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Representation-specific Recruitment for Visual Working Memory Maintenance 
 

 The sensorimotor recruitment model posits that visual working memory (VWM) recruits 

sensorimotor cortices to support the maintenance of simple visual features (e.g. color, 

orientation). This dissertation demonstrates that perception and VWM maintenance occur in the 

same cortical areas, with the region recruited determined by the demands of the task and the 

specific stimulus involved, regardless of complexity. In Chapter 1, an orthogonal dual-task 

paradigm was used in which participants maintained information while performing perceptual 

discriminations. The results revealed a strong bidirectional interference between VWM and 

perception for two complex stimuli, motion direction and face identity, showing that recruitment 

during maintenance is not limited to early visual areas. Chapter 2 then delves deeper into how 

this pattern of interference changes over time. While motion direction showed a pattern of theta 

oscillation and decay, face identity did not, highlighting important differences in the temporal 

dynamics of VWM maintenance across different cortical regions. Chapter 3 provides direct 

causal evidence of the role perceptual cortices play in VWM maintenance for motion direction 

using transcranial magnetic stimulation (TMS). TMS to MT+ cortex during the delay period 

post-encoding disrupted the memory maintenance and reduced the interference between VWM 

and ongoing perception. Overall, these findings demonstrate that perceptual recruitment during 

maintenance is not limited to early sensory areas, but rather any area of the brain may be 

engaged depending on the specific stimulus and task demands – representation-specific 

recruitment.  
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The term working memory was originally created and used in reference to computers: 

short-term storage that is currently being accessed (Newell & Simon, 1956). It was first adopted 

by cognitive neuroscience and used in relation to the human brain in the 1960’s. It now describes 

the process in which information is maintained and manipulated in the brain. When the term was 

first used, working memory was thought of as a branch of short-term memory, with an emphasis 

that information in working memory could be changed, not just stored. There have been many 

different iterations of models for visual working memory (VWM) throughout the years, trying to 

untangle the neural mechanism underlying it. Recently, most have come to the consensus that 

VWM maintenance directly involves early sensory cortices, a process called sensorimotor 

recruitment (D’Esposito & Postle, 2015). According to sensorimotor recruitment, perception and 

VWM are highly interconnected and able to influence one another. 

Neuron’s tuning curves, firing in response to sensory stimuli, play a large role in 

sensorimotor recruitment. They exist for a number of features, from simple (e.g. orientation, 

color; Bohon et al., 2016; Kohn & Movshon, 2004; Ringach et al., 2002) to more complex (e.g. 

motion direction, face identity; Leopold et al., 2006; Zeki et al., 1991). Because tuning curves 

exist for these high-level features as well, this suggests that the interaction and interference 

between VWM and perception is not limited to early sensory cortices, but rather exists in any 

region of the brain, based on the stimuli. Thus, I rename this process representation-specific 

recruitment, as the demands of the task lead to the activation of specific neurons in the areas that 

are involved in said task and the perception of those features. 
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In this dissertation, I aim to show that it is not just early sensory cortices that are directly 

involved in VWM maintenance. Rather, this mechanism extends to any region of the brain based 

on the demands of the task. For example, representation-specific recruitment can include regions 

such as the fusiform face area (FFA) or occipital face area (OFA), both known for face 

processing, or area MT for motion direction. Investigating the temporal dynamics of interference 

between VWM and perception for more complex stimuli will advance support for representation-

specific recruitment. Further, the use of transcranial magnetic stimulation (TMS) will provide 

direct causal evidence implicating specific brain regions in this interference for complex 

features. 

If representation-specific recruitment is a general mechanism driven by task demands, it 

would apply not only to VWM but to any process requiring complex visual detail, including 

attention and mental imagery, all of which are highly interconnected. Attention can dictate what 

information goes into VWM, and the information held in VWM also prioritizes what is attended 

to (Awh et al, 2006; Soto et al., 2005). VWM and perception are also integral components of 

mental imagery, with perception and mental imagery virtually impossible to distinguish based on 

neural signals (Dijkstra & Fleming, 2023). All three processes are known to have a striking 

number of regions of overlap. This overlap may be due to these processes sharing the same 

underlying mechanism of representation-specific recruitment, with different modulations based 

on the specific process the task requires. 

0.&#$'$()&1*8(#"1-*(/*9(.:$)5*8";(.< *

When memory models were first proposed, working memory and short-term memory 

were thought of as roughly interchangeable. After becoming more distinct concepts, the term 

working memory is now used for information that is actively being manipulated, whereas short-
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term memory is used for passive storage of information before it moves on to long-term memory 

or is forgotten.  

Modal Model*

Memory was originally thought to be akin to a series of storage systems that flowed from 

perception to long-term memory. There were three components of memory: sensory register, 

short-term store, and long-term store (Atkinson & Shiffrin, 1968; 4$56."*=&>. Perception, or 

information from the senses, was believed to be very briefly stored in the sensory register, and 

then moved to short-term store. Short-term store, which was also called working memory at the 

time, was considered to be a singular system that controlled the temporary storage of information 

from the sensory register to later be placed into long term store, as well as retrieve relevant 

information out of long-term store. The information in both the sensory register and short-term 

store was thought to decay completely after its temporary storage but would be more or less 

permanent when in long-term memory (Atkinson & Shiffrin, 1968).*

However, some patients with brain damage showed severe deficits in short-term memory 

yet could complete tasks involving long-term memory (Shallice & Warrington, 1970). This led 

to the modal model falling out of favor, as a rigid short-term memory system would not allow 

these patients to be able to use short-term memory to retrieve information from long term 

memory, yet they were obviously able to. Eventually, the theory behind working memory was 

made distinct from short-term memory and evolved to include subdivisions with parallel 

processing. This allowed patients to have damage to one of these subsections of working 

memory, while still granting long-term memory the ability to function through the other sections 

(Baddeley, 2010). 
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Multicomponent Model*

Baddeley & Hitch (1974) and Baddeley (1992) argued that working memory was 

composed of the following three parallel processes: 1) the visuo-spatial sketchpad, 2) the 

phonological loop, and 3) the central executive (4$56."*=,). The visuospatial sketchpad would 

primarily be involved in storing information from visual and spatial perception, and the 

phonological loop for hearing and speech information, as well as speech formation (Baddeley & 

Hitch, 1994). The visuospatial sketchpad and phonological loop were conceptualized as two 

separate subsystems because they each used different resources and had different capacity limits 

(Baddeley, 2010). Still, they were both thought to function via similar mechanisms. The central 

executive was characterized as an attentional control system, in charge of organizing the 

information from the other two subsystems, and had a very limited capacity of about 4 chunks of 

information (Baddeley, 1992, 2010).  

The episodic buffer was later added as a fourth component to this model, to combat some 

limitations of the previous three-component system (Baddeley, 2000). The episodic buffer was 

meant to be controlled by the central executive, and its purpose was to provide a screen between 

episodic long-term memory and the phonological loop and visuospatial sketchpad. It provided a 

place for the different forms of information coming from the phonological loop and visuospatial 

sketchpad (e.g. auditory, visual) to interact and integrate with one another (Baddeley, 2000; 

2010). A functional magnetic resonance imaging (fMRI) study showed greater activation for 

integrated information in the right frontal region of the brain (Prabhakaran et al., 2000), so the 

episodic buffer was thought to be located there. However, this version of the working memory 

model has also come into question. This model is still unable to support the storage of every type 

of information that could potentially be in working memory, including information from other 
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senses such as touch and taste (D’Esposito, 2007). Another model of working memory was 

proposed, which did not require numerous buffers to store various types of information: the 

embedded processes model. 

Embedded Processes Model*

The embedded processes model of working memory, theorized by Cowan (1998,1999), is 

strongly based in attention. It was thought that when information came into the brain through 

sensory regions, it activated certain systems in long-term memory based on the type of 

information, without separate phonological and visuospatial storage systems (4$56."*=%). 

Working memory would consist of representations from long-term memory based on the focus 

of attention. New information coming from sensory regions would interfere with or completely 

replace previous information relating to the same feature, changing based on what is being 

attended to (Adams et al., 2018). This interference occurs because items with the same features 

would utilize the same neural substrates. Conversely, if items do not share features, there would 

be less interference between them. If information is not rehearsed or attended to again, it would 

soon be forgotten. Critically, in this view, items are stored and being pulled from an activated 

portion of long-term memory. Such models are known as “activated LTM models” (D’Esposito, 

2007). Activated LTM models are usually studied using semantic stimuli (e.g. digits, words), 

whereas more recently established models are studied using perceptual stimuli (e.g. color, 

orientation). Though the accepted model for working memory has evolved beyond Cowan’s 

embedded processes model and does not include offloading into long-term memory, attention is 

still known to be a major component in working memory, discussed later on in this introduction. 
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4$56."*=?*&>*Original “modal model” of working memory by Atkinson & Shiffrin (1968) ,>*
Multicomponent model of working memory by Baddeley & Hitch (1974), later updated to 
include episodic buffering (Baddeley, 2000). %> Embedded processes model of working memory 
by Cowan (1998,1999). 

 

These traditional models of working memory proposed systems in which working 

memory was completely distinct from encoding. In their models, once information is passed 

from early visual and other perceptual cortices, it is not able to interact with those sensory 

regions any longer. It was thought that interference effects between VWM and perception should 
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decrease and eventually disappear as information moves away from sensory cortices, unless it 

was continuously rehearsed. However, many more recent studies have found that there is 

common recruitment of the sensory cortices by both VWM and perception, a process called 

sensorimotor recruitment (D'Esposito & Postle, 2015; Jonides et al., 2005; Postle, 2006). All 

three of these traditional models of working memory view VWM and perception as having 

completely distinct mechanisms, but in reality, they are connected and may even share the same 

underlying mechanism, beyond sensorimotor recruitment, based on the stimuli and task they are 

being utilized for. 

@")-(.$;('(.*A"%.6$';")' *

There has been increasing evidence to support the idea that perception and VWM are 

inextricably linked. An fMRI study by Harrison and Tong (2009) found that an orientation held 

in VWM can be decoded from the visual cortex. Even when a stimulus is not visually present, 

early visual cortices are able to keep this information during the post-encoding delay, without an 

increase in general activation (Harrison & Tong, 2009; Serences et al., 2009). This activation in 

early visual areas during the maintenance period is very similar to the activity observed during 

the encoding of the stimulus (Serences et al., 2009), and the information being maintained in 

VWM can even be decoded from sensory cortex (Emrich et al., 2013; Riggall & Postle, 2012). 

Therefore, the sensory representations that are involved in visual perception are also involved in 

VWM maintenance. 

TMS studies have also provided support for the sensorimotor recruitment model 

(Silvanto & Cattaneo, 2010). Phosphenes, spots of light that result from pressure or stimulation 

rather than visual light, were induced using TMS to areas V5/MT+, known for motion direction. 

The motion of a phosphene was shown to become stronger when the maintained phosphene 
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matched the expected direction of motion of the memory item and decreased in strength when it 

did not match. When there was no overlap between the induced phosphene and the maintained 

memory item, there was no change in strength. This did not occur when TMS was applied to 

lateral occipital region (LO), a region uninvolved in motion processing. Therefore, VWM 

maintenance for motion only affects the regions directly involved in said maintenance, further 

supporting the sensorimotor recruitment model.  

Some critics of the sensorimotor recruitment model state that if VWM and perception 

share neural substrates, then people should be prone to distraction by new stimuli during the 

delay period, post encoding. They argue that some studies have shown that there is resistance to 

distraction during this period, and therefore, any evidence of feedback from sensory areas is 

actually due to feedback signals from other parts of the brain, such as prefrontal and parietal 

regions, unrelated to VWM (Xu, 2017, 2018). To refute this point, selective attention modulates 

visual activity and can disregard irrelevant stimuli, thereby resisting distractors (Kastner & 

Ungerleider, 2000). But, relevant distractors that are more salient and more similar to what is 

being maintained in VWM do produce increased interference effects, as would be expected by 

the sensorimotor recruitment model (Scimeca et al., 2018). Since the interference between 

perception and VWM can be modulated based on the similarity of the perceived distractor to the 

memory item, it is vital to understand how neurons more specifically respond to various sensory 

stimuli by studying their individual tuning curves.  

Generally, sensorimotor recruitment has been studied using low-level stimuli and 

observing the interaction between VWM and perception in early sensory cortices. However, the 

same process should occur for any stimuli, anywhere in the brain. Understanding the specific 

neuronal response to different stimuli using their tuning curves will allow further investigation 
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into this process and discern whether this mechanism is specific to low-level stimuli, or if it also 

occurs elsewhere in the brain. 

06)$)5*26.B"- *

Tuning curves represent the average firing rate of a neuron based on its response to 

sensory stimuli (Butts & Goldman, 2006). Tuning curves for each neuron dictate the strength of 

the representation of a stimulus. The strength of the representation decreases as new stimuli 

move farther away from the original stimulus representation. (Shapley et al., 2003). These tuning 

curves exist for a number of features, including orientation (Kohn & Movshon, 2004; Ringach et 

al., 2002), color (Bohon et al., 2016), and motion direction (Zeki et al., 1991). For orientation for 

example, the peak of the tuning curve is at the maintained orientation in memory, and the 

amplitude decreases as the direction (orientation) of the Gabor patch moves away from the 

original (Ester et al., 2013). There has been some debate, however, as to which is best encoded 

by a neuron: the stimulus that evokes the highest amplitude of the tuning curve, or the nearby 

stimuli with the highest slope on the tuning curve. The former because the firing rate is at its 

peak, and the latter because the highest slope means it would be the most easily discriminated 

from other stimuli. If the latter is true, then the peak response would actually be the most 

insensitive, with a slope of zero (Butts & Goldman, 2006). Using stimulus-specific information 

(SSI), the average response information from a specific stimulus, both accounts are partially true. 

There is maximum SSI at the peak of the curve for high noise, which increases firing rate, and 

maximum SSI at high-slope areas of the curve for low noise (Butts & Goldman, 2006). 

Since the tuning curves of both orientation and color have been extensively studied, they 

are two features that are often used in experiments that support the sensorimotor recruitment 

model. Teng & Kravitz (2019) utilized the tuning curves of orientation and color to show that 
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there is bidirectional interference between ongoing perception and VWM maintenance. In an 

orthogonal dual task paradigm, participants maintained a color or orientation in memory while 

also doing a perceptual discrimination task that was in one of two conditions: middle and side. In 

the middle condition, the discrimination stimuli were on either side of the maintained stimulus in 

feature space, whereas in the side condition, both discrimination stimuli were off to one side of 

the maintained stimulus. The strength of the bidirectional interference increased as the similarity 

between the maintained and perceived stimuli increased and was consistent with the tuning curve 

properties of orientation and color. 

 Most studies showing sensorimotor recruitment focus on low-level features that involve 

early cortical areas, such as sensory cortex. However, tuning curves are also evident in other 

regions of the brain, such as face-selective cortex for face spaces, defined by continuous facial 

feature dimensions (Leopold et al., 2006). In complex stimuli like faces, there are two models for 

perceptual adaptation. The first, the exemplar model, states that neurons are each tuned to a 

different face identity (Tsao & Freiwald, 2006; 4$56."*C&). The second, the axis model, believes 

that there are many directions in face space, and the magnitude of neuronal firing is based on the 

strength of the identity features of a face (Leopold et al., 2001). Faces can be coded based on the 

firing of just two cells with opposing axes, with one end of the axis representing one extreme of 

the feature space (e.g. gigantic nose) and the other end representing the opposite (e.g. tiny nose) 

(Tsao & Freiwald, 2006; 4$56."*C&). If each cell is tuned to a particular feature, these neurons 

will adapt to the features of a particular face we see. If neurons first adapt to a face that has 

stronger features, when a more average face is perceived later, the signal will appear to shift in 

the opposite direction (4$56."*C,). The more similar the first face and the subsequent face are to 

one another, the less interference there would be. The subsequent face would cause a smaller 
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shift in neuronal response compared to a much larger shift if the two faces were notably 

different. 

 

4$56."*C?*&>*Exemplar vs axis models of face tuning.*,> Perception of ‘average’ face shifts based 
on what face was perceived previously (Tsao & Freiwald, 2006)  

 

Since faces and other complex stimuli have strong evidence of tuning curves, there 

should also be interference between VWM maintenance and perception for these high-level 

features. However, this interaction would not occur within the sensorimotor cortex, but rather in 

the high-level visual areas of the brain involved in the perception of the stimulus (e.g. face 

selective fusiform face area (FFA) or occipital face area (OFA) for face identity). Thus, this 

process is called representation-specific recruitment, as the mechanism should be based on the 

demands of the task and features involved, not limited to low-level sensory areas. 
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The maintenance of VWM occurs within the same circuits that are involved in encoding 

for low-level features. If this is a general phenomenon in the brain, it should also hold for high-

level features that follow the same pattern of neural tuning. Thus, naming this mechanism 

representation-specific recruitment accounts for both low and high-level features. Chapter 1 

supports this for both intermediate-level (motion direction) and high-level (face identity) stimuli, 

providing evidence for the recruitment of distinct perceptual cortices for each stimulus, 

regardless of complexity. 

Neural tuning curves themselves may be the reason that a specific region of the brain is 

recruited for certain tasks. For example, a task involving the perception of faces requires neurons 

that are tuned for face identity, located in FFA and OFA. Because the neurons in these regions 

are specifically tuned for this task, the regions are uniquely strong at performing the task and are 

recruited to complete it. However, if the task instead involves naming faces, the neurons that 

would be best at this task may instead be in language areas of the brain. The demands of the task 

change the neurons that are involved in the perceptual processing that the task requires.  

VWM should therefore not be thought of as a singular process in a specific region of the 

brain. Instead, it emerges from interactions between the prefrontal cortex (PFC) and various 

perceptual cortices, depending on the nature of the task. The PFC plays a crucial role in working 

memory by maintaining representations that bias activity in perceptual regions toward task-

relevant stimuli (Sreenivasan et al., 2014). FMRI studies have also shown increased activation 

during the delay period post encoding in both macaques (e.g. Funahashi et al., 1989; Fuster & 

Alexander, 1971) and humans (Courtney et al., 1997; Curtis & D’Esposito, 2003). Yet there is 

not always activity seen in these perceptual regions. An oscillatory pattern of activity would 
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explain why this might be the case. Local field potential oscillations have been found to carry 

both already stored information and new sensory information, and signals from PFC to 

perceptual areas drive these oscillations (Comeaux et al., 2023). Observing an oscillatory pattern 

between higher-level perception and VWM maintenance emphasizes the recurrent nature of the 

communication between the PFC and perceptual regions, as demonstrated in Chapter 2.  

 

4$56."*F?*7)'".&%'$()*,"'G"")*G(.:$)5*;";(.<*&)#*D".%"D'$()*&%.(--*B&.<$)5*#"1&<*
'$;"*D(-'*")%(#$)5  &>*Working memory’s influence on perception seen in threshold and 
perception’s influence on working memory seen in bias. ,>*Interference*effects continue even 
when delay time is increased further. (Teng et al, 2023) 

 

Neuronal activity oscillates between PFC and perceptual cortices, but these maintained 

representations naturally decay over time. Teng et al. (2023) showed that while interference 

between VWM and color perception persisted across delay periods up to four seconds, its 
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magnitude decreased overall as the delay lengthened (4$56."*F,). During shorter delay periods, 

the influence of VWM on perception decreased while the influence of perception on VWM 

increased, suggesting a dynamic and reciprocal relationship between the two (4$56."*F&). 

Chapter 2 extends this to an intermediate-level feature, revealing the same oscillatory pattern of 

decay for motion direction. Critically, no such oscillatory pattern or decay over time emerges for 

faces at equivalent delay timepoints. This further supports representation-specific recruitment, by 

highlighting the differences in perceptual recruitment across increasingly complex stimuli. 

The troughs of the oscillatory pattern observed in Chapter 2 marks the timepoints at 

which the memory representation for motion is weakest and most vulnerable to disruption. In 

Chapter 3 I utilize this by applying transcranial magnetic stimulation (TMS) to MT+ cortex at 

that timepoint, disrupting motion maintenance and providing direct causal evidence that motion 

perception and VWM occur in the same region of the brain. 

If representation-specific recruitment is a general mechanism in the brain, it will not be 

limited to VWM, but rather will apply to a multitude of cognitive processes that involve the 

same tasks, especially those that concern detailed visual information. These processes, such as 

attention and mental imagery, share many common neural substrates and depend on the same 

sensory information, whether low or high-level. Thus, it is likely that each of these processes are 

just modulations of one common underlying mechanism, an idea this dissertation will revisit in 

the conclusion. !

*
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The sensorimotor recruitment model posits that visual working memory (VWM) recruits 

sensorimotor cortices to support the maintenance of simple visual features. Here, using two 

naturalistic stimuli: motion direction and face identity, we show that VWM recruitment is not 

limited to sensorimotor areas, but instead engages any area dependent on the task demands – 

"#$"#%#&'(')*&+%$#,)-),!"#,".)'/#&' . In an orthogonal dual-task paradigm, participants 

maintained information while performing perceptual discriminations. There are two 

discrimination conditions, where the stimulus being maintained in memory is either in between 

(middle) or to one side (side) of the discrimination stimuli in the feature space (Teng & Kravitz, 

2019). We hypothesized, pre-registered, and found that the middle condition reduces the 

perceived difference between the two motion directions and face identities, resulting in a higher 

discrimination threshold, whereas the side condition results in a greater perceived difference and 

lower thresholds. Moreover, the discrimination stimuli introduced systematic biases in the 

continuous recall of the maintained information. The bidirectional interference between VWM 

and ongoing perception supports the representation-specific recruitment model of VWM 

maintenance. This phenomenon was observed here for high-level features: motion direction and 

face identity. Such representation-specific recruitment suggests that VWM relies on different 

neural substrates depending on the information being maintained, contradicting a 

conceptualization of it as a unitary process. 

*
*
L"<G(.#-I* visual working memory, perceptual interference, bidirectional interference, face 
identity, motion direction, face perception, motion perception, representation-specific 
recruitment 
*

*
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Visual working memory (VWM) is a critical cognitive process for temporarily 

maintaining and manipulating visual information. Originally proposed as a cognitively and 

physiologically distinct mechanism from encoding (A. D. Baddeley & Hitch, 1994; 

Hollingworth, 2022; Xu, 2017, 2018), VWM and encoding have recently been found to depend 

on overlapping neural substrates. Neuroimaging studies found that maintained information can 

be decoded from early visual areas (e.g., V1), even if the stimulus is no longer present (Harrison 

& Tong, 2009; Serences et al., 2009). The sensorimotor recruitment model posits that the same 

areas are recruited by both perception and VWM for simple features. Consistent with this model, 

prior work has demonstrated a bidirectional interference between perception and VWM for color 

and line orientation (Teng & Kravitz, 2019). Here we generalize that finding to more complex 

features (motion direction, face identity) and argue that recruitment for maintenance is not 

limited to basic perceptual areas. Rather, any region can be recruited for maintenance depending 

on the usefulness of its selectivity for the current task. We term this mechanism "#$"#%#&'(')*&+

%$#,)-),!"#,".)'/#&' .  

To test the representation-specific recruitment model, we isolate two features that meet 

two criteria: (i) a feature space that is able to be manipulated; (ii) a clear circuit home with well-

described physiological characteristics (e.g., tuning). First, motion direction touts 360 degrees of 

possible directions, with random dot kinematograms (RDKs) eliciting activity reliably compared 

to stationary dots (Goebel et al., 1998; Rees et al., 2000; Tootell et al., 1995). Additionally, 

motion direction is represented in a functionally contained circuit home (Zeki et al., 1991) in 

hMT/V5+, specialized for the processing of visual motion information in both humans and 

macaques (Kolster et al., 2010; Lagae et al., 1994). Second, face identity also fulfills both 
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requirements. Faces provide a unique feature space as they are a combination of simple features 

that form a naturally multidimensional stimulus that conveys a multitude of factors, from identity 

to expression and emotion. Identified neural circuits for face perception and processing include 

the fusiform face area (FFA) and occipital face area (OFA) (Gauthier et al., 2000; Kanwisher et 

al., 1997). Tuning curves are also evident in face-selective cortex, for face spaces defined by 

continuous facial feature dimensions (Leopold et al., 2006). 

Given that requirements are met for motion direction and face identity, if perception and 

VWM maintenance recruit common cortical areas, there should be bidirectional interference. 

The extent of this interference should scale with the similarity of the maintained and perceived 

stimuli, consistent with the known tuning curve properties of early visual areas (e.g., Butts & 

Goldman, 2006; Kohn & Movshon, 2004; Shapley et al., 2003; Tsao & Freiwald, 2006).  

In the following experiments, we adapt the paradigm used in Teng & Kravitz (2019), 

requiring participants to perform an orthogonal dual task wherein they maintain information in 

VWM for later recall, while performing a perceptual discrimination. The stimulus held in 

memory was either in between (middle) or to the side (side) of two discrimination stimuli 

(4$56."*=). In the middle condition, we predicted that the maintained stimulus would pull the 

perception of both discrimination stimuli towards itself equally, resulting in a reduced perceptual 

difference. In contrast, in the side condition, the maintained stimulus should asymmetrically 

affect the discrimination stimuli, resulting in a greater perceived difference. During recall, the 

perceived stimuli should pull the recall of the maintained stimulus towards themselves, resulting 

in increased bias for the side condition than middle. Importantly, we predicted that this 

interference effect would be larger in tasks requiring active VWM maintenance compared with 

control tasks. To foreshadow, for motion direction and face identity, predictions held, with better 
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discrimination and stronger recall bias for the side than middle conditions, despite using identical 

stimuli. This pattern of bidirectional interference is consistent with a representation-specific 

recruitment model of VWM maintenance, in which the cortical areas recruited generally 

represent the information needed for the task. 

 

 

4$56."*=?**8$##1"*&)#*@$#"*2()#$'$()-*!$&5.&;?*Using motion direction and face identity as 
examples, the relationship between the maintained and discrimination stimuli, as a function of 
the underlying tuning curves. In the middle condition, the curve representing the maintained 
stimulus would act equally upon the two discrimination stimuli and pull them inwards, making 
the perceived distance smaller than the actual distance. The opposite occurs in the side condition, 
where the maintained stimulus pulls differently upon the two discrimination stimuli in the same 
direction, increasing the perceived distance between the two. The maintained stimulus would 
also be affected by the two discrimination stimuli, with its representation pulled equally in both 
directions in the middle condition and further to one direction in the side condition. The blue and 
orange arrows represent the change in perception of the discrimination stimuli – how working 
memory influences perception. The green arrows represent the change in memory representation 
– how perception influences working memory. 
**

8&'".$&1-*&)#*8"'H(#-  

Motion Direction  

Preregistration: https://osf.io/n698x/?view_only=f564992ad5da4b068abce03f9fa3557a 
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There are some deviations from the preregistration as described in Table 1 of the Supplemental 

section. 

0("'),)$(&'% 

The experiment took 45 minutes, and participants were compensated $6 ($8/hour). 

Participants gave informed consent approved by the Institutional Review Board of the 

[anonymized university] and reported they had normal color vision and normal or corrected-to-

normal visual acuity. An a priori power analysis was conducted utilizing a bootstrapped method 

of random sampling based on the effect size (Cohen’s ds = .55) reported in Figure 4f of Teng and 

Kravitz (2019), between their middle and side condition. To achieve 95% power and a two-tailed 

alpha of .05, the projected sample size was 45 participants to detect a Cohen’s ds of .55 reported 

in the study. For each of four experimental conditions (Match-motion, Match-color, Non-Match-

motion, Non-Match-color), a separate group of 45 participants was collected, leading to a total of 

180 participants for the entire motion direction experiment. A total of 322 participants from 

Amazon Mechanical Turk were recruited and data from 142 participants (44%) were excluded 

based on the responses to exclusion criteria, for a total of 180 participants, 45 per experimental 

condition. This number of exclusions is typical for data collected online using Amazon 

Mechanical Turk, as participants are completing the experiments without supervision from the 

researcher (Ahler et al., 2021; Webb & Tangney, 2024). For this reason, we included attention 

checks in the form of catch trials in the experiment and other exclusions to check for non-

compliance. The exclusion criteria consisted of: 1) below 8/12 (66%) catch trials correct and 2) 

obvious non-compliance (e.g., same response button for the entire experiment, majority of RTs < 

200 ms). Of the final set of participants in the Motion Direction experiments, 82 identified as 

female, 66 identified as male, and 32 gave no response.  



%$"
"

1')/.2)  

Random-dot kinematograms (RDKs) were generated via JavaScript consisting of 80 RGB 

colored dots moving radially outward on a black background. The full color space was 

determined by evenly spacing the RGB values to obtain a total of 360, one for each degree of the 

circle. Motion coherence was set to 85% of the total radial motion, with 15% being random dot 

motion. The RDKs were each presented with a 125-pixel diameter. 

0("(3)4/   

A dual-task paradigm was used to measure the degree to which information maintained in 

VWM influenced perceptual discrimination, and vice versa (4$56."*C). Participants were tasked 

with memorizing the motion direction of an RDK and subsequently performed a motion 

direction discrimination task between two RDKs. The color of the dots in the maintained 

stimulus were all identical and selected at random, while the color of the dots in the 

discrimination stimuli were related to the maintained stimulus color, in that they never deviated 

more than 90 degrees. 

In Match-motion, each trial began with a 500 ms presentation of the RDK motion 

direction to be remembered and recalled later. After 500 ms, this was followed by two new 

RDKs on either side of the fixation cross, presented for 500 ms. Participants made a 

discrimination judgment of whether the two RDKs were the same (keypress “E”) or different 

(keypress “F”) in motion direction. 500 ms after the participants responded to the discrimination 

task, an empty circle was presented. When participants clicked on the circle, an RDK appeared in 

the center with the dominant motion direction toward the location click on the circle. Participants 

reported the maintained motion direction by clicking around the circle as many times as 

necessary until they felt the RDK matched their maintained motion direction for that trial.  
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Similar to Match-motion, Match-color used a dual-task paradigm to measure the same 

bidirectional influence between VWM and perception, with color as the maintained feature of the 

RDKs rather than motion direction. As Match-color was also a match condition, the 

discrimination task was done using the color of the RDKs. Here, during the recall, participants 

clicked on a color wheel until they felt the color of the resulting RDK matched the maintained 

color. 

Non-Match-motion and Non-Match-color followed the same paradigm as the previous 

two, except that the feature to be maintained in the memory task was not the same feature to be 

discriminated between in the discrimination task. In Non-Match-motion, participants maintained 

the color of an RDK and then discriminated between the motion direction of two RDKs, while in 

Non-Match-color, participants maintained the motion direction of an RDK and then 

discriminated between the colors of two RDKs.   

! 

56$#")/#&'(2!7#%)4&!(&3!1'(')%'),(2!8&(29%#% 

Similar to Teng and Kravitz (2019), there were two main manipulations. First, we 

manipulated the relationship between the maintained motion direction/color and the 

discrimination motion directions/colors with the middle and side conditions (4$56."*=). The 

maintained stimulus was set to be the center of the two discrimination stimuli in the middle 

condition or on one side of the discrimination stimuli in the side condition, in 360 degree motion 

direction/color space. The distance between the two discrimination stimuli was dynamic and 

controlled by a staircase procedure. In the side condition, the gap between the maintained 

direction and the nearer of the two discrimination directions was set at 7 degrees. Each 

participant completed 170 test trials, 85 of each condition.  
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Twelve additional catch trials were added where the two discrimination stimuli had either 

a 0 degree difference or a 67.5 degree difference (6 each), and those trials were randomly placed 

throughout the experiment, but could not occur on the first trial. These 12 trials served simply as 

a foil and were not included as part of the threshold calculation.  

Separate staircasing procedures were employed for both middle and side conditions to 

derive the discrimination threshold that participants could reliably tell the  

two motion directions/colors apart. The difference in motion direction/color between the two 

stimuli was determined with a one-down, one-up stair-case method before the first reversal (a 

correct response followed by an incorrect response, or vice versa) and then switched to a two-

down, one-up to increase the efficiency in deriving the threshold. The size of the step (either 

decrease or increase) was determined as such: 6 degrees for the first three reversals, 4 degrees for 

the fourth to seventh reversals, and 1 degree for all following trials. The starting difference was 

30 degrees, while the upper limit for the difference was 45 degrees and the lower limit was 10 

degrees. The final discrimination threshold was determined by finding the second reversal from 

the staircasing procedure, then taking the average over all the trials afterwards. All statistical 

analyses for the motion direction experiment can be found in the Results describing Figure 3. 

Face identity is another high-level, and more naturalistic, feature for which there are 

known tuning curves. Further, because there is no verbal directional code to assist in recall of a 

face, unlike motion (e.g., top right), interference effects between a face held in VWM and 

perceived faces may be even stronger. Therefore, to test the generality of representation-specific 

recruitment further we next investigate the interaction between VWM and perception in the 

context of faces. 
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4$56."*C?**8('$()*!$."%'$()*MND".$;")'*K&.&#$5;?* The paradigm, adapted from Teng & 
Kravitz (2019), consisted of a memory task and an embedded discrimination task. In Match, the 
feature dimension of the memory task matched with the discrimination feature dimension 
(motion memory and motion discrimination; color memory and color discrimination). In Non-
Match, the two feature dimensions did not match (color memory and motion discrimination; 
motion memory and color discrimination). All four conditions (Match-motion, Match-color, 
Non-Match-motion, Non-Match-color) are between-subject experiments. 
  

Face Identity 

Preregistration: https://osf.io/wkg28/?view_only=b2a494197a7f4008a3b9f0470a5f8f6d 

0("'),)$(&'% 

        A total of 342 adults were recruited using the online crowd-sourcing platform, Prolific. 

The experiment took 30 minutes, and participants were compensated $4 ($8/hour). Participants 

gave informed consent approved by the Institutional Review Board of [anonymized university], 

reported they had normal color vision and normal or corrected-to-normal visual acuity, and 

identified as either US or UK residents. We ran a power analysis based on pilot data that 

included two within-subject factors: Face Condition (middle, side) and Discrimination Type (18, 

24 morph steps). The dependent variable analyzed was the discrimination task responses. We 
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used random sampling without replacement, from 10% to 100% of the original dataset in 10% 

increments and ran 1000 iterations. As a result, a total of 128 participants per experiment was 

chosen as the target sample size. This sample size is higher than it was for the motion direction 

experiment because faces are a much more complicated stimulus than moving dots, and with a 

face space consisting of morphed images, this feature space is likely to be less smooth than 

motion direction, which can be changed very clearly and precisely. The paradigm was also 

altered to allow for two discrimination differences (4$56."*F&). Participants were recruited 

separately for each of the two experiments (Face Memory and Face Judgment) until 128 

participants passed the exclusion criteria. In total, data from 86 participants (25.1%) were 

excluded based on the responses to catch trials and other exclusion criteria, for a total of 256 

participants, 128 per experiment. To improve the exclusion rate, we switched to using Prolific 

instead of Amazon Mechanical Turk, as piloting indicated that participants were more 

conscientious on the Prolific platform. The exclusion criteria consisted of the following: 1) 

redoing the practice trials more than three times, 2) below 14/16 (88%) catch trials correct (chose 

‘different’ when two faces were the same or chose ‘same’ when the two faces were very 

different), and 3) below 38/64 (61%) of recall answers were below 25 morph steps away from 

correct. Specific trials in which the discrimination response time (RT) was less than 250 ms or 

greater than 5000 ms were also removed from the final analysis. Of the final set of participants in 

the Face Identity experiments, 167 identified as female, 79 as male, 5 as nonbinary, and 5 gave 

no response. The average age of participants was 40.2 years. 

1')/.2)  

We constructed a morphed face space using real human face images from the Face 

Research Lab London Set (DeBruine & Jones, 2017). Using an online morphing website called 
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WebMorph, compatible with the original face stimuli, 40 pairs of face images were morphed at 

one-degree intervals. This process created 101 images for each pair, for a total of 4,040 images 

in the stimulus set, as well as an additional 1,010 images for the practice and catch trials (See 

OSF, 2025). The morphed images were labeled based on percent of each face (e.g., a 25-75 

morph means 25% Face 1 and 75% Face 2) O4$56."*F&>.  

0("(3)4/  

In the Face Memory experiment (4$56."*F,), participants were presented with a face 

image for 1000 ms and were asked to maintain this image in their mind. After a 1500 ms fixation 

cross, participants performed a discrimination task, where they reported whether two face images 

on either side of the center were the same (keypress “S”) or different (keypress “D”). The two 

faces were shown on the screen for 2500 ms and participants were able to respond during that 

time or after the faces disappeared. After response, a 300 ms fixation cross appeared. Then, 

participants were presented with a black circle which was divided into 360 equal one-degree bins 

associated with 180 morphed images between two faces, doubled to fill the full circle. This circle 

was randomly rotated so that the position of the morph lines was unknown to the participants. To 

help orient them, four face images were shown on the cardinal locations to show which faces 

were located on those points of the circle. A face image was shown in the center of the circle 

based on the location clicked and participants were asked to select the image that was most 

similar to the face they were maintaining in memory. They were allowed to click on the circle as 

many times as necessary, then press the spacebar when they felt they had selected the best image. 

When calculating recall bias in the side condition, we assigned a positive value to the recall 

distance if their response was in the direction of the discrimination stimuli (e.g., discrimination 

stimuli were 56-44 and 74-26, their recall response was 30-70, and the correct response was a 
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35-65 morph, so the recall distance was -5). We then did the same for all trials in the middle 

condition and calculated the bias by randomly assigning trials as + or - (e.g., correct response 

was a 35-65 morph, trial was labeled +, their response was 30-70, so the recall distance was +5). 

The Face Judgment experiment had exactly the same stimuli and trial order as the Face 

Memory experiment, but instead of maintaining the first face in memory, participants were asked 

to instead just view the face and respond whether it was male or female (4$56."*F%). They then 

followed the same discrimination task as the Face Memory experiment. There was no memory 

component to this control experiment. The exclusion criteria were the same as the Face Memory 

experiment except there was no recall portion, and participants were excluded if they got less 

than 51/64 (80%) of the gender judgments correct. 
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4$56."*F?*4&%"*7#")'$'<*MND".$;")'*K&.&#$5;?*O&>*This diagram shows the 4 counterbalanced 
variations of the design for a single morph line. The memory face was either a 35-65 (A) or a 65-
35 (B) morph and the two discrimination faces were either 18 or 24 morph steps away from each 
other in both the side and middle conditions– connected by the lines in the figure. Thus, the exact 
same faces occurred in both the middle and side conditions across participants. For example, 
Discrimination Faces 23-77 and 47-53 are shown in the Side B 24 condition, so the two 
discrimination faces are both to one side of Memory Face B (65-35), and are 24 morph steps 
apart. The same two discrimination faces are shown when in the Middle A 24 condition, as they 
are to either side of the Memory Face A (35-65) and still 24 morph steps apart. O,>*Participants 
performed a dual-task paradigm requiring both VWM maintenance and perceptual 
discrimination, with face memory and face discrimination (N = 128). O%>*The same stimulus set 
and trial order was used for the Face Judgment control experiment, but without the memory 
component. Instead, participants completed a gender judgment for the first face. 
 

!
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In both experiments, two types of discrimination conditions were presented to the 

participants: middle and side (4$56."*=). In the middle condition, the maintained face image was 

in between the two discrimination faces. In the side condition, both discrimination faces were off 

to one side of the maintained face. In the middle condition, both discrimination faces would be 

pulled towards the maintained face equally, reducing the perceived distance and making both 

faces look more similar to each other than they really were. In contrast, in the side condition, one 

discrimination face was closer to the maintained face and would be pulled in more than the other 

discrimination face, which was farther away. This anisotropy would increase the perceived 

distance between the two faces, making them look more different from each other. As a result, 

more participants were predicted to respond more often that the two faces were the same in the 

middle condition than in the side condition in the discrimination task. 

The participants’ recall was also affected by these conditions. In the middle condition, the 

memory of the original face would be pulled in both directions equally after viewing the two 

discrimination faces, so the participants’ recall would be more accurate. In the side condition, 

their recall response would be more towards the side that the discrimination faces were along the 

morph line, as their memory would be pulled in that direction. 

For each of 32 possible morph lines there were two locations from which the maintained 

stimulus was taken: a 35-65 morph or a 65-35 morph (4$56."*F&). Using these two memory 

faces allowed the subsequent discrimination stimuli to be the same for the middle and side 

conditions, flipping depending on which stimulus was maintained in memory. The middle and 

side discrimination conditions also consisted of two sets: the distance between the two faces was 
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either 18 or 24 morph steps apart. Across all participants, these conditions were counterbalanced 

to occur equally often for every morph line (memory face x distance x middle/side). 

Each individual participant performed 2 trials involving each of the 32 morph lines, one 

in the middle and one in the side condition, as well as one in the 18 and one in the 24 distance 

condition, for a total of 64 experimental trials. Thus, each participant saw each of the middle/side 

and 18/24 conditions 32 times (16 per crossing). They also completed 16 catch trials (80 trials 

total), with 8 showing the exact same stimuli and 8 showing extremely distinct faces in the 

discrimination (99-1 vs. 1-99). The trial order was randomized for each participant in the Face 

Memory experiment and the same randomized order used for the Face Judgment Experiment. All 

statistical analyses for the face identity experiment can be found in the Results describing Figure 

5. 

*
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Motion Direction 

In the motion direction experiment, we studied the relationship between the memory and 

discrimination stimuli and how the effect was modulated by the match between the maintained 

and discriminated feature (motion, color) for both the discrimination thresholds and recall bias. 

In the following experiment, “Match” is defined as the conditions in which the same feature is 

being maintained and discriminated between (Match-motion and Match-color). “Non-Match” is 

defined as the condition in which different features are being maintained and discriminated 

between (Non-Match-motion and Non-Match-color). Specifically, Non-Match-motion is when 

color is maintained, and motion is discriminated between. Non-Match-color is when motion is 

maintained, and color is discriminated between. 
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As we predicted, discrimination thresholds were impacted by the maintained direction of 

motion and color. When the maintained stimulus fell between the two discrimination motion 

directions (middle condition), they were perceived as more similar, as reflected in an increased 

discrimination threshold. When the memorized stimulus fell to one side of both discrimination 

motion directions (side condition), they were perceived as more different, making the 

discrimination easier and resulting in a decreased threshold. This effect was stronger in the 

Match conditions, despite the fact that identical stimuli were presented.  

First, to examine this effect for motion direction (4$56."*P&), an ANOVA was run with 

Feature (Match, Non-Match) as a between-subject and Relationship (middle, side) as a within-

subject factor. This revealed a strong interaction effect between Relationship and Feature 

(F(1,88) = 13.45, p = 4.18x10%&, ηₚ² = .13, 95% CI [.09, .16]). There was also a main effect of 

Relationship (F(1,88) = 9.41, p = 2.87x10%' , ηₚ² = .10, 95% CI [.05, .13]), with a significant 

difference in discrimination threshold between middle and side overall. There was not a main 

effect of Feature (F(1,88) = .05, p = .82, ηₚ² = 9.9x10%' , 95% CI [0, .01]), with no significant 

difference in discrimination threshold between Match-motion and Non-Match-motion overall. 

Subsequent one-tailed paired t-tests were conducted to compare the middle versus side 

conditions across Feature conditions. In Match, there was a significant difference between the 

middle (x̄ = 35.23, 95% CI [32.01, 38.45]) and side (x̄ = 31.61, 95% CI [28.40, 34.82]) 

conditions (one-tail paired t tests; middle > side: t(44) = 5.25, p = 2.07x10%( , Cohen’s ds = .34, 

95% CI [-.08, .76]). Here, when maintaining motion direction, participants perceived the 

discrimination motion directions as more similar to each other for middle than for side, resulting 

in a higher discrimination threshold. In Non-Match, no such difference was observed between 
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the middle (x̄ = 32.76, 95% CI [29.37, 36.14]) and side (x̄ = 33.08, 95% CI [29.71, 36.45]) 

conditions (one-tail paired t tests; middle > side: t(44) = -1.19, p = .88, Cohen’s ds = -.09, 95% 

CI [-.51, .33]). Overall, participants performed significantly better at discriminating motion 

direction in the side than the middle condition, only when the maintained and discrimination 

features were both motion direction.  

An identical ANOVA was run for color conditions (4$56."*P,), resulting in a strong 

interaction effect between Relationship and Feature (F(1,88) = 7.29, p = 8.32x10%' , ηₚ² = .08, 

95% CI [.02, .11]). Participants performed significantly better at discriminating color in the side 

than the middle condition, only when the maintained and discrimination features were both 

color. There was no main effect of Relationship (F(1,88) = 2.04, p = .16, ηₚ² = .02, 95% CI [0, 

.01]), with no significant difference in discrimination threshold between middle and side overall, 

and no main effect of Feature (F(1,88) = .48, p = .49, ηₚ² = .04, 95% CI [0, .01]), with no 

significant difference in discrimination threshold between Match-color and Non-Match-color 

overall. Pairwise t-tests revealed a significant difference between the middle (x̄ = 20.07, 95% CI 

[17.12, 23.03]) and side (x̄ = 17.51, 95% CI [14.91, 20.10]) conditions in the Match (one-tail 

paired t tests; middle > side: t(44) = 2.44, p = .01, Cohen’s ds = .28, 95% CI [-.14, .70]). but not 

between middle (x̄ = 19.61, 95% CI [17.08, 22.14]) and side (x̄ = 20.40, 95% CI [17.90, 22.91]) 

in the Non-Match condition (one-tail paired t tests; middle > side: t(44) = -.39, p = .65, Cohen’s 

ds = -.03, 95% CI [-.45, .39]). Overall, when participants maintained a color and also 

discriminated between colors, they again had a higher discrimination threshold for middle than 

for side, meaning they perceived the discrimination colors as more similar to each other for 

middle than for side. 
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To establish the general impact of Match and Non-Match across the features, we 

calculated the threshold differences per participant and entered them into a linear mixed effects 

(LME) model with Memory Feature (motion, color) and Discrimination Feature (motion, color) 

as interacting fixed effects and Participant as a random effect (4$56."*P%). This LME revealed a 

highly significant interaction between Memory Feature and Discrimination Feature (F(1,176) = 

19.73, p = 1.58x10%) , ηₚ² = .10), reflecting a larger difference between thresholds in the middle 

and side conditions when the features matched. 
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Perceiving the discrimination stimuli altered the information in VWM, resulting in biased 

reports during recall. In the side condition, recall was biased significantly towards the 

discrimination stimuli but not biased in the middle condition (see Method for calculation of 

bias). In contrast to discrimination, bias was observed in both Match and Non-Match due to the 

passive perception of the discrimination stimuli, which altered VWM content regardless of task 

relevancy.  

To examine this effect for maintaining motion direction (4$56."*P#), an ANOVA was 

run with Feature (Match, Non-Match) and Relationship (middle, side) as a within-subjects 

condition. This revealed no interaction between Relationship and Feature (F(1,88) = 1.65, p = 

.20, ηₚ² = .02, 95% CI [0, .01]). There was a main effect of Relationship (F(1,88) = 19.59, p = 

2.63x10%) , ηₚ² = .18, 95% CI [0.14, 0.21]), with a significant difference in recall bias between 

middle and side overall, but no main effect of Feature (F(1,88) = 1.16, p = .28, ηₚ² = .01, 95% CI 

[0, .01]), with no significant difference in recall bias between Match-motion and Non-Match-

color overall. One-tailed paired t-tests were conducted to compare the middle versus side 



&' "
"

conditions across Feature conditions.  In Match-motion there was a significant difference 

between the middle (x̄ = .55, 95% CI [-1.28, 2.37]) and side (x̄ = 6.43, 95% CI [3.66, 9.20]) 

conditions (one-tail paired t tests; middle < side: t(44) = -3.41, p = 7.01x10%&, Cohen’s ds = -.75, 

95% CI [-1.19, -.32]). There was also a significant difference between the middle (x̄ = .69, 95% 

CI [-1.37, 2.74]) and side (x̄ = 3.93, 95% CI [2.17, 5.70]) conditions for Non-Match-color (one-

tail paired t tests; middle < side: t(44) = -2.90, p = 2.90x10%' , Cohen’s ds = -.51, 95% CI [-.94, -

.08]). In Match-motion, when participants maintained a motion direction and discriminated 

between motion directions, they had a lower recall bias for middle than for side, meaning higher 

accuracy when recalling the motion direction for middle. The same was true for Non-Match-

color, when maintaining motion and discriminating color. 

For recall bias when maintaining color (4$56."*P"), an identical ANOVA was run, 

resulting in no interaction between Relationship and Feature (F(1,88) =.06, p = .81, ηₚ² = 6x10%&, 

95% CI [0, 1.9x10%' ]). There was a main effect of Relationship (F(1,88) = 7.72, p = 6.67x10%' , ηₚ² 

= .08, 95% CI [.03, .12]), with a significant difference in recall bias between middle and side 

overall, but no main effect of Feature (F(1,88) = .49, p = .49, ηₚ² = 3.4x10%' , 95% CI [0, .01]), 

with no significant difference in recall bias between Match-color and Non-Match-motion overall. 

Subsequent pairwise t-tests revealed a significant difference between the middle (x̄ = .72, 95% 

CI [-1.52, 2.96]) and side (x̄ = 3.93, 95% CI [1.74, 6.12]) conditions (one-tail paired t tests; 

middle < side: t(44) = -1.85, p = .04, Cohen’s ds = -.44, 95% CI [-.86, -.01]) in the Match 

condition, and a significant difference between middle (x̄ = 1.55, 95% CI [.04, 3.06]) and side  (x̄ 

= 4.26, 95% CI [2.60, 5.92]) in the Non-Match condition (one-tail paired t tests; middle < side: 

t(44) = -2.19, p =.02, Cohen’s ds = -.51, 95% CI [-.94, -.09]). When participants maintained 

color and discriminated between colors, they were more accurate in recalling the color for 
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middle than for side. This was also the case when maintaining color and discriminating between 

motion directions. The recall bias difference between Match-color and Non-Match-motion was 

not significant overall.   

We then calculated the recall bias differences per participant by finding the difference in 

degrees between the correct motion direction and the chosen motion direction and assigned a 

positive value to this if the response was in the direction of the discrimination stimuli for the side 

condition. We entered these recall bias differences into an LME, with Memory Feature (motion, 

color) and Discrimination Feature (motion, color) as interacting fixed effects and Participant as a 

random effect (4$56."*P/). This LME showed no interaction between Memory Feature and 

Discrimination Feature (F(1,176) = 1.12, p =.29, ηₚ² = 6.4x10%' ). Given that the discrimination 

stimuli are attended, even the task-irrelevant dimension obligatorily drives responses in the 

population of cells that are maintaining the visual information. So, the recall difference here is 

always positive and there is no interaction. 
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4$56."*P?*8('$()*!$."%'$()*!$-%.$;$)&'$()*&)#*A"%&11*A"-61'-?*The error bars represent 
between subjects standard error for all plots. O&E%> Represents the discrimination results. O&> 
Discrimination results for discriminating motion while maintaining motion (Match-motion) or 
color (Non-Match-motion) in memory O,>*Discrimination results for discriminating color while 
maintaining color (Match-color) or motion (Non-Match-color) in memory O%> A crossover plot of 
discrimination threshold differences plots the average difference across participants between the 
middle and side discrimination thresholds, with each point representing one of the between-
subject conditions. O#E/> Represents the recall bias results. O#> Recall bias results for maintaining 
motion while discriminating motion (Match-motion) or color (Non-Match-color). O">*Recall bias 
results for maintaining color while discriminating color (Match-color) or motion (Non-Match-
motion). O/> A crossover plot of recall differences plots the average difference across participants 
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between the middle and side recall biases, with each point representing one of the between-
subject conditions.  
 

Face Identity  

In the face experiment we examined the impact of the relationship between the 

maintained stimulus and discrimination stimuli, and how that effect was modulated by the lack 

of a task demand for maintaining the face identity for both discrimination accuracy and recall 

bias. 
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We calculated each participant’s probability of choosing “different” as their response as a 

function of Relationship (middle, side) and Dissimilarity (18, 24 steps) (4$56."*Q&R*Middle 18 (x̄ 

= .35, 95% CI [.32, .39]), Middle 24  (x̄ = .53, 95% CI [.49, .57]), Side 18 (x̄ = .48, 95% CI [.44, 

.51]), Side 24  (x̄ = .62, 95% CI [.58, .66])). We conducted a repeated measures ANOVA for 

probability of reporting “different” with Relationship and Dissimilarity as within-subject factors, 

revealing a significant main effect of Relationship (F(1,127) = 99.66, p = 1.12x10%!* , ηₚ² = .44, 

95% CI [.42, .45]) and Dissimilarity (F(1,127) = 188.48, p = 7.34x10%#*, ηₚ² = .63, 95% CI [.59, 

.63]). Following our predictions, the probability of reporting “different” is higher in the side 

condition than the middle, and in 24 than 18 step conditions. There was no significant interaction 

between these factors (p = .19, ηₚ² = .01, 95% CI [0, .01]). 

Next, we examined response time (4$56."*Q%R*Middle 18 (x̄ = 2375.40, 95% CI [2253.63, 

2497.17]), Middle 24  (x̄ = 2251.70, 95% CI [2138.87, 2364.53]), Side 18 (x̄ = 2267.18, 95% CI 

[2150.32, 2384.04]), Side 24  (x̄ = 2191.10, 95% CI [2079.94, 2302.27])) using only trials in 

which participants gave the correct response (‘different’). An identical ANOVA revealed that 
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participants’ responses in the side condition were faster than for the middle condition, with a 

significant main effect for Relationship (F(1,123) = 13.31, p = 3.89x10%&, ηₚ² = 0.11, 95% CI 

[.06, .12]). Further, there was a significant main effect of Dissimilarity (F(1,123) = 20.69, p = 

1.28x10%) , ηₚ² = 0.13, 95% CI [.11, .17]), arising from faster responses in the 24 than 18 step 

condition.  

To ensure that these effects were specific to the memory condition, we compared the 

discrimination results to those in the Face Judgment experiment, which had no memory 

component. For the Face Judgment experiment, we conducted a repeated measures ANOVA for 

discrimination response, with Relationship and Dissimilarity as within-subject factors (4$56."*

Q"). There was a significant main effect of Relationship (F(1,127) = 51.85, p =4.66x10%!! , ηₚ² = 

.29). and Dissimilarity (F(1,127) = 181.43, p = 3.11x10%#( , ηₚ² = .59). Critically however, this 

bias was significantly less than the bias in the Face Memory condition (F(1,253) = 9.04, p = 

.003, ηₚ² = .03) (4$56."*Q/>. This was calculated by first combining the discrimination task data 

for the two distances between discrimination stimuli (18 and 24). We then took the difference 

between the side condition and the middle condition for both the Face Memory and Face 

Judgment experiment and ran a one-factor ANOVA with Experiment (Memory, Judgment) as a 

between-subject factor. The increased probability of reporting “different” in the side than middle 

condition was significantly greater in the Face Memory experiment than in the Face Judgment 

control experiment. 
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The recall bias results (4$56."*Q,R*Middle 18 (x̄ = 4.74, 95% CI [3.78, 5.69]), Middle 

24  (x̄ = 5.10, 95% CI [4.19 , 6.01]), Side 18 (x̄ = 16.85, 95% CI [15.88, 17.83]), Side 24  (x̄ = 
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17.01, 95% CI [16.08, 17.93])) also showed a significant main effect of Relationship (F(1,127) = 

423.24, p =2.96x10%&#, ηₚ² = 0.91, 95% CI [0.76, 0.91]), but not of Dissimilarity (F(1,127) = .38, 

p = .54, ηₚ² = 4.5x10%' , 95% CI [0, 0.01]). The bias in the perceived distance from the maintained 

stimulus was higher for the side than the middle condition overall, and there was no significant 

difference in recall based on how far apart the discrimination stimuli were from each other.  

For recall reaction time (4$56."*Q#R*Middle 18 (x̄ = 8587.19, 95% CI [7820.40, 

9353.97]), Middle 24 (x̄ = 8890.52, 95% CI [8120.26, 9660.78]), Side 18 (x̄ = 9044.17, 95% CI 

[8206.10, 9882.23]), Side 24  (x̄ = 9285.31, 95% CI [8337.17, 10233.45])) we again only used 

trials with correct responses. We found that participants’ responses for the middle condition were 

significantly faster than for the side condition, with a significant main effect for Relationship 

(F(1,127) = 7.532, p = 6.94x10%' , ηₚ² = .06, 95% CI [.02, .08]) and not for Dissimilarity (F(1,127) 

= 3.353, p = .07, ηₚ² = .03, 95% CI [0, .01]), with no significant difference based on how far 

apart the discrimination stimuli were from each other. 
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4$56."*Q?*4&%"*7#")'$'<*!$-%.$;$)&'$()*&)#*A"%&11*A"-61'-?*All error bars represent the 
between-subjects standard error. O&> In the Face Memory experiment, the face discrimination 
probability of reporting “different” is significantly higher in the side condition than the middle 
condition. O,> In the Face Memory experiment, the VWM bias in the continuous recall 
(perceived distance from maintained stimulus) was greater for side than middle conditions. The 
positive values along the y-axis represent the recall answer in the direction of the discrimination 
stimuli for the side condition. O%> In the Face Memory experiment, the average discrimination RT 
was significantly lower in the side condition than the middle condition. O#> In the Face Memory 
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experiment, the average recall RT was significantly lower in the middle condition than the side 
condition.*O">?*In the Face Judgment experiment, the face discrimination probability of reporting 
“different” is significantly higher in the side condition than the middle condition. O/> Probability 
of choosing “different” for*the*middle condition subtracted from the side condition, showing the 
significant difference in bias between the Face Memory experiment and the Face Judgment 
control experiment. Here the data are collapsed between the 18 and 24 morph step conditions.* 

  

!$-%6--$() 

Here, using a behavioral measure that reflects the common recruitment of cortical areas 

by perception and VWM, we show strong evidence of bidirectional interference for both motion 

direction and face identity. Specifically, information maintained in VWM interferes 

systematically with the ongoing perception of other information in the same feature space. 

Further, based on the continuous recall, the discrimination stimuli in the side condition 

introduced a systematic bias towards themselves, leading people to recall a stimulus more like 

the discrimination stimuli. This bias demonstrates that ongoing perception also interferes with 

the information held in VWM. We also established the specificity of these effects to actively 

maintained information. When the task demanded that different features be maintained and 

discriminated in the motion direction experiment (e.g., maintain motion, discriminate color), no 

interference from VWM to perception was observed, with no significant difference between the 

middle and side conditions in the Non-Match experiments for both motion and color (4$56."*P). 

In the face identity experiment, when there was no memory component, there was a significant 

decrease in the resulting interference (4$56."*Q%).  

Our results suggest that there is a general mechanism for VWM maintenance that recruits 

the same regions of the brain that are involved in perception, even for high-level visual features 

such as faces and motion. Thus, we propose that the recruitment of cortical areas by VWM is not 
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limited to early sensory areas and can likely occur in any area appropriate to the task – 

representation-specific recruitment. 

Of note, we observed some interference even in our Face Judgment control experiment, 

where there was no memory requirement. This is in keeping with previous results showing long 

lasting aftereffects of face viewing even in passive conditions. Faces are highly salient and a 

crucial component of social interaction even from a very young age (Bushnell et al., 1989; Carey 

et al., 1997; Walton et al., 1992). Our extensive experience with faces makes them extremely 

difficult to ignore and forget, especially when using real human faces and a difficult task 

(Blagrove & Watson, 2014). Adaptation times as little as 1000 ms induce strong face aftereffects 

that can interfere with subsequent tasks (Rhodes et al., 2007). As this was the case in our Face 

Judgment experiment, the face presented at the beginning of the trial unintentionally influenced 

the subsequent discrimination task. Nonetheless, the interference was significantly stronger in 

the experiment in which active maintenance of the face identity was required.  

Discrimination performance is the closest behavioral marker we can use to approximate 

perceptual processing, as it is a direct comparison between two items on the screen. This makes 

it highly likely that the observed interference effects truly arise from the perceptual areas known 

to be active during these tasks and which contain information of the maintained stimuli, for both 

face identity (Kanwisher, 2013) and motion direction (Zeki et al., 1991). This is in keeping with 

observations of delay period activity and decoding in these areas during VWM tasks using 

functional magnetic resonance imaging (fMRI) (Harrison & Tong, 2009; Serences et al., 2009). 

These results show that the recruitment of cortical areas by VWM is not limited to low-level 

cortices but can occur across the cortex. With recruitment defined by task demands, whether an 
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area is recruited or not is determined by the appropriateness of its general representation for the 

information demands of the task at hand (Nau et al., 2024).  

An alternative explanation is that the bias reflects higher-order processes, such as 

decision-making. Observers may address uncertainty in their perceptual representation by using 

prior knowledge to bias their recall report towards the stimulus that is in between the encoded 

and perceived stimuli. However, we believe that while both tasks involve a decision-making 

component, the sum of the behavioral and neurophysiological evidence suggests that the simplest 

likely account for our effects is that they arise from the co-utilization of the overlapping neural 

substrates by the working memory and perceptual tasks. Moreover, the decision-making account 

does not easily explain the ability of even passively viewed stimuli to influence the working 

memory report, as has been observed in Experiment 2 of Teng & Kravitz (2019). In order for 

that interference to emerge at a decisional level, even completely and consistently task-irrelevant 

passively viewed stimuli would need to impinge on decision-making. While possible, this would 

contradict numerous findings that such stimuli have only minimal impacts on decisional 

processing (Nah et al., 2024; Geng et al, 2026).  

Currently, there is relatively little direct causal evidence to support the contention that 

these areas are necessary for VWM maintenance. Prior work using temporary causal 

interventions (e.g., transcranial magnetic stimulation) that has attempted to establish the causal 

role of perceptual cortices in working memory maintenance has yielded inconclusive results 

(Rademaker et al., 2017; Silvanto & Cattaneo, 2010; van de Ven et al., 2012). Given the very 

strong interference effects reported here for face identity and the sensitivity of the discrimination 

and continuous recall tasks, we would expect that TMS of face-selective cortices during the 

delay between encoding and the discrimination task would attenuate the resulting interference. In 
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general, more causal investigations are needed to fully test the involvement of these areas in 

VWM maintenance.  

To summarize, we observed strong bidirectional interference between high level 

perception and VWM, providing compelling evidence in support of general representation-

specific recruitment, through which working memory recruits cortical areas based on the match 

between their general representation (e.g., tuning) and the information demands of the current 

task. If this inference continues to hold, VWM must rely on different neural substrates depending 

on the information being maintained, disrupting extant conceptualizations of it as a unitary 

process. Rather, we can benefit from our understanding of the representations in these diverse 

areas to make unique and novel predictions about VWM maintenance even as we grapple with a 

mechanism a good deal more complex than we currently allow. 
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Recent neuroimaging results suggest that visual working memory (VWM) recruits the 

same cortical areas that are used for encoding during maintenance, implying that there should be 

crosstalk between information held in VWM and ongoing perception (Harrison & Tong, 2009; 

Serences et al., 2009). Bidirectional interference has been demonstrated for both low-level (e.g., 

orientation and color; Teng & Kravitz, 2019) and more complex stimuli (e.g., motion direction 

and face identity; Paranjape et al, in press), consistent with information being maintained in 

perceptual cortices. Perceptual recruitment likely depends on the prefrontal cortex (PFC). Other 

phenomena thought to involve such long distance cortical interactions (e.g., visual attention) 

have been shown to follow a theta rhythm (Fiebelkorn & Kastner, 2019). In a series of 

experiments, we quantify the strength of the bidirectional interference between information in 

VWM and ongoing perception for intermediate and high-level sensory representations: motion 

direction and faces. For motion, the strength of interference was modulated by the time between 

encoding and discrimination, evidencing sustained but decaying interference with systematic 

theta oscillations. For faces, both this oscillatory pattern and decay were absent, highlighting the 

unique nature of face processing. Overall, the differences between the temporal pattern for these 

two stimulus types highlights a potential underappreciated implication of the recruitment of 

different cortical areas for the maintenance of different information: qualitatively distinct 

dynamics and effects. 

* *
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We found a strong bidirectional relationship between visual working memory (VWM) 

and perception for both motion direction and face identity, providing evidence that perception 

and VWM processes occur in the same cortical regions. For motion direction, a pattern of theta 

oscillation was observed within the interference of VWM on perception, decaying with post-

encoding delay time from 550-1000ms. Importantly the pattern of oscillation was different for 

face identity: no linear decay was observed over post-encoding delay times.  

The sensorimotor recruitment model of VWM posits that perception and VWM recruit 

the same visual areas in the brain (D’Esposito & Postle, 2015). This joint recruitment likely 

underlies the bidirectional interference between them, as shown for both low-level (e.g., 

color/orientation; Teng & Kravitz, 2019) and more complex stimuli (e.g., motion direction/face 

identity; Paranjape et al, in press). Thus, we proposed a generalization of sensorimotor 

recruitment to representation-specific recruitment (Paranjape et al, in press)–in which the region 

of the brain recruited for maintenance is based on the specific task demands (Nau et al., 2024), 

with both the stimulus and the information that needs to be maintained determining which area 

contains the information (Lee et al., 2013). 

Here, we uncover and propose a mechanism by which diverse areas are recruited for 

VWM maintenance and how this process may change based on variations in the task demands 

which lead to the recruitment of different areas. To do so, a matched design was run across two 

experiments examining motion direction (4$56."*=&) and face identity (4$56."*=,T%). 

Participants first encoded a stimulus followed by a variable interstimulus interval (ISI) (550-

1000 ms; increments of 50 ms). Participants then reported whether two stimuli were the same or 

different (discrimination) and, finally, recalled the original stimulus in a continuous report. This 

design allowed us to determine whether: 1) motion direction and face identity exhibited similar 
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decay effects as color and motion direction (Teng et al., 2023); and 2) a theta oscillation was 

present in that interference, as has been observed for attention (Fiebelkorn & Kastner, 2019), 

cognitive control (Cavanagh & Frank, 2014; Senoussi et al., 2022), episodic memory (Herweg et 

al., 2020; Kucewicz & Kamiński, 2022), and learning (Begus & Bonawitz, 2020). 

 

 

4$56."*=?*8('$()*!$."%'$()*&)#*4&%"*7#")'$'<*MND".$;")'*K&.&#$5;-?*&?*Motion direction 
paradigm, with color or motion as the maintained stimulus, followed by a color or motion 
discrimination task (same/different), and a color or motion recall task. ,?*Face morphline 
example, describing face morphs used for middle versus side conditions, with A and B as the 
maintained stimuli. The lines are pointing to the discrimination stimuli (25-75, 45-55; 55-45, 75-
25) %?*Face identity paradigm, with a face morph as the maintained stimulus, followed by a face 
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discrimination task (same/different), and a face recall task. The interstimulus interval between 
Memory and Discrimination varied between 550 ms and 1000 ms in increments of 50 ms. 
 

Both motion direction (e.g., Kohn & Movshon, 2004; Zeki et al., 1991) and face identity 

(Leopold et al., 2006; Tsao & Freiwald, 2006) are known to have neural tuning curves in which 

populations of neurons evidence a selective graded response (Butts & Goldman, 2006; Shapley 

et al., 2003), and the interference between perception and VWM follows the pattern of these 

curves. Thus, we expected the maintained stimulus to influence the subsequent discrimination 

stimuli, and the discrimination stimuli to influence the report of the maintained stimulus in a 

systemic way based on the relationship between the maintained and discriminated stimuli 

(4$56."*C).  

 

4$56."*C?*8$##1"*&)#*@$#"*2()#$'$()-*!$&5.&;*&)#*K."#$%'$()?*Middle and side conditions 
based on the neural tuning curves for motion direction and face identity. The maintained 
stimulus (Memory, green) is in between the two discrimination stimuli in the middle condition 
(D1 & D2, blue) and to the side of the two discrimination stimuli in the side condition (D1 & D2, 
orange). In the middle condition, the perceived distance between the discrimination stimuli 
should be smaller than the actual distance, whereas in the side condition, the perceived distance 
will be greater than the actual distance between them. Thus, in the face experiment there should 
be a lower chance of reporting the discrimination stimuli as different in the middle than side 
condition and a higher threshold in the motion experiment. 
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To test the influence of VWM on perception, we calculated the difference in the chance 

of reporting “different” in the discrimination task between the middle and side conditions). For 

motion direction, the predicted pattern held, with higher discrimination thresholds for the middle 

than side condition (two-tailed paired t tests; t(499) = 5.25, p = 2.29 x10%* , Cohen’s ds = .23, 

95% CI [1.15, 2.53];*4$56."*F&;*see 4$56."*@=&*for each delay time separately). Similarly, for 

face identity, more participants reported “different” in the side than middle condition ((two-tailed 

paired t tests; t(479) = -16.79, p = 4.53 x10%)+, Cohen’s ds = .77, 95% CI [-.15 -.12]; 4$56."*F,;*

see also 4$56."*@=,).  

Further, we confirmed that perception also influences VWM through our recall task, for 

which participants were more accurate in their recall in the middle condition than the side 

condition for both motion direction (two-tailed paired t tests; t(499) = -2.95, p = 3.30 x10%' , 

Cohen’s ds = -.13, 95% CI [-3.10, -.62]; 4$56."*F%R*see also 4$56."*@=%> and face identity (two-

tailed paired t tests; t(479) = -34.30, p = 4.18 x10%!'! , Cohen’s ds = -1.57, 95% CI [-14.41, -

12.85]; 4$56."*F#R*see also 4$56."*@=#).  

Information in perceptual cortices naturally decay over time, thus far studied using low-

level features: color and orientation (Teng et al., 2023). Extending the ISI between encoding and 

discrimination causes the memory representation to degrade as the behavioral interference of 

memory upon ongoing perception wanes. However, the interference is still observed even up to 

delays of 4 seconds (Teng et al., 2023). Thus, there is likely a mechanism in place to stave off 

this natural function of decay in perceptual cortices, such as a recurrent oscillation between these 

cortices and prefrontal cortex (PFC). If content is maintained in sensory cortices, then activity in 

the PFC could be a signal to maintain a given task-relevant feature or stimulus. Here we study 

the temporal dynamics that underlie this interaction. 
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Across delay times from 550 to 1000 ms, a pattern of oscillation and decay over time was 

seen for the difference between middle and side for motion direction (4$56."*F"), but not for 

face identity (4$56."*F/). Using a linear mixed-effects (LME) model with ISI (550, 600, 650, 

700, 750, 800, 850, 900, 950, 1000ms) and Relationship Difference (mean difference between 

Middle and Side), we show that for motion, maintained information influences discrimination 

thresholds with ISI significantly predicting the difference between Middle and Side (>(1,8) = 

8.03, $ = .02, ?$@!= .50, 95% CI [.01, .70])*O4$56."*F">. For face identity, a strong interference 

effect of VWM on perception was observed. We conducted a repeated measures ANOVA with 

Relationship as a within-subject factor and ISI as a between subjects factor, revealing a 

significant main effect of Relationship (F(1,478) = 14.09, p = 1.95x10%&, η2 = .03, 95% CI [.02, 

.04] ) (4$56."*@=,>, but no significant main effect of ISI (F(1,478) = .15, p = .69, η2 = 1.50x10-

3, 95% CI [.00, 4.40x10%' ]) (4$56."*F/).  
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4$56."*F?*!$-%.$;$)&'$()*&)#*A"%&11*/(.*8('$()*!$."%'$()*&)#*4&%"*7#")'$'<?*&?*
Discrimination threshold for middle and side conditions in motion direction experiment, 
averaged across all delay times. N = 500. ,? Probability of reporting “different” for middle and 
side conditions in face identity experiment, averaged across all delay times. N = 480. %?*Recall 
Bias between middle and side conditions for motion direction experiment N = 500. #?*Recall 
Bias between middle and side conditions for face identity experiment N = 480. "?*Time course 
for the difference between the middle and side conditions for motion direction between 550-
1000ms shows the interference effect of VWM on perception (difference between side and 
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middle conditions), and a pattern of oscillation and linear decay. N = 500, 50 per ISI. /? Time 
course for face identity between 550ms and 1000ms shows a strong interference of VWM on 
perception but no pattern of oscillation and linear decay. N = 480, 48 per ISI. 
 

To test whether there was an oscillation in the decay in interference for motion, the data 

was modeled against three equations: a linear equation, a basic sine wave function to represent 

an oscillatory pattern, and a sine wave function with a decay constant to represent an oscillatory 

pattern with linear decay. Critically, the Bayesian Information Criterion (BIC), a criterion for 

model selection that adjusts for the number of parameters to prevent over-fitting, was smaller 

(better) for the non-linear model with a decay constant (BIC =  5.36, p = 1.82x10-2, 4$56."*P%) 

than for the linear model (BIC = 18.35, p = 0.03, 4$56."*P&) or sine wave function (BIC = 

28.52,  p = 4.38x10-3, 4$56."*P,). The fitted parameter of angular frequency (ω = .03) in the 

best model indicates a frequency of 4.78 Hz, consistent with a theta rhythm. 

We performed the same model comparison for face identity, and found that the BIC 

criterion was smallest for the linear equation (BIC = -46.42, p = .43, 4$56."*P#) compared to the 

sine wave function (BIC = -30.70, p = 8.5x10-4, 4$56."*P") and sine wave function with decay 

(BIC = -42.59, p = 0.79, 4$56."*P/).  Thus, we did not find evidence of a similar oscillatory 

pattern and decay over time between 550 ms and 1000 ms for face identity, as we did for motion 

direction. 
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4$56."*P?*8(#"1*2(;D&.$-()-*/(.*8('$()*!$."%'$()*&)#*4&%"*7#")'$'<?*& E%?*Model 
comparisons for motion direction &?*Linear equation ,? Sine wave %? Sine wave with decay #E/?*
Same as a-c but for face identity  
*
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While maintaining motion or face information for later recall, we observed two different 

oscillatory patterns depending on whether intermediate-level (motion) or high-level (face) 

representations were maintained in memory. For motion direction, as the representation of the 

maintained stimulus weakened, oscillations slowly decayed with increasing post-encoding delay 

time. However, for face identity, there was no such oscillatory pattern or temporal decay 

observed. Importantly, we replicated a strong bidirectional interference between perception and 

VWM for both intermediate and high-level representations. 

For low-level features of color and orientation, as the ISI between VWM encoding and 

perceptual discrimination grows, the bidirectional impact shows a pattern of temporal decay, as 

the strength of the memory representation wanes. As the memory representation degrades, its 
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influence upon ongoing perception lessens, while its ability to be biased by the same perception 

increases (Teng et al., 2023). However, the bidirectional interaction between the two processes 

persists even with long intervals between memory encoding and the onset of the perceptual task. 

By examining this temporal effect in stimuli of increasing complexity (motion direction and face 

identity), we are not only able to extend the extant results to novel and higher level features, but 

also further investigate the underlying mechanism, and probe for a theta oscillation as has been 

observed for other processes dependent on long-range cortical interactions. 

Prefrontal cortices play a role in the working memory maintenance process (Braver et al., 

1997; Courtney et al., 1997; Curtis & D’Esposito, 2003; Funahashi et al., 1989; Goldman-Rakic, 

1987), but the exact mechanism of the role is debated (Yoon et al., 2006). A potential 

contribution of the PFC to VWM maintenance, one that supports the representation-specific 

recruitment model, is to stave off decay in perceptual cortices, as the natural dynamic of these 

cortices must be one of decay, in order for these systems to successfully reset prior to new 

information processing. Using highly sensitive behavioral measures, we were able to observe an 

oscillation around a decaying baseline, suggesting that high-order areas, such as PFC, send 

maintenance signals to these early areas to maintain task-specific information. These oscillations 

allow connections to be reweighted periodically and therefore maintained longer than they would 

be otherwise (Fiebelkorn & Kastner, 2019). 

Evidence for an oscillatory pattern of theta-band activity (3-8 Hz) between higher order 

brain regions and sensorimotor regions, specifically in the attention network, has been 

discovered and observed in prior work (Dugué et al., 2015; Fiebelkorn et al., 2013; Helfrich et 

al., 2018; Landau & Fries, 2012). Many recent studies have shown this theta-band activity not 

only in attention, but in many other areas of the brain, including working memory (Fernández et 
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al., 2021; Pomper & Ansorge, 2021; Rempel et al., 2021). The frequency of the oscillation here 

for motion has a period of roughly 200 ms (5 Hz), falling within the 3-8 Hz range of theta-band 

activity, providing evidence that the interference between VWM and perception for motion 

direction is also theta-band activity. This result is consistent with recurrent interactions between 

prefrontal and perceptual areas that maintain VWM and slow its decay over time. 

Interestingly, though we found a strong bidirectional interference between VWM and 

perception for both motion direction and face identity, we only found evidence for a pattern of 

oscillation and decay for motion direction – not face identity. Across the varying post-encoding 

delay times, the interference was always present, so the effect of VWM on perception for face 

identity persists for at least up to 1000 ms, and likely much longer (Teng et al., 2023). It could be 

that these oscillations between PFC and face perceptual regions are occurring as well, but are 

happening at a much faster frequency than we could observe at these timepoints of 50 ms 

intervals. A possible reason for the lack of decay or oscillations could be complexity or 

overtraining of these stimuli. Faces are viewed every day, and people spend a great deal of time 

remembering and perceiving faces in their everyday lives. People also have extensive experience 

in noticing small variations in the same face over time (e.g. through changing facial expressions). 

Compared to low-level features, faces are much more robust and resistant to decay (Rhodes et 

al., 2007), so the maintenance of VWM may change based on these variations in the stimuli. 

According to the representation-specific recruitment model of VWM, maintenance occurs 

in different perceptual regions based on the task demands. It follows that the specific dynamics 

of VWM maintenance will vary as a function of recruited region, and therefore, stimulus being 

maintained. Since we do not observe a theta frequency for face identity, it provides some 

evidence that theta oscillations are not fundamental for every process dependent on cortical 
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recurrence, and can be altered based on factors such as stimuli and other specific demands of the 

task.  

By manipulating the ISI between the working memory encoding period and the 

perceptual discrimination task, we were able to observe not only a gradual decay of the memory 

representation for motion direction, reflected behaviorally in the decreasing threshold effect and 

increasing attraction bias over time, but an oscillating pattern well fit by a sinusoidal model. As 

we observed an oscillation, likely emerging from the repeated recurrent signaling between 

prefrontal and perceptual cortex, this signal is not needed only initially, but sustains the 

representation. However, we did not observe any oscillation or temporal decay for face identity, 

likely due to the complex nature of the stimulus space and its resistance to decay. This is 

consistent with the recruitment of different neural circuits for different visual information, 

supporting representation-specific recruitment. Because the frequency of the oscillation may 

vary with the complexity of the feature space, future research could build on prior studies that 

found theta oscillation patterns in features such as color and motion to examine whether similar 

effects also emerge for faces. 

*

8"'H(#- *

A('#")(2%!8B()2(C)2)'9D!The stimuli are available at OSF: 

https://osf.io/d7vue/overview?view_only=07c4256cae554ebf9807632fdec8dc7c 

7('(!(&3!E*3#!8B()2(C)2)'9D For data analysis, scripts were coded in MATLAB and are available 

on OSF: https://osf.io/d7vue/overview?view_only=07c4256cae554ebf9807632fdec8dc7c 

0"#"#4)%'"(')*&:  
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Face Identity: https://osf.io/4gncd/?view_only=fd103f73d9094f0b817d91da06c27b96 

8,F&*G2#34#/#&'%:  BCS2022572/National Science Foundation (NSF), W911NF-16-1-

0274/Army Research Office, W911NF-19-2-0260/Army Research Laboratory, W911NF-21-2-

0179/DEVCOM Army Research Laboratory 

7#,2("(')*&!*-!H&'#"#%'%D!The authors declare no competing interests.!
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Motion Direction 
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We recruited 10 groups of 50 participants to complete the motion direction experiment. 

Participants gave informed consent and reported normal color vision and normal or corrected-to-

normal visual acuity. An a priori power analysis was conducted utilizing a bootstrapped method 

of random sampling and was based on the smallest effect size reported in Teng and Kravitz 

(2019). To achieve 95% power and a two-tailed alpha of 0.05, the projected sample size was 50 

participants to detect a Cohen’s d of 0.55 reported in the study. Participants were recruited 

separately for each between-subjects condition until 50 participants cleared the exclusion criteria. 

The exclusion criteria consisted of: 1) below 8/12 (66%) catch trials correct and 2) obvious non-

compliance (e.g., same response button for the entire experiment, majority of RTs < 200 ms).  

1')/.2)  

Random-dot kinematograms (RDKs) were generated using JavaScript. They consisted of 

80 RGB colored dots with a 125-pixel diameter, moving radially outward on a black background. 

Motion coherence was set to 85% of the total radial motion, with 15% being random dot motion.  
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Participants first saw an RDK for 500 ms, which they were asked to hold in their memory 

for the duration of the trial. After a varying ISI, two RDKs were presented on either side of the 

center of the screen for 500 ms and participants performed a discrimination task, reporting 

whether the two were the same or different. After 1000 ms, they saw a blank circle on the screen 

and were told to recall the maintained RDK motion direction. They were able to click at any 

point on the circle to bring up the dots that would move in the direction they clicked. There were 

10 between-subjects conditions, one for each time point. The ISI between encoding and 

discrimination varied, with 10 time points every 50ms between 550ms and 1000ms (550, 600, 

650, 700, 750, 800, 850, 900, 950, and 1000ms). The range for these time points was chosen 

based upon effects from prior work (Teng et al., 2023).  

We manipulated the relationship between the maintained motion direction and the 

discrimination motion directions with the middle and side conditions (4$56."*C). The maintained 

stimulus was set to be the center of the two discrimination stimuli in the middle condition or on 

one side of the discrimination stimuli in the side condition, in 360 degree motion direction space. 

The distance between the two discrimination stimuli was dynamic and controlled by a staircase 

procedure. In the side condition, the gap between the maintained direction and the nearer of the 

two discrimination directions was set at 7 degrees. Each participant completed 170 test trials, 85 

of each condition. Twelve additional catch trials were added where the two discrimination 

stimuli had either a 0 degree difference or a 67.5 degree difference (6 each), and those trials were 

randomly placed throughout the experiment, but could not occur on the first trial. These 12 trials 

were not included as part of the threshold calculation. Separate staircasing procedures were 

employed for both middle and side conditions to derive the discrimination threshold that 
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participants could reliably tell the two motion directions apart. The difference in motion direction 

between the two stimuli was determined with a one-down, one-up stair-case method before the 

first reversal (a correct response followed by an incorrect response, or vice versa) and then 

switched to a two-down, one-up to increase the efficiency in deriving the threshold. The size of 

the step (either decrease or increase) was determined as such: 6 degrees for the first three 

reversals, 4 degrees for the fourth to seventh reversals, and 1 degree for all following trials. The 

starting difference was 30 degrees, while the upper limit for the difference was 45 degrees and 

the lower limit was 10 degrees.  

 

Face Identity 
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A total of 785 adults participated in the experiment using the online crowd-sourcing 

platform, Prolific. The experiment took 20 minutes, and participants were compensated $2.67 

($8/hour). Participants gave informed consent approved by the Institutional Review Board of 

The George Washington University, reported they had normal color vision and normal or 

corrected-to-normal visual acuity, and identified as either US or UK residents. 

We recruited 10 groups of 48 participants to complete the face identity experiment. An a 

priori power analysis was conducted utilizing a bootstrapped method of random sampling and 

was based on the data collected in Paranjape et al (in press) as well as the motion direction 

results. The projected sample size was 48 participants to achieve statistical significance at p < 

0.05. Participants were recruited separately for each between-subjects condition until 48 

participants cleared the exclusion criteria. The exclusion criteria consisted of the following: 1) 

redoing the practice trials more than three times, 2) below 7/8 (88%) catch trials correct (chose 
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‘different’ when two faces were the same or chose ‘same’ when the two faces were very 

different), and 3) below 19/32 (60%) of recall answers were below 25 morph steps away from 

correct. Specific trials in which the discrimination response time (RT) was less than 250 ms or 

greater than 5000 ms were also removed from the final analysis. 
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We constructed a morphed face space using real human face images from the Face 

Research Lab London Set (DeBruine & Jones, 2017). Using an online morphing website called 

WebMorph, compatible with the original face stimuli, 40 pairs of face images were morphed at 

one-degree intervals. This process created 101 images for each pair, for a total of 4,040 images 

in the stimulus set, as well as an additional 1,010 images for the practice and catch trials (See 

OSF). The morphed images were labeled based on percent of each face (e.g., a 25-75 morph 

means 25% Face 1 and 75% Face 2) O4$56."*=,>. 
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Participants first saw a face image for 1000 ms and were asked to maintain this image in 

their mind for the duration of the trial. The ISI between encoding and discrimination varied 

between subjects, with 10 time points every 50 ms between 550 ms and 1000 ms (550, 600, 650, 

700, 750, 800, 850, 900, 950, and 1000 ms). After this ISI, participants performed a 

discrimination task, where they reported whether two face images on either side of the center 

were the same (keypress “S”) or different (keypress “D”). The two faces were shown on the 

screen for 2500 ms and participants were able to respond during that time or after the faces 

disappeared. After response, a 300 ms fixation cross appeared. Then, participants were presented 
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with a black circle which was divided into 360 equal one-degree bins associated with 180 

morphed images between two faces, doubled to fill the full circle. This circle was randomly 

rotated so that the position of the morph lines was unknown to the participants. To help orient 

them, four face images were shown on the cardinal locations to show which faces were located 

on those points of the circle. A face image was shown in the center of the circle based on the 

location clicked and participants were asked to select the image that was most similar to the face 

they were maintaining in memory. They were allowed to click on the circle as many times as 

necessary, then press the spacebar when they felt they had selected the best image.  

As in the motion direction experiment, middle and side conditions were presented to 

participants in the experiment. In the middle condition, the maintained face image was in 

between the two discrimination faces. In the side condition, both discrimination faces were off to 

one side of the maintained face. In the middle condition, both discrimination faces would be 

pulled towards the maintained face equally, reducing the perceived distance and making both 

faces look more similar to each other than they really were. In contrast, in the side condition, one 

discrimination face was closer to the maintained face and would be pulled in more than the other 

discrimination face, which was farther away. This anisotropy would increase the perceived 

distance between the two faces, making them look more different from each other. As a result, 

more participants were predicted to respond more often that the two faces were the same in the 

middle condition than in the side condition in the discrimination task. The participants’ recall 

was also affected by these conditions. In the middle condition, the memory of the original face 

would be pulled in both directions equally after viewing the two discrimination faces, so the 

participants’ recall would be more accurate. In the side condition, their recall response would be 

more towards the side that the discrimination faces were along the morph line, as their memory 



)&"
"

would be pulled in that direction. For each of 32 possible morph lines there were two locations 

from which the maintained stimulus was taken: a 35-65 morph or a 65-35 morph (4$56."*=,). 

Using these two memory faces allowed the subsequent discrimination stimuli to be the same for 

the middle and side conditions, flipping depending on which stimulus was maintained in 

memory. The distance between the two discrimination faces was always 20 morph steps apart. 

Across all participants, these conditions were counterbalanced to occur equally often for every 

morph line (memory face x middle/side). Each individual participant performed 2 trials 

involving 16 of the 32 morph lines, one in the middle and one in the side condition, for a total of 

32 experimental trials. They also completed 8 catch trials, with 4 showing the exact same stimuli 

and 4 showing extremely distinct faces in the discrimination (99-1 vs. 1- 99). The trial order was 

randomized for each participant. 
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@6DD1";")'&1*4$56."*=. !$-%.$;$)&'$()*&)#*A"%&11*/(.*8('$()*!$."%'$()*&)#*4&%"*7#")'$'<?*
&? Motion direction discrimination (threshold shift) for middle and side conditions. ,? Face 
Identity discrimination (probability of reporting “different”) for middle and side conditions. %? 
Motion direction recall for middle and side conditions #? Face identity recall for middle and side 
conditions "? Difference between middle and side conditions for motion direction recall. /?*
Difference between middle and side conditions for face identity recall. 
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Behavioral evidence has shown that there is bidirectional interference between visual 

working memory (VWM) and perception for low-level features (e.g., color, orientation) and 

high-level features (e.g., motion direction, face identity) (Teng & Kravitz, 2019; Paranjape et al, 

in press). The sensorimotor recruitment hypothesis proposes that the same areas involved in 

encoding are involved in maintenance, leading to interference between VWM and perception. 

Here, using a within-subjects design, we provide causal evidence for the involvement of MT+ 

cortex in mediating this interference for motion direction. Transcranial magnetic stimulation 

(TMS) was applied between encoding of a motion stimulus and a subsequent perceptual 

discrimination. Two discrimination conditions were used: 1) /)332#, two discrimination stimuli 

are on either side of the maintained stimulus (in a continuous space); and 2) %)3#, both 

discrimination stimuli are to one side of the maintained stimulus. When maintained information 

interferes with discrimination, this results in higher discrimination thresholds for the middle 

condition than the side condition (Teng & Kravitz, 2019; Paranjape et al, in press). Critically, 

when TMS was applied to MT+ cortex, consistent with the prediction that maintenance occurs 

within MT+ cortex, we found a significant decrease in the interference compared to sham TMS 

applied at vertex. In doing so, we also replicated a behavioral effect supporting sensory 

recruitment, finding higher thresholds at middle than side. The discrimination motion directions 

also introduced systematic biases in the continuous report of the maintained motion, with higher 

accuracy for middle than side. These TMS results provide direct causal evidence that VWM 

maintenance occurs in the same cortices that are involved in perceptual processing of high-level 

stimuli, such as motion direction. 

*

*
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This study provides direct causal evidence that VWM occurs in the same cortices that are 

involved in perceptual processing of motion direction. Through a within-subjects design, we 

show that interference between visual working memory and motion perception is greatly reduced 

when TMS is applied at MT+ cortex than when TMS is applied at vertex. Thus, VWM 

recruitment occurs not only for low-level sensory stimuli but also for more complex stimuli. 
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Visual working memory (VWM) is a process in which there is temporary maintenance of 

visual information. The sensorimotor recruitment model posits that the same areas are recruited 

by both VWM and perception for basic visual features (D'Esposito & Postle, 2015). Consistent 

with this joint recruitment, recent behavioral results have shown bidirectional interference 

between VWM and perceptual processing for both low-level features (e.g. color, orientation; 

Teng & Kravitz, 2019) and more complex stimuli (e.g. motion, faces; Paranjape et al, in press). 

Thus, VWM may work via representation-specific recruitment, as maintenance is not limited to 

simple features, but rather any region of the brain may be recruited depending on the specific 

stimulus and task demands. 

 Functional magnetic resonance imaging (fMRI) studies have shown support for 

sensorimotor recruitment (Emrich et al., 2013; Harrison & Tong, 2009; Riggall & Postle, 2012; 

Serences et al., 2009), but there has been relatively little causal evidence to show that perception 

and maintenance of these features both occur in perceptual regions of the brain. A study by 

Bisley & Pasternak (2000) used MT/MST lesions in monkeys and found effects on retrieval and 
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comparison of motion stimuli, but also on encoding. This overlap of effects makes it difficult to 

isolate the specific contribution of disruption to sensory areas when using lesion-based 

approaches. Instead, using transcranial magnetic stimulation (TMS) allows for greater temporal 

precision and the ability to provide direct evidence of a causal relationship. Some studies using 

TMS have attempted to do so by applying TMS at sensory cortex post stimulus offset, but there 

have been conflicting results depending on the timepoint at which TMS is applied, as well as 

working memory load (Adam et al., 2022; Phylactou et al., 2022; Silvanto & Cattaneo, 2010; van 

Lamsweerde & Johnson, 2017; van de Ven et al., 2012). Many studies have shown that TMS 

applied to sensory regions within 200ms post stimulus offset does affect memory encoding and 

consolidation (Cattaneo et al., 2009; Rademaker et al., 2017; van Lamsweerde & Johnson, 2017), 

but less so for maintenance.  

Here, we aimed to test the more subtle prediction that TMS applied to MT+ cortex during 

motion direction maintenance will result in lower interference between VWM and motion 

perception than when applied to vertex (sham), in a within-subjects experiment. It has been 

shown for color and orientation that the interference between VWM and perception follows the 

pattern of neuronal tuning curves (Bohon et al., 2016; Teng & Kravitz, 2019), and motion 

direction is another feature for which neurons show a graded response (Butts & Goldman, 2006; 

Shapley et al., 2003). We adapted the paradigm used originally in Teng & Kravitz (2019), which 

requires participants to maintain information in VWM for later recall, while performing a 

perceptual discrimination task in between (Figure 1a). Double-pulse TMS was applied 750 ms 

post stimulus offset either at MT+ cortex or at vertex (top of head). To target MT+ cortex, we 

used MNI brain maps to approximate the location of MT+ cortex for each participant. By 

comparing TMS at MT to TMS at vertex within-subjects, we could directly compare the effect of 
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disrupting maintenance on perception. The maintained motion direction was either in the middle 

(middle) or off to one side (side) of the two motion directions in the perceptual discrimination 

task (Figure 1b). We expected to and did replicate previous results (Paranjape et al, in press; 

Paranjape et al, unpublished observations) with a higher discrimination threshold (the difference 

in degrees between the two discrimination motions) for the middle condition than the side 

condition for both MT and vertex (Figure 1). Critically, TMS applied to MT+ cortex 

significantly reduced the interference between VWM and perception, resulting in less difference 

between our middle and side conditions, compared to vertex stimulation. 
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4$56."*=?*MND".$;")'*K&.&#$5;*V*8$##1"*&)#*@$#"*2()#$'$()*!$&5.&;?*&? Motion direction 
paradigm, with maintained motion direction, followed by a motion discrimination task 
(same/different), and then a motion recall task. Double pulse TMS was applied 750ms post 
stimulus offset at either MT or vertex. ,?*Middle and side conditions based on the neural tuning 
curves for motion direction. The maintained motion (Memory, green) is in between the two 
discrimination stimuli in the middle condition (D1 & D2, blue) and to the side of the two 
discrimination stimuli in the side condition (D1 & D2, orange). In the middle condition, the 
perceived distance between the discrimination stimuli should be smaller than the actual distance, 
whereas in the side condition, the perceived distance will be greater than the actual distance 
between them. Thus, there should be a higher discrimination threshold in the middle than side 
condition. When applying TMS at vertex, there will be greater interference than when applying 
TMS at MT due to the reduced neural tuning curves, resulting in a smaller difference between 
middle and side at MT. 
*
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A total of 61 people participated in the experiment. The experiment took about 45 minutes 

including set up, and participants were compensated $40. Participants gave informed consent 

approved by the Institutional Review Board of The George Washington University. An a priori 

power analysis was conducted utilizing a bootstrapped method of random sampling and was 

based on the motion direction data collected in Paranjape et al (in prep). The projected sample 

size was 50 participants to achieve statistical significance at p < 0.05 (41 female, 8 male, 1 

declined to say). Participants were recruited until 50 participants cleared the exclusion criteria. 

The exclusion criteria consisted of: 1) below 20/24 (83%) catch trials correct, 2) below 86/144 

(60%) of recall answers less than 15 degrees away from correct, and 3) mechanical issues 

with  TMS placement and stability.  
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Random-dot kinematograms (RDKs) were generated using JavaScript. They consisted of 

100 white dots, each with a 4-pixel diameter, moving radially outward on a black background. 

Motion coherence was set to 90% of the total radial motion, with 10% being random dot motion.  
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Participants first saw an RDK for 500 ms, which they were asked to hold in their memory 

for the duration of the trial. During the 800 ms delay that followed, a double-pulse TMS was 

applied at 750ms, either at MT or at vertex. Then, two RDKs were presented on either side of the 
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center of the screen for 500 ms and participants performed a discrimination task, reporting 

whether the two were the same or different. After their response, they saw a blank circle on the 

screen and were told to recall the maintained RDK motion direction. They were able to click at 

any point on the circle to bring up the dots that would move in the direction they clicked.  

We manipulated the relationship between the maintained motion direction and the 

discrimination motion directions with the middle and side conditions (4$56."*=,). The 

maintained direction was set to be the center of the two discrimination directions in the middle 

condition or on one side of the discrimination direction in the side condition, in 360 degree 

motion direction space. The distance between the two discrimination directions was dynamic and 

controlled by a staircase procedure. In the side condition, the gap between the maintained 

direction and the nearer of the two discrimination directions was set at 7 degrees.  

Twenty-five participants received TMS at vertex in the first half of the experiment and at 

MT in the second half, and the other 25 participants received TMS at MT in the first half and at 

vertex in the second half. Each participant completed 144 test trials, 72 of each condition. 

Twenty-four additional catch trials were randomly placed throughout the experiment (except on 

the first trial), where the two discrimination stimuli had either a 0 degree difference or a 67.5 

degree difference. These 24 trials were not included as part of the threshold calculation. Separate 

staircasing procedures were used for both middle and side conditions to derive the discrimination 

threshold that participants could reliably tell the two motion directions apart. The difference in 

motion direction between the two stimuli was determined with a one-down, one-up stair-case 

method before the first reversal (a correct response followed by an incorrect response, or vice 

versa) and then switched to a two-down, one-up to increase the efficiency in deriving the 

threshold. The size of the step (either decrease or increase) was determined as such: 6 degrees for 
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the first three reversals, 4 degrees for the fourth to seventh reversals, and 1 degree for all 

following trials. The starting difference was 30 degrees, while the upper limit for the difference 

was 55 degrees and the lower limit was 10 degrees. Statistical design can be found in the Results 

describing Figure 2. 

 

E*3#!8,,#%%)C)2)'9 

 The experiment and analysis code can be found on OSF at 

https://osf.io/7eytd/overview?view_only=087930eead1e434f8192bd7a33dd90fd 
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We calculated each participant’s discrimination threshold by taking the average of all 

included trials after the second reversal. We conducted a two-way repeated measures ANOVA 

with Condition (middle, side) and TMS Location (MT, Vertex) as within-subject factors, 

revealing a significant interaction effect between Condition and TMS Location (F(1,49) = 4.91, p 

= .03, ηₚ² = .09, 95% CI [.26, 0]; 4$56."*C,). There was also a main effect of Condition (F(1,49) 

= 29.77, p = 1.59x10%( , ηₚ² = .38, 95% CI [.54, .17]; 4$56."*C&). Participants performed 

significantly better at discriminating motion in the side than the middle condition. There was no 

main effect of TMS Location (F(1,49) = .40, p = .53, ηₚ² = 8.18x10%' , 95% CI [0, 0]). 

Subsequent one-tailed paired t-tests were conducted to compare the middle versus side 

conditions across TMS locations. At vertex, there was a significant difference between the 

middle (x̄ =31.48, 95% CI [29.09, 33.87]) and side (x̄ = 26.61, 95% CI [24.59, 28.63]) conditions 

(one-tailed paired t tests; middle > side: t(49) = 3.31, p = 3.24x10%( , Cohen’s ds = .63, 95% CI 

[.22, 1.03]). Here, when maintaining motion direction, participants perceived the discrimination 
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motion directions as more similar to each other for middle than for side, resulting in a higher 

discrimination threshold. At MT, there was also a strong difference observed between the middle 

(x̄ = 29.68, 95% CI [27.31, 32.04]) and side (x̄ = 27.20, 95% CI [24.72, 29.67]) conditions (one-

tailed paired t tests; middle > side: t(49) = 5.05, p = 8.67x10%&, Cohen’s ds = .29, 95% CI [-.11, 

.69]). 
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We conducted a two-way repeated measures ANOVA with Condition and TMS Location 

as within-subject factors, revealing a main effect of Condition (F(1,49) = 7.46, p =8.73x10%' , ηₚ² 

= .13, 95% CI [.31, 8.9x10%' ]; 4$56."*C%). The bias in the perceived distance from the maintained 

stimulus was higher for the side than the middle condition overall. There was no main effect of 

TMS Location (F(1,49) = .10, p = .75, ηₚ² = 2.13x10%' , 95% CI [0, 0]). We did not observe an 

interaction effect between Condition and TMS Location (F(1,49) = .31, p = .58, ηₚ² = 6.3x10%' , 

95% CI [0, 0]; 4$56."*C#). 

Subsequent one-tailed paired t-tests were conducted to compare the middle versus side 

conditions across TMS locations. At vertex, there was a significant difference between the 

middle (x̄ = -.31, 95% CI [-2.16, .56]) and side (x̄ = 2.74, 95% CI [.73, 4.75]) conditions (one-

tailed paired t tests; side > middle: t(49) = 1.98, p = .03, Cohen’s ds = .45, 95% CI [.05, .85]). At 

MT, there was no significant difference observed between the middle (x̄ = -.03, 95% CI [-1.76, 

1.70]) and side (x̄ = 1.85, 95% CI [-.15, 3.84]) conditions (one-tailed paired t tests; side > 

middle: t(49) = 1.56, p = .06, Cohen’s ds = .29, 95% CI [-.11, .69]). 
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4$56."*C?*!$-%.$;$)&'$()*&)#*A"%&11*A"-61'-?*&?*Discrimination threshold for middle and side 
conditions for TMS applied to MT and vertex (within-subjects; N = 50). ,? Comparing 
discrimination threshold (middle-side) between MT and vertex. %?*Recall Bias between middle 
and side conditions for TMS applied to MT and vertex. #? Comparing recall bias (middle-side) 
between MT and vertex  
*
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Here, we provide direct causal evidence that visual working memory maintenance for 

motion direction occurs in the same cortical region as motion perception. When TMS was 

applied to MT+ cortex during the post-encoding delay period, the interference between VWM 

and motion perception was greatly reduced compared to when TMS was applied at vertex. 

Importantly, we replicated a strong bidirectional interference between perception and VWM for 

motion direction (Paranjape et al, in press).  
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Prior research examining VWM and perception using TMS has yielded inconsistent 

results. This is in part because there are many slight procedural variations that may cause 

discrepancies. For example, many studies apply TMS within 200 ms post stimulus offset 

(Phylactou et al., 2022). However, encoding and consolidation of a feature may still be occurring 

at that time (Brockmole et al., 2002; Vogel et al., 2006). Further, the effects of TMS may also 

vary based on working memory load (Beckers & Hömberg, 1991; van de Ven & Sack, 2013; van 

Lamsweerde & Johnson, 2017; Vogel et al., 2006), rendering differences among small n studies 

difficult to interpret. Even when TMS is applied to sensory regions later during maintenance, 

there are conflicting results (Phylactou et al., 2022), with some studies showing no effect of TMS 

on VWM for a single object (Malik et al., 2015; Ven et al., 2012) or for certain features (e.g. 

shape; Saad & Silvanto, 2013), and others showing improvements in working memory 

representations with TMS (Cattaneo et al., 2009; Rademaker et al., 2017; Silvanto & Cattaneo, 

2010; Silvanto & Soto, 2012; Soto et al., 2012). These studies typically use recall performance as 

a measure to understand whether TMS to early visual areas affect VWM. However, continuous 

recall involves participants viewing more stimuli that may cause additional interference with the 

maintained representation, which in turn affects recall performance, and may be the source of the 

conflicting results. Sham TMS approaches also vary widely between studies, from using a tilted 

TMS coil at the same location to using a placebo TMS coil that has a shield to diminish the 

magnetic field. These sham coils lead to the possibility of differences in physical sensations (e.g. 

discomfort, tingling, muscle twitches) that may also cause the variance in results of studies using 

TMS (Duecker & Sack, 2015). 

Our task was designed intentionally in order to combat some of these issues with 

previous TMS studies. First, we specifically targeted VWM maintenance by applying TMS at 
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750ms into the delay period, well past the time during which encoding and consolidation may 

still be occurring. This allowed for disruption at a trough in the oscillatory interference between 

VWM and perception (Paranjape et al, in review). Disrupting memory maintenance at this time 

yielded a strong effect, reducing the impact of the memory on the perceptual discrimination. 

Second, using perceptual discrimination as our main task is likely a more sensitive measure for 

understanding the extent of the interference and how TMS may disrupt it, rather than continuous 

recall. Finally, we utilized an active control for our sham condition by applying TMS to another 

brain region at the same point in time. This mitigates the potential confound of placebo effects 

contributing to between-condition differences. 

Here, when TMS was applied at vertex, the difference required between the two 

discrimination stimuli in order for participants to reliably report the two as different was much 

larger in the middle condition than in the side condition. This shows that there is increased 

perceptual distance in the side condition, even though the actual difference between the 

discrimination stimuli is the same in both middle and side. When TMS was applied at MT+ 

cortex, this disrupted the maintained memory of the motion direction and reduced the impact of 

the maintained motion on the subsequent motion perception and discrimination. Though there 

was still evidence of interference between the two, the difference between the middle and side 

conditions was greatly reduced. We also analyzed recall to assess whether perception influenced 

VWM. We originally expected participants to have worse recall with TMS at MT+ cortex due to 

the disruption in maintenance and subsequent interference from perception. However, potentially 

due to the noise from a continuous recall task, we did not observe a significant difference 

between TMS applied at MT and TMS applied at vertex for recall. We did observe a significant 
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difference between middle and side for the latter, replicating previous behavioral results 

(Paranjape et al, in press). 

Here we have directly shown that TMS to MT+ cortex during maintenance disrupts the 

interference between VWM and motion perception, supporting sensorimotor recruitment. There 

are a number of open questions that future research can now address. First, if signals from 

prefrontal cortex (PFC) prevent the degradation of the representation in “perceptual” areas and 

cause the oscillatory pattern of interference, applying TMS at PFC at the right time might also 

disrupt maintenance by preventing a signal from PFC to sensorimotor cortices. Second, future 

research may be able to use fMRI-guided TMS to target other regions, such as occipital face area 

(OFA) to provide direct causal evidence of interference between VWM and face perception, as 

has already been shown behaviorally (Paranjape et al, in press). That would provide further 

support for representation-specific recruitment, as finding the same effect for high-level stimuli 

and cortical areas suggests that any area can be recruited for VWM maintenance depending on 

the task demands (Lee et al., 2013; Nau et al., 2024). 
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@6DD1";")'&1*4$56."*=?*+,-(16'"*A"%&11*+%%6.&%<?*&? At vertex, there was a significant 
difference between the middle (x̄ =14.75, 95% CI [12.00, 17.49]) and side (x̄ = 18.2, 95% CI 
[14.93, 21.47]) conditions (one-tailed paired t tests; middle > side: t(49) = 3.14, p =1.4x10-3, 
Cohen’s ds = -.33, 95% CI [-.73, .07]). At MT, there was no significant difference observed 
between the middle (x̄ = 16.51, 95% CI [13.63, 19.38]) and side (x̄ = 16.76, 95% CI [14.21, 
19.30]) conditions (one-tailed paired t tests; middle > side: t(49) = .21, p = .42, Cohen’s ds = -
.03, 95% CI [-.42, .37]). ,? A two-way repeated measures ANOVA with Condition and TMS 
Location as within-subject factors, showed no significant interaction effect between Condition 
and TMS Location (F(1,49) = 3.51, p = .07, ηₚ² = .07, 95% CI [.23, 0] 

 
 
 

 

@6DD1";")'&1*4$56."*C?*A"%&11*J$&-*+%%6.&%<*K.(,&,$1$'<*!")-$'<*46)%'$()-?*&E#? 
Probability density function plots with dashed lines representing the mean recall accuracy for 
each condition. &? MT middle vs. MT side. ,? MT middle vs. Vertex middle. %? Vertex middle vs. 
Vertex side. #? MT side vs. Vertex side 
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Visual working memory has gone through many iterations of models that try to 

understand and explain the underlying mechanism. The latest model, sensorimotor recruitment, 

posits that there is common recruitment of the sensorimotor cortices by both VWM and 

perception for simple features like color and orientation (D’Esposito & Postle, 2015; Teng & 

Kravitz, 2019). Evidence of sensorimotor recruitment has been found in these features through 

neurophysiological evidence (Harrison & Tong, 2009; Serences et al., 2009) but there is still 

ongoing debate as to the nature of these mechanisms and whether perceptual content can shape 

maintained information and vice versa (Xu, 2018, 2018, 2023). Neural tuning curves exist for 

both simple features (Bohon et al., 2016; Kohn & Movshon, 2004; Ringach et al., 2002) and 

more complex features, such as motion direction (Zeki et al., 1991) and faces (Leopold et al., 

2006), and the interference between VWM and perception follows the pattern of these curves 

(Teng & Kravitz, 2019). Therefore, I aim to show that the regions of the brain recruited during 

VWM maintenance are dependent on task demands – a process called representation-specific 

recruitment.  

Chapter 1 provided support for representation-specific recruitment by revealing 

bidirectional interference between VWM and motion perception as well as face perception. 

Motion is a stimulus that is more complex than color and orientation, with perception occurring 

in MT+ cortex, which is outside the early sensory regions of the brain. Going a step further, faces 

are a very high-level stimulus and face processing occurs in multiple regions of the brain, 

including FFA and OFA (Gauthier et al., 2000; Kanwisher et al., 1997). Bidirectional 

interference between VWM and face perception indicates that representation-specific 
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recruitment also holds for high-level and naturalistic stimuli that we interact with directly in our 

everyday lives. 

To further understand the temporal dynamics of this interference, Chapter 2 examined 

how the strength of the interference is modulated by time. For motion direction, when the delay 

period between encoding and perception is short, the interference is high. As the delay gets 

longer, the memory representation weakens, reducing interference in the perceptual cortices. 

However, this decay is not linear. There is a systematic pattern of theta oscillation, highlighting 

the role that PFC likely plays in staving off that decay, sending signals to keep the representation 

intact for longer. Interestingly, the interference between VWM and face perception did not show 

the same pattern of oscillation or even a decay over time. Faces are processed very differently 

from comparatively less complex stimuli (e.g. motion, color, and orientation), especially because 

they are a combination of multiple features and we have extensive prior experience processing 

faces from an early age (Bushnell et al., 1989; Carey et al., 1997; Walton et al., 1992). This 

emphasizes how these patterns of interference rely greatly on small changes in the stimulus or 

task. Because faces are much more robust and resistant to decay (Rhodes et al., 2007), the 

maintenance of VWM changes based on these variations in the stimuli. 

In the oscillatory pattern observed for motion, the troughs of the curve are when the 

memory representation is at its weakest points. Targeting that point in time with TMS to the 

perceptual region for motion (MT+ cortex) allows for the disruption of the representation and 

showcases the effects on the interference. By doing so, Chapter 3 provided direct causal evidence 

that VWM and motion perception both occur within motion perceptual cortices. I addressed 

limitations of previous studies by employing discrimination rather than recall as a more precise 

measure of the interference, applying TMS well over 200 ms post encoding to truly target 
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maintenance, and utilizing an active sham control by applying TMS at vertex. The results 

showed that applying TMS at MT+ cortex led to a significant decrease in interference between 

VWM maintenance and perception for motion direction. This shows that the regions of the brain 

with neural tuning curves specific to the task are involved in the representation of that feature 

during VWM maintenance. Future research can expand on this work and offer additional 

supporting evidence by using TMS to disrupt occipital face area (OFA), causing a destabilization 

in the representation of a face held in VWM and decreasing its interference with the perception 

of subsequent faces. 

Having established representation-specific recruitment within VWM, the question 

becomes whether this mechanism extends to related cognitive processes. Representation-specific 

recruitment is not contained to a specific region of the brain, and much in the same manner, it is 

likely not contained to a singular process. There are many processes, such as attention and 

mental imagery, that are very similar to VWM and are highly connected to feature perception.  

The oscillatory pattern found in Chapter 2 has also been noted in attention (Fiebelkorn et 

al., 2013; Helfrich et al., 2018), which is closely linked to working memory. Selective attention 

and working memory were originally thought of as entirely separate processes but they are in 

fact highly interconnected. There has been some debate as to whether attention filters items 

during the early stages of sensory processing or whether all sensory information is encoded and 

filtered by attention during later stages (Awh et al., 2006). It is likely a combination of the two, 

where attention has the ability to modulate which items go into working memory during both 

early perceptual processing, as well as afterwards. VWM also has the ability to involuntarily bias 

attention towards items that fit the goals of the task. Specifically, this occurs when an item is 

already being held in VWM, towards other items that are similar (Soto et al., 2005). For 
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example, if our task is to find our favorite pair of blue jeans, and we are maintaining an image of 

those jeans, we are more likely to pay attention to other blue objects we see. A similar 

mechanism is likely in place for mental imagery, since the signals between mental imagery and 

perception are so similar, they cannot be distinguished (Dijkstra & Fleming, 2023).!Much of this 

previous research into the connection between VWM, attention, and mental imagery has 

separated these processes into multiple mechanisms, aiming to determine where they diverge. 

However, these processes are so deeply intertwined that they may share a common mechanism 

that is modulated by the demands of the task. 

VWM is important to study and understand because perception of a stimulus can change 

what is held in memory, and what is held in memory can change our perception of the stimulus. 

This interference between VWM and perception provides deep insights into our brain – the 

ability to highlight similarities and differences between items in our memory and the new 

information we perceive, and the potential to subliminally change each one. If this process 

occurs for all features, studying it changes the way we understand how much of the brain works, 

especially in the interconnected processes of attention, working memory, mental imagery, and 

more. These processes in the brain are likely all related and are modulations of one general 

mechanism of representation-specific recruitment. Using this, the brain is able to process 

countless minute details, integrating information from our current surroundings with past 

experiences, to continuously assess and optimize our movement through the environment.*  
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