higher 

performance in our iconic-cue and retro-cue conditions and a reduced performance in our 

post-cue condition (although, if VSTM is indeed limited to four items, this difference should 

have revealed it self as a lower-than-four capacity in the post-cue condition, not so much as 

a higher-than-four capacity in the retro-cue condition). 

 Here, we manipulated perceptual organization between memory and probe array to 

control for this alternative explanation; perceptual organization was either identical between 

memory and probe array (context+; Fig. 2.5A), absent since only the cued item was shown 

(context0; Fig. 2.5B) or disrupted since all non-cued items were changed between memory 



A new definition of visual short-term memory 

 26 

and probe array (context-; Fig. 2.5C). We only measured the retro-cue and post-cue 

conditions in this experiment.    

A change in perceptual organization clearly influenced task performance in the post-

cue condition (F(2,38) = 12.75, p < .001), but not in the retro-cue condition (F(2, 38) = 1.181, 

p = .177) (Fig. 2.5D). When we compared performance in the retro-cue condition with 

performance in the post-cue condition, the effect size increased as contextual information 

decreased (context+: d = 2.31; context0: d = 2.88; context-: d = 2.77). Thus, the difference 

in performance between the post-cue and the retro-cue conditions in the previous 

experiments was inflated by about 20 percent when the perceptual organization of the probe 

array is disrupted.  

 

 
 
Figure 2.5 Influence of perceptual organization on change detection A. Identical perceptual 

organization between memory and probe array B. Perceptual organization is absent in probe array C. 

Perceptual organization is disrupted between memory and probe array D. A change in perceptual 

organization between memory and probe array does not influence the capacity of fragile VSTM, but it 

slightly reduces capacity of robust VSTM. Data are plotted as mean Cowan's K+SEM. 

 
A change in the perceptual organization of the probe array reduces performance on a 

change detection task when attention is divided among multiple items as in our post-cue 

condition, but not when attention is focused on a single item (even when focusing of attention 

occurs retrospectively). Altogether, we conclude that differential use of context slightly 

inflates the capacity difference between the retro-cue and post-cue conditions, but the 

majority of the difference cannot be explained by this factor. 
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Capacity of VSTM for complex objects 

In the previous control experiment, we assessed that differential grouping effects could 

explain about 20 percent of the difference in performance between retro-cue and post-cue 

conditions in Experiments 1 and 2. In the present experiment, more complex stimuli (either 

eight alphanumeric or eight horoscope characters; Fig. 2.6A/B) were employed in a similar 

design to the previous experiments. These kinds of stimuli cannot be (easily) ‘chunked’. If 

performance in the retro-cue condition is about twice the performance in the post-cue 

condition for complex stimuli (as it was for simple stimuli in the previous experiments), this 

would yield additional evidence that the effects of ‘chunking’ in the previous experiments are 

minor.  

We found superior performance for the retro-cue condition (Fig. 2.6D) compared to 

the post-cue condition (Fig. 2.6E) for both alphanumeric [t(9) = 7.09, p < .001] and 

horoscope characters [t(9) = 5.38, p < .001] (Fig. 2.6F). For clarity, we have plotted the 

results of Experiment 1 with set size 8 in the same figure. 

 

 
 
Figure 2.6 Capacity of VSTM for complex objects A. Memory array with alphanumeric stimuli B. 

Memory array with horoscope stimuli C. Cue display D. Retro-cue condition measuring fragile VSTM 

E. Post-cue condition measuring robust VSTM F. Capacity of fragile VSTM is about twice the capacity 

of robust VSTM regardless of stimulus complexity. Rectangle data are adopted from Exp. 1 with set 

size 8. Data are plotted as mean Cowan's K+SEM. 

  

The capacity of fragile VSTM is always about twice the capacity of robust VSTM regardless 

of object type and complexity (as it was in Experiment 1 at set size 8). Capacity of both 

fragile and robust VSTM decreases as object complexity increases, which can be expected 

from previous experiments (Alvarez & Cavanagh, 2004; Eng, et al., 2005; Olsson & Poom, 

2005). We conclude, based on this experiment and the previous control experiment, that the 
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high estimates for fragile VSTM capacity in Experiment 1 and 2 cannot be explained by 

differential ‘chunking’ mechanisms between conditions.  

 

Lifetime of VSTM representations 

We (previous sections) and others (Griffin & Nobre, 2003; Landman, et al., 2003; Lepsien, et 

al., 2005; Lepsien & Nobre, 2007; Makovski & Jiang, 2007; Makovski, et al., 2008; 

Matsukura, et al., 2007) observed that performance in the retro-cue condition did not drop to 

the performance observed in the post-cue condition even after 1,000 ms after display off-set. 

Here, we increased cue latencies up to 5.5 s after display off-set (Fig. 2.7C/D) to find when 

retro-cue performance drops to the level of post-cue performance.  

 The high-capacity retro-cue performance decayed over time [F(1,19) = 102.61, p < 

.001], and the limited-capacity post-cue performance was stable until four seconds after 

stimulus off-set [F(1,19) = .23, p = .64] (Fig. 2.7E). Contrary to our expectations, we 

observed a drop in post-cue performance at the longest cue latency [F(3,17) = 8.524, p 

<.01]. Performance was significantly higher at all cue latencies when a retro-cue was shown 

compared to when a post-cue was shown (smallest t-value [t(19) = 7.92, p < .001]).  

 

 

 
  
Figure 2.7 Lifetime of VSTM representations A. Memory array B. Cue display C. Retro-cue condition 

measuring fragile VSTM with variable blank interval of 1000, 2500, 4000 or 5500 ms until cueing D. 

Post-cue condition measuring robust VSTM with variable blank interval of 900, 2400, 3900 or 5400 ms 

until cueing E. High-capacity, fragile VSTM decays linearly over time, whereas limited-capacity, robust 

VSTM is more or less durable. Data are plotted as mean Cowan's K+SEM. 
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Fragile VSTM representations seem to exist for four seconds after stimulus off-set, at least. 

We are not sure if we can uniformly interpret the superior performance at the longest cue 

latency as evidence for the existence of fragile VSTM representations. At this cue latency, 

we see a drop-off in capacity for robust VSTM, possibly due to problems maintaining 

concentration. If subjects could maintain concentration for these long intervals, equal 

capacities for both stores might have been found. Thus, we conclude that fragile VSTM 

representations exist for a minimum of four seconds after stimulus off-set on top of robust 

VSTM. 

 

Discussion 
Traditional work on visual short-term memory (VSTM) suggests that we can be aware of four 

visual objects only (Irwin, 1991, 1996; Luck & Vogel, 1997; Parr, 1992; Pashler, 1988; 

Phillips, 1974; Vogel, et al., 2001). Does this suggest that we build up a limited internal 

picture of the world? Or can it be that visual scenes are more fully represented on a neural 

level, but not completely transferred to a reportable stage (Block, 2005; Lamme, 2003, 

2006)? To answer this question, we used a change detection task in which attention-directing 

cues are incorporated. These cues retrospectively indicate which item has to be attended. 

We found that human observers can represent and access more objects than they can keep 

in traditional visual short-term memory (VSTM) up to four seconds after disappearance of the 

visual scene. Moreover, this high representational capacity is not due to iconic memory and 

seems to depend on the complexity of the observed objects.  

 

Three stages in visual information processing 

By manipulating after-images and masks, we observed three stages in visual information 

processing; 1) iconic memory with unlimited capacity, 2) a long-lasting, but fragile form of 

VSTM with a capacity that is at least a factor 2 higher than the 3) robust form of VSTM that is 

clearly capacity-limited. Surprisingly, iconic memory representations seemed to depend on 

positive after-images of the previously shown image. When after-images were weak or when 

after-images were overwritten by flashes of light, iconic memory was found to be almost non-

existent suggesting that it is primarily driven by persistent retinal activation beyond stimulus 

duration. The fragile form of VSTM was unaffected by the delivery of a light mask, but was 

completely overwritten to the level of robust VSTM by an irrelevant mask containing similar 

objects as the memory array.  The capacity of both the fragile and the robust form of VSTM 

seemed to depend on stimulus complexity, which can be expected when we compare these 
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results to previous findings (Alvarez & Cavanagh, 2004; Eng, et al., 2005; Olsson & Poom, 

2005).  

 

Chunking effects do not explain high-capacity measures of fragile VSTM 

As far as we know, this paper and the paper of Landman (Landman, et al., 2003) are the first 

to show the existence of a high-capacity, but fragile VSTM store on top of robust VSTM. A 

commonly heard objection against the high-capacity results of Landman (and thus against 

our results) is that oriented rectangles were used in the paradigm and subjects could have 

grouped these objects to form fewer compound figures (‘chunking’), resulting in an 

apparent high capacity. Indeed, it was recently shown that grouping of these kinds of stimuli 

may occur automatically (Jiang, et al., 2004), and this principle could reduce our set sizes to 

some smaller number. However, we are firm that this cannot explain the high-capacity 

results. 

First, chunking in itself would not account for the difference in capacity that is found 

between retro- and post-cue conditions. If subjects would chunk items, this would increase 

the capacity of both fragile and durable VSTM. We found a capacity of about four objects for 

durable VSTM (the post-cue condition), which is well in accordance with traditional 

estimates. Second, to counter chunking in the current experiments we rotated all irrelevant 

items between the memory and probe arrays. Employing a strategy of chunking in this case 

would be fully detrimental to performance in the post-cue condition, as a 'change' to the 

compound figure would always be detected, regardless of whether the cued item changed or 

not. 

            Of course it can be argued that our measure to counter chunking (rotating all 

irrelevant items between memory and probe arrays) could have introduced a difference in 

capacity between retro- and post-cue by itself (see results section of experiment 3); it has 

been shown that when the context of the item to report is changed (as in our case), retrieval 

is impaired (Jiang, et al., 2004). Only when attention is focused on one item, context changes 

do not affect performance. This could account for a reduced performance in our post-cue 

condition compared to the iconic- and retro-cue conditions. We performed an additional 

experiment in which we manipulated perceptual organization between memory and probe 

array to test this alternative explanation. We found that differential use of context slightly 

inflates the capacity difference between the retro-cue and post-cue conditions, but the 

majority of the difference cannot be explained by this factor. 

           Finally, in Experiment 4 we employed complex stimuli that cannot be (easily) chunked. 

The capacity of fragile VSTM still was about twice the capacity of robust VSTM (as it was for 
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oriented rectangles in Experiment 1). Altogether, it seems unlikely that the high-capacity 

findings found here and in the paper of Landman are due to grouping mechanisms. 

 

Can we equate fragile VSTM to a form of iconic memory? 

We make a tri-partite division between iconic memory, fragile VSTM, and durable VSTM. 

However, these results can also be explained by pleading for a dissociation of iconic memory 

in a retinal and a cortical icon (and traditional, capacity limited VSTM). This interpretation 

resembles earlier theoretical claims of Coltheart (Coltheart, 1980) that iconic memory might 

consist of both 1) a visible persistent component (alike our finding that iconic memory 

resembles a positive after-image) and, 2) an informational persistent component (akin to our 

finding of additional information in the retro-cue condition compared to the post-cue 

condition). There are two arguments that prevent us from drawing this conclusion.  First, our 

retro-cues were presented well beyond the time period in which iconic memory effects are 

traditionally found. In addition, a recent study (Makovski, et al., 2008) found that items in 

fragile VSTM are not stored in a retinotopic way, but in a spatiotopic way. On the premise 

that iconic memory is a retinotopic phenomenon, it seems hard to reconcile this property with 

iconic memory, but not with VSTM. Still, these arguments can be quelled based on the 

available literature.  

 In traditional iconic memory paradigms, items are only shown once and here items 

are shown twice: once during encoding and once during report. It is well known that errors in 

iconic memory are location errors and not intrusion errors, suggesting that the location of 

items is lost over time and not the identity of the objects (A.O. Dick, 1969). Our paradigm 

very much reduces spatial uncertainties (by showing items twice at the same location) and 

we can, therefore, presume that it could capture iconic effects for a longer period. Also, some 

evidence exists (McRae, Butler, & Popiel, 1987) that iconic memory might consist of a fast, 

retinotopic buffer followed by a relatively slow, spatiotopic buffer in which the spatial relations 

among visual information is represented.  However, the effects found in that experiment were 

small, and other authors have not found these effects. Altogether, it remains speculative 

whether we can equate fragile VSTM to a form of VSTM. Yet, this approach is interesting 

since it relates to a current controversy in conscious vision (see next section). 

 

A fleeting form of visual awareness without direct report 

Neurophysiologic findings suggest that we can discern two modes of visual processing; the 

feed forward sweep (FFS), and recurrent processing (RP) (Lamme & Roelfsema, 2000). By 

selectively disrupting RP, but leaving FFS intact it is observed that visual awareness never 
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arises. This was shown by backward masking (Lamme, Zipser, & Spekreijse, 2002), by 

applying transcranial magnetic stimulation (TMS) to V1 (Jolij & Lamme, 2005; Pascual-Leone 

& Walsh, 2001), and by inactivating higher visual areas (Hupe, et al., 1998; Lamme, Zipser, 

& Spekreijse, 1998). Even when there are sudden lapses in awareness, it is observed that 

RP is absent, whereas FFS is intact (Super, Spekreijse, & Lamme, 2001). 

While RP thus seems to be necessary for conscious perception, current controversy 

hinges on the question whether RP is sufficient for conscious perception (Block, 2005; 

Lamme, 2003, 2006), or that consciousness only occurs in the case of widespread RP, which 

includes areas necessary for cognitive access and control, such as the prefrontal cortex 

(Dehaene, Changeux, Naccache, Sackur, & Sergent, 2006). What happens when RP is 

limited to the visual and temporal cortex? Do we have conscious experience without report or 

no experience at all?  

Experiments on iconic memory and fragile VSTM are interesting exactly because of 

this controversy. Just as robust VSTM forms a window on reportable and directly accessible 

conscious percepts, iconic memory and fragile VSTM could form a window on ‘perception 

without immediate cognitive access’.  Only when attention is re-directed to the right location, 

representations can presumably ‘jump’ over the report threshold.  

There are two key issues that need to be addressed. The first would be to establish 

the perceptual rather than unconscious nature of these kinds of representations, and the 

evidence for this is growing. Previous experiments showed that objects in fragile VSTM are 

evidence for a long-lasting, i.e. reverberating nature. Still, neurophysiologic measures will 

have to confirm this link.  

 

Materials and Methods 
Participants 

Ten right-handed young adults (5 females) participated in Experiment 1, 2 and 4; 40 right-

handed young adults (25 females) in Experiment 3; and 20 right-handed young adults (16 

females) in Experiment 5. All subjects had normal or corrected-to-normal vision and no 

colour deficiencies and they participated as part of a study course or for financial 

compensation. All subjects gave their written informed consent to participate in either one 

experiment. All experiments were approved by the local ethics committee of the department 

of Psychology of the University of Amsterdam.  

 



Are there multiple visual short-term memory stores? 

 33 

Equipment 

All experiments were done on a 19 inch LG CRT-display (type FB915BP) at a refresh rate of 

100 Hz. We measured phosphor persistence of the display using a photo-cell placed at the 

centre of the screen. Presented data are averages of 100 trials of single frames of pure white 

light (87.66 cd/m2). Each single-frame presentation was followed by a 200-ms blank period. It 

was observed that the phosphors returned to baseline activity approximately 6.4 ms after 

their peak amplitude (Fig. 2.8). For all experiments, we used Presentation version 9.7 

(NeuroBehavioral Systems, Inc.) to display our stimulation on the monitor.  

 

 
 

Figure 2.8 Phosphor persistence of CRT monitor. Phosphor persistence lasts approximately 6.4 ms 

after peak amplitude. Data are averages of 100 trials of single frame presentations of pure white light 

(87.66 cd/m2) presented at a refresh rate of 100 Hz. Each single frame presentation of light was 

followed by a 200-ms blank period. 

 

Experimental paradigm 

Experiment 1 

Stimulus displays consisted of grids of 36 locations that were each 2˚ × 2˚ in size; total grid 

size 12˚ × 12˚. The centre four grid locations were always empty. Each display consisted of 

4, 8, 16, or 32 rectangles with either a horizontal or a vertical orientation. Individual 

rectangles were 1.56˚ × 0.39˚ in size and presented randomly at the centre of the grid 

locations – except for the 32 figures condition in which all locations were filled. All displays 

were composed of either pure white rectangles (87.66 cd/m2) on a pure black background 

(0.01 cd/m2; Fig. 2.1A) - or of red rectangles on an isoluminant gray background (both 13.52 

cd/m2; Fig. 2.1B). Cues were composed of four white triangles – each 0.09˚ × 0.09˚in size - 
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placed at the edges of a grid location (Fig. 2.1C). Subjects were seated 100 cm from a 19-

inch display, which spanned 20.4 by 15.4 degrees of visual angle.  

On each trial, we showed a 250-ms memory array containing 4 to 32 oriented 

rectangles. We instructed the subjects to remember as many oriented rectangles of the 

memory array as possible. On each trial, one rectangle was cued to indicate which item to 

report. After some delay, a probe array was shown and subjects were asked to indicate by 

button press whether the cued item had the same or different (50-50) orientation as the one 

shown in the memory array. Probe arrays were present until subjects made a response. All 

non-cued items were rotated by 90º to prevent subjects to use a strategy of encoding items 

in chunks. Cues were introduced at different latencies during the trial; either 10 ms after off-

set of the memory array (iconic-cue; Fig. 2.1D), 1,000 ms after off-set of the memory array 

(retro-cue; Fig. 2.1E), or 100 ms after on-set of the probe array (post-cue; Fig. 2.1F). The 

interval between memory and probe array was 2000 ms for the iconic-cue and retro-cue 

conditions and 900 ms for the post-cue conditions. In effect, the retro-cues and post-cues 

were given at the same latency after memory array off-set ruling out differences in capacity 

due to a differential interval in which subjects had to remember all objects. Cue conditions of 

particular set sizes were presented in separate blocks of 64 trials each. 

 

Experiment 2 

Here, rectangles could have one of four possible orientations; horizontal, vertical, 45˚ to the 

vertical, and 135˚ to the vertical (Fig. 2.3A). Also, masks were introduced. Light masks were 

composed of uniform full-screen displays in red (13.52 cd/m2) or white (87.66 cd/m2) (Fig. 

2.3B). Pattern masks were identical to the shown memory arrays with all elements at the 

same location, only orientation of individual rectangles was randomly re-assigned (Fig. 

2.3C). We introduced a 10-ms light mask before the iconic-cue (Fig. 2.3D), a 250-ms light 

mask before the retro-cue or a 250-ms pattern mask before the retro-cue (Fig. 2.3E). 

Subjects were informed of the presence of mask displays and were instructed to ignore 

them. All other details were identical to Experiment 1. 

 

Experiment 3 

Displays consisted of eight rectangles – spanning 1.56˚ × 0.39˚ - placed radially at 4 degrees 

of visual angle around the fixation point.  The exact location of each rectangle was randomly 

jittered by half degree of visual angle towards the centre or the periphery. Rectangles could 

have one of four possible orientations; horizontal, vertical, 45˚ to the vertical, and 135˚ to the 

vertical. Only white rectangles (87.66 cd/m2) on a black background (0.01 cd/m2) were used. 
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Cues consisted of a 3-pixel thick line which was at one end close (~ 0.7˚) to fixation and at 

the other end close (average ~1.2˚) to the critical item. We manipulated perceptual 

organization between memory and probe array; perceptual organization was either identical 

between memory and probe array (context+; Fig. 2.5A), absent since only the cued item was 

shown (context0; Fig. 2.5B) or disrupted since all non-cued items were changed between 

memory and probe array (context-; Fig. 2.5C). We only measured the retro-cue and post-cue 

conditions in this experiment. All other details were identical to Experiment 1. 

 

Experiment 4 

Displays consisted of either eight different alphanumerical symbols from a pool of 18 items 

(B,D,F,G,H,J,K,L,M,1,2,3,4,5,6,7,8,9) or eight different astrological symbols from a pool of 11 

items (,,,,,,,,,,)  placed radially at 4 degrees of visual angle around 

the fixation point (Fig. 2.6A/B). All symbols were presented at font size 64 in white (87.66 

cd/m2) on a black background (0.01 cd/m2). Only the retro-cue condition (Fig. 2.6D) and the 

post-cue condition (Fig. 2.6E) were presented. All non-cued items were not changed 

between memory and probe array. All other details were identical to Experiment 3. 

 

Experiment 5 

Displays consisted of eight rectangles – spanning 1.56˚ × 0.39˚ - placed radially at 4 degrees 

of visual angle around the fixation point (Fig. 2.7A). We presented only the retro-cue and 

post-cue conditions, and we varied the blank interval between memory and probe array 

between 1,000 and 5,500 ms for retro-cue conditions (Fig. 2.7C) and between 900 and 5,400 

ms for post-cue conditions (Fig. 2.7D) in steps of 1,500 ms. All non-cued items were not 

changed between memory and probe array. All other details were identical to Experiment 3. 

 

Procedure 

Experiment 1 & 2 

Subjects were heavily trained on the task in a separate 3-hour session before entering the 

experimental sessions. In the practice session, all conditions at all set sizes were practiced at 

least once for the high-contrast stimuli, and subjects were allowed to practice blocks more 

than once when they indicated that they could have attained higher performance. Results 

obtained from subjects during the training sessions were qualitatively similar in the sense 

that iconic memory capacity was always much higher than working memory capacity. 

Training increased capacity for all conditions up to the ceiling levels reported in the results 

section. After the practice session, subjects participated in the experimental session with 
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high-contrast stimuli first and subsequently in the session with isoluminant stimuli; this 

procedure was counterbalanced over subjects. Subjects were instructed to maintain fixation 

throughout the entire experiment, and they were encouraged to indicate changes only if they 

were certain that a change had occurred. The experiment was done in a darkened room to 

increase the strength of the after-images (Adelson, 1978).  

 

Experiment 3 

Subjects were either assigned to the retro-cue condition first or to the post-cue condition first 

in a counterbalanced fashion. All different perceptual organizations (context+, context0, 

context-) were presented randomly intermixed within a block consisting of 48 trials. After 

doing a block of one condition (f.i. the retro-cue condition), subjects did a block of the other 

condition. This sequence was repeated five times, and the first block of each condition was 

discarded in the analysis since it functioned as a training block. Thus, subjects performed a 

total of 192 trials in each condition.  All other details were identical to Experiment 1. 

 

Experiment 4 

Subjects were either assigned to the retro-cue condition first or to the post-cue condition first 

in a counterbalanced fashion. Alphanumerical versions were always performed first followed 

by the horoscope versions.  This sequence was repeated three times, resulting in three 

sessions of 48 trials for each condition. The first block of each condition was discarded in the 

analysis since it functioned as a training block. All other details were identical to Experiment 

1. 

 

Experiment 5 

Subjects practiced the retro-cue condition with an ISI of 1,000 ms and the post-cue condition 

with an ISI of 900 ms for 48 trials each.  Subsequently, they entered the experimental 

condition in which they performed 48 trials on each condition. All conditions were randomly 

intermixed throughout the entire experiment. All other details were identical to Experiment 1. 

 

Data analysis 

We computed memory capacity measures using a formula developed by Cowan (Cowan, 

2001). The formula is K = (hit rate – 0.5 + correct rejection rate – 0.5) * N, and gives an 

estimate of the representational capacity and corrects for guessing trials. All statistical 

analyses were performed with repeated measures ANOVAS. In some instances, we tested 

specific differences with paired t-tests.  
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3. Detailed sensory memory, sloppy working memory 
 

Visual short-term memory (VSTM) enables us to actively maintain information in mind for a 

brief period of time after stimulus disappearance. According to recent studies, VSTM consists 

of three stages - iconic memory, fragile VSTM, and visual working memory - with increasingly 

stricter capacity limits and progressively longer lifetimes. Still, the resolution (or amount of 

visual detail) of each VSTM stage has remained unexplored and we test this in the present 

study. We presented people with a change detection task that measures the capacity of all 

three forms of VSTM, and we added an identification display after each change trial that 

required people to identify the “pre-change” object. Accurate change detection plus pre-

change identification requires subjects to have a high-resolution representation of the “pre-

change” object, whereas change detection or identification only can be based on the hunch 

that something has changed, without exactly knowing what was presented before. We 

observed that people maintained 6.1 objects in iconic memory, 4.6 objects in fragile VSTM 

and 2.1 objects in visual working memory. Moreover, when people detected the change, they 

could also identify the pre-change object on 88 percent of the iconic memory trials, on 71 

percent of the fragile VSTM trials and merely on 53 percent of the visual working memory 

trials. This suggests that people maintain many high-resolution representations in iconic 

memory and fragile VSTM, but only one high-resolution object representation in visual 

working memory. 

 

Published as: Sligte, I.G., Vandenbroucke, A.R.E., Scholte, H.S., & Lamme, V.A.F. (2010). 

Detailed sensory memory, sloppy working memory. Frontiers in Psychology, 1, 175. 
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Introduction 
Look around you and consider the richness of the visual world revealing itself anew with 

each eye movement you make. Then close your eyes for a brief period of time and try to 

bring back an internal image of what you have just seen. You will probably realize that you 

can remember little of what you have just seen, with the exception of a few visual “hotspots” 

or objects that seem to last in your mind’s eye. This distinction between the richness of your 

immediate perception and the impoverished image you keep in memory finds its analogue in 

different forms of visual short-term memory (VSTM); for a fraction of a second after image 

disappearance, iconic memory maintains a high-capacity representation of the outside world 

(Averbach & Coriell, 1961; Sperling, 1960), while visual working memory maintains a 

maximum of four objects for longer periods of time (Luck & Vogel, 1997; Vogel, Woodman, & 

Luck, 2001).  

Recent studies have suggested another form of VSTM that operates in between 

iconic memory and visual working memory. In the design of these studies, a partial-report 

cue is presented during the delay of a change detection task and the cue retrospectively 

singles out the item to change before the potential change occurs (so-called retro-cue). To 

be effective, a retro-cue requires people to search their memory for the identity of the object 

that was presented at the signaled location before. Using this procedure, several studies 

have shown that retro-cues dramatically boost change detection performance (Griffin & 

Nobre, 2003; Landman, Spekreijse, & Lamme, 2003; Lepsien, Griffin, Devlin, & Nobre, 2005; 

Lepsien & Nobre, 2007; Makovski & Jiang, 2007; Makovski, Sussman, & Jiang, 2008; 

Matsukura, Luck, & Vecera, 2007; Sligte, Scholte, & Lamme, 2008, 2009) compared to when 

the same cue is presented after the change (so-called post-change cues). Then, capacity is 

limited to 4 objects, which is the well-known limit of visual working memory (Luck & Vogel, 

1997; Vogel, et al., 2001). Moreover, increases in change detection performance caused by 

a retro-cue are not due to grouping processes (Sligte, et al., 2008), speed-accuracy trade-

offs (Griffin & Nobre, 2003; Lepsien, et al., 2005), response biases (Griffin & Nobre, 2003), 

eye movements (Griffin & Nobre, 2003; Matsukura, et al., 2007), or articulation (Makovski & 

Jiang, 2007; Makovski, et al., 2008). The most surprising finding, however, is the fact that 

retro-cues boost performance even when they are presented four seconds after stimulus 

disappearance (Lepsien & Nobre, 2007; Sligte, et al., 2008, 2009), which is far beyond the 

lifetime of iconic memory.  

In a previous study (Sligte, et al., 2008), we systematically evaluated whether this late 

boost in retro-cue performance taps into the same form of sensory memory as early retro-

cues do. We found that when a retro-cue was shown 10 ms after offset of the memorized 
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display, people could report 30 items (out of 32 items shown) when the memorized display 

contained high-contrast stimuli, but only 20 (out of 32 items shown) when the display 

contained isoluminant stimuli. In addition, when light flashes were presented before this early 

retro-cue, the difference in performance between high-contrast and isoluminant stimuli 

disappeared. This suggests that retinal afterimages are partially responsible for the 

increased retro-cue performance just after stimulus offset. When the retro-cue was presented 

1,000 ms after offset of the memorized display, we observed that people could report a 

maximum of 15 items (out of 32 items shown). Importantly, we found no differences in late 

retro-cue performance between high-contrast and isoluminant stimuli. Moreover, light flashes 

before the late retro-cue did not influence performance, whereas the presence of new and 

irrelevant object before the cue greatly reduced performance. Finally, from other work of our 

lab it was evident that late retro-cues tap into a memory store wherein features are bound to 

form coherent objects (Landman, et al., 2003). These combined results indicate that late 

retro-cues tap into a high-capacity form of VSTM that is different from the classic notion of 

iconic memory. Altogether, it seems that a cued change detection task with early retro-cues, 

late retro-cues and post-change cues is a robust way to gauge the capacity of three different 

forms of visual short-term memory in a single experiment, using the same stimuli and cues 

for each of the three memory types. We will refer to these three forms of memory as iconic 

memory, fragile VSTM and visual working memory in the rest of this paper.  

While VSTM thus seems to consist of three stages with large differences in capacity, 

it is unclear how detailed objects are represented in each form of VSTM. According to the 

current consensus, sensory memory is a raw snapshot of the features in a visual scene and 

these floating features are not bound together to form coherent objects. It is only in visual 

working memory where (a limited set of) integrated object representations are retained (Luck 

& Vogel, 1997; Vogel, et al., 2001). Based on these ideas, one would expect that iconic 

memory and fragile VSTM contain many low-resolution object representations, while working 

memory contains a limited set of high-resolution object representations. To make clear what 

we mean by saying high- or low-resolution representations, please take a look at Figure 

3.1A. In the trial shown, the motorcycle changes into a frog, so there is a clear color change. 

People could decide to press change, because they have noticed this color change, but this 

does not necessarily mean that they maintained the object “motorcycle” in short-term 

memory. In that sense, low-resolution representations are just as useful as high-resolution 

representations in supporting change detection performance and measuring change 

detection performance alone does not reveal the resolution of object representations. 
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Figure 3.1 Experimental design A Subjects performed a change detection task to measure the 

capacity of short-term memory representations (black box). After each change trial, an identification 

display was presented that contained the item that was present in the memory display, but not 

anymore in the match display (so-called pre-change item) in addition to three distracter items that 

were present in neither memory nor test display (red box). We assume that high-resolution 

representations support both change detection and identification, whereas low-resolution 

representations support change detection or pre-change identification only. B Early retro-cue 

condition; 10 ms after off-set of the memory display a spatial cue was presented that singled out the 

item that changed in 50% of the trials. Effectively, this condition measures iconic memory. C Late 

retro-cue condition; 1s after offset of the memory display, but before the on-set of the test display, a 

spatial cue was presented. Effectively, this condition measures fragile VSTM. D Post-change cue 

condition; 100 ms after onset of the test display, a spatial cue was presented. This condition measures 

only visual working memory.  
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To probe the resolution or visual detail of VSTM representations, we adopted a method 

developed by Levin and colleagues (Beck & Levin, 2003; Mitroff, Simons, & Levin, 2004). In 

their approach, an identification line-up is shown after each change detection trial that asks 

people to identify the pre-change object, the post-change object and/or one of the non-

changing objects among one or more distracter objects that were presented in neither 

display. It was observed that post-change object identification was relatively good, but pre-

change object identification was far worse. These results thus seem to suggest that standard 

change detection tasks measure a mix of high- and low-resolution representations. 

In the present study, we aimed to measure both the capacity and the resolution of 

iconic memory, fragile VSTM and visual working memory. In the general set-up of our task 

(Fig. 3.1A), a memory display containing multiple objects was shown, followed by a retention 

interval, after which a test display was shown and subjects had to indicate on each trial 

whether a particular (cued) object changed between memory and test display. To probe the 

resolution of VSTM representations, we introduced an identification display after each 

change trial. This identification display contained four objects; one object that was present in 

the memory display, but not in the test display (so-called pre-change item) and three 

distracters that were present in neither. In addition, cues were presented either 1) 10 ms 

after memory display off-set to measure iconic memory (Fig. 3.1B), 2) 1,000 ms after 

memory display off-set, but during the retention interval to measure fragile VSTM (Fig. 3.1C), 

or 3) 1,000 ms after memory display off-set, but after the possible change had already 

occurred to measure visual working memory (Fig. 3.1D).   

 

Methods 
Subjects 

20 students (11 females) with normal or corrected-to-normal vision and no colour 

deficiencies participated in this study. Subjects were rewarded with course credits for their 

participation. All subjects gave their written informed consent to participate in the experiment, 

which was approved by the local ethics committee of the department of Psychology of the 

University of Amsterdam. 

 

Equipment  

The experiment was done on a 19 inch LG CRT-display (type FB915BP) at a refresh rate of 

100 Hz. We measured phosphor persistence of the display using a photo-cell placed at the 

centre of the screen. Phosphors returned to baseline activity 6.4 ms after their peak 
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amplitude (see Sligte, et al., 2008 for data). Stimuli were presented on screen with 

Presentation (NeuroBehavioral Systems, Inc.).  

 

Stimuli  

We selected 50 coloured line drawn objects from a series of 260 objects created by Rossion 

and Pourtois (Rossion & Pourtois, 2004) that can by found on the web 

(titan.cog.brown.edu:8080/TarrLab/, courtesy of Michael J. Tarr). In addition, we created 

greyscale versions of these images with the use of Matlab (Mathworks, Inc.). All objects used 

can be found in Supplementary File 1.  

Subjects were shown memory and test displays containing eight (out of 50) randomly 

selected objects (about 1° by 1° of visual angle) placed radially at four degrees eccentricity 

around a red fixation dot (0.1° by 0.1° of visual angle; 13.52 cd/m2). All stimuli were 

presented on a pure white background (87.66 cd/m2). An example of a memory display is 

depicted in Figure 3.1A.  

 After each change trial, an identification display containing four objects was shown. 

Objects in this display were placed horizontally at -1.5°, -0.5°, 0.5° and 1.5° of visual angle 

with respect to the centre of the screen. One object in this display had been presented in the 

memory display, but not in the test display (so-called pre-change item). The other three 

objects were neither shown in the memory nor the test display and were randomly chosen 

from all objects that were not used in the trial (N = 41).            

 

Task   

On each trial, the red fixation dot in the middle of the screen turned green for 1,000 ms to 

indicate the start of the trial. Thereafter, we showed a 250-ms memory display containing 8 

objects that were either all coloured or all in greyscale. Subjects were instructed to remember 

as many objects of this memory display as possible. On each trial, one object was cued to 

indicate which item was the one to report. After a retention interval in which no stimulation 

was provided, a test display was shown and subjects were asked to indicate by button press 

whether the cued item was the same (50 % of the trials) or a different (50 % of the trials) 

object than was shown at the same location in the memory display. Test displays were 

present for 2,000 ms or until the subject made a response.  

Spatial cues were introduced at different latencies during the trial; either 10 ms after 

off-set of the memory display (early retro-cue; Fig. 3.1B), 1,000 ms after off-set of the 

memory display, but before on-set of the test display (late retro-cue; Fig. 3.1C), or 1,000 

after off-set of the memory display, but 100 ms after on-set of the test display (post-change 



Detailed sensory memory, sloppy working memory 

 43 

cue; Fig. 3.1D). The interval between memory and test display was 2,000 ms for the early 

and late retro-cue conditions, and 900 ms for the post-change cue conditions. In effect, late 

retro-cues and post-change cues were provided at the same latency after memory display 

off-set ruling out differences in capacity due to a different time interval in which subjects had 

to remember all objects before knowing which object was relevant for detecting a change. All 

conditions were presented randomly intermixed and subjects received auditory feedback on 

whether they had responded correctly or not.  

 After each change trial, irrespective of whether the subject detected the change or 

not, an identification display was shown. This identification display contained the pre-change 

object, i.e. the object that was in the memory display but changed to another object in the 

test display, and three distracter objects that were in neither displays. We chose to present 

identification display only on change trials, because subjects know during the test display 

which item is relevant for detecting the change. If this single (non-changed) item is then 

repeated during the identification display, the task will be trivially easy. The identification 

display was shown until the subject made a response. Again, subjects received auditory 

feedback about the correctness of their response. 

 

Procedure  

First, we tested subjects on visual acuity and colour blindness. Thereafter, they were trained 

for a maximum of three blocks of 60 trials on a basic version of the task containing simple 

oriented rectangles instead of line drawings. We did this on the one hand for participants to 

learn the task and on the other hand to have an objective criterion for when participants had 

learned the task. In previous experiments (Sligte, et al., 2008), we consistently found that 

subjects could remember about 4 simple items in post-cue conditions, about 6 in late retro-

cue conditions, and about 7 to in early retro-cue conditions. On average, subjects would then 

maintain about 5.6 objects in memory over conditions corresponding to a performance level 

of 85 percent (calculated with Cowan’s K; see Data Analysis for details). After subjects had 

reached this performance level, they were trained for one block (60 trials) on the actual 

experiment containing line drawings and the identification display.   

 Subjects performed 50 trials in each condition, cue-timing (3) x change-present (2) x 

colour/grey-scale (2), resulting in a total of 600 trials. Subjects were asked to keep fixating 

the dot in the middle of the screen, at least until the (potential) identification display 

appeared. Every six minutes, the experiment was paused and subjects were required to take 

a few minutes rest. In total, the experiment lasted about two hours. At the end of the 
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experiment, subjects received course credits for their participation and they were debriefed 

about the goal of the experiment.  

 

Data analysis  

We computed memory capacity using a formula developed by Cowan (Cowan, 2001). The 

formula is K = (hit rate – chance + correct rejection – chance) * number of objects presented. 

This formula provides an estimate of the representational capacity and corrects for guessing 

trials. To calculate the number of high-resolution object representations, we multiplied 

Cowan’s K with performance on the identification task. We do this on the assumption that 

high-resolution representations support both change detection and subsequent identification 

of the pre-change item. Object representations are lower in resolution, however, when they 

support only change detection or identification (, but not both). All statistical analyses were 

performed with repeated measures ANOVAs. In some cases, we tested specific differences 

with paired t-tests.  

 

Results 
In the present study, we aimed to assess the capacity and resolution of iconic memory, 

fragile VSTM, and visual working memory. Capacity was estimated by a linear transformation 

of change detection performance into the capacity estimate K (Cowan, 2001). Resolution (or 

amount of visual detail) was estimated by presenting an identification display after each 

change trial that required people to identify the item that was present in the initial memory 

array, but not anymore in the test array (see Fig. 3.1A). We presume that representations 

supporting change detection and subsequent identification of the pre-change item are more 

detailed or higher-resolution representations) than representations that support change 

detection  or identification only. In the following section, we will first present capacity 

estimates for each form of VSTM. Then, we will present differences in representational 

resolution between VSTM stages.  

 

VSTM capacity  

Subjects could report on average 5.8 greyscale (performance: 86.7%) and 6.3 (89.6%) 

coloured objects in early retro-cue conditions, 4.3 (76.7%) greyscale and 4.8 (80.6%) 

coloured objects in late retro-cue conditions, and 2.0 (62.4%) greyscale and 2.3 (64.3%) 

coloured objects in post-change cue conditions (Fig. 3.2A). Repeated measures ANOVAs 

revealed that people could retain slightly more items in memory when they were coloured 

than when they were presented in greyscale (F(1,19) = 33.51, p <.001, η2 = .638). Moreover, 
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performance decreased significantly over conditions (F(1,19) = 87.71, p <.001, η2 = .907). As 

revealed by subsequent post-hoc paired t-tests, memory capacity was highest when an early 

retro-cue was provided compared to a late retro-cue (greyscale: t(19) = 6.43, p < .001; 

colour: t(19) = 7.38, p < .001). In addition, memory capacity was higher when a late retro-cue 

compared to a post-change cue was shown (greyscale: t(19) = 7.67, p < .001; colour: t(19) = 

8.12, p < .001).  

Change detection performance tended to improve over the course of the experiment 

(5 bins of 10 trials per condition; F(4,16) = 3.00, p = .050), but the improvement was not large 

(bin 1; 0.9% below mean performance over bins; bin 5; 1.1% above mean performance over 

bins). Surprisingly, performance only got better for greyscale conditions, but not for colour 

conditions (F(1,19) = 33.68, p < .001). We did not observe significant differences in learning 

curves across VSTM stages.  

 In sum, there seem to be large differences in capacity between iconic memory and 

fragile VSTM, and between fragile VSTM and visual working memory. In addition, it seems 

that the availability of an extra feature (color) boosts change detection performance, and thus 

capacity, of all forms of VSTM.  

 

Number of high-resolution representations 

To derive the number of high-resolution (or visually detailed) representations, we multiplied 

change detection performance (Fig. 3.2A; expressed as Cowan’s K) with correct 

performance on the subsequent change identification task (Fig. 3.2B). On average, subjects 

could report 5.1 (out of 5.8) detailed greyscale and 5.7 (out of 6.3) detailed coloured 

representations in the early retro-cue condition, 2.9 (out of 4.3) detailed greyscale and 3.7 

(out of 4.8) detailed coloured representations in the late retro-cue condition, and only 1.1 (out 

of 2.0) detailed greyscale and 1.3 (out of 2.3) detailed coloured representations in the post-

change cue condition (Fig. 3.2C). Repeated measures ANOVAs revealed that subjects could 

report more detailed representations when the objects were presented in colour (F(1,19) = 

39.51, p < .001, η2 = .675), but we observed no benefit of colour when people detected the 

change without being able to identify the pre-change item (F(1,19) = .99, p = .33) (see low-

resolution representations in Fig. 3.2C). In addition, memory capacity for detailed 

representations decreased over conditions (F(1,19) = 118.66, p < .001, η2 = .930). 

Subsequent post-hoc paired t-tests showed that the number of detailed representations was 

highest when an early retro-cue was provided compared to a late retro-cue (colour: t(19) = 

10.151, p < .001; greyscale: t(19) = 9.155, p < .001), and the capacity for detailed 

representations was also higher when a late retro-cue compared to a post-change cue was 
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shown (colour: t(19) = 7.800, p < .001; greyscale: t(19) = 7.622, p < .001). We did not 

observe significant learning effects over the course of the experiment.  

 To summarize, these results suggest that people initially build up many detailed 

object representations in iconic memory. When no new stimulation is provided, people tend 

to forget some of these representations over time. Yet, the major factor for diminished 

performance is the fact that new stimulation, such as the test display, overwrites all but one 

detailed representation. 

 

 
 

Figure 3.2 Change detection and 

identification performance A Change 

detection performance; people could report 

six objects in early retro-cue conditions, four 

and a half objects in late retro-cue conditions, 

and two objects in post-change cue 

conditions. When the objects were presented 

in colour instead of in greyscale, people could 

remember slightly more objects. Performance 

is depicted as Cowan’s K, a common method 

to estimate the representational capacity of 

short-term memory. B Identification 

performance after correct change detection; 

people were able to identify the item that was 

present in the memory display, but not 

anymore in the test display on 88% of the 

early retro-cue trials, on 71% of the late retro-

cue trials and on 53% of the post-change cue 

trials. C To derive the number of high-

resolution representations, we multiplied 

correct change detection performance with 

correct performance on the identification task. 

To derive the number of low-resolution 

representations,  
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Availability of low-resolution information in VSTM 

At some trials, subjects were able to detect a change without being able to identify the pre-

change item. At other trials, subjects did not detect the change, but did successfully identify 

the correct pre-change item on the subsequent identification task (see Fig. 3.3). We propose 

that both trials signal the availability of information in VSTM, but the information does not 

have the same representational quality as information that supports change detection and 

change identification. Correct identification without change detection might occur because of 

the certainty of the subject’s response; if a subject is not certain whether a change occurred, 

he/she might press no-change during change detection. If subsequently the identification 

display is shown, the change is confirmed and subjects might then rely on the low-resolution 

representation that was at first not strong enough for them to select the change response. 

Nevertheless, we have to be cautious to express identification without change detection in 

terms of the number of objects remembered as subjects could have chosen the right object 

by chance (1 out of 4). To be sure this is not the case, we first performed one sample t-tests 

against chance level of 25%. 

 
Figure 3.3 Identification without change detection 

On a proportion of the change trials, subjects were 

not able to detect the change, but did identify the 

item that was present in the memory display, but not 

anymore in the test display. This proportion was 

about 54% in the early retro-cue conditions, 42% in 

the late retro-cue conditions and 26% in the post-

change cue conditions. Data are depicted as the 

mean +/- the standard error of the mean. 

 

When subjects did not detect the change, they still identified the pre-change item on 58.0% 

(greyscale) and 50.7% (colour) of the early retro-cue trials, on 43.2% (greyscale) and 41.2% 

(colour) of the late retro-cue trials, and on 27.9% (greyscale) and 26.2% (colour) of the post-

change cue trials. Statistically, performance exceeded chance levels in early retro-cue 

conditions for both greyscale (t(19) = 6.727, p < .001) and coloured objects (t(19) = 4.224, p 

< .001) . These same results apply to the late retro-cue conditions (greyscale: t(19) = 4.498, 

p < .001; coloured: t(19) = 4.594, p < .001). However, performance in post-change conditions 

did not exceed chance levels for both greyscale (t(19) = 1.256, p = .224) and coloured 

objects  (t(19) =.669, p = .511).  
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 To further explore the ratio of high-resolution versus low-resolution representations 

between VSTM stages, we compared trials where people detected and identified the change 

(Table 3.1, 3rd column) with trials where people detected the change only (Table 3.1, 4th 

column) or identified the change only (Table 3.1, 5th column). This ratio was 4.07:1 

(greyscale) and 6.02:1 (colour) in the early retro-cue condition, 1.47:1 (greyscale) and 1.96:1 

(colour) in the late retro-cue condition, and .54:1 (greyscale) and .63:1 (colour) in the post-

change cue condition. This suggests that almost all representations in iconic memory are 

high-resolution representations, that fragile VSTM contains slightly more high-resolution than 

low-resolution representations, yet visual working memory consists mostly of low-resolution 

representations 

 A final interesting observation is that on the majority (96%) of early retro-cue change 

trials, people were able to detect something of a change (combining 3rd – 5th column; Table 

3.1), somewhat less so on late retro-cue change trials (86%), and even less on post-change 

cue trials (55%) and this combined change performance is indifferent for whether stimuli 

were presented in colour or in greyscale (F(1,19) = 2.411, p = .137). This might suggest that 

the absolute capacity of iconic memory, fragile VSTM and visual working memory is identical 

for colour and greyscale stimuli, but that colour adds to the resolution of the representation.  

 

 No-change 

performance 
Change performance 

Detection & 

Identification 
Detection only Identification only 

 IC fVSTM VWM IC fVSTM VWM IC fVSTM VWM IC fVSTM VWM IC fVSTM VWM 

Grey 
84.6 

(1.6) 

79.7 

(1.9) 

88.0 

(1.7) 

88.8 

(1.9) 

73.6 

(2.5) 

36.9 

(2.7) 

76.5 

(2.5) 

50.6 

(2.8) 

19.2 

(1.6) 

12.3 

(1.4) 

23.0 

(1.4) 

17.7 

(2.1) 

6.5 

(1.0) 

11.4 

(1.3) 

17.6 

(1.6) 

Color 
86.9 

(1.3) 

82.2 

(2.2) 

88.8 

(2.5) 

92.3 

(1.1) 

78.9 

(2.0) 

40.0 

(3.1) 

82.5 

(2.1) 

58.0 

(3.0) 

21.6 

(1.6) 

9.8 

(1.5) 

20.9 

(2.3) 

18.4 

(2.5) 

3.9 

(0.6) 

8.7 

(0.9) 

15.7 

(1.4) 

 

Table  3.1 Performance on different VSTM conditions Subjects performed a change detection task 

that measures iconic memory (Fig. 3.1B; IC), fragile VSTM (Fig. 3.1C; fVSTM), and visual working 

memory (Fig. 3.1D; VWM) in a single experiment. In addition, after each change trial an identification 

display was shown that required subjects to identify the pre-change item. Here, we present the 

proportion correct on no-change trials (No-change performance) and the proportion correct on change 

trials (Change performance). In addition, we present the proportion of change trials where subjects 

correctly detected the change and identified the pre-change item (Detection & Identification), correctly 

detected the change without correct identification (Detection only), and correctly identified the change 

without change detection (Identification only). Reported values are averages (+ SEM) for greyscale 

and color images apart. 
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Discussion 
The standard model of visual short-term memory (VSTM) distinguishes between iconic 

memory, a brief and high-capacity store, and visual working memory, a sustained store with 

limited capacity. Recently, we found evidence for an intermediate store in between iconic 

memory and working memory, both in terms of capacity and in terms of lifetime (Sligte, et al., 

2008). Based on the fragile nature of this intermediate store, we have termed it fragile VSTM. 

While it is evident that there are large capacity differences between all VSTM stores, it 

remains unclear how detailed representations are stored in each form of VSTM.  

In the present paper, we measured capacity and visual detail (or resolution) of iconic 

memory, fragile VSTM and visual working memory. There were large capacity differences 

between iconic memory (6 items), fragile VSTM (4.6 items), and visual working memory (2.2 

items), and the capacity of all VSTM stages was higher for coloured objects than for 

greyscale objects. While the observed capacity estimates seem to be relatively low 

compared to previous studies, we used complex stimuli in the present study that usually yield 

lower capacity estimates than simple objects (Alvarez & Cavanagh, 2004; Sligte, et al., 

2008).   

In addition, we found that the majority of iconic memory representations were visually 

detailed or high-resolution representations (i.e. supporting change detection and pre-change 

identification). Also, fragile VSTM representations were mostly high-resolution 

representations. However, visual working memory seemed to contain only one high-

resolution object representation in addition to one low-resolution representation. Thus, 

representations are numerous and rich in detail before visual interference (constituting 

sensory memory), but after visual interference capacity and resolution of VSTM is limited 

(constituting visual working memory). 

 

What is the exact nature of a ‘high-resolution’ representation? 

We used operational definitions of high- and low-resolution representations: a representation 

that supports both change detection and identification is ‘visually detailed’ or high-resolution, 

when it supports change detection or identification only, we consider it to be ‘abstract’ or low-

resolution. One might wonder, however, what this means in terms of the nature of that 

representation.  

 A key issue in ‘representation land’ is whether features exist in a freely ‘floating’ form 

or are bound into object representations (Treisman, 1996; Treisman & Gelade, 1980). The 

displays in Figure 3.1A, for example, consist of many features: there are the colours green, 

red, yellow, etc. Then there are forms that are primarily (i.e. in their low spatial frequency 
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content) vertical, horizontal or diagonal. As far as details of the objects go (i.e. the high 

spatial frequency domain) there are even more orientations, colours, etc. Some objects fall 

into categories that may be detected in parallel, such as animal - non-animal (Thorpe, Fize, & 

Marlot, 1996). In an unbound representation, all these features would be freely floating, 

meaning that they would not be bound to any specific location in the visual field, nor would 

they be explicitly linked to each other. In other words, it would not be known whether the 

butterfly is yellow or green, the pear is standing or lying, or whether the crocodile is 

somewhere up or below the fixation spot. It is the prerogative of higher level object 

representations to have the features ‘green’, ‘horizontal’, and ‘animal’ bound into a single 

‘object file’ to represent the small crocodile at 11:00 ‘o clock (Kahneman, Treisman, & Gibbs, 

1992). 

 What degree of such binding would be necessary to support both change detection 

and identification? That is difficult to determine in this study, as the objects that changed, as 

well as the objects that were used for identification were randomly selected from the set of 

objects available. They may have differed in any feature dimension, sometimes with large 

differences in one feature but not in another. In the example of Figure 3.1A, change detection 

may have been possible according to the change in colour (going from the red motorcycle to 

the green frog), but identification would not, as all four objects of the identification array are 

red. But in other cases, the reverse might have been the case, or other features may have 

played a role. The experiment is not explicit about which features play a role. 

 Whether high-resolution representations indeed have a higher degree of feature 

binding than low-resolution representations remains an open question, but we believe they 

do. As change detection and identification more often than not will depend on different 

feature dimensions, a higher degree of feature binding would be necessary to perform 

correctly on change detection and change identification. Moreover, previous research has 

shown that elementary feature binding is present in iconic memory (Landman, et al., 2003). 

Still, for a more definitive answer to this question, it might be sensible to combine the present 

experimental design with a conjunction change detection task (Luck & Vogel, 1997) that is 

able to assess the degree of feature binding.   

 

Explaining VSTM resolution from a neural perspective 

In this section, we present a neural model that might explain how low-resolution 

representations differ from high-resolution representations (see Fig. 3.4A). The basic idea of 

the model is that high-resolution representations are formed in primary and secondary visual 

cortex (V1-V3) during image perception. In lower levels in the visual hierarchy, the receptive 
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field size is relatively small (V1 0.5°; V2 1.5°; V3 2.8°; at 4° eccentricity) compared to higher 

visual areas (V4 4.3°; at 4° eccentricity) (Smith, Singh, Williams, & Greenlee, 2001). As a 

consequence, higher visual areas maintain less detailed representations (shown as blurred 

objects in Fig. 3.4) than lower visual areas. In addition, higher visual areas have lower 

storage capacity as the (larger) receptive fields of neurons “see” multiple objects at the same 

time, while they can only represent one object at a time. Neurons thus have to “choose” 

which object to represent and this happens by means of biased competition that in turn 

causes a modulation in the firing pattern to represent one or the other object (Kastner & 

Ungerleider, 2001). Thus, when going up in the visual system both capacity and resolution 

become more limited.   

On the basis of these neural attributes, we suggest that high-resolution 

representations depend on activity in visual areas low in hierarchy (V1-V3; see Fig. 3.4A in 

yellow), whereas low-resolution representations depend on visual areas higher up in 

hierarchy (V4/IT; see Fig. 3.4A in blue). In addition, we assume that VSTM maintenance is 

accomplished by reverberating activity within and between brain regions, or so-called 

recurrent processing (RP; Lamme, 2003). We propose that the major difference between 

VSTM stages is whether RP is confined to V1-V3 (iconic memory; in yellow), spreads to 

include V4 (fragile VSTM; in blue), or even includes key nodes in superior parietal lobe and 

prefrontal cortex (visual working memory; in red and green). The nodes in superior parietal 

lobe and prefrontal cortex are special, as they control feedback signals related to spatial and 

central attention, respectively (Corbetta & Shulman, 2002; Mcnab & Klingberg, 2008; Vogel, 

McCollough, & Machizawa, 2005; Xu & Chun, 2006). As a consequence of these feedback 

signals, activity in posterior parts of the brain is boosted and this protects representations 

against interference by new visual stimulation, such as the test display (Lepsien & Nobre, 

2007; Makovski, et al., 2008; Matsukura, et al., 2007). We suggest that when a 

representation receives top-down spatial attention only, top-down amplification is less strong 

than when the representation receives both top-down spatial and central attention. 

Our model predicts that just after stimulus offset (Fig. 3.4B left-most figure), many 

representations exist at a low level in the visual hierarchy and these representations support 

change detection and identification of the pre-change item (iconic memory). As time passes, 

progressively less items are represented at the lowest level in the visual hierarchy and thus 

the number of detailed representations supporting change detection and identification will 

diminish (fragile VSTM). Finally, when new visual stimulation (such as the test display) is 

shown all representations that have not received top-down amplification are overwritten 

(visual working memory). The model assumes that representations that have received top-
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down attention from prefrontal and superior parietal lobe are sufficiently protected against 

visual interference to survive at the V1-V3 level, but representations that have received 

feedback from the SPL alone are not protected at the V1-V3 level, but do persist at the V4/IT 

level. In this model, fragile VSTM and visual working memory are also measured in the iconic 

memory condition (Fig. 3.4B left-most figure), and visual working memory is also measured 

in the fragile VSTM condition (Fig. 3.4B middle figure).  

 

 
 
Figure 3.4 Explaining VSTM resolution from a neural perspective A During image perception, 

high-resolution representations are formed in primary, visual cortex (V1-V3; in yellow). In higher visual 

areas (V4/IT; in blue), the receptive field size of neurons becomes larger and as a consequence, the 

resolution of representations becomes more limited (shown as a blur). Spatial attention (in red), 

subserved by the superior parietal lobe (SPL) and the frontal eye fields (FEF), imposes even stricter 

capacity limits on the number of information that can be represented (shown as 4 location slots). 
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Finally, central attention (in green), speculatively subserved by the dorsolateral prefrontal cortex 

(DLPFC), can only be directed to one item at a time. A major assumption of the model is that all forms 

of visual short-term memory depend on recurrent processing. B Representations at the lowest level in 

the visual hierarchy are high-resolution or visually detailed representations that support change 

detection and identification, whereas representations at higher levels in the hierarchy are more 

abstract representations and support change detection or identification only. Just after stimulus offset, 

many representations exist at the V1-V3 level and these representations are available for report when 

an early retro-cue, measuring iconic memory, is shown. As time passes, activity at the V1-V3 level 

comes to a stop. As a consequence, less high-resolution representations are available for report when 

a late retro-cue, measuring fragile VSTM, is shown. Finally, after visual interference by the test 

display, all representations at the V1-V3 and the V4/IT level are overwritten. Only the representation 

that has received top-down spatial and central attention is completely protected against interference. 

In addition, representations that have received top-down spatial attention are protected at the V4/IT 

level. 

 

Limitations of the standard change detection task 

The change detection paradigm is a currently often-used method for measuring the capacity 

of visual working memory. With the use of this task, many authors have shown that people 

can retain a maximum of four items in visual working memory, although memory capacity 

tends to decrease with increases in stimulus complexity (Alvarez & Cavanagh, 2004; Sligte, 

et al., 2008). The current study suggests that we have to be cautious to express performance 

on a change detection task in terms of short-term memory representations, as only in half of 

the working memory trials, people were able to detect a change and identify the item that 

was presented before it changed into another item. This implies that change detection 

performance cannot be equated to the number of full representations that are maintained in 

short-term memory, but rather signals the number of representations that are sufficiently 

detailed to detect the current change.  
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4. Magnetic stimulation of the dorsolateral prefrontal cortex 

dissociates fragile visual short-term memory from visual 

working memory  
 

To guide our behavior in successful ways, we often need to rely on information that is no 

longer in view, but maintained in visual short-term memory (VSTM). While VSTM is usually 

broken down into iconic memory (brief and high-capacity store) and visual working memory 

(sustained, yet limited-capacity store), recent studies have suggested the existence of an 

additional and intermediate form of VSTM that depends on activity in extrastriate cortex. In 

previous work, we have shown that this fragile form of VSTM can be dissociated from iconic 

memory. In the present study, we dissociate fragile VSTM from visual working memory by 

showing that magnetic stimulation of the right dorsolateral prefrontal cortex (DLPFC) disrupts 

visual working memory, while leaving fragile VSTM intact. Thus, this study shows that we 

can dissociate three stages in VSTM that have clearly different characteristics and rely on 

different neural structures. In addition, we observed that people with high DLPFC activity had 

superior working memory capacity compared to people with low DLPFC activity, and only 

people with high DLPFC activity really showed a reduction in working memory capacity in 

response to magnetic stimulation. Thus, it might be possible to predict whether a particular 

subject will respond to magnetic stimulation based on his/her functional MRI activity. 

 

Accepted, pending minor revisions: Sligte, I. G., Wokke, M. E., Tesselaar, J. P., Scholte, H. 

S., & Lamme, V. A. F. Magnetic stimulation of the dorsolateral prefrontal cortex dissociates 

fragile visual short-term memory from visual working memory. Neuropsychologia  [impact 

factor = 4.2] 
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Introduction 

Our brain essentially acts as a filter that reduces the amount of information at each 

subsequent step in the neural hierarchy. This mechanism is especially evident when looking 

at different stages in visual short-term memory (VSTM). Initially, people build up a very high 

capacity representation in iconic memory that lasts about half a second (Sperling, 1960), and 

this iconic image seems to be related to retinal firing beyond stimulus duration (Sligte, et al., 

2008).  At a slightly higher level in the neural hierarchy, in visual area V4 (Sligte, et al., 

2009), a high-capacity representation (up to 15 objects) is maintained for up to four seconds 

after disappearance of a stimulus (Lepsien, et al., 2005; Sligte, et al., 2008). Whenever a 

new stimulus arrives, this high-capacity store is overwritten, but it is insensitive to 

meaningless flashes of light that do overwrite iconic memory traces (Sligte, et al., 2008). We 

will refer to this store as fragile VSTM. Finally, a maximum of four objects receives enough 

top-down amplification to be represented in parietal and frontal regions of the brain (Luck & 

Vogel, 1997; Pessoa, et al., 2002). This latter, capacity-limited store, operating at the top of 

the VSTM pyramid, is usually referred to as visual working memory.    

This gradual account of VSTM composed of three stages adds fragile VSTM to the 

standard model of VSTM. However, it is important to rule out the possibility that fragile VSTM 

is a form of iconic memory or visual working memory. So far, we have dissociated fragile 

VSTM from iconic memory as 1) features are bound to form coherent objects in fragile VSTM 

(Landman, et al., 2003), 2) its traces last a factor 10 longer than iconic memory traces 

(Lepsien, et al., 2005; Sligte, et al., 2008), and 3) it is only overwritten by the presentation of 

new objects at the same location, not by homogenous patterns or flashes of light (Landman 

et al, 2003; 2004; Sligte et al., 2008). Nevertheless, the question remains whether fragile 

VSTM is some kind of high-capacity, but weakly represented form of visual working memory.  

To answer this question, we aimed to show that maintenance of information in fragile 

VSTM does not depend on the neural substrate that is responsible for working memory 

maintenance. To be more specific, lesion studies (Goldman & Rosvold, 1970) and 

transcranial magnetic stimulation (TMS) studies (Koch, et al., 2005; Oliveri, et al., 2001; 

Turatto, Sandrini, & Miniussi, 2004) have shown that the right dorsolateral prefrontal cortex 

(DLPFC) is crucial for working memory maintenance. If fragile VSTM is a form of working 

memory, magnetic stimulation of the DLPFC during stimulus maintenance should reduce the 

capacity of both fragile VSTM and visual working memory.  

To anticipate, we found that magnetic stimulation of the right DLPFC during stimulus 

maintenance reduced working memory capacity, but not fragile VSTM capacity. This implies 

that fragile VSTM is not a form of visual working memory. Moreover, we observed that only a 
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subset of our subjects displayed a reduction in working memory performance caused by 

TMS. Exploratory analyses showed that the amount of BOLD MRI activity in the targeted 

area and the size of the region of interest together explained 74% of the effectiveness of 

TMS in reducing working memory capacity. Future studies might further clarify this link 

between BOLD MRI measures and the effectiveness of TMS.    

 

Methods 
Subjects 

13 right-handed adults (9 females) with normal or corrected-to-normal vision participated in 

this experiment for financial compensation. None of the subjects had a history of seizures, 

neurological diseases or other risk factors. All subjects gave their written informed consent to 

participate in the study, which was approved by the local ethics committee of the department 

of Psychology of the University of Amsterdam. One of the subjects could not tolerate 

transcranial magnetic stimulation (TMS) to the dorsolateral prefrontal cortex (DLPFC), so we 

decided to quit the session right at the beginning. In the end, 12 participants (8 females) 

finished the entire experiment and their data are reported in the paper. In total, each 

participant received 256 magnetic pulses at 110% of their resting motor threshold 

corresponding on average to 54 percent of the total machine output.In addition, eight of our 

subjects participated in a control experiment, in which repetitive TMS (rTMS) was delivered 

either at the left DLPFC or the right DLPFC in two different sessions. The order of stimulation 

(the left or the right DLPFC first) was counterbalanced across subjects. In total, participants 

received 1280 magnetic pulses in each rTMS session at 110 % of their resting motor 

threshold. In two cases, subjects experienced a mild headache after an rTMS session that 

was alleviated by aspirin. In addition, in one case a subject reported being dizzy for 10 

minutes after the rTMS session. Our subjects reported no other side effects.    

 

Task design TMS experiment 

We used a slightly modified version of the retro-cue/post-change cue change detection 

paradigm that was used in a previous experiment from our lab (Sligte, et al., 2008). In the 

present experiment, memory and test displays consisted of eight white (97.54 cd/m2) 

oriented rectangles on a black (1.09 cd/m2) background (see Fig. 4.1). Individual rectangles 

(2.22° × 0.55° in size) were presented at an eccentricity of 5° of visual angle and could be 

horizontal, vertical, 45° to the vertical or 135° to the vertical. Each orientation was presented 

at least once and at most three times. Throughout the entire experiment, a red fixation dot 

(0.66° × 0.66° in size) was present at the centre of the screen and it only turned green for 
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100 ms to indicate the start of a trial. Spatial cues consisted of 2-pixel thick lines that were at 

one end touching the fixation dot and at the other end close (3.6°) to the centre of a single 

rectangle.  

 

 

 

Figure 4.1 Subjects performed a visual short-term memory task, in which they had to detect changes 

that occurred between a memory and a test display. In addition, attention-directing cues were 

presented during the retention interval (Retro-cue trial) or thereafter during the test display (Post-

change cue trial). Typically, people can report up to 15 items (out of 32) on retro-cue trials, but no 

more than 4 items on post-change cue trials; this reflects the capacity of fragile visual short-term 

memory representations and the capacity of visual working memory, respectively. On 50% of the 

trials, single-pulse transcranial magnetic stimulation (TMS) was applied to the right dorsolateral 

prefrontal cortex (DLPFC), 600 ms after offset of the memory display.  

 

The trial design is shown in Figure 4.1. At the beginning of each trial, the fixation dot in the 

middle of the screen turned green for 100 ms. Then, a 250-ms memory display appeared 

and subjects were instructed to remember the orientation of each object in this display to 

their best ability. After offset of the memory display, a blank retention interval of 2000 ms was 

shown. Finally, a 2000-ms test display was shown in which the cued item was orthogonal 

compared to the memory display on 50 percent of the trials, and did not change on the other 

50 percent. On retro-cue trials, a spatial cue was presented during the retention interval 

(between 1250 and 1750 ms after offset of the memory display) and this cue retrospectively 

singled out the item to potentially change (so-called retro-cue; Griffin et al., 2003). On post-
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change cue trials, the spatial cue was shown on top of the test display (100 until 600 ms after 

onset of the test display). During the test display, subjects were required to respond by 

button press whether memory and test display were identical or whether the cued rectangle 

had changed. Furthermore, pseudo-randomly on 50% of the retro-cue trials and on 50% of 

the post-change cue trials, a transcranial magnetic stimulation (TMS) pulse was delivered at 

the right dorsolateral prefrontal cortex (DLPFC). This TMS pulse was presented during the 

retention interval, 600 ms after offset of the memory display, and had an intensity of 110% of 

the resting motor threshold. We chose to present the TMS pulse 600 ms after offset of the 

memory display because at that latency it caused a large reduction in working memory 

performance in a previous TMS study (Oliveri, et al., 2001). All trials were randomly 

intermixed within blocks of 128 trials. In total, subjects performed four blocks of 128 trials. 

 In addition, we performed a repetitive TMS control experiment. The trial design of this 

control experiment was almost identical to the above-described design, but altered in two 

ways: 1) the retention interval in the post-change cue condition was shortened to 1150 ms to 

keep encoding time identical for both conditions (time until retro-cue and post-change cue is 

now 1250 ms on both trials), and 2) we applied 5 TMS pulses at 200, 300, 400, 500, and 600 

ms (5 pulses at 10 Hz) after memory display offset to rule out that performance on both retro-

cue and post-change cue conditions depends on the DLPFC, albeit at different latencies.  

 

TMS specifications and stimulus presentation 

Transcranial magnetic stimulation (TMS) was delivered with the use of a 3.5T MagStim 

Rapid2 Stimulator (Magstim Co., UK) and a figure-of-eight shaped coil (70-mm outer 

diameter). Before the experiment commenced, we determined the resting motor threshold of 

each individual. We followed the guidelines of the International Federation of Clinical 

Neurophysiology (Rossini, et al., 1994) to determine the minimum intensity that induced a 

visible movement to the contralateral first interosseus dorsalis muscle (read: a hand muscle).  

Subsequently, we aimed the TMS coil at the right dorsolateral prefrontal cortex 

(DLPFC). The location of this area was determined, for each subject, with the use of BOLD-

MRI (see below, and see Table 4.1 for details on the DLPFC for each subject). We aimed 

the TMS coil at the highest voxel value in the anterior part of the middle frontal gyrus with the 

use of the Visor system and dedicated ANT software (ANT – Visor system; ant-neuro.com). 

In our rTMS control study, we also aimed the TMS coil at the left DLPFC. The exact location 

of the left DLPFC mirrored the stereotactic location of the right DLPFC. The applied TMS 

intensity was 110% of the resting motor threshold, which corresponds on average to 54 

percent of the total stimulator output. 
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Talairach 
Subject 

X Y Z 

Magnitude of TMS 

effect  
Size 

Max 

activity 

Mean 

activity 
Depth 

TMS 

intensity 

1 38 33 32 13 992 7.69 4.1 10 55 

2 42 26 26 10 556 7.69 3.71 11 55 

3 39 35 23 -1 161 3.44 2.97 23 48 

4 30 47 34 -1 621 4.75 3.27 15 53 

5 33 44 29 3 6237 6.67 3.61 16 46 

6 39 35 28 13 3898 8.62 4.23 11 57 

7 37 45 28 -1 2394 5.81 3.66 12 61 

8 36 30 31 4 138 3.93 3.2 20 55 

9 39 26 34 1 2710 6.79 3.62 18 51 

10 46 29 37 -3 4058 5.88 3.47 18 57 

11 39 33 32 2 8553 8.69 4.1 13 58 

12 36 38 25 9 1212 6.49 3.8 18 55 

Pearson correlation with magnitude of TMS 

effect 
-.13 .60* .67* -.57* .13 

 
Table 4.1 Details on the right dorsolateral prefrontal cortex (DLPFC) of individual subjects 

Talairach: The stereotactic location of the DLPFC is reported as the maximum activation in the 

anterior part of the middle frontal gyrus in standard BrainVoyager Talairach coordinates. Magnitude of 

TMS effect: the reduction in performance on the post-change cue condition caused by TMS, in %. 

Size: number of significantly activated and contiguous voxels, FDR-corrected for multiple 

comparisons. Max activity: highest activated voxel in the DLPFC (t-value based on contrast WM vs. 

Fixation-control). Mean activity: mean activation across voxels in the DLPFC, FDR-corrected for 

multiple comparisons (t-value based on contrast WM vs. Fixation-control). Depth: distance from the 

scalp to the nearest significantly activated voxel in the right DLPFC (FDR-corrected for multiple 

comparisons), going perpendicular from the scalp to the maximum activation in the right DLPFC. TMS 

intensity: 110% of the resting motor threshold reported as % output of the TMS apparatus.  

 

Defining the DLPFC as region of interest 

We used neuronavigation to aim the magnetic coil at the anterior part of the right dorsolateral 

prefrontal cortex (DLPFC). To derive the location of this region of interest (ROI), each subject 
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performed a visual working memory task in the MR scanner that was similar to the task used 

by Pessoa and colleagues (Pessoa, et al., 2002); only the retention interval was two seconds 

instead of six seconds (see Fig. 4.2 for examples of the task).  

 

 
Figure 4.2 To derive the location of the right 

dorsolateral prefrontal cortex (DLPFC), each 

subject performed two blocks of a visual 

working memory task in the MR scanner 

(task adopted from Pessoa and colleagues, 

2002; see Methods for details). By 

contrasting working memory trials with 

fixation control trials in which subjects do not 

have to maintain any information in working 

memory, we derived a widespread network of 

brain regions related to working memory 

maintenance. We used the single-subject 

activation map to navigate the TMS coil to the 

cluster showing the maximum activation in 

the anterior part of the right middle frontal 

gyrus. Note that activity in this figure is the 

mean activity over subjects (N = 12), 

Bonferroni-corrected for multiple 

comparisons. For details on the region of 

interest for each subject apart, see Table 4.1. 

 

 

Details of the task are as follows: each trial started with the onset of a white fixation dot (46.4 

cd/m2; 0.48° of visual angle) that was present for 1000 ms at the centre of a black display 

(0.2 cd/m2). Next, a 500-ms memory grey display (23.2 cd/m2) was shown that contained 

eight oriented rectangles (46.4 cd/m2; 0.39° by 1.56° of visual angle each) that were either 

horizontal, vertical, rotated 45° to the vertical or rotated 135° to the vertical. Subjects were 

instructed to remember the orientation of these rectangles to their best ability. After offset of 

the memory display, a 2000-ms blank display (0.2 cd/m2) was shown that acted as a 

retention interval. Next, a 2000-ms grey test display (23.2 cd/m2) was shown that was 

identical to the memory display in 50 percent of the trials (no change trials), and in the other 

50 percent of the trials (change trials) one of the rectangles had an orthogonal orientation 
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compared to the memory display. Finally, the letter M was shown for 2,000 ms in the middle 

of a grey screen (23.2 cd/m2) indicating that subjects should decide whether the trial was a 

match trial (no change) or a non-match trial (change). Subjects responded by means of a 

button press. On 20 percent of the trials, no rectangles were presented in both memory and 

test display (so-called fixation control trials), but still the screen turned grey for 500 and 2,000 

ms respectively. Subjects were instructed to maintain fixation on these fixation control trials 

and to press either one of the buttons when the “M” appeared on screen. A random inter-trial 

interval of 2000-6000 ms was used (steps of 1000 ms). Subjects performed two separate 

runs of this experiment in the MR scanner. Each run consisted of 40 working memory trials 

and 10 fixation control trials and started and ended with a 16 seconds lasting baseline in 

which no stimulation was delivered. 

Scanner pulses triggered the start of each functional run. Stimuli were presented with 

Presentation (NeuroBehavioral Systems) and they were front-projected from a liquid crystal 

display (LCD) projector on to a screen at the feet of the supine subject.  The supine subject 

viewed the screen through a mirror just above the eyes. We immobilized the subject’s head 

with foam pads (to reduce motion artifacts) and earplugs were used to moderate scanner 

noise. Total scanning time was approximately 30 minutes.  

Magnetic resonance imaging (MRI) data were acquired from a Philips 3T scanner. 

For each individual, we first acquired an anatomical high-resolution image with conventional 

parameters [T1 turbo field echo; 182 coronal slices; flip angle (FA) of 8°; echo time (TE) of 

4.6 ms; repetition time (TR) of 9.6 s; slice thickness of 1.2 mm; field of view (FOV), 250 × 250 

mm; in-plane voxel resolution, 0.98 × 0.98 mm]. For our working memory experiment, blood-

oxygenation level dependent (BOLD) MRI was measured using these parameter [T2*-

weighted; 35 transversal slices; FA, 80°; TE, 30 ms; TR, 2.5 s; slice thickness, 3 mm; slice 

gap, 0.3 mm; FOV, 220 × 220 mm; 96 × 96 matrix; in-plane voxel resolution, 2.3 × 2.3 mm].  

Image analysis was performed with the use of Brainvoyager QX (Brain Innovation, 

Inc.). Data preprocessing included image realignment, 3D motion correction, correction for 

slice scans acquisition order, temporal high-pass filtering (0.01 Hz) and linear detrending, 

and spatial smoothing with a kernel of 4 mm (FWHM). We then created statistical 

parameteric maps with the use of a multiple regression analysis convolved with a canonical 

hemodynamic function. By contrasting working memory trials with fixation-control trials (no 

items to remember), we derived a network of brain areas comprising bilateral LOC, bilateral 

posterior parietal cortex, bilateral frontal eye fields, and the right DLPFC (see Fig. 4.2, 

Bonferroni-corrected mean activation across subjects plotted). The right DLPFC was defined 

as the highest activated voxel in the anterior part of the middle frontal gyrus.  
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Details on the right DLPFC 

All details on the right DLPFC can be found in Table 4.1, for each subject apart. In this 

section, we report how all details on the right DLPFC were calculated. Size of the right 

DLPFC was defined as the number of contiguous voxels that showed significant activation on 

the contrast working memory vs. fixation control, false discovery rate (FDR) corrected for 

multiple comparisons. Mean activity in the right DLPFC was defined as the mean activity (a 

t-value) across all contiguous voxels that showed significant activation on the contrast 

working memory vs. fixation control, FDR-corrected for multiple comparisons. Max activity in 

the right DLPFC was defined as the highest activated voxel (a t-value) on the contrast 

working memory vs. fixation control. Depth was defined as the distance from the scalp to the 

nearest significantly activated voxel in the right DLPFC (FDR-corrected for multiple 

comparisons), going perpendicular from the scalp to the maximum activation in the right 

DLPFC. TMS intensity is expressed as the percentage of total stimulator output and 

corresponds to 110 percent of the resting motor threshold of each individual. Finally, 

Talairach locations are reported in BrainVoyager format (x, y, and z separately). 

  

Procedure TMS study 

In the first session, we screened subjects on a history of seizures, neurological diseases and 

other factors that may pose a risk (Rossi, Hallett, Rossini, & Pascual-Leone, 2009). In 

addition, we tested their visual acuity. Thereafter, we trained them for one block (~10 min) on 

the fMRI task (see previous section). In the second session, we acquired a high-resolution 

anatomical image of each individual (~10 min). In addition, subjects performed two runs of 

the fMRI task (~20 min).  In a two-week period following the MRI session, subjects were 

trained on the TMS experiment until they reached a performance of 75% (see Task design 

TMS experiment for task specifications). Most subjects (N = 9) were trained once for two 

hours, although three participants were trained twice for two hours to reach this performance 

criterion. Typically, subjects perform very well on retro-cue/post-change cue change 

detection experiments provided that they have trained the task for at least an hour. Finally, 

subjects performed the TMS experiment, while TMS was applied pseudo-randomly on 50% 

of the retro-cue and on 50% of the post-change cue trials. Subjects performed four blocks of 

128 trials (32 retro-cue trials without TMS, 32 post-change cue trials without TMS, 32 retro-

cue trials with TMS, 32 post-change cue trials with TMS). All trials were randomly intermixed 

within blocks. After the experiment, subjects were compensated financially for their 

participation. 
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Procedure control study with rTMS  

We invited all subjects who took part in the initial single-pulse TMS study to participate in the 

follow-up repetitive TMS control study, but only eight subjects were available for participation. 

In the first rTMS session, subjects were to perform one practice block without TMS (128 

trials) to freshen up their memory about the task. Then, they performed four blocks of 128 

trials (32 retro-cue trials without rTMS, 32 post-change cue trials without rTMS, 32 retro-cue 

trials with rTMS, 32 post-change cue trials with rTMS), while rTMS was applied either at the 

left DLPFC or the right DLPFC. The order of stimulating left or right DLPFC was 

counterbalanced between subjects. All trials were randomly intermixed within blocks. After 

the experiment, subjects were compensated financially for their participation. 

 

Data analysis  

We first converted the performance of individual subjects into an estimate of representational 

capacity, using Cowan’s K formula (Cowan, 2001). This formula is K = (% hits on change 

trials - chance + % correct rejections on no-change trials - chance)  * set size. A powerful 

aspect of this formula is that it corrects for guessing trials, but in essence it is a linear 

transformation of percentage correct. The basic statistical analyses were performed with 

repeated measures ANOVAs and paired t-tests. All tests reported in the paper are one-tailed. 

 In addition, we performed exploratory analyses to investigate why some subjects 

show a big reduction in working memory performance in reaction to TMS, while other subject 

do not show any effect at all (from now on called the “magnitude of the TMS effect”). As part 

of these analyses, we correlated mean activity in the right DLPFC and minimal depth to the 

right DLPFC with the magnitude of the TMS effect, using Pearson’s R. We also performed 

split-half analyses, where we divided the subjects in two groups of N = 6 with the highest 

mean activity in the DLPFC and the lowest mean activity in the DLPFC. Comparisons 

between groups were tested with one-tailed unpaired t-tests assuming unequal variance 

between groups. Comparisons within groups were tested with one-tailed paired t-tests. We 

also divided the subjects into two groups of N = 6 with DLPFC activation closest to the scalp 

and furthest away from the scalp. Tests for comparisons were similar as described above. 

 Both mean DLPFC activity and DLPFC depth were significantly correlated with the 

magnitude of the TMS effect on visual working memory, but DLPFC activity and DLPFC 

depth were also correlated with each other. Thus, it might be that only one functional 

measure is related to the between-subjects variations in TMS effects. To investigate this, we 

computed partial correlations between DLPFC activity and the magnitude of the TMS effect 
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controlled for DLPFC depth, and between DLPFC depth and the magnitude of the TMS effect 

controlled for DLPFC activity. These analyses showed that the correlation between DLPFC 

depth and the magnitude of the TMS effect was in fact mediated by DLPFC activity. We 

found confirmation of the partial correlation results in the results of a step-wise linear 

regression, where we entered the magnitude of the TMS effect on working memory as 

dependent variable and all details on the DLPFC as independent variables (size, mean 

activity, max activity, depth, TMS intensity, and Talairach locations x, y, and z separately). 

Again, this regression showed that DLPFC activity was the major factor in explaining the 

reduction in working memory performance by TMS, whereas DLPFC depth had little 

influence. 

 In a final analysis, we explored whether DLPFC depth could explain the magnitude of 

the TMS effect for people with high DLPFC activity. We sorted our subjects either according 

to mean activity or maximum activity in the DLPFC, and we calculated step-wise linear 

regressions (similar as explained above) for the subjects with highest activity (N=6) and 

lowest activity (N=6). Only, a sorting on maximum activity did reveal a significant effect of 

depth for the subjects with highest activity, whereas a sorting on mean activity did not. 

 

Results 
Dissociating fragile VSTM from visual working memory 

The aim of the present study was to investigate whether fragile visual short-term memory 

(VSTM), a seconds-lasting and high-capacity form of VSTM, is a weak version of visual 

working memory, or a separate form of visual short-term memory. As visual working memory 

maintenance crucially depends on activity in the right dorsolateral prefrontal cortex (DLPFC) 

(Funahashi, et al., 1989; Fuster & Alexander, 1971; Goldman & Rosvold, 1970; Koch, et al., 

2005; E. K. Miller, et al., 1996; Oliveri, et al., 2001; Turatto, et al., 2004), one would expect to 

see that transcranial magnetic stimulation (TMS) to this region will affect the capacity of 

fragile VSTM when it is a form of working memory, but not when it is a separate form of 

VSTM.  

 To test this hypothesis, we delivered TMS to the right DLPFC, while human 

volunteers performed a change detection task that measures fragile VSTM and visual 

working memory in a single experiment. The crucial aspect of this task is the delivery of a 

spatial cue that directs attention to a single item held in short-term memory. This cue is either 

presented during short-term memory maintenance (Fig. 4.1; retro-cue trial) or thereafter 

during the test display (Fig. 4.1; post-change cue trial). In effect, people can report almost all 

items on retro-cue trials reflecting the high capacity of fragile VSTM (Sligte, et al., 2008), but 
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no more than 4 items on post-change cue trials reflecting the limited capacity of visual 

working memory (Luck & Vogel, 1997). As retro-cues are presented more than one second 

after stimulus disappearance, the high capacity does not reflect iconic memory. In addition, 

features are bound in fragile VSTM (Landman, et al., 2003), which clearly sets it apart from 

iconic memory. 

We used functional MRI data of a working memory task to navigate the TMS coil to 

the right DLPFC (see Fig. 4.2). The task and the analyses were almost identical to the 

already classic working memory study of Pessoa and colleagues (Pessoa, et al., 2002) (see 

Methods for details). For each participant, we defined the right DLPFC as the highest voxel 

value in the anterior part of the middle frontal gyrus. All details on the DLPFC are reported in 

the Table 4.1.  

We observed that single-pulse magnetic stimulation of the right DLPFC reduced 

performance on post-change cue trials measuring visual working memory (t(11) = 2.52, p = 

.015), but not performance on retro-cue trials measuring fragile VSTM (Fig. 4.3A; two-way 

interaction, F(1,11) = 3.63, p = .042). This suggests that fragile VSTM is not a form of visual 

working memory, but a separate form of VSTM that operates in between iconic memory and 

visual working memory. However, there are several alternative explanations that have to be 

ruled out before we can firmly draw this conclusion, namely; 1) fragile VSTM and visual 

working memory may both depend on activity in the DLPFC, but at different latencies after 

stimulus offset, 2) differences in encoding time between conditions (1250ms up to the cue in 

retro-cue condition; 2100 ms up to the cue in post-change cue condition) may cause 

differences in susceptibility to magnetic stimulation, and 3) difficult tasks may suffer more 

from distractions than easy tasks. As TMS produces large distractions, such as a loud click 

and muscle contractions, the selective decrement on the difficult, working memory task might 

be attributed to these nonspecific TMS effects. To rule out these alternative explanations, we 

performed a control experiment, where we applied repetitive TMS to the right DLPFC 

(addressing point 1), while people performed a retro-cue/post-change cue task that was 

matched in encoding time (addressing point 2). In addition, we applied rTMS to a control site 

in the left DLPFC that mirrored the location of the right DLPFC. We observed no activity 

related to visual working memory maintenance in the left DLPFC, but stimulation of this 

control site should evoke similar nonspecific TMS effects as right DLPFC stimulation. Thus, if 

stimulation of the left DLPFC evokes the same pattern of results as right DLPFC stimulation, 

our results can be attributed to nonspecific effects of TMS, but if stimulation of the left 

DLPFC has no effect on either condition, our prior results must be real (addressing point 3).    
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Figure 4.3 Transcranial magnetic stimulation (TMS) of the right dorsolateral prefrontal cortex (DLPFC) 

caused a significant reduction in visual working memory capacity (in red), but had no effect on the 

capacity of fragile visual short-term memory (in blue). This was evident A when single-pulse TMS was 

delivered during retention, and B when repetitive TMS (rTMS) was delivered during retention, but 

rTMS of a mirrored location in the left DLPFC did not result in a performance decrement on either 

visual working memory or fragile VSTM. Altogether, this suggests that fragile VSTM, a long-lasting 

and high-capacity form of short-term memory, is not a form of visual working memory, but a separate 

form of VSTM in between iconic memory and visual working memory. Performance is depicted as 

mean Cowan’s K ± SEM; K is a common capacity measure that corrects for guessing. *p < .05, **p < 

.01, 2-way & 3-way: interaction tests. 

 

Repetitive TMS of the right DLPFC produced a decrease in visual working memory capacity 

(t(7) = 3.93, p = .003), but no decrement in fragile VSTM capacity, just like the previous 

single-pulse TMS experiment (Fig. 4.3B; two-way interaction F(1,7) = 6.05, p = .022). The 

effect size was slightly bigger for repetitive TMS than for single-pulse TMS (partial η2 = .464 

vs. partial η2 = .248 for the two-way interactions). Thus, we can rule out that fragile VSTM 

and visual working memory both depend on activity in the right DLPFC, albeit at different 

latencies, and that differences in encoding time between conditions result in different TMS 

effects between conditions. But most importantly, the selective decrease in working memory 
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performance when stimulating the right DLPFC was completely absent when the left DLPFC 

was stimulated (Fig. 4.3B; three-way interaction F(1,7) = 4.00, p = .043). Thus, we can rule 

out that the selective decrease in working memory performance is due to nonspecific effects 

of TMS (loud click, muscle contractions) that potentially have a larger disruptive effect on the 

difficult, working memory task than on the easier, fragile VSTM task. Note that Turatto and 

colleagues (Turatto, et al., 2004) already showed that rTMS only causes a decrease in 

change detection performance when aimed at the right DLPFC, but not when aimed at the 

left DLPFC or a control site. Our post-change cue condition is similar to the change detection 

task used by Turatto and colleagues, except for the cue that singles out the object to 

compare between displays. However, such a post-change cue does not alter performance on 

change detection tasks compared to when no cue shown (Vogel, et al., 2001). We observed 

no facilitation effects of rTMS, only a reduction in working memory capacity when the right 

DLPFC was stimulated. 

Finally, it might be that fragile VSTM is sensitive to magnetic disruption of the right 

DLPFC, but that a ceiling effect in the data masks the TMS effect. To explore this, we plotted 

the distributions in performance (Fig. 4.4) for fragile VSTM without TMS (blue), fragile VSTM 

with TMS (light blue), working memory without TMS (red) and working memory with TMS 

(light red). The width of each distribution reflects the number of observations of a particular 

capacity and there are 80 data points in each distribution (single-pulse 12 subjects x 4 

blocks; right-sided repetitive TMS 8 subjects x 4 blocks). It is evident that there is a minor 

ceiling effect in the fragile VSTM condition that is not evident in the working memory 

condition. Nevertheless, TMS causes a downward shift in the total distribution for the visual 

working memory condition, while this downward shift is not evident in the fragile VSTM 

condition. To express this more formally, the medians in total distribution were 6.5 for fragile 

VSTM without TMS, 6.5 for fragile VSTM with TMS, 4 for visual working memory without 

TMS and 3 for visual working memory with TMS.  

When we split each distribution in quartiles and calculate the median for each 

quartile, the shift in distribution is even more evident. For the working memory condition, we 

observed that TMS caused a downward shift across the entire distribution (baseline vs. TMS 

in quartiles; 1st: 2-1.5; 2nd: 3-2.5; 3rd: 4.25-3.5; 4th: 5.5-5), whereas the shift in distribution 

seemed to be absent for fragile VSTM (baseline vs. TMS in quartiles; 1st: 4.5-4; 2nd: 6-6; 3rd: 

7-7; 4th: 7.5-7.5). Even when there is a ceiling effect in the fragile VSTM condition, TMS 

should cause a change in distribution when fragile VSTM depends on the right DLPFC. 

However, this change in distribution is absent for fragile VSTM, while it is evident for visual 
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working memory. Therefore, we believe it is justified to conclude that fragile VSTM is a 

separate form of VSTM that operates in between iconic memory and visual working memory. 

 

Figure 4.4 Distributions in performance for 

fragile VSTM without TMS (blue), fragile 

VSTM with TMS (light blue), working memory 

without TMS (red) and working memory with 

TMS (light red). The width of each 

distribution reflects the number of 

observations of a particular capacity. Only 

half of each distribution is shown as the other 

half is its mirror image. It is evident that there 

is a minor ceiling effect in the fragile VSTM 

condition that is not evident in the working 

memory condition. Nevertheless, TMS 

causes a downward shift in the total 

distribution for the visual working memory 

condition, while this downward shift is not 

evident in the fragile VSTM condition (if 

anything, the opposite). Performance is 

depicted as mean Cowan’s K.  

 

Between-subjects variation in TMS effects explained by fMRI measures 

One of the problematic aspects of TMS is that only a subset of the subjects really shows a 

decrement in performance when a particular brain site is stimulated. In our study for 

instance, we observed that about half of our subjects displayed a significant reduction in 

working memory capacity when their right DLPFC was stimulated, whereas the other 

subjects showed no effect at all. But why do some subjects show a big reduction in working 

memory performance in reaction to TMS, while other subject do not show any effect at all 

(“magnitude of the TMS effect”)? We might be able to explain the magnitude of the TMS 

effect by looking at characteristics of the stimulated region of interest, such as the size of the 

DLPFC, max activity in the DLPFC, mean activity in the DLPFC, depth of the DLPFC, TMS 

intensity, and the exact location of the region of interest (in Talairach coordinates). For a 

description of all details on the region of interest, see Methods and the legend of Table 4.1. 

 In our initial analyses, we correlated the magnitude of the TMS effect with all DLPFC 

details described above and we found that both mean DLPFC activity in the right DLPFC (r = 

.67, p = .016) and the minimal distance from the scalp to this region of interest (r = -.58, p = 
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.048) were highly correlated with the working memory performance decrement caused by 

single-pulse TMS. This suggests that functional MRI activity can in part explain why TMS is 

effective in some subjects, and not in other subjects.  
 

 
 

Figure 4.5 Some people showed a large decrease in working memory capacity when TMS was 

applied to the right DLPFC, whereas others showed no decrease at all. Correlation analyses 

suggested that both the amount of DLPFC activity and the depth of the DLPFC from the scalp could 

explain the magnitude of the TMS effect on working memory capacity. A We divided our subjects into 

two groups of N = 6, those with the lowest and those with the highest DLPFC activity. People with high 

DLPFC activity had a significantly higher working memory capacity than people with low DLPFC 

activity. Moreover, only people with high DLPFC activity showed a reduction in working memory 

performance when TMS was applied. Performance is depicted as mean Cowan’s K ± SEM. B We 

divided our subjects into two groups of N = 6, those with shallow and those with deep DLPFC activity. 

It seemed that only people with shallow DLPFC activity really showed a decrease in working memory 

performance when TMS was applied. Performance is depicted as mean Cowan’s K ± SEM. 
 

To further illustrate the relation between the amount of activity in the DLPFC and the 

magnitude of the TMS effect, we divided the subjects into two groups of N = 6 with the 

highest DLPFC activity and the lowest DLPFC activity (Fig. 4.5A). The group with high 

DLPFC activity had a significantly higher working memory capacity than the group with low 

DLPFC activity (t(8.62) = 1.88, p = .047; DOFs corrected for violations of homogeneity); on 
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average, they maintained one additional object in working memory (3.2 vs 4.2 objects).  

Moreover, the group with high DLPFC activity did show a significant reduction in working 

memory performance when TMS was applied (t(5) = 3.31, p = .011), whereas the group with 

low DLPFC activity did not respond to TMS (t(5) =.48, p = .375). In another analysis, we 

divided the subjects into two groups of N = 6 with shallow DLPFC and deep DLPFC activity 

(Fig. 4.5B). Now, we did not observe a difference in working memory capacity between 

groups anymore (t(9.59) = .723, p = .361; DOFs corrected for violations of homogeneity). 

Still, the group with shallow DLPFC activity did show a significant reduction in working 

memory performance when TMS was applied (t(5) = 2.27, p = .036), whereas the group with 

deep DLPFC activity did not (t(5) = 1.25, p = .134).  

While both DLPFC activity and depth are correlated with the magnitude of the TMS 

effect and while both seem to play different roles as suggested by our split-half analyses, 

DLPFC activity and depth are also highly correlated with each other (r = -.77, p = .003). 

Therefore, it might be that only one functional measure is related to the between-subjects 

variations in TMS effects. Here, we report partial correlations and a linear regression analysis 

to get to the bottom of this. Partial correlations between the magnitude of the TMS effect and 

DLPFC activity were marginally significant when controlled for DLPFC depth (partial r = .45, 

p = .08), while partial correlations between the magnitude of the TMS effect and DLPFC 

depth were far from significant when controlled for DLPFC activity (partial r = -.10, p = .386).  

Step-wise linear regression analyses showed that mean activity in the DLPFC could 

explain 45.3 percent of the variance in between-subjects TMS effects, and only the addition 

of the size of the DLPFC (in number of voxels) really made the model much better (R2 = 

.739). Again, the depth of the DLPFC did not play a role of significance in this linear 

regression analysis. Altogether, it seems that DLPFC activity is the major factor in explaining 

individual differences in susceptibility to TMS, and that correlations between depth of the 

region of interest and TMS effects are mediated by DLPFC activity.  

 

No relation between TMS effectiveness and DLPFC depth?  

It is somewhat strange that we do not observe a direct relation between DLPFC depth and 

the effectiveness of TMS as several studies have reported a link between scalp-cortex 

distance and the effectiveness of TMS before (Kozel, 2000; Knecht, 2005; Stokes, 2005, 

2007). One major difference between the present study and these previous studies is the 

location of magnetic stimulation (DLPFC versus motor cortex). The location of the motor 

cortex varies little between subjects and the function of this area is clear; when stimulating 

the motor cortex above a certain threshold, a clearly visible motor response is evoked and 
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this threshold can reliably be determined in each individual. However, working memory 

depends on complex interactions between multiple sites in the brain and it is still not well 

understood how each brain area contributes to working memory or how different working 

memory areas interact. Our study suggests that people with high DLPFC activity represent 

one additional object in working memory compared to people with low DLPFC activity. This 

additional object is zapped away by magnetic stimulation of the DLPFC. Therefore, it is likely 

that the amount of DLPFC activity indicates the extent to which people rely on this brain 

region for working memory maintenance. Depth would then only be able to explain effects in 

people with high DLPFC activity. 

 

 
Figure 4.6 The relation between DLPFC 

depth and the magnitude of the TMS effect 

could be almost entirely explained by DLPFC 

activity. However, when we sort subjects 

based on their maximum activity in the 

DLPFC, we observe that DLPFC depth does 

influence the magnitude of the TMS effect for 

people with high DLPFC activity (in red), 

while DLPFC depth has no influence on the 

magnitude of the TMS effect for people with 

low DLPFC activity (in black).  

 

 

To explore whether depth effects were only evident in people with high DLPFC activity, we 

sorted people according to mean activity in the DLPFC or according to max activity in the 

DLPFC as both activity measures significantly correlated with the magnitude of the TMS 

effect. We then selected the six subjects with the highest observed mean or max activity and 

we performed a step-wise linear regression with the magnitude of the TMS effect as 

dependent variable and all details on the DLPFC as independent variables (size, mean 

activity, max activity, depth, stimulator output in %, and Talairach locations). For the subjects 

with the highest mean activity, the regression analysis revealed only a good model fit for 

stimulator output (R2 = .663), but not for depth. For the subjects with the highest max activity, 

however, the regression analysis did reveal a good model fit for minimal distance to the 

DLPFC (R2 = .714) and we show these results in Figure 4.6. Power issues are probably the 

reason why we only observe this depth relation when sorting on max activity compared to a 
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sorting on mean activity; if a single subject is swapped in an analysis with so little 

observations (N = 6), results may change dramatically. For now, we conclude that DLPFC 

depth seems to explain between-subjects variations in TMS effects, but only if the underlying 

brain area is active enough. 

 

Discussion 
Contrary to dichotomous models of visual short-term memory (VSTM) that distinguish 

between iconic memory (high-capacity and brief feature buffer) and visual working memory 

(limited-capacity and sustained object buffer), recent studies have provided evidence for an 

additional and intermediate VSTM stage (Griffin & Nobre, 2003; Landman, et al., 2003; R. 

Landman, et al., 2004; Makovski & Jiang, 2007; Makovski, et al., 2008; Matsukura, et al., 

2007; Sligte, et al., 2008). Specifically, it seems that people retain a high-capacity 

representation of the outside world in extrastriate, visual cortex over the first couple of 

seconds after stimulus disappearance (Sligte, et al., 2009). This intermediate store is highly 

vulnerable to interference by subsequent visual stimulation (Matsukura, et al., 2007; Sligte, et 

al., 2008), yet features in this form of VSTM are bound to form coherent objects (Landman, 

et al., 2003), thereby setting it apart from iconic memory. 

 However, it is possible that this fragile form of VSTM actually is an expression of 

visual working memory, relying on the same neural substrate (prefrontal/parietal cortex) and 

the same psychological functions (attention and control), yet in a format that is too weak to 

enable report under normal circumstances. If fragile VSTM and working memory are indeed 

one and the same process instead of dissociable stages in VSTM, magnetic stimulation of 

the neural substrate supporting working memory (the present study) and manipulations of 

attention (Vandenbroucke, Sligte, and Lamme, this issue) should reduce the capacity of 

fragile VSTM and visual working to a similar extent.    

Our results clearly suggest the opposite; in accordance with previous TMS studies 

(Koch, et al., 2005; Oliveri, et al., 2001; Turatto, et al., 2004), we found that disturbance of 

the right DLPFC caused a reduction in performance on post-change cue trials measuring the 

capacity of visual working memory, but performance on retro-cue trials was not affected by 

magnetic stimulation. In addition, manipulations of attention during encoding of the stimulus 

caused a large reduction in working memory capacity, but only a slight reduction in fragile 

VSTM capacity (Vandenbroucke et al., submitted). These combined results set fragile VSTM 

apart from the neural substrate and psychological functions underlying visual working 

memory, thus providing a solid framework for a three-stage model of VSTM consisting of 

iconic memory, fragile VSTM and visual working memory.   
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The role of the DLPFC in visual working memory 

Maintenance of information in visual working memory depends on activity in a widespread 

network of brain regions (Courtney, et al., 1997; Curtis, 2006; Curtis & D'Esposito, 2003; 

Pessoa, et al., 2002); besides activity in the dorsolateral prefrontal cortex, visual working 

memory maintenance is also related to activity in the anterior cingulate cortex, the frontal eye 

fields, the premotor cortex, the intraparietal sulcus, the superior parietal lobe, and many high-

level visual areas in visual and temporal cortex. Note that this description matches the 

functional activity we found in relation to working memory maintenance (see Fig. 2).  

 Moreover, there are large individual differences in the capacity of visual working 

memory, ranging from two up to even five objects. Several groups have tried to relate these 

individual differences in working memory capacity to specific neural substrates. In the 

general approach of these studies, subjects perform a change detection task with varying set 

sizes (1, 2, 4, 8 objects to remember) while functional MRI or EEG is measured concurrently. 

Most notably, activity in the inferior intraparietal sulcus shows a pattern that mirrors 

behavioral performance when people have to memorize simple objects (Linden, et al., 2003; 

Todd & Marois, 2004). When more complex stimuli have to be memorized, behavior reaches 

plateau at much lower set sizes. Now, activity in lateral occipital complex and the superior 

intraparietal sulcus mirrors behavior (Xu & Chun, 2006), while activity in the inferior 

intraparietal sulcus is insensitive for stimulus complexity. This suggests that the superior 

intraparietal sulcus and lateral occipital complex keep track of the contents of visual working 

memory, while the inferior intraparietal lobe keeps track of a maximum of four spatial 

locations at the same time. 

 In the event-related potential (ERP) set-up (Magen, Emmanouil, McMains, Kastner, & 

Treisman, 2009; Vogel & Machizawa, 2004), subjects receive a cue before onset of the 

memory display that indicates to remember only the items that are on the left or right side of 

the memory display. This produces a lateralization signal that scales in amplitude depending 

on the amount of objects that are maintained in visual working memory. Again, when 

behavior reaches plateau, so does this lateralization component. The source of this 

lateralization component seems to be driven by combined activity in parietal cortex and 

lateral occipital complex. 

 In the present study, we observed that people with high DLPFC activity have superior 

working memory capacity compared to people with low DLPFC activity. Nevertheless, the 

difference in capacity is just one object. When we relate this finding to previous findings, this 

might suggest that the bulk of individual differences in working memory capacity are 

determined by structures in the parietal lobe (and lateral occipital complex). However, high-
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capacity individuals effectively recruit additional resources in the dorsolateral prefrontal 

cortex.  

 

A link between BOLD MRI and the effectiveness of TMS 

It is quite logical that functional brain regions that lie relatively deep beneath the scalp are 

harder to disrupt, as the magnetic field falls off with increases in distance, and this has been 

documented before (Kozel, 2000; Knecht, 2005; Stokes, 2005, 2007). To our knowledge, 

however, a link between the height of BOLD activity in a targeted region of interest and the 

effectiveness of TMS – as we find here - has not been shown before. A lower BOLD 

response might indicate that some people rely less on the DLPFC for working memory 

maintenance and there are clues in this study substantiating this idea. It is then a logical 

consequence that TMS does not have a large effect in these people. However, for a solid 

conclusion that the effectiveness of TMS can be predicted from functional MRI activity, this 

finding should be replicated in different brain areas with entirely different experimental 

designs.  
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5. V4 activity predicts the strength of visual short-term 

memory representations 
 

Recent studies have shown the existence of a form of visual memory that lies intermediate of 

iconic memory and visual short-term memory (VSTM), both in terms of capacity (up to 15 

items) and in terms of the duration of the memory trace (up to four seconds). As new visual 

objects readily overwrite this intermediate visual store, we believe that it reflects a weak form 

of VSTM with high capacity that exists alongside a strong, but capacity-limited form of VSTM. 

In the present study, we isolated brain activity related to weak and strong VSTM 

representations with the use of functional MRI. We found that activity in V4 predicted the 

strength of VSTM representations; activity was low when there was no VSTM, medium when 

there was a weak VSTM representation regardless whether this weak representation was 

available for report or not, and high when there was a strong VSTM representation. 

Altogether, this study suggests that the high capacity, yet weak VSTM store is represented in 

visual parts of the brain. Allegedly, only some of these VSTM traces are amplified by parietal 

and frontal regions and as a consequence reside in traditional or strong VSTM. The 

additional weak VSTM representations remain available for conscious access and report 

when attention is redirected to them, yet are overwritten as soon as new visual stimuli hit the 

eyes. 

 

Published as: Sligte, I.G., Scholte, H.S., & Lamme, V.A. (2009). V4 activity predicts the 

strength of visual short-term memory representations. Journal of Neuroscience, 29(23), 

7432-7438. [impact factor = 7.2; cited 5 times] 
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Introduction 
Traditional models of visual memory distinguish between iconic memory and visual short-

term memory (VSTM). Iconic memory is usually considered to be a high-capacity, but rapidly 

decaying form of visual memory, more or less like a brief (and degraded) internal snapshot of 

what is just seen (Sperling, 1960). VSTM, on the other hand, contains a maximum of four 

integrated visual objects (Luck & Vogel, 1997) and only these object representations can be 

maintained for longer durations. Nevertheless, recent change detection tasks using spatial 

cues at different moments during the trial (see Fig. 5.1A) show that this two-stage model of 

visual memory is too simplistic. 

Generally, in these cued change detection tasks a memory display containing 

multiple objects is shown, followed by a blank retention interval, after which a test display is 

shown. When a spatial cue is directed to the location of the change at test (post-cue trial) 

subjects perform poorly, reflecting the limited capacity of VSTM (Matsukura et al., 2007; 

Makovski et al., 2008; Sligte et al., 2008). However, when cues are presented during the 

blank interval (retro-cue trial), people can report many more objects, even up to 15 items 

(Griffin and Nobre, 2003; Landman et al., 2003; Sligte et al. 2008). 

This high capacity store seems to exist for at least four seconds after stimulus 

disappearance (Lepsien et al. 2005; Sligte et al. 2008), which is far longer than the duration 

of iconic memory. Based on these findings, we suggest that people represent many items in 

a weak form of VSTM and that only a few of these items receive enough attention to be 

stored in traditional or strong VSTM. Weak VSTM representations can be accessed when 

people direct attention to them during retention (as in retro-cue trials), but they are erased by 

subsequent stimulation, such as the test display, when they are not attended (as in post-cue 

trials). In this latter case, only representations in strong VSTM remain available for report. 

In the present study, we aimed to unravel the neural substrate of weak VSTM and 

how it differs from strong VSTM. With the use of a cued change detection task, we were able 

to determine on each trial whether the cued item was in weak VSTM, in strong VSTM or not 

represented in VSTM at all. We used an array of eight objects, as we needed an array that 

overflows the capacity of strong VSTM (i.e. is larger than four); else all items could be in 

strong VSTM. We then related the representational status of the cued item to BOLD activity 

at its retinotopic location. This effectively restricted our analysis to visual areas V1, V2, V3, 

and V4 in which we could delineate eight separate retinotopic locations corresponding to the 

eight objects of the memory array (see Fig. 5.2). To anticipate, we found that V4 activity was 

low when the cued item was not represented, medium when it was in weak VSTM and high 
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when it was in strong VSTM. These results suggest that V4 activity predicts the 

representational status of a VSTM representation. 

 

 

 

 

 

 
 

 

 

 

Figure 5.1 Trial design and task performance A Observers performed a 

VSTM task while cues were presented before the test display appeared 

(retro-cue trial) or during the test display (post-cue trial). Performance on 

post-cue trials reflects the capacity of strong VSTM, and the increase in 

performance on retro-cue trials reflects the capacity of weak VSTM. 

BOLD-fMRI was analyzed up to the delivery of the earliest cue (indicated 

as the red dotted rectangle). Up to that time point, trials are identical, but  

differences in subsequent cue delivery and the response of the subject 

reveals the perceptual status of the cued item during retention. B Task 

performance on both kinds of trials is depicted as Pashler’s H (Pashler, 

1988). Plotted data are the mean SE performance across subjects. 

 
Methods 
Subjects 

20 right-handed young adults (14 females) with normal or corrected-to-normal vision 

participated for financial compensation. The local ethics committee had approved the 

experiment. 

  

Stimuli 

Memory and test displays were made up of eight white (46.4 cd/m2) oriented rectangles on a 

black (0.2 cd/m2) background. Individual rectangles (1.56° by 0.39°) were presented at an 

eccentricity of 5° of visual angle and could either be horizontal, vertical, 45° to the vertical or 

135° to the vertical. Each orientation was present at least once in the display and at most 

three times (to prevent chunking). Throughout the entire experiment, a red fixation dot (1.56° 



A new definition of visual short-term memory 

 80 

by 0.39°; 4.78 cd/m2) was present in the centre of the screen, and it only turned green (21.95 

cd/m2) for 500 ms to indicate the start of a new trial. Spatial cues consisted of 3-pixel thick 

white lines (46.4 cd/m2; 2.5° by 0.05°) which were at one end close (0.5°) to the fixation point 

and at the other end close (2°) to the center of a single rectangle. 

 

Task design main experiment 

The trial design of the main experiment is shown in Fig. 5.1. At the start of each trial, the 

fixation dot in the middle of the screen turned green for 500 ms. Then a 500-ms memory 

display appeared. After off-set of the memory display, a blank retention interval of 4,000 ms 

was shown. Up to this time point in the trial, all stimulation is the same between conditions, 

which is critical for our fMRI analysis. In the retro-cue condition, we presented a spatial cue 

for 500 ms that indicated retrospectively which item was the one to potentially change (so-

called retro-cue) followed by a 500-ms blank display to allow the retro-cue to take effect. In 

the post-cue condition, we presented a 1,000-ms blank instead of a 500-ms cue and a 500-

ms blank display. Finally, the test display was shown for 2,000 ms (or until response) in 

which the cued item had rotated by 90° compared to the memory display in 50 percent of the 

trials. In the post-cue condition, a spatial cue was shown for 500 ms on top of the test 

display.  During the test display, subjects were required to indicate by button press whether 

the cued item had changed or not, and it was stressed not to press any button when 

uncertain to prevent guessing to confound activity on correct and incorrect trials, thereby 

occluding effects of interest. After offset of the test display, a blank display was shown for 

1,000-3,000 ms in steps of 1,000 ms to vary the delay between trials (not shown in Fig. 5.1). 

One difference between retro-cue and post-cue trials is that the effective retention interval up 

to the presentation of the cue is longer on post-cue trials (5s) than on retro-cue trials (4s). It 

is not likely that this explains the difference in performance in the post-cue condition 

compared to the retro-cue condition. In previous work (Landman et al., 2003; Sligte et al., 

2008), we used an effective retention interval that was identical for both conditions and still 

differences between retro- and post-cue conditions were large. Moreover, we found that 

post-cue performance was stable over various lengths of the retention interval, whereas 

retro-cue performance decreased with increases of the retention interval.  

Besides these retro-cue and post-cue trials, we also presented trials in which only a 

spatial cue was shown in the absence of other stimulation. The timing details of these trials 

are identical to those of the retro-cue trials. We presented these trials to estimate when the 

retro-cue start to affect the BOLD response (see Fig. 5.3 for data). 
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Task design cortical mapping experiment 

We performed a separate cortical mapping experiment in which we rotated rectangles at all 

eight possible memory locations of the main experiment (see Fig. 5.2E for an example). Two 

rectangles were rotated at the same time at locations that were maximally separated; 

rectangles at locations 1 and 5, locations 2 and 6, locations 3 and 7 and locations 4 and 8. 

Rotation speed was 90° per second. We rotated rectangles for 16 seconds followed by 8 

seconds of no stimulation. In effect, each location was rotated four times for 16 seconds. 

During the entire mapping experiment, subjects performed a task in which they had to detect 

small changes in the orientation of a cross within the fixation dot, which requires accurate 

fixation and attention. Once every 2 seconds, this fixation cross rotated and subjects 

detected on average 96% (SD = 3%) of these changes. 

In a separate session prior to the experiment, we presented each of the subjects with 

stimuli to map the polar angle and eccentricity of their visual BOLD responses to determine 

the locations of areas V1, V2, V3, and V4 (for details see Scholte, Witteveen, Spekreijse, & 

Lamme, 2006). 

 

Procedure 

Each fMRI run consisted of 16 retro-cue trials (change/no change x 8 locations), 16 post-cue 

trials (change/no change x 8 locations), and 8 cue trials (8 locations). The trial order was 

completely randomized within runs and each subject completed four runs (in addition, one 

run was performed outside of the scanner to practice the experiment). Each run started and 

ended with a 16-second lasting baseline in which nothing was shown.  

 At the end of these four runs, we presented the cortical mapping experiment. In a 

separate session prior to the experiment, we mapped the polar angle and eccentricity of 

visual areas. 

 

Data acquisition and stimulus presentation 

MRI data were acquired from a Philips 3T scanner (Eindhoven, The Netherlands) and 

analyzed with BrainVoyager QX (Brain Innovation, Maastricht, The Netherlands). For each 

subject, we acquired an anatomical high-resolution image with conventional parameters (T1 

turbo field echo, 182 coronal slices, FA 8, TE 4.6 ms, TR 9.6 s, slice thickness 1.2 mm, FOV 

256*256 mm, inplane voxel resolution 1x1 mm). For polar and eccentricity mapping, BOLD-

MRI was recorded using these settings: GE-EPI, transversal slice orientation, TR 2,000 ms, 

TE 28 ms, FOV 200 mm, matrix size of 112x112, slice-thickness 2.5, slice gap 0.3, 24 slices 

and a sense factor of 2.5. For our main experiment as well as for the location mapping 
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BOLD-MRI was recorded using these settings: fourteen 2.5-mm-thick (1.56 X 1.56 in-plane, 

0.25 mm skip) coronal slices were taken that covered the back of the head. T2*-weighted 

parameters: echo time 28 ms; flip angle 90; FOV 200 mm; 128 X 128 matrix; repetition time 

1,000 ms. These settings provided a detailed scope on visual areas of the brain, but we were 

not able to do whole-brain analyses. The start of a run was triggered by scanner pulses and 

trials were presented with Presentation (Neurobehavioral Systems, Inc.). Stimuli were front-

projected from a LCD projector on to a screen at the feet of the supine subject. The subject 

in the MR scanner viewed the screen through a mirror just above the eyes. Total scanning 

time was approximately 80 min, and we acquired eccentricity and polar angle mappings and 

an additional high-resolution scan in a separate scan session. We immobilized the subject's 

head using foam pads to reduce motion artifacts and used earplugs to moderate scanner 

noise. 

 

Eye tracker measurements 

We recorded the eye movements (Resonance Technology Inc. / Arrington Research Inc, 

Scottsdale, USA) of eight of the subjects during the main experiment and analyzed the 

number of saccades and the number of eye blinks each of the subjects made. Eye 

movements were recorded at a speed of 60 Hz by digitizing video images. Data were 

analyzed by smoothing the recorded data (detrend data set & smooth adjacent time points) 

and classifying visual activity as blinking (i.e. loss of a visible pupil, eye-movement faster 

than 30° per second) or making a saccade to one of the locations where stimuli were 

presented (i.e. no loss of a visible pupil, an eye-movement faster than 30° per second & a 

shift in location of more than 4° of visual angle).  

 

Data analysis behavior 

For behavioral data, the number of objects encoded was estimated using Pashler’s H 

formula (Pashler, 1988). In simplified form, capacity = (hit rate – false alarm rate) * set size / 

(1 – false alarm rate). This formula does not take trials where subjects guessed into account. 

However, we strongly encouraged subjects not to press when uncertain, making it 

unnecessary to control for guessing trials.  

 

Data analysis cortical mapping  

Image analysis was performed with BrainVoyager QX. Data preprocessing included image 

realignment, three-dimensional motion correction, linear detrending, correction for slice scan 

acquisition order, spatial smoothing with a 4-mm Gaussian kernel (full width at half-
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maximum), and temporal smoothing with a high-pass filter of 0.01 Hz and a low-pass filter of 

2.8s. One might question the use of a low-pass temporal filter, but it is not unusual to use a 

low-pass filter in blocked designs such as our mapping experiment (8 locations; stimulus on 

for 16s; off for 8s). High frequencies only cause noise on top of the slow frequencies of a 

block design.  We used a filter of 2.8s based on early fMRI literature (Friston et al., 1995).  

 

Figure 5.2 Delineating regions of interest. First, we mapped V1–V4 (A) by showing a rotating 

wedge (B) to delineate the boundaries between areas and an expanding and contracting 

annulus (C) to delineate eccentricity boundaries of specific areas. Next, we outlined eight 

retinotopic locations in V1–V4 (D) by showing rotating white rectangles at eight different 

radial positions, at an eccentricity of 5° of visual angle (E). 

 

After we had delineated V1 to V4 using polar angle and eccentricity mapping (see Fig. 5.2; 

for details see Scholte et al., 2006), we created statistical parametric maps of BOLD 

activation for the rectangle mapping experiment by using a multiple regressors analysis, with 

regressors for each trial type convolved with a canonical hemodynamic function. We 
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contrasted each individual location with all other locations, and projected False Discovery 

Rate-corrected contrasts onto the inflated surface model of the brain. By overlaying the 

visual areas (found with eccentricity and polar mapping), we were able to distinguish 4 

separate spatial locations in V1, V2, V3, and V4 in both hemispheres.  

 

Data analysis BOLD main experiment 

Image preprocessing was performed with BrainVoyager QX using the same parameters as 

specified in the previous section, only we did not apply a low-pass filter. After preprocessing, 

we exported the time series for all 32 regions of interest (4 areas x 8 locations) to Matlab 

(Mathworks, Inc.). In Matlab, we first removed the mean from each timeseries and we 

performed a z-transformation on the entire data set. This is a standard procedure that is 

implicitly used in some fMRI analysis software such as FSL (Smith et al., 2004) to avoid 

having predictors for separate runs. In this experiment, we used this procedure explicitly to 

avoid having predictors for separate runs and for separate functional regions of interest 

within the same brain area. Next, we performed a full deconvolution analysis based on 

predictors for cued location (n = 8) x retro-cue or post-cue (n = 2) x correct or incorrect 

response (n = 2). We also added 8 predictors for trials in which only a cue was shown and 

predictors for miss trials (no response). This adds up to a minimum of 40 predictors and a 

maximum of 56 predictors per subject (the number of miss trials did vary substantially 

between subjects).  For eight subjects, we also recorded eye movements. We found no 

differences in the number of saccades and blinks between conditions. In the time window in 

which the memory array was present, eye blinks occurred on 2.13% (SD 2.39) of the trials, 

and saccades on 1.28% (SD 1.55) of the trials. Trials that contained saccades or eye blinks 

were collapsed into one additional noise predictor. 

 The deconvolution analysis provided us with deconvolved timeseries from three 

seconds before trial start until 20 seconds after trial start.  Each deconvolved timeseries was 

corrected for baseline differences (baseline correction from -3s to -1s). Next, we computed 

the mean activity at the cued location (collapsed over cued locations) for retro-cue trials with 

an incorrect response (on average 16.6 trials per subject, SD 5.6), for retro-cue trials with a 

correct response (43.1 trials per subject, SD 6.3), for post-cue trials with an incorrect 

response (17.5 trials per subject, SD 4.7), for post-cue trials with a correct response (36.0 

trials per subject, SD 6.8) and for cue trials (32 trials per subject). There were very few miss 

trials (retro-cue: 4.4 trials per subject, SD 3.6; post-cue: 10.6 trials per subject, SD 5.9). This 

makes statistical testing for miss trials hard and unreliable, especially in the retro-cue 

condition in which some subjects did not have any miss trial at all.  
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Results 
Behavioral performance 

We found that people could report 4.24 items (calculated from the percentage of hits and 

false alarms using Pashler’s H formula, see Methods) when an attention-directing cue was 

presented during the retention interval (Fig. 5.1; retro-cue trial) and 2.55 items when the cue 

was presented after on-set of the test display (Fig. 5.1; post-cue trial). This difference in 

performance was highly significant (t(19) = 5.17, p < .001) and it illustrates the capacity 

differences between weak and strong VSTM. Note that capacity differences are much larger 

when using shorter retention interval (Sligte et al., 2008), but given the low temporal 

resolution of the BOLD response we need to have a long delay between memory and test 

display to isolate memory-related activity. 

 

Restricting the window of fMRI analysis 

For two reasons, our analyses need to be restricted to epochs that are not yet influenced by 

any attention-directing cue. First, before the cue is presented a few items will be represented 

in strong VSTM, additional items will be represented in weak VSTM, while some items will 

not be represented at all. The delivery of a retro-cue, however, may transfer weak VSTM 

representations to strong VSTM and this could change memory-related activity. Second, in 

retro-cue trials the cue is delivered four seconds after off-set of the memory display and no 

other stimulation is presented at the same time. In post-cue trials, the cue is presented five 

seconds after off-set of the memory display together with the test display. Differences in 

activity on retro-cue trials compared to post-cue trials may therefore be related to differences 

in physical stimulation, yet not before the earliest cue is delivered.  

To reveal when the cue started to affect the BOLD signal, we sometimes delivered 

trials in which only an attention-directing cue was presented. The activity on these trials is 

shown in Figure 5.3. Note that at all locations, the BOLD signal in these cue-only trials 

immediately decreases after trial start. In the present study, cue-only trials are presented on 

average on 20 percent of the trials randomly intermixed with the memory trials. Therefore, it 

is likely that subjects expect to see a memory display on each trial, but once every five trials 

on average this expectation is violated. Other studies have also reported a decrease in 

BOLD signal when the expectancy of a subject is violated (Davidson et al., 2004; Munneke, 

Heslenfeld, & Theeuwes, 2008). The BOLD response evoked by the cue is riding on top of 

this general decrease in activity. See Figure 5.3, blue lines, for the cue specific effect. Paired 

t-tests between the activity at the cued location and the mean activity at all non-cued 
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locations revealed that the cue took effect 6 seconds after trial start in V2 (t(19) = 2.84, p = 

.011), V3 (t(19) = 2.23, p = .038), and V4 (t(19) = 2.63, p = .017) and 7 seconds after trial 

start in V1 (t(19) = 6.13, p < .001). In the main experiment, we will therefore restrict our 

analysis to the first five seconds after trial start.  

 

 

Figure 5.3 Effect of attention-directing cue. In 20% of the trials, we delivered a cue without presenting 

the memory and the test array. This was done to measure when the cue took effect during the VSTM 

task. The cue was presented 4 s after trial start (black arrow) and started to be evident in the BOLD 

response 6 s after trial start (blue arrow). The delivery of a cue had an effect that was specific to the 

cued location (and the immediately adjacent ones) yet was riding on top of a general decrease of the 

BOLD response at all locations, which is probably attributable to anticipation of the subject. The cue-

specific effect (BOLD response at cued location - BOLD response at other locations) is shown in blue. 

All data were computed with a full deconvolution analysis and baseline corrected from 3 s until 1 s 

before trial start. Depicted data are the mean activity across subjects (n = 20). 

 

VSTM effects in visual cortex 

Based on the behavioral response of the subject, we can determine whether the cued 

location was in strong VSTM, in weak VSTM or not in VSTM during retention (so before the 

cue was delivered) in the following way. An incorrect response on a retro-cue trial suggests 

that the cued item was neither in weak nor in strong VSTM: if it would have been in weak 
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VSTM, the cue would have transferred it to strong VSTM, thereby making the representation 

available for report. An incorrect response on a post-cue trial suggests that the cued item 

was not in strong VSTM. It could have been in weak VSTM, however, considering that the 

capacity of weak VSTM is larger than that of strong VSTM. Still, new stimulation overwrites 

weak VSTM, so it will not show up in behavior when the cue is delivered after the change 

has already occurred. A correct response on a retro-cue trial suggests that the cued item 

was in weak VSTM (and upon cueing is transferred to strong VSTM). We are ignorant about 

whether it was already in strong VSTM before the cue: this could have been the case (simply 

by chance) or not. A correct response on a post-cue trial suggests that the cued location 

was represented in strong VSTM (otherwise change blindness would have occurred). With 

these aspects of our analysis in place we can now turn to the results. 

 Repeated measures ANOVAs were used to test whether there were differences in 

neural activity between conditions (activity at the cued location was used for testing). Note 

that the maximum BOLD response between trial start and five seconds after trial start was 

used for testing (after that, the cue takes effect; see previous section). We observed no 

differential activity in V1, V2 and V3 (Fig. 5.4A; small panels on the right). In V4 (Fig. 5.4A; 

large panel on the left), however, we did observe significant differences (F (3,17) = 5.44, p = 

.008). Paired t-tests revealed that activity was lowest on retro-cue trials with an incorrect 

response (compared to other conditions, lowest t-value: t(19) = 2.31, p = .032) and highest 

on post-cue trials with a correct response (compared to other conditions, lowest t-value: t(19) 

= 2.15, p = .045). Both retro-cue trials with a correct response and post-cue trials with an 

incorrect response evoked similar activity (t(19) = .32, p = .75) that was intermediate 

between activity on retro-cue trials with an incorrect response (lowest t-value: t(19) = 2.31, p 

= .032) and activity on post-cue trials with a correct response (lowest t-value: t(19) = 2.15, p 

= .045). From this, we can conclude that activity in V4 is highest when an item is in strong 

VSTM, lower when it is in weak VSTM and lower still when no memory trace is present 

whatsoever. It seems that for weak VSTM representations this pattern of activity is not 

related to whether behavioral responses are correct or incorrect, so that these differences 

cannot be attributed to fluctuations in arousal or other factors influencing correct or incorrect 

behavior. One caveat, however, is that in some conditions the status of the stimulus 

representation in question is uncertain (weak or strong VSTM in correct retro-cue trials; weak 

or no VSTM in incorrect post-cue trials). Graded effects observed in this case could be 

carried by one of the two underlying states. It may therefore not be correct to assume that 

activations increase gradually over no-weak-strong VSTM.  
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Figure 5.4 VSTM effects in visual cortex. A, Activity in V1–V3 did not vary over conditions (small 

panels on the right; area of interest is enlarged). V4 activity, however, did vary with the 

representational status in VSTM (large panel on the left). When there was no VSTM representation at 

the cued location (retro-cue trial with an incorrect response), activity was low. When there was a weak 

VSTM representation at the cued location, activity was intermediate regardless of whether this weak 

VSTM representation was reportable (retro-cue trial with a correct response) or not reportable (post-

cue trial with an incorrect response). Finally, when there was a strong VSTM representation at the 

cued location (post-cue trial with a correct response), activity was high. Depicted data are the mean 

activity across subjects (n = 20). Depicted p values were computed using repeated-measures 

ANOVAs. For illustrative purposes, we also plotted the effect of a cue presented in isolation 

(subtraction between cued retinotopic location and all noncued locations). B, We observed that the 

absence of VSTM (retro-cue trial with an incorrect response) was characterized by low activity at the 

cued location, whereas activity at the noncued locations was higher. Similarly, the presence of strong 

VSTM (post-cue trial with a correct response) was characterized by high activity at the cued location, 

whereas the activity at all noncued locations was lower. This suggests that the absence of VSTM and 

the presence of strong VSTM are confined to the cued retinotopic location and that weak VSTM 

representations exist at all other (noncued) locations. Depicted data are the maximum activity between 
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1 s after trial until 5 s after trial start (after that, the cue takes effect) averaged across subjects (n=20). 

*p=0.05, **p=0.01; p values were computed using repeated-measures ANOVAs testing for linear 

effects across cued locations. 

 

In addition to the previous analyses, we compared activity at the cued location with activity at 

all non-cued locations (Fig. 5.4B). We found that activity was similar at all locations on retro-

cue trials with a correct response and on post-cue trials with an incorrect response. On retro-

cue trials with an incorrect response, however, we observed that activity was low at the cued 

location, but was increasingly higher when the retinotopic distance to the cued item 

increased (F(1,19) = 5.85, p = .026). Similarly, we found that on post-cue trials with a correct 

response activity was high at the cued location, but was increasingly lower when the 

retinotopic distance to the cued item increased (F(1,19) = 9.69, p = .006). Note that these 

effects were recorded prior to any cue, so that they reflect the status of the representation 

during and shortly after disappearance of the memory display. Therefore, the activity of V4 

neurons representing each object individually determines whether that object is in weak or 

strong VSTM, or has no VSTM representation at all; it is not a matter of general V4 activity, 

for instance fluctuating due to lapses of arousal.  

Note that the differences between conditions are maximal before the cue is delivered 

(Fig. 5.4A), but tend to decrease after on-set of the second display. There is one reason why 

we did not analyze the reduced difference between conditions after the cue took effect; the 

physical stimulation of the two trial types (retro-cue/post-cue) starts to differ four seconds 

after trial start. In retro-cue trials, a cue is shown 4 seconds after trial start and the match 

display appears 5 seconds after trial start. In post-cue trials, on the other hand, the cue is 

shown 5 seconds after trial start together with the on-set of the match display. As differences 

in BOLD signal are so early, they are likely differences in the encoding phase of VSTM.   

 

Discussion 
Recent studies have suggested that people build up many representations in visual short-

term memory (VSTM), but that only a sub-set of these VSTM representations is stored in a 

strong way that is protected against visual interference (Griffin and Nobre, 2003; Landman et 

al., 2003; Sligte et al., 2008). As long as new visual stimulation (for instance the test display) 

has not erased unprotected VSTM representations, weak VSTM representations remain 

available for report when people direct attention to them. In the present study, we aimed to 

reveal how weak and strong VSTM representations are expressed in visual cortex. We found 

that weak VSTM depended on sufficient activity in visual area V4, but not on activity in visual 
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areas V1, V2 and V3. When an item was represented in strong VSTM, we observed a 

spatially specific boost in V4 activity. Based on other studies, we can ascribe this boost in 

activity to the involvement of selective attention (Beck, Rees, Frith, & Lavie, 2001; Pessoa, 

Gutierrez, Bandettini, & Ungerleider, 2002). 

 

The role of V4 in weak VSTM 

The best starting point to explain the observed pattern of activity is provided by a recent 

functional MRI adaptation study (Konen & Kastner, 2008). In that study, it was found that 

many visual brain areas along the ventral and dorsal stream show object-specific adaptation. 

Only V1, V2 and V3 did not show object-specific adaptation, whereas V4 did. This suggests 

that the activity we observe here is related to the build-up of persistent object representations 

and not to something like persistent feature-specific information.  

V4 seems at a low enough level in the visual hierarchy to allow for the (retinotopic) 

representation of the relatively large number of objects that is found in weak VSTM. Higher 

areas, such as the posterior parietal cortex (Todd & Marois, 2004; Vogel & Machizawa, 2004; 

Vogel, McCollough, & Machizawa, 2005) and (maybe) the frontal eye fields seem to impose 

the capacity limits that are found in strong VSTM. As V4 is strongly connected with these 

higher level areas involved with spatial attention and the direction of eye movements 

(Ungerleider, Galkin, Desimone, & Gattass, 2008), it seems like the ideal location to store 

object specific information that is not currently attended, yet that can be used whenever 

attention needs to be redirected.   

However, we cannot be sure that V4 activity is related to the maintenance of weak 

VSTM. We found that V4 activity greatly differed between conditions just after trial start, but 

tended to decrease afterwards. As short-term memory processes can be divided into 

encoding, maintenance, and retrieval, it is likely that these early differences in V4 activity 

reflect the encoding phase of VSTM. It is conceivable that V4 activity reflects the amount of 

attention at a specific retinotopic location and that this determines whether the item is 

represented in strong VSTM (full attention), weak VSTM (some attention) or not represented 

in VSTM (no attention). Alternatively, it can be that strong VSTM representations are only 

formed when attention is at the right location and that the formation of weak VSTM 

representations is not dependent on attention at all. The difference between weak VSTM and 

no VSTM is then determined by other factors, such as sudden lapses in neural activity.  

When V4 activity is not (or to a little extent) related to maintenance of weak VSTM, 

these representations have to be maintained in other areas of the brain and likely candidates 

are category-specific areas higher up in visual hierarchy. These category-specific visual 
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areas have large receptive field, but they are still able to code spatial location in a more 

distributed-code fashion. In a recent study (Lepsien & Nobre, 2007), it was indeed found that 

activity in the PPA (place stimuli) and the FFA (face stimuli) was modulated by the 

presentation of a retro-cue and this modulation could reflect a transition from weak VSTM to 

strong VSTM and back again. 

   

A form of iconic memory or VSTM? 

Traditional models of immediate memory distinguish between sensory memory (very high 

capacity; duration <500 ms) and short-term memory (very limited capacity; long duration). 

Here, we have shown that people maintain more representations than can fit into VSTM for 

more than four seconds, and that retrieval of these additional representations depends on 

the amount of activity in visual area V4. This seems to place these additional representations 

intermediate of sensory memory and standard notions of VSTM. Nonetheless, one could still 

question whether we are not measuring some kind of long-lasting iconic memory rather than 

a form of VSTM with high capacity. 

Weak VSTM (as we have defined it) bears many resemblances to iconic memory. For 

instance, the experimental design for measuring weak VSTM is strikingly similar to iconic 

memory designs. In both, subjects are shown images containing multiple items and subjects 

have to remember as much items as possible up to the presentation of the cue. After the 

presentation of the retro-cue/partial-report cue memory load is reduced to one/few items. 

Differences between the experimental set-ups are that subjects are shown additional test 

images in this new task and that response options are limited. This difference (stimuli shown 

once vs. twice; free recall vs. two alternative forced-choice) could explain why a cued VSTM 

task could capture iconic memory effects for longer periods of time.  

Also the characteristics of iconic memory are similar to the characteristics of weak 

VSTM: first, the capacity of iconic memory scales with the number of items to remember 

(Sperling, 1960), and we observed similar effects in retro-cue conditions with cues delivered 

1,000 ms after image disappearance (Sligte et al., 2008). Second, iconic memory is very 

volatile and is easily overwritten by subsequent visual stimulation. Strong VSTM 

representations, on the other hand, are resistant to the presentation of new and/or distracting 

information. We found that weak VSTM is also easily overwritten when new stimulation is 

presented just before arrival of the retro-cue (Sligte et al., 2008) and in that sense it 

resembles iconic memory. Third, iconic memory decays rapidly over a period of about 500 

ms when using traditional paradigms. Weak VSTM shows a similar decay curve (Sligte et al., 

2008), only decay rate is slower.  



A new definition of visual short-term memory 

 92 

On the other hand, there are also important dissimilarities. Weak VSTM seems to be 

a ‘higher level’ representation than traditional iconic memory, which is often conceived of as 

a raw ‘snapshot’ of the features of a visual scene. In weak VSTM, perceptual properties such 

as feature binding and figure-ground organization are encoded (Landman et al. 2003, 2004). 

Moreover, even when using the same change detection paradigm as used here, differences 

can be found between weak VSTM and something that is more like traditional iconic 

memory: traditional iconic memory traces are wiped out by any new stimulus, even a 

homogenous luminance screen (Sligte et al., 2008), whereas weak VSTM is not erased by 

homogenous or even textured screens, only by a new scene that contains object information 

(Landman et al., 2004; Sligte et al., 2008). 

In sum, we are neutral to grouping weak VSTM into the domain of either iconic 

memory or VSTM, and the denominator used here (weak VSTM) is only intended to indicate 

its intermediate stage. 

 

A fleeting form of consciousness? 

The idea of additional object representations outside of VSTM finds its parallel in several 

theories of consciousness. Block (2005, 2007), for instance, argues for a distinction between 

phenomenal awareness (or “what we see”) and access awareness (or “what we keep in 

mind”) based on the enormous amount of information we experience seeing and the little 

information we can remember from one moment to the next (for congruent ideas, see Crick 

and Koch, 1990; Lamme, 2003, 2006). The transition between phenomenal and access 

awareness, and thus the availability for conscious report, is caused by the involvement of 

selective attention. From this theory, it follows that as long as representations exist in 

phenomenal awareness, they can be made available for conscious report by directing 

attention to them. 

A similar, but neurally inspired theory distinguishes between unconscious, 

preconscious and conscious forms of visual processing (Dehaene, Changeux, Naccache, 

Sackur, & Sergent, 2006). Unconscious processing is characterized by the absence of 

recurrent processing (RP), and visual awareness indeed never arises in the absence of RP 

(Hupé et al., 1998; Lamme, Zipser, & Spekreijse, 1998, 2002; Lamme & Roelfsema, 2000; 

Pascual-Leone & Walsh, 2001; Super, Spekreijse, & Lamme, 2001; Jolij & Lamme, 2005; 

Fahrenfort, Scholte, & Lamme, 2007). In some cases, a stimulus will evoke enough 

activation for conscious access, but top-down attention is simply not available at the moment 

or occupied elsewhere [as in attentional blink paradigms (Raymond, Shapiro, & Arnell, 1992) 

or the current experiment]. As a consequence, the stimulus will evoke RP confined to visual 
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and temporal areas. A long as this local RP is present, the stimulus representation will still be 

available for conscious access once top-down attention is re-deployed. When that happens, 

activity in visual and temporal areas is boosted and RP includes frontoparietal regions 

occupied with top-down or selective attention. These theories seem to qualify weak VSTM as 

what remains of phenomenal awareness (or preconscious processing) after the stimulus has 

been removed, and strong VSTM as what remains of access awareness.  
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6. Brain anatomy constrains the capacity of sensory 

memory and working memory   
 

Brains are organized in a clear hierarchical fashion, with sensory areas at the bottom and 

control and motor areas at the top of the hierarchy. At each subsequent level in this 

hierarchy, progressively less information can be processed simultaneously. This same 

principle is evident in different forms of visual short-term memory (VSTM): people maintain 

many representations in sensory memory, but only 3-4 representations in visual working 

memory. Here, we show for the first time a relation between the capacity of different forms of 

VSTM and brain anatomy. Specifically, we found significant correlations between 1) the size 

of early sensory areas and iconic memory capacity, 2) the size of extrastriate visual areas 

and the capacity of fragile visual short-term memory, and 3) the size of parietal and frontal 

areas and visual working memory capacity. Thus, it seems that an individual’s information 

processing capacity is related to the size of his/her brain, albeit at different levels in the 

neural hierarchy for different forms of VSTM.  

 

In preparation: Sligte, I.G., Lamme, V.A.F., & Scholte, H.S. Brain anatomy constrains the 

capacity of sensory memory and working memory.  
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Introduction 
To guide our behavior in successful ways, we often need to rely on information that is no 

longer in view, but maintained in visual short-term memory (VSTM). Usually, VSTM is 

dissociated into iconic memory, a brief and high-capacity store operating close to perception 

(Neisser, 1967; Sperling, 1960), and visual working memory, a sustained and capacity-

limited store operating at the interface of perception and action (Luck & Vogel, 1997). Recent 

studies, however, have shown the existence of a third and fragile form of VSTM that 

operates between iconic memory and visual working memory (Griffin & Nobre, 2003; 

Landman, et al., 2003; R. Landman, et al., 2004; Lepsien, et al., 2005; Lepsien & Nobre, 

2007; Makovski & Jiang, 2007; Makovski, et al., 2008; Matsukura, et al., 2007; Sligte, et al., 

2008); it has a much higher capacity than working memory and at the same time a lifetime 

that is a factor 10 longer than the lifetime of iconic memory (Landman, et al., 2003; Lepsien & 

Nobre, 2007; Sligte, et al., 2008). Moreover, this fragile form of VSTM resides in extrastriate 

visual cortex (V4) (Sligte, et al., 2009), while iconic memory depends on activity lower in the 

neural hierarchy (Maunsell & Gibson, 1992) and working memory on activity higher in the 

neural hierarchy (frontal and parietal regions) (Courtney, Petit, Maisog, Ungerleider, & 

Haxby, 1998; Linden, et al., 2003; Pessoa, et al., 2002; Todd & Marois, 2004). Thus, it 

seems that short-term memory processes form a continuum with brief lifetimes, high capacity 

and basic processing low in the neural hierarchy and long lifetimes, low-capacity and deep 

processing high up in the neural hierarchy. 

While it is evident that capacity bottlenecks become stricter as we progress from 

iconic memory to visual working memory, it is not well understood how capacity bottlenecks 

are implemented in the brain. The only starting point comes from a number of functional 

studies (Mcnab & Klingberg, 2008; Todd & Marois, 2004; Vogel & Machizawa, 2004; Xu & 

Chun, 2006) showing a link between brain activity in parietal and frontal cortex and individual 

differences in visual working memory capacity. Here, we aim to show that a general principle 

underlies capacity bottlenecks in all forms of VSTM; specifically, grey matter density (or brain 

size) is tightly linked to information processing bottlenecks, albeit at different levels in the 

neural hierarchy for different forms of VSTM.  

To anticipate, we show in this paper a clear link between grey matter density and the 

capacity of different stages in VSTM. At the lowest cortical level in the neural hierarchy 

(primary sensory areas), grey matter density seemed to constrain the capacity of iconic 

memory. The capacity of fragile VSTM was related to grey matter density at a slightly higher 

cortical level in the neural hierarchy (extrastriate visual cortex); the location of this brain 

region more or less corresponds to the location where neural activity related to fragile VSTM 
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was found recently (Sligte, et al., 2008). Finally, at the highest levels in the neural hierarchy 

(frontal and parietal cortex), grey matter density was related to visual working memory 

capacity. Thus, it seems that brain size limits the amount of information people can process 

concurrently, and these anatomical bottlenecks are evident at multiple levels in the neural 

hierarchy. 

 

Methods 
Subjects 

58 adults participated in this experiment for course credits or financial compensation. All 

subjects gave their written informed consent to participate in the study, which was approved 

by the local ethics committee of the department of Psychology of the University of 

Amsterdam. Six subjects were excluded from the analyses as they performed two standard 

deviations below the mean performance, averaged across all conditions (note that the overall 

pattern of results did not change when including these subjects).  

 

Experimental paradigm 

Stimuli were presented with Presentation (Neurobehavioral Systems) on a 17-inch VGA-

monitor. Stimulus displays consisted of 8 white oriented rectangles (87.66 cd/m2) that were 

each 1.56° × 0.39° in size and these rectangles were placed equidistantly on a black 

background (0.01 cd/m2) at an eccentricity of 5° of visual angle surrounding a red fixation dot 

(0.48° diameter, 13.52 cd/m2). The orientation of each rectangle could be horizontal, vertical, 

45° to the vertical, or 135° to the vertical and each orientation was present at least once in 

the display and at most three times. This last manipulation was to done to prevent grouping 

of the individual items, although previous work using oriented rectangles has shown that 

grouping effects of these stimuli are negligible (Sligte, et al., 2008). Cues were composed of 

three-pixel thick lines that were on one side close to the fixation dot (distance 0.7° of visual 

angle) and at the other end close to the centre of one rectangle (1.2° of visual angle). See 

Figure 6.1 for examples of the displays used. 

 On each trial, the fixation dot in the centre of the display turned green for 1s to 

indicate the start of the trial. Then, a 250-ms memory display was shown that contained eight 

oriented rectangles and subjects were instructed to remember the orientation of each 

rectangle to their best ability. After offset of the memory display, a blank retention interval 

was shown either for 2s when cues were shown during maintenance or for 900 ms when the 

cue was shown after maintenance. After the blank retention interval, a test display was 

shown that was identical to the memory display in 50 percent of the trials. In the other 50 
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percent of the trials, all items were identical between memory and test display except for one 

rectangle that had switched to an orthogonal orientation. On each trial, subjects indicated by 

button press whether both displays were the same or whether one item had changed 

between displays. The test display was shown for 4s or until the subject made a response.  

 
Figure 6.1 Experimental design Subjects were asked to memorize the orientations of eight 

rectangles across a retention interval. In 50 percent of the trials, the cued rectangle changed to an 

orthogonal orientation after the retention interval. On each trial, subjects made a forced-choice 

response whether there was a change or not. A. The attention-directing cue was presented 10 ms 

after offset of the memorized display and this condition measures iconic memory. B. The attention-

directing cue was presented 1,000 ms after offset of the memorized display. Iconic memory is gone at 

this cue latency, but people can still access a high-capacity form of visual short-term memory that we 

termed fragile visual short-term memory previously. C.  The attention-directing cue was presented 

after the change had already occurred. People show a clear capacity limit in this condition reflecting 

the limited capacity of visual working memory.  

 

A crucial part of the experiment is the delivery of a 500-ms spatial cue that singles out the 

item to change. Previously, we found that when this cue is shown 10 ms after offset of the 

memorized display (Fig. 6.1A), people could report 30 (out of 32) items when the memorized 

display contained high-contrast stimuli, but only 20 (out of 32) when the display contained 

isoluminant stimuli (Sligte, et al., 2008). This suggests that retinal afterimages qare driving 

iconic memory performance just after stimulus offset. Note that we did measure phosphor 

persistence of the display and there was absolutely no physical trace of the stimulus left 

onscreen 6.4 ms after stimulus offset. When the same cue was presented 1,000 ms after 

offset of the memorized display, but before onset of the test display (Fig. 6.1B), we observed 

that people could report a maximum of 15 (out of 32) items. Importantly, at this latency (> 1s 

after stimulus offset), iconic memory traces are long gone. We indeed found no differences in 
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performance between high-contrast and isoluminant stimuli at this cue latency indicating that 

this high-capacity form of VSTM is not a form of iconic memory performance. In addition, 

features are bound to form coherent objects in this form of VSTM (Landman, et al., 2003), 

which is another distinction from iconic memory. We termed this memory store fragile VSTM 

as this form of memory is readily overwritten by new stimuli, yet its traces last up to four 

seconds when no new stimulus is shown (Lepsien & Nobre, 2007; Sligte, et al., 2008, 2009). 

Finally, when the cue was presented after onset of the test display, so after the potential 

change has occurred (Fig. 6.1C), people could report a maximum of four items regardless of 

set size and this corresponds to the well-known capacity limit of visual working memory 

(Luck & Vogel, 1997). 

 

Behavioral data analyses 

The behavioral performance of the subjects on the short-term memory tasks is reported as 

Cowan’s K (Cowan, 2001). In simplified form, this formula is K = set size × (correct rejection 

rate on no-change trials + hit rate on change trials – 1). This formula gives a conservative 

estimate of representational capacity that corrects for guessing. 

 

VBM data acquisition and analyses  

Magnetic resonance imaging (MRI) data were acquired from a Philips 3T scanner. For each 

individual, we acquired two high-resolution, anatomical MRI scans with conventional 

parameters (T1 turbo field echo; 182 sagittal slices; flip angle (FA) of 8°; echo time (TE) of 

4.6 ms; repetition time (TR) of 9.6 s; slice thickness of 1.2 mm; field of view (FOV), 250 × 250 

mm; in-plane voxel resolution, 0.98 × 0.98 mm). Data were analyzed with voxel-based 

morphometry (Good, et al., 2001) carried out with FSL software (S. M. Smith, et al., 2004). 

First, we extracted the brain from the structural image (S. M. Smith, 2002). Next, we 

performed tissue-type segmentation using FAST4 (Zhang, Brady, & Smith, 2001). The 

resulting grey-matter partial volume images were aligned to MNI152 standard space using 

the affine registration. The aligned images were then averaged to create a study-specific 

template, to which the native T1 images were non-linearly re-registered (Rueckert, et al., 

1999); this method uses a b-spline representation of the registration warp field. We 

modulated the registered partial volume images to correct for local expansion or contraction 

by dividing by the Jacobian of the warp field (Ashburner & Friston, 2000). Finally, we applied 

an isotropic Gaussian kernel with a sigma of 4 mm to these modulated images. This 

procedure was applied independently to the first and second MRI image acquired from each 
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subject. We will refer to the end product of these analyses as the first and the second “VBM 

image” in the rest of the paper. 

To derive correlations between behavioral measures and brain structure, we performed a 

voxel-wise GLM analysis using permutation-based non-parametric testing (10,000 iterations) 

on the first (!) VBM image. Performance on all three visual short-term memory tasks was 

entered as covariates. We specified one contrast for positive and one for negative 

correlations for each condition (six contrasts in total). We selected clusters of 100 contiguous 

voxels that showed a statistical significance of p < .01 on either one of the contrasts. To 

ensure that selection and statistical testing were independent, we selected clusters based on 

the first VBM image and exported grey matter density values corresponding to the same 

stereotactic location from the second VBM image. We correlated these clusters again with 

behavior (Pearson’s r). In the end, out of the 25 exported clusters, 11 clusters still had a 

significance of p < .05, corrected for multiple comparisons (false discovery rate .017). 

Clusters showing a significance of p < .01 are shown graphically in the paper. All details on 

the clusters can be found in Table 6.1. 

The stereotactic location of each significant cluster is reported as FSL-MNI standard 

space. The corresponding Brodmann area was determined with the Talairach atlas that is 

implemented in FSLview.      

 

Procedure 

In the first session, we screened participants on whether it was safe to put them into the MR 

scanner. After successful screening, subjects practiced the task (early retro-cue/late retro-

cue/post-change cue) for about 10 minutes (30 trials in each condition) and all conditions 

were randomly intermixed. Then, they performed the actual experiment for about 20 minutes 

(60 trials in each condition) and again all trials were randomly intermixed. After the 

experiment, the participants were debriefed about the goal of the study. In the second 

session, each participant was put into the MR scanner and we acquired two high-resolution 

T1 images.  

 

Results 
To probe capacity bottlenecks in VSTM, 52 subjects performed a modified change detection 

task that measures iconic memory (Fig. 6.1A), fragile VSTM (Fig. 6.1B) and visual working 

memory (Fig. 6.1C) in a single experiment. For an exact description of the task and the 

reasons why these different conditions measure three different forms of VSTM, we refer to 

the Materials and Methods section and previous work of our lab (Sligte, et al., 2008). We 



Brain anatomy constrains the capacity of sensory memory and working memory   

 101 

found that people on average could maintain 7.0 objects in iconic memory, 5.7 objects in 

fragile VSTM and 2.9 objects in visual working memory (see Fig. 6.2; left-side of graph). 

Capacity differences between stores were all highly significant (lowest value: t(51) = 7.17, p 

< .001). Moreover, the actual capacity of each form of VSTM differed strongly between 

individuals, reflecting how much information a person can process concurrently at different 

levels in the information processing hierarchy (see Fig. 6.2; right-side of graph); iconic 

memory capacity ranged from 4.8 to 8.0 objects, fragile VSTM capacity from 2.7 to 8.0 

objects, and visual working memory capacity from 0.5 to 5.9 objects.   

 
Figure 6.2 Behavioral performance Iconic 

memory performance is shown in blue, fragile 

visual short-term memory performance in red 

and visual working memory performance in 

green. On the left side of the graph, the mean 

performance for all forms of visual short-term 

memory is displayed. The size of the circles 

represents the standard error of the mean and 

the dotted circles represent the standard 

deviation. On the right side of the graph, the 

distribution in performance of all subjects is 

shown. Performance is expressed as Cowan’s K 

(Cowan, 2001).  

 

We correlated single-subject performance on these three different memory stores with voxel-

based morphometry (VBM) measures. VBM gives an estimate of the amount of grey matter 

in particular brain areas relative to the surrounding areas. In this between-subjects design, 

higher VBM values can either be ascribed to a larger brain area or to more grey matter (more 

neurons/more dendrites) in a brain area that has the same volume. To ensure that selection 

and statistical testing were independent, we acquired two anatomical high-resolution 

volumes that were both transformed into VBM images (see Materials and Methods). We 

selected significant clusters (p < .01 for 100 contiguous voxels) based on non-parametric 

correlations between behavior and the first VBM image, resulting in 25 clusters. We 

extracted these clusters from the second VBM image and only clusters that still showed a 

significant correlation with behavior, corrected for multiple comparisons (false discovery rate 

of .017), are reported. This entire procedure gives a conservative and unbiased estimate of 



A new definition of visual short-term memory 

 102 

brain regions that are correlated with visual short-term memory (Kriegeskorte, Simmons, 

Bellgowan, & Baker, 2009).  

We found that individuals with a higher iconic memory capacity had a larger right 

visual cortex (Fig. 6.3A; BA17/18; r = .37, p = .003) and a smaller right auditory cortex (Fig. 

3A; BA 41/42: r = -.48, p < .001). This suggests that the representational capacity limit of 

iconic memory is set by grey matter volume in primary sensory areas and these areas 

together explained 27.1 percent of the variance in iconic memory capacity. Speculatively, 

from the inverse relation between auditory and visual cortex volume in relation to the 

capacity of iconic memory, it seems that some people have a more visual neural 

architecture, whereas others (those with low iconic memory) have an auditory preference.  

The capacity of fragile VSTM was higher in individuals with a larger right extrastriate 

cortex (Fig. 6.3B; BA 19; r =  .43, p = .001); an area that roughly corresponds to visual areas 

V4 and posterior inferotemporal cortex (IT). Additionally, we found a positive correlation 

between the left supplementary motor area (SMA) and fragile VSTM capacity (Fig. 3B; BA 6; 

r = .36, p = .004). Together, these areas explained 26.9 percent of the variance in fragile 

VSTM capacity. Previously, we found that neural activity in visual area V4 is related to 

maintenance of fragile VSTM (Sligte, et al., 2009). Here, we show that anatomical 

differences in that same area explain individual differences in the representational capacity of 

fragile VSTM. Thus, it seems that extrastriate visual areas maintain a high-capacity 

representation of the outside world that is evident in both functional and anatomical data.  

Finally, the capacity of visual working memory was higher in individuals with a smaller 

right pre-SMA/SMA (Fig. 6.3C; BA 6; r = -.41, p = .001), a larger right premotor cortex (Fig. 

3C; BA6; r = .45, p < .001) and a smaller right precuneus (Fig. 6.3C; BA 7; r = -.46, p < .001). 

In addition, we found multiple negative correlations with clusters in frontal and medial 

temporal cortex (see Table 6.1). Together, these areas could explain 55.5 percent (r2) of the 

variance in visual working memory capacity. We note that the high-level areas that impose 

capacity limits on visual working memory are those that are involved in the default network 

(right precuneus) (Raichle, et al., 2001), rehearsal of spatial and non-spatial information 

(right premotor cortex) (Courtney, et al., 1998; Owen, Evans, & Petrides, 1996), and 

resolution of conflict when multiple alternatives are present (right pre-SMA) (Nachev, 

Kennard, & Husain, 2008).  
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Figure 6.3 There are large individual 

differences in the capacity of iconic 

memory, fragile VSTM and visual 

working memory. Here, we correlated 

grey matter density of our participants 

with their performance on three 

different visual short-term memory 

tasks. Note that left-handed clusters 

are in the left hemisphere and vice 

versa. Statistical values reported are 

one-sided.  A. Individuals with high-

capacity iconic memory had more 

grey matter volume in the right visual 

cortex and less grey matter volume in 

the right auditory cortex. B. 

Individuals with high-capacity fragile 

visual short-term memory had more 

grey matter volume in the left 

supplementary motor area and in an 

area roughly corresponding to visual 

area V4and the posterior part of the 

inferotemporal  cortex. C. Individuals 

with high-capacity visual working 

memory had more grey matter 

volume in the right premotor cortex 

and less grey matter volume in the 

right pre-supplementary motor area 

and the right precuneus. 

 

 

 

Discussion 
The three different memory stages we investigated have increasingly stricter capacity limits 

and a progressively higher-level cognitive signature. Therefore, one would expect to see that 

capacity limits are imposed at a low level in the neural architecture for iconic memory, at an 

intermediate level for fragile VSTM and at a high level for visual working memory. This is 

exactly what we found. Bottlenecks in capacity are imposed by the anatomy of early sensory 

areas for iconic memory, by extrastriate visual areas for fragile VSTM, and by high-level 
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brain areas that play a role in higher-order cognitive processing for visual working memory. 

In sum, it seems that people’s information processing capacities are determined by the size 

of their brain at several levels in the neural hierarchy. 

 

The relation between grey matter density and VSTM capacity  

One of the first questions that pops into mind is what is causing these anatomical 

differences. Are they caused by genetics or years of practice and brain plasticity? In general, 

brain characteristics such as brain volume (Baare, et al., 2001), grey matter density  

(Thompson, et al., 2001) and brain connectivity (Brun, et al., 2009) are heritable, suggesting 

that the current finding can in part be attributed to genetics. However, when people learn a 

new ability, such as juggling (Draganski, et al., 2004), mirror reading (Ilg, et al., 2008), and 

extensive studying (Draganski, et al., 2006), this can readily be observed in grey matter 

changes within a few weeks. As VSTM processes are core business in our everyday life, it 

may be that the anatomical differences found here are (partially) the result of years of 

everyday practice.   

 Still, this does not tell us anything about the mechanism of how denser brain areas 

enable higher VSTM capacities. As explained earlier, higher voxel-based morphometry 

(VBM) values indicate that a particular brain area is either relatively large in volume, or 

relatively dense in the number of neurons and dendrites compared to surrounding brain 

areas. It is plausible that more calculating units (neurons) in a specific brain area and/or 

more densely connected units can both support higher capacities. However, these 

explanations are highly speculative as there are still many unknowns about what VBM is 

exactly measuring. 

 

Right hemisphere specialization for VSTM processes? 

While it is plausible to find a relation between iconic memory capacity and the visual cortex, 

and between fragile VSTM capacity and the extrastriate cortex, it is not obvious why this is 

only evident for the right hemisphere. Such an asymmetry is not completely illogical as most 

working memory studies do show a similar asymmetry, in the sense that verbal information is 

more strongly represented by the left hemisphere and visual information more strongly by the 

right hemisphere (Baddeley, 2003; Jonides, et al., 2008; Wager & Smith, 2003). This verbal-

visual asymmetry is typically more prominent in the frontal cortex than in posterior parts of 

the brain, yet it might be that our analyses selectively picked up on the more subtle posterior 

asymmetries.   
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Considerations about working memory-related anatomical differences     

Only parts of the pattern related to working memory capacity match the typical patterns of 

activations found in several fMRI studies (Courtney, et al., 1998; Courtney, et al., 1997; 

Pessoa, et al., 2002; E. E. Smith & Jonides, 1998). Most notably, the intraparietal sulcus and 

the middle frontal gyrus are missing (Linden, et al., 2003; Todd & Marois, 2004). In our initial 

analyses, we did observe small clusters in the right intraparietal sulcus and the bilateral 

middle frontal gyrus that were correlated with working memory capacity. However, these 

clusters were not robust enough to survive the test-retest procedure we used to ensure that 

data selection and statistical analysis were independent. It is likely that there was too much 

variance in the exact location of the intraparietal sulcus and the middle frontal gyrus between 

subjects to show up in our final analyses.  

Another important finding to address is the observation of multiple negative 

correlations between visual working memory capacity and VBM: why does working memory 

capacity suffer when specific brain areas are bigger? The most plausible explanation is that 

people use different strategies to maintain information in working memory (McNamara & 

Scott, 2001). These different strategies are very likely to depend on different brain areas. 

Thus, low-capacity individuals may recruit other networks than high-capacity individuals for 

working memory maintenance, resulting in negative correlations between working memory 

capacity and the size of these other brain regions. In addition, we need to consider that 

different psychological factors are important for working memory maintenance: for instance, 

concentration span (or the lack of distractibility) is just as important for high working memory 

capacity as the ability to attend to multiple spatial locations at the same time (Sauseng, et al., 

2009; Vogel, McCollough, & Machizawa, 2005). If distractibility is related to the size of 

particular brain areas, this may in turn cause negative correlations between VBM and 

working memory capacity. 

 

A potential link between brain anatomy and brain activity? 

As capacity limits in VSTM are evident both in anatomy and in functional measures of the 

living brain, one might question whether individual differences in anatomy give rise to 

differences in brain activity. There are two hints in the present paper that this might be the 

case. We found that individuals with higher fragile VSTM capacity had a larger extrastriate 

visual cortex. This region is in the vicinity of the visual area V4, where we previously found a 

neural correlate of fragile VSTM with the use of functional MRI (Sligte, et al., 2009). In 

addition, visual working memory capacity was related to the size of a cluster in the right 

premotor cortex and this same area is active during visual working memory maintenance 
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(Courtney, et al., 1998; Owen, et al., 1996). Hopefully, future studies will directly compare 

individual differences in grey matter density with individual differences in functional activity to 

reveal this potential link between brain anatomy and brain activity.  

 

 Brodmann MNI-FSL space 
Pearson's 

R 
Significance 

N 

Voxels 

Volume 

in cm3 

  x y z     

BA17/18 34 -94 -6 0.37 0.007 1793 14.3 Iconic 

memory BA41/42 54 -14 2 -0.48 < 0.001 411 3.3 

BA19 22 -54 -6 0.43 0.002 262 2.1 
Fragile VSTM 

BA6 -8 -19 69 0.37 0.008 200 1.6 

BA6 40 -10 40 0.45 0.001 135 1.1 

BA21 -60 -2 -28 -0.33 0.017 480 3.8 

BA6 10 6 54 -0.41 0.002 136 1.1 

BA6 -12 -6 62 -0.34 0.015 174 1.4 

BA11 -8 34 -22 -0.35 0.011 572 4.6 

BA7 14 -63 32 -0.46 < 0.001 277 2.2 

Visual working 

memory 

BA9 30 56 30 -0.34 0.014 103 0.8 

 

Table 6.1 All clusters showing a significant correlation with either form of visual short-term memory 

corrected for multiple (25) comparisons (false discovery rate = .017). Only clusters with p < .01 (two-

sided) are shown graphically in the paper. 
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7. Summary and Discussion 
 

Ἔστι µὲν οὖν ἡ µνήµη οὔτε αἴσθησις οὔτε ὑπόληψις͵ ἀλλὰ τούτων τινὸς ἕξις 

ἢ πάθος͵ ὅταν γένηται χρόνος.   

 
“Memory is, therefore, neither Perception nor Conception, but a state or affection 

of one of these, conditioned by a lapse of time.” Translated from On Memory and 

Reminiscence by Aristotle (350 BC). 

 
Thus, a long, long time ago, Aristotle already suggested the existence of two forms of 

memory; one that operates close to perception and another that operates close to cognition. 

When considering visual short-term memory (VSTM), this distinction is evident in iconic 

memory (brief and high-capacity) and visual working memory (sustained, but low-capacity), 

respectively (Averbach & Sperling, 1961; Luck & Vogel, 1997; Pashler, 1988; Phillips, 1974; 

Sperling, 1960). Nonetheless, I discovered that this two-partite distinction of VSTM into iconic 

memory and visual working memory is too simplistic. Instead, we should discern at least 

three stages in VSTM and I termed them iconic memory, fragile VSTM and visual working 

memory respectively. Below, I will summarize the evidence for this tri-partite division of 

VSTM.  

 

Summary of the results: three stages in visual short-term memory 

In all studies reported in this dissertation, I have combined partial-report, iconic memory 

paradigms with change-detection, visual working memory paradigms. Depending on when 

the partial-report cue was presented during the change-detection task (see Fig. 7.1), I 

observed dramatically different behavior, which implied the existence of at least three 

different stages in VSTM. Moreover, these three different VSTM stages were associated with 

brain activity and/or brain structure at progressively higher levels in the brain hierarchy. In the 

following sections of this summary, I will report about the behavioral characteristics and 

neural basis of iconic memory, fragile VSTM and visual working memory. 

 

Iconic memory 

When a partial-report cue was presented just after offset of the memorized display (Fig. 

7.1A; early retro-cue), people could report almost all objects (30 out 32 objects) that were 

present in the memory display provided that the memorized items were white objects on a 

black background (Chapter 2; Sligte, Scholte, & Lamme, 2008). When objects were red on a 
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grey background of the same light intensity, people could report only 20 objects (out of 32 

objects). This observation can be explained by the fact that high-contrast stimuli (white on 

black background) are “seen” by the rods in the retina, while isoluminant stimuli (red on grey 

background) are “seen” by cones only. As rod responses last significantly longer than 

stimulus duration, while cone responses do not (Adelson, 1978), it is as if the high-contrast 

stimulus is still on screen when the early retro-cue is presented and the task becomes very 

easy. Moreover, when a flash of light was presented just before the early retro-cue, we 

observed no superior performance anymore for high-contrast stimuli: the flash of light resets 

the rod responses and dramatically reduced the capacity of iconic memory. From these data, 

we might conclude that iconic memory is some kind of retinal after-effect after stimulus offset.  

 
Figure 7.1 In the general set-up of this change detection task, people have maintain the identity of 

multiple objects in short-term memory across a retention interval. After the retention interval, one of 

the objects might change and people have to detect this potential change. On each trial, a cue is 

shown that singles out the item that might change. This cue is presented either A. 10 ms after offset of 

the memorized display (early retro-cue condition), B. 1000 ms after offset of the memorized display 

(late retro-cue condition), or C. 100 ms after onset of the test display, so after the potential change 

(post-change cue condition). These different cue conditions measure different stages of visual short-

term memory: iconic memory, fragile visual short-term memory and visual working memory, 

respectively. 

 

In a subsequent study (Chapter 3), we investigated the amount of visual detail or 

resolution of iconic memory (and of fragile VSTM and visual working memory). We found that 

the majority of iconic memory representations were visually detailed or high-resolution 

representations. Also, fragile VSTM representations were mostly high-resolution 

representations. However, visual working memory seemed to contain only one high-

resolution object representation in addition to one low-resolution representation. Thus, 
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representations (constituting iconic memory and fragile VSTM) seem to be numerous and 

rich in visual detail before visual interference, but after visual interference capacity and 

resolution of VSTM is limited (constituting visual working memory). 

Finally, we observed that people with high iconic memory capacity had a larger 

primary visual cortex and a smaller primary auditory cortex (Chapter 6). This implies that 

iconic memory is not just the passive firing of the retina beyond stimulus duration as 

suggested before (Chapter 2; Sligte et al., 2008). Instead, the anatomy at a low level in the 

neural hierarchy determines the amount of low-level visual information that can be processed 

simultaneously. Thus, iconic memory is related to a retinal after-effect just after stimulus 

offset that drives neural processes in primary visual cortex. This might explain why 

representations in iconic memory are rich in visual detail and why the capacity of iconic 

memory is so high. 

 

Fragile visual short-term memory 

When the partial-report cue was presented one second after offset of the memory display 

(Fig. 7.1B), people could report 15 out of 32 objects (Chapter 2; Sligte, Scholte, & Lamme, 

2008). This is surprising as it is generally agreed that iconic memory lasts only half a second 

(Averbach & Sperling, 1961; Sperling, 1960), and that at longer delays performance has to 

rely on visual working memory that has a maximum capacity of four objects (Luck & Vogel, 

1997; Vogel, et al., 2001). Yet, even when the late retro-cue was presented four seconds 

after stimulus offset, people still had access to more information than could fit in their visual 

working memory (Chapter 2; Sligte et al., 2008). To rule out that this high-capacity and 

relatively long-lasting memory store (from now on termed fragile visual short-term memory; 

VSTM) was a reflection of either iconic memory or visual working memory, we performed a 

series of experiments.  

From our initial experiments, it was evident that fragile VSTM was not some kind of 

iconic memory as 1) differences in stimulus contrast had no influence on fragile VSTM 

capacity, but a profound effect on iconic memory capacity (Chapter 2; Sligte et al., 2008), 2) 

the presence of light flashes (Chapter 2; Sligte et al., 2008) or homogeneous textures 

(Landman, Spekreijse, & Lamme; 2003, 2004) during retention erased iconic memory, but 

did not affect fragile VSTM capacity, and 3) features were bound into coherent objects, a 

characteristic that has never been observed in relation to iconic memory (Landman et al.; 

2003, 2004). Moreover, maintenance of fragile VSTM was related to activity in visual area V4 

(Chapter 5), and an individual’s capacity was related to the anatomical size of his/her 

extrastriate cortex near area V4 (Chapter 6). In contrast, the capacity of iconic memory was 
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related to the size of an individual’s primary visual cortex, which is at a lower level in the 

neural hierarchy. Thus, based on behavioral and neuroimaging results we can dissociate 

fragile VSTM from iconic memory. 

Fragile VSTM neither seems to qualify as some kind of high capacity form of working 

memory as the presence of new objects before the late retro-cue completely erased fragile 

VSTM (Chapter 2; Sligte et al., 2008), while working memory is known to be resistant to 

overwriting. In addition, the amount of visual detail in fragile VSTM exceeded the detail of 

working memory representations (Chapter 3). However, the strongest argument was 

provided by a study (Chapter 4) in which we delivered transcranial magnetic stimulation 

(TMS) to the right dorsolateral prefrontal cortex (DLPFC), which is known to be involved with 

working memory maintenance. TMS caused clear decrements in performance on post-

change cue trials measuring visual working memory, but not on late retro-cue trials 

measuring fragile VSTM. This implies that working memory representations recruit areas in 

the frontal cortex, whereas representations in fragile VSTM are confined to areas in posterior 

parts of the brain as both functional MRI (Chapter 5; Sligte, Scholte, & Lamme, 2009) and 

structural measures (Chapter 6) have shown. Altogether, these studies imply that fragile 

VSTM is a separate short-term memory store that operates in between iconic memory and 

visual working memory. 

 

Visual working memory 

Finally, when the partial-report cue was presented after maintenance, just after onset of the 

test display (Fig. 7.1C), we observed that people could report a maximum of four objects, 

which is the classic capacity limit of visual working memory (all Chapters). Moreover, 

working memory performance was constant over time even when the maintenance period 

was increased to four seconds (Chapter 2; Sligte et al., 2008). One of the more surprising 

findings was the observation that representations in working memory had fairly limited visual 

detail (Chapter 3) compared to iconic memory and fragile VSTM representations.  

 While iconic memory and fragile VSTM depend on neural processes in striate and 

extrastriate cortex, visual working memory depends on activity and brain anatomy (Chapter 

6) in a widespread network of higher-level brain regions. Two key structures in this network 

are especially noteworthy: the superior parietal lobe (SPL) and the dorsolateral prefrontal 

cortex (DLPFC). The SPL seems to keep track of a maximum of three spatial locations at the 

same time (Todd & Marois, 2004). As can be seen in Figure 7.2, working memory capacity 

(K; in black) and activity in the SPL (VSTM; in red) increases with working memory load, and 

when working memory capacity reaches plateau so does activity in the SPL. The DLPFC, on 
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Figure 7.2 Activity in the inferior part 

of the intraparietal sulcus (red line) 

mirrors the capacity of visual working 

memory (black line) across set size. 

K is a behavioral estimate of working 

memory capacity, IM is activity 

evoked by the iconic memory 

condition, VSTM is activity evoked by 

the working memory condition 

 
This Figure was adopted from Todd and 

Marois (2004) with permission from 

Nature. 

Wat is K, IM, en VSTM hier? 
 

 

 

the other hand, seems to store a single item in working memory. In one of our studies 

(Chapter 4), we disrupted activity in the DLPFC with the use of transcranial magnetic 

stimulation to dissociate fragile VSTM from visual working memory. We observed people with 

high DLPFC activity stored one additional object in working memory compared to people with 

low DLPFC activity. Magnetic stimulation of the DLPFC destroyed this one additional 

representation in people with high DLPFC activity, while this manipulation has no effect in 

people with low DLPFC activity.  

In sum, visual working memory seems to depend on a spatial system in posterior 

parts of the brain that indexes a maximum of three spatial locations and a central system in 

anterior parts of the brain that indexes a single item. It might be that the item that is indexed 

by both systems at the same time is the only detailed representation in working memory. The 

remaining representations that are indexed by the posterior network are like a file drawer 

system that can be used to bring other working memory information vividly to mind. The role 

of these networks is most likely the deployment of central and spatial attention to specific 

items. 

 

 

A dissociation of sensory memory into two subsequent stages 
The distinction of visual short-term memory into three stages is not a completely new idea. In 

the early eighties, Coltheart (1980) already noted that it is unlikely that iconic memory is a 

unitary phenomenon (also see General Introduction, p.10-11). Instead, iconic memory seems 

to consist of a brief and visible persistent store that depends on stimulus luminance and 
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stimulus duration and a subsequent informational persistent, non-visible store that is 

independent of these stimulus characteristics. Visible persistence would be a pre-categorical 

(or feature-based) form of short-term memory that depends on briefly persisting activity in the 

retina, the lateral geniculate nucleus (LGN) and primary visual cortex, while informational 

persistence would be a post-categorical  (or object-based) form of short-term memory that 

depends on activity in object-based cortex, so beyond visual areas V1, V2, and V3 (see 

Konen & Kastner, 2008). Other scholars have proposed highly similar models in which 

informational persistence is denoted as “the visual analog”. These theories are in perfect 

harmony with the results reported in this dissertation, where iconic memory would qualify as 

visible persistence and fragile VSTM as informational persistence.  

 

Depth of reverberating activity determines VSTM stage 
Maintenance of information in short-term memory is usually conceptualized as a neural loop 

between brain areas to keep the traces of recent sensory input active after the stimuli have 

disappeared. Depending on what and how much brain regions are involved in these short-

term memory loops, one may then predict that short-term memory can display different 

characteristics. If, for example, short-term memory loops are confined to visual areas V1 up 

to V3, short-term memory will have the typical characteristics of iconic memory; it represents 

unbound features and the lifetime of the memory trace depends on physical stimulus 

characteristics such as light intensity. This is quite logical considering that areas V1 up to V3 

are involved in feature processing and not in object processing, as evidenced by a lack of 

neural adaptation when objects are repeatedly shown (Konen & Kastner, 2008). Loops that – 

in addition to early visual areas- include object-specific visual areas will express object-like 

qualities and depending on the specific areas that are involved, short-term memory will have 

face-like, place-like or rectangle-like properties. Moreover, some object-specific areas have 

(on average) large receptive fields whereas other areas have smaller ones. Therefore, the 

representational capacity should be low for some stimulus categories and high for others, 

which is the case for fragile VSTM (Sligte, et al., 2008). Finally, when frontal and parietal 

regions are included in the loop, memory traces will be available for direct report and are 

limited by the maximum capacity of attention, which is four according to multiple object 

tracking studies (Cavanagh & Alvarez, 2005). 

Importantly, this neural way of thinking does not strictly pose that there are three 

stages in VSTM. Rather, the depth of the neural loop from primary visual cortex up to parietal 

and frontal areas determines the capacity and the characteristics of the memory trace (for a 

schematic overview, see Fig. 7.3). Moreover, when we describe short-term memory traces in 
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this neural way, we can formulate testable predictions about “iconic memory” (brief, high-

capacity, retinotopic, feature buffer), “fragile VSTM” (seconds-lasting, high-capacity, 

spatiotopic, object buffer), and “visual working memory” (sustained, low-capacity, view-point 

invariant, attentive buffer). Future work should address whether these neural predictions 

about VSTM hold up to the test. 

 

Figure 7.3 Maintenance of information in visual short-term memory (VSTM) is accomplished by neural 

loops between brain areas. The characteristics of a specific VSTM representation depend on what 

brain areas are included in the neural loop; when the loop is confined to primary visual cortex, the 

representation is feature-based or an “iconic memory” representation; when the loop is confined to 

object-specific areas in extrastriate visual and temporal cortex, the representation is object-based or a 

“fragile visual short-term memory” representation; finally, when the loop includes areas involved with 

top-down attention (and many other functions), the representation is attention-based or a “visual 

working memory” representation. As the loops go deeper into the brain, the capacity for concurrent 

loops or multiple VSTM representations becomes smaller. 

 
The relation between consciousness and visual short-term memory 
“What is the biological basis of consciousness?” According to Science magazine (G. Miller, 

2005), this is the second-most important scientific question that remains to be answered. 

Only, the question “What is the universe made of?” is deemed to be more important. This is 

quite funny given the fact that I once started studying Physics with the intention to unravel 
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the mysteries of the universe. Looking back on years of study in the field of Cognitive 

Neuroscience, I realize now time has brought me much closer to the other universal mystery.   

Before I sketch the relation between consciousness and visual short-term memory, I 

will elaborate a little bit on the hard problem of consciousness; that is, the lack of a good 

definition. Just try to come up with a good definition yourself. Is your consciousness the stuff 

that thoughts are made of or does it include your experiences when you look around you with 

a blank mind? Is consciousness that what makes you different from other people or is it quite 

a common psychological process? I bet your definition of consciousness and what to include 

and exclude is different from my opinion and different from the opinion of the rest of the 

world.  

To avoid this “paralyzing” lack of a unified definition, cognitive science relies on 

objective criteria to decide what is “conscious” and what is not. When people are able to 

report their experience(s) in response to a question or an instruction, this is generally taken 

as evidence for conscious processing. The method to collect responses may vary 

extensively; button presses and verbal responses (“overt responses”) are traditional 

measures, yet recent work of Laureys and co-workers shows that even brain responses 

(“covert responses”) might be used to probe for consciousness. Simply by asking vegetative 

patients to respond to questions by thinking of sports (activating motor cortex; “yes”) or by 

thinking of wandering around their houses (activating hippocampus; “no”), four out of 52 

patients could accurately answer questions without being able to move or to respond in any 

overt way (Monti, et al., 2010). We must therefore conclude that these patients are conscious 

entities and we would not be able to deduce this from any overt behavior. Thus, brain 

(“covert”) responses should in some cases be acknowledged as indices of consciousness.  

Still, there might be situations where you were conscious for a brief moment, but you 

forgot your experiences before you were able to report them. To illustrate this, I will ask you 

to flip over to page 116 and to look at the printed picture for about ten seconds (CONTINUE 

HERE). Now, what did you see? Probably lemons and oranges, quite a few actually. But did 

you see sandwiches, bottles of wine, and bottles of beer? And what color were the pants of 

the vendor? And how many jugs of juice were standing on the bar?  

It is very clear that when you were looking at the picture, you perceived a richly 

detailed and complete image. Nonetheless, you will have to acknowledge that you did not 

remember the entire picture with all its details after you flipped back the page. This distinction 

between your rich, immediate perception and the little you remember of it afterwards 

provides a scope onto two different kinds of awareness; perceptual awareness with high 

capacity and the lifetime of about a single fixation, and a more abstract form of awareness 
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with limited capacity and a lifetime that is related to your concentration span (see Block, 

2007). We can measure these two different kinds of awareness with visual short-term 

memory paradigms as people store a relatively complete image of the outside world in iconic 

memory (Averbach & Coriell, 1961; Sperling, 1960) and fragile VSTM (Sligte, et al., 2008, 

2009), and a very sparse representation in visual working memory (Luck & Vogel, 1997; 

Vogel, et al., 2001). Importantly, when people are asked to report their percepts from iconic 

memory, fragile VSTM, or visual working memory, they are able to do so. This implies that all 

three short-term memory stores are instances of conscious processing or at least can be 

equated to the availability for conscious access.  

 Thus, in order to increase our knowledge about the biological basis of consciousness, 

it is sensible to study the characteristics and neural dynamics of visual short-term memory. 

We might even believe that visual working memory is what remains of a directly accessible 

form of consciousness, while iconic memory and fragile VSTM are what remains of visual 

awareness without immediate cognitive access. Whether this actually is the case remains an 

open question. 
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Figure 7.4 Quite some lemons and oranges, don’t you think so... 
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9. Nederlandse samenvatting 
 

Daar zit ik dan, onderuitgezakt in een lage rode stoel in de hoek van 

een IKEA-groene kamer, compleet met Expedit en al (zie Foto 

hiernaast; “sorry voor het inbreken in je kamer, Victor”). Een broekie 

van 23, op sollicitatiegesprek bij de grote bewustzijnsman (Victor 

Lamme) en zijn briljante rechterhand (Steven Scholte) die dreigend 

boven mij uittorenen.  In het afgelopen jaar heb ik vrijwel uitsluitend 

met Ha Steven Scholte te maken gehad die mijn laatste (en nu al 

ouderwetse) doctoraal-project heeft begeleid dat ik samen met een 

medestudent heb gedaan (thanks, Gil Yitshaki). Steven, die 

misschien nog het best te typeren is als een verstrooide ADHD’er met een heel klein hartje, 

een voorkeur voor gewaagde en heftige discussies, en een duidelijk voorliefde voor de 

mooie dingen in het leven (eten, drinken, vrouwen, kaarten; niet per se in die volgorde).  

Victor had ik tot dan toe alleen min of meer van een afstand meegemaakt als docent in een 

cursus, als briljante geest tijdens zijn inauguratie als hoogleraar en als veel minder 

geïnspireerd spreker toen ik mijn doctorandus/master graad behaalde. Ik kende Victor vooral 

als de man die samen met Pieter Roelfsema en Henk Spekreijse een revolutie in het denken 

over bewustzijn en de werking van het brein in gang had gezet. Maar ik wijk een beetje af 

van mijn verhaallijn. 

Dus, daar zit ik dan. Te luisteren naar vriendelijke en persoonlijke vragen en dan 

opeens komt de vraag waarom ik promovendus wil worden en de krochten van de 

menselijke geest wil afspeuren op zoek naar een biologische definitie van bewustzijn.  

 
Wat een lastige vraag. Hoe moet ik die in Godsnaam beantwoorden. Nou, laat ik het 

maar op liefde gooien.  

 
“Nou, ik denk dat de vraag hoe ons brein bewustzijn genereert een van de 

belangrijkste vragen in de wetenschap is. En ja, het zal geen makkelijke opgave zijn, 

maar als je maar genoeg liefde hebt voor het vak, dan kom je er uiteindelijk wel uit.”  

 
Wat verschrikkelijk naïef. Wat wist (en weet) ik er nou eigenlijk allemaal vanaf? Desondanks 

begon daar het echte werk als promovendus, en nu eindigt het met de voltooiing van dit 

proefschrift. Ik kan jullie niet genoeg danken voor deze kans, Steven en Victor, maar 

daarover meer in het dankwoord. Nu meer over de inhoud van dit proefschrift.  
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De grote vraag: de biologische basis van bewustzijn 

Als je met een gevoelige microscoop hersenweefsel bekijkt, zul je ontdekken dat het om een 

hopeloos complexe materie gaat; er zijn ongeveer honderd miljard (1011) neuronen in het 

volwassen, menselijke brein en gemiddeld genomen hebben deze neuronen ieder 7000 

connecties met andere neuronen. De totale hoeveelheid connecties waaruit het brein 

bestaat, komt daardoor al snel in de buurt van de vijfhonderd biljard (5 x 1014) connecties. 

Het lijkt daarom bij voorbaat een onmogelijke zaak om welke psychologische functie dan ook 

te vertalen naar neurale processen, laat staan een functie als bewustzijn (of bewustzijn 

functioneel is laat ik voor het gemak maar even buiten beschouwing). 

 Toch is het geen onbegonnen zaak. Als we het brein veel simpeler proberen voor te 

stellen dan zij werkelijk is, zijn er een paar wetmatigheden terug te vinden. Een van de 

belangrijkste wetmatigheden is dat de richting van verbindingen tussen neuronen in de 

cerebrale cortex grofweg beperkt is tot 1) voorwaartse, 2) feedback, en 3) horizontale 

verbindingen. Voorwaartse verbindingen zorgen voor hele snelle hersenreflexen, vanuit de 

sensorische gebieden (auditief, visueel, tast, etc.) richting de motorische schors. 

Voorwaartse verbindingen zijn essentieel als je heel snel moet reageren, bijvoorbeeld als je 

bijna omver wordt gereden door een auto. Je kunt dan op basis van voorwaartse activatie 

binnen 1/10 van een seconde wegspringen. De bewuste ervaring komt in dat geval pas 

nadat je al hebt gereageerd, althans dat hoop ik tenminste. Waarom deze bewuste ervaring 

later komt, zal ik nu proberen uit te leggen.  

 Waar voorwaartse verbindingen voor hele snelle hersenreflexen zorgen, zijn 

feedback verbindingen (vanuit hogere hersendelen naar sensorische hersendelen) van 

cruciaal belang voor bewustzijn. Als feedback verbindingen niet of niet goed werken, blijft 

een bewuste ervaring altijd uit. Narcosemiddelen zijn er bijvoorbeeld op gemaakt om de 

feedback verbindingen uit te schakelen, terwijl de voorwaartse verbindingen vrijwel 

onaangetast blijven. Ook hersenschade die selectief de feedback verbindingen aantast, zorgt 

ervoor dat bewustzijn uitblijft. Met nieuwere technieken, zoals magnetische stimulatie van 

hersenactiviteit, kan je door de schedel heen feedback signalen verstoren, wat op zijn beurt 

resulteert in bewustzijnsverstoringen. Tot slot zie je dat, wanneer er spontaan een bewuste 

ervaring uitblijft, de voorwaartse verbindingen vrijwel hetzelfde vuren als normaal. Feedback 

verbindingen vuren daarentegen nauwelijks. Het moge dus duidelijk zijn dat er een duidelijke 

relatie bestaat tussen feedback verbindingen in het brein en de bewuste beschikbaarheid 

van informatie. Omdat feedback verbindingen pas actief worden, nadat de voorwaartse 

verbindingen hun werk hebben gedaan, loopt bewustzijn altijd een beetje achter op de 

werkelijkheid. 
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 Een interessante vervolgvraag is of bewustzijn alleen optreedt als je nadenkt, praat of 

andere typisch menselijke dingen doet, of dat meer basale hersenprocessen als zien, horen 

en voelen ook aangemerkt kunnen worden als bewuste ervaringen. Immers, zowel voor 

bewust nadenken als voor bewust zien is een interactie tussen voorwaartse en feedback 

verbindingen nodig. Mocht je bewustzijn daarom definiëren als een interactie tussen 

voorwaartse en feedback verbindingen, dan moet je concluderen dat nadenken, praten, en 

dergelijke net zoveel te maken hebben met bewustzijn als zien, horen en voelen. Het grote 

probleem zit hem echter in de observatie van ons gedrag. Wij, mensen, zien en horen zo 

veel informatie tegelijkertijd dat we selectief onze aandacht op een paar informatie-

elementen moeten richten. Vervolgens zullen alleen die dingen waar we onze aandacht op 

hebben gericht, langer dan een fractie van een seconde in onze gedachten verblijven. 

Daarvan kunnen we later ook zeggen dat we het gezien hebben. De informatie die geen 

aandacht heeft gekregen, verdwijnt gewoon weer uit onze gedachten zonder veel sporen 

achter te laten. Daarover kunnen we dus niet praten en het is dus moeilijk te concluderen op 

basis van gedrag of we misschien wel kortstondig veel meer bewuste informatie tot onze 

beschikking hadden. Om deze kortstondig bewuste processen te meten die geen aandacht 

hebben gekregen, moeten we dus iets slims bedenken. 

 

Een blik op sensorisch bewustzijn en cognitief bewustzijn 

Waarschijnlijk heb je het zelf wel eens meegemaakt dat je gestoord werd tijdens je favoriete 

tv-programma met een vraag van een ouder/kind/echtgenoot/schoonouder. Gelukkig ging je 

zo op in het programma dat je de vraag niet eens echt hebt “gehoord”. Als diezelfde persoon 

vervolgens aan je vraagt: “Hoorde je me niet, of zo!?”, dan weet je toch de laatste woorden 

te herhalen en daarna antwoord te geven op de vraag. Dit is waar het om gaat. 

 Informatie die geen aandacht heeft gekregen, sluimert nog enige tijd rond in je brein, 

in je sensorisch geheugen. Deze informatie is nog steeds beschikbaar, anders had je de 

woorden niet alsnog kunnen herhalen. Het sensorisch geheugen bevat een enorme 

hoeveelheid informatie, terwijl ons werkgeheugen alleen informatie bevat waar we aandacht 

voor hebben (gehad). In de afgelopen jaren heb ik onderzocht hoe visuele informatie nou 

precies verwerkt wordt in het sensorisch geheugen en in het werkgeheugen. 

 In tegenstelling tot wat bestaande experimenten over sensorisch geheugen beweren 

(duur van een halve seconde, heel basale verwerking) blijkt uit al mijn experimenten dat het 

sensorisch geheugen op te delen is in verschillende stadia. Elk opvolgend stadium bevat 

minder informatie, maar de informatie wordt wel steeds complexer. Tegelijkertijd lijken de 

hogere vormen van sensorisch geheugen veel langer te duren dan lagere vormen. Ook lijkt 
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het erop dat als er visuele informatie onze ogen binnenkomt, deze informatie op vele plekken 

in ons brein tegelijk actief wordt gehouden. Helemaal achter in hoofd houden “loops” van 

voorwaartse en feedback connecties heel kort een heleboel simpele beelden vast. Iets 

verder naar voren, in de temporaalkwab, houden deze “loops” van hersenactiviteit de 

betekenis van op zijn minst 16 objecten vast. Tot slot selecteren aandachtsgebieden in de 

frontaal- en pariëtaalkwab maximaal 4 stukjes informatie voor verder gebruik en dit leidt tot 

“loops” van activiteit die een groot deel van het brein omvatten.  

 Puur gebaseerd op de logica dat mensen informatie uit het sensorisch geheugen 

bewust kunnen rapporteren als je ze daar op tijd om vraagt, gecombineerd met het gegeven 

dat de visuele informatie niet meer in de omgeving aanwezig is, impliceert dat er wél zoiets 

moet bestaat als een kortstondig, visueel bewustzijn. Dit geeft een erg interessant 

perspectief, waarbij we onderscheid kunnen maken tussen sensorische vormen van 

bewustzijn die heel kort, heel veel informatie verwerken en cognitieve vormen van bewustzijn 

die heel weinig informatie bevatten waar we wel over kunnen praten en over kunnen 

nadenken. Zo ontstaat op een psychologisch beschrijvingsniveau een gelaagd beeld van 

bewustzijn, waarbij we hele basale vormen van visueel bewustzijn kunnen onderscheiden 

van complexe vormen als reflectief bewustzijn.  
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Dankwoord 
 

“Betrapt!” Alweer bladert iemand als eerste door naar het dankwoord om vervolgens dit 

proefschrift voor eeuwig op zijn lauweren te laten rusten. Dat is op zich niet erg, maar 

probeer de Nederlandse samenvatting voor de aardigheid ook eens. Dit dankwoord is met 

zorvuldigheid samengesteld. Ik heb er dan ook voor gekozen om een paar mensen extra 

aandacht te geven. Als ik je tekort doe met dit dankwoord (of niet noem), bij voorbaat mijn 

excuses.  

De weg naar de doctor’s graad is een lange en moeizame rit. Het begint bij het 

bestuderen van de literatuur. Gevolgd door het uitdenken van een briljant experiment, dat 

helaas niet altijd even briljant uitpakt. Als alles wel gelukt is en de data succesvol is 

geanalyseerd, komt het grote schrijven. Tot slot de ellende: externe beoordelaars 

(“reviewers”) trappen jou (expres?) met je tere zieltje de grond in. Aangezien de 

promovendus van tegenwoordig geacht wordt minstens drie artikelen in internationale bladen 

te publiceren binnen zijn promotie, omdat anders simpelweg je carrière in de kiem wordt 

gesmoord, heeft dit in mijn geval meer dan eens tot de o zo bekende AiO-dip geleid die 

iedere AiO wel een keer ten deel valt. 

 Die AiO-dips was ik niet doorgekomen zonder de liefde van mijn leven. Precies 

tegelijk met Steven’s Stacks en Frames en het Inattentional Blindness paradigma (waarvan 

jij altijd zei: “Als je over Inattententional Blindness begint, word ik Inattentional Deaf.”) kwam 

je mijn leven binnengestormd. Mijn mooie rooie uit het verre Brabantse land. Zo ver dat ik het 

toch wel een beter idee vond als jij maar in Amsterdam kwam wonen. Gelukkig was je erg 

naïef en met een “O, in Amsterdam vind je makkelijk een kamer binnen een week of twee en 

in de tussentijd mag je wel bij mij en mijn ouders wonen”, rolde je mijn leven in om meer dan 

een jaar bij mijn ouders te wonen, totdat we uiteindelijk een eigen stekkie vonden. Al ging 

onze relatie soms erg moeizaam, omdat ik (AiO-dip) of jij (studie-dip) niet lekker in je vel zat, 

zijn we toch al meer dan zeven jaar bij elkaar. Ik hoop dat dat nog lang zo mag blijven, want 

iemand zo speciaal en mooi als jij vind ik nooit meer.  

 Over speciaal gesproken: mijn copromotor, Ha. Soms hoor ik nog het sinistere lachje 

en het geschuifel achter de deur die uitkomt op het zwembad in ons conferentiehuis in 

Florida, en ik denk: “Ja hoor, het is weer zover. Hij heeft weer iets gevonden”. De deur vliegt 

open en Steven verschijnt in vol ornaat met allerlei schuimrubberen stokken en waterpistolen 

in de aanslag. Vol in de aanval, bommetje in het water, en meppen maar. Of je rent naar 

binnen als ik iets op de computer niet voor elkaar krijg, rost wat op het toetsenbord, en na 

een paar seconden ren je weer weg. “Succes!” Waar Sanne mij de liefde tussen twee 
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mensen heeft laten zien, heb jij me de liefde voor de wetenschap en alle mooie dingen 

daaromheen (eten, drinken, kaarten, maar vooral watergevechten) laten zien. Je bent zo gek 

en briljant als een deur. Zonder jou was ik nooit verliefd geworden op het vak, maar je bent 

ook een van mijn beste vrienden. Ik ga door het vuur voor jou. 

 Als we het over watergevechten hebben, dan kan ik eigenlijk in adem door Victor 

noemen. Victor, de man die vaak op je verhalen in de lift reageert met “hmmmpff”. Trek hem 

echter een zwembroek aan en geef hem een waterpistool of iets wat daarop lijkt (“Visje!” “Ja, 

die heeft op zijn minst P-consciousness.”), dan kan je je borst nat maken. Met de hele 

Lamme-club op conferentie. De eerste dag stonden de cops al voor de deur, omdat ons 

gespetter in het zwembad niet gewaardeerd werd door de buren. En de aanstichter: Victor. 

Of dansend met een tafelkleed om zijn schouders als een soort fosforiserende superman 

tussen de verbaasd kijkende Amerikanen door. Verder ken ik Victor als iemand met altijd tijd, 

altijd geduld, en een enorme warmte. De lammetjes familie die jij hebt opgebouwd is warm, 

zo warm dat ik eigenlijk nooit meer weg wil. Dank je dat ik mag grazen in jouw weide.  

 Johannes, daar waar mijn uitzicht vroeger veel beter was (tja, toen zat Myriam daar 

nog), zit daar nu Johannes. Johannes, die altijd wild met Mante over de vloer dweilde, die tot 

in de late uurtjes dronk, die zo goed kan dansen dat Amerikanen vragen waar die lange 

jongen toch is die er vorig jaar ook bij was. Nu zien we de wilde Johannes nog maar zelden, 

omdat hij een brave en verantwoordelijk papa van twee is geworden. Toch wisten we 

allemaal altijd al dat jij de Big Daddy was, voor Myriam, Simon, en mij althans, en nu ook 

voor Annelinde. Ik voel me zeer vereerd om jou als paranimf te hebben. 

 Simon, mijn god wat is het stil nu jij ons ontvallen bent. Met al je slappe opmerkingen 

en belachelijkheden creeerde je een luchtige situatie die altijd iedereen opvrolijkte. Ik hoop 

dat je het snel weer hebt gehad in Parijs en gewoon weer hier komt flexplekken. 

Waarschijnlijk gaat onze productie dan weer dramatisch omlaag, maar ons humeur de 

andere kant op.  

 Myriam, het is alweer een tijdje geleden, maar ik mis je nog steeds af en toe. Je was 

altijd een baken van opgewekte vrolijkheid. Ik hoop dat het misschien nog eens gaat jeuken 

en je weer terugkomt, al denk ik van niet. Aan de andere kant heb je wel je sporen nagelaten 

en voor een waardige opvolger uit de eigen gelederen gezorgd. 

 Annelinde, “de nieuwe Myriam”, al heb ik dat zelf nooit zo ervaren. Jij bent een van 

de guys, altijd in voor een geintje of een biertje en voor programmeren draai je je hand niet 

om. Het laatste jaar hebben we vrij intensief samengewerkt, wat onder andere uitgemond is 

in een gezamenlijke publicatie. Ik hoop dat ik in de toekomst nog vaak op je scherpe visie en 

nuchtere intellect mag vertrouwen.   
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 De dandy Martijn is ook een figuur apart. Goede smaak, goed humeur, prachtkerel. 

Het is jammer dat we niet samen op een kamer hebben gezeten. Misschien ook maar goed 

ook, want dan had je onze kamer waarschijnlijk ook omgebouwd tot een soort kitschhol. Ik 

kan niet wachten tot we weer een uitstapje gaan maken. 

Dan wil ik alle andere Lammetjes bedanken (Iris, Andries, Julia, Anouk, Andre, Yaïr, 

Sennay, Jacob). 

 Tot slot wil ik een paar collega’s specifiek bedanken, omdat ik jullie fantastische 

mensen vind: Hilde, Romke, Richard, Jaap, Mike, Marcus, Rolf en Lucia. En laat ik Hubert 

niet vergeten. Daarnaast wil ik graag mijn promotiecommissie bedanken voor het lezen van 

mijn proefschrift en de bereidheid mij het vuur aan de schenen te leggen tijdens mijn 

verdediging: Jeroen Raaijmakers, Jaap Murre, Edward de Haan, Pieter Roelfsema, Jan 

Theeuwes, en Kimron Shapiro.  

 Dear Kimron, I am very honored that you are coming over for my PhD defense. When 

I first met you at the CNS conference in San Francisco, we started talking about visual short-

term memory and we kept on talking for more than an hour. Since then, we have stayed in 

contact and I even came over for a short stay in Bangor, Wales. Unfortunately, I couldn’t find 

the time this fall to renew my visit, but I hope that we will be collaborators on a lot of projects 

in the nearby future. To me, you are an example of how the scientific world should be and I 

look forward to more scientific discussions and discussion about the joys of life. 

 Mijn beste vrienden (Daniel vd S, Edward, Vincent, Judith, Sebastiaan, Dennis, Henri 

en Arjanne), ik heb jullie nooit precies kunnen uitleggen wat ik nou precies doe, en misschien 

is dat maar goed ook. De commitment aan mijn werk heeft er soms wel eens voor gezorgd 

dat we elkaar niet even vaak hebben kunnen zien, maar ik hoop dat jullie mij dat vergeven. Ik 

denk aan jullie.  

 Lieve Sara, gekke Sara, wat fijn dat mijn bridgemaat, mijn grote vriendin mij door mijn 

promotie heen wil loodsen als paranimf. Je bent de zus die ik nooit gehad heb. Daarom 

kunnen we ook zo lekker vervelend doen tegen elkaar en ook af en toe knallende ruzie 

hebben. Ik hou van je (en ook wel een beetje van dopje).  

 Uiteindelijk ben ik de mensen die dit mogelijk hebben gemaakt natuurlijk het meeste 

dank verschuldigd. Henk en Betty, mijn lieve ouders, ik hou ontzettend veel van jullie. 

Stiekem geniet ik er ook wel een beetje van dat jullie beiden drs. zijn en ik de s. eraf heb 

gepoetst. Misschien zet jullie dit aan om hetzelfde te doen, nu het wel ok is om te 

promoveren.  

 Als aller-, allerlaatste richt ik het woord tot, naast Sanne, de belangrijkste persoon in 

mijn leven. Ik kan het me niet meer zo goed herinneren, maar ik heb ooit een verhaal 
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gehoord dat ik woest was toen jij ter wereld kwam. Je moest simpelweg dood. Later leerde ik 

je uit je wieg klimmen om samen tv te kijken. Nog later speelden we elke dag samen. Ik was 

altijd de baas en dat was ik nog steeds geweest als jij, vuil etter, er niet dankbaar gebruik 

van had gemaakt dat ik mijn been had gebroken. Als Henk en Betty niet thuis waren, gaf je 

me een paar tikken en dan rende je naar boven. Sindsdien zijn we gelijkwaardig met elkaar 

omgegaan. We hadden zelfs grotendeels dezelfde vrienden. De laatste anderhalf jaar staan 

we iets minder dicht bij elkaar en zie ik je ook een stuk minder, en dat vind ik verschrikkelijk. 

Laten we het verleden laten voor wat het is en als duo de toekomst tegemoet gaan. Als 

bridgepartner, beste vrienden en broers.  

 

 

 

 

 

 

 

 


