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ABSTRACT 

Priming refers to a change in the ability to identify, produce, or classify a stimulus 

as a result of a previous encounter with the same or a related stimulus. Recent 

neuroimaging studies often found behavioral priming to co-occur with a reduction in 

neural activations in various cortical regions, which is called repetition suppression. It is 

thought that repetition suppression is closely related to behavioral priming, and may even 

be the underlying neural mechanism that supports priming. However, current literature 

still has several unsolved questions about the relationship between repetition suppression 

and priming. The present dissertation set out to further elucidate their relationship. In 

Study 1, a mirror-word identification task was used to limit overlap between study and 

test to a primarily perceptual level with little or no conceptual overlap nor top-down 

modulation. Repetition suppression was found in visual perceptual and frontal 

phonological regions involved at both study and test, supporting a “component process” 

view that repetition suppression and priming can occur at a perceptual level with limited 

conceptual or top-down processes involved. In Study 2, three perceptual priming tasks 

and one conceptual priming task were used to directly examine component process 

view’s prediction that perceptual priming would be correlated with posterior repetition 

suppression and conceptual priming would be correlated with frontal repetition 

suppression. The results showed that both perceptual and conceptual priming involved 

repetition suppression in both frontal and posterior perceptual regions, at least when 

measured with our paradigm and tasks, and both frontal and posterior repetition 

suppression effects were correlated with behavioral priming in all four perceptual and 
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conceptual priming tasks. This finding suggests that both frontal and posterior perceptual 

regions are involved in perceptual and conceptual priming, and that they are most likely 

working in concert with one another during priming, as exemplified by an interactive 

view of priming. Taken together, our data suggest that priming may be supported by 

several different underlying mechanisms, such as bottom-up processes (component 

process view of priming), top-down modulation and frontal-posterior 

interaction/synchrony.  
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I. GENERAL INTRODUCTION 

 

What is Priming? 

One of the most intriguing findings about memory in the last few decades was the 

discovery that memory traces could be measured using indirect tasks even in densely 

amnesic patients who cannot consciously recollect their past experiences (Roediger, 1990; 

Tulving & Schacter, 1990). Early seminal studies by Warrington and Weiskrantz (1968, 

1970) first introduced techniques such as word stem completion, word fragment 

completion, and picture fragment naming, demonstrating that when memory performance 

of amnesics patient was probed by these tasks, there did not seem to be much if any 

impairment in performance relative to control subjects. The patients were more likely 

than chance to use previously studied items to answer the questions, even though they did 

not consciously remember having studied them before. This phenomenon is called 

priming. Priming is the change in a person’s ability to identify, produce, or classify a 

stimulus as a result of a previous encounter with the same or a related stimulus (Tulving 

& Schacter, 1990; Henson, 2003). Since Warrington and Weiskrantz, this phenomena has 

been replicated in numerous studies with various populations and paradigms (Forster & 

Davis, 1984; Graf, Squire, & Mandler, 1984; Jacoby & Witherspoon, 1982; Stevens, Wig, 

& Schacter, 2008; Tulving & Schacter, 1990). Because priming may be based on memory 

that does not require conscious recollection, it is thought to reflect implicit memory (a 

term coined by Graf & Schacter, 1985).  

Extensive studies on priming have accumulated over the past few decades in 
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cognitive psychology and neuropsychology, and more recently in the neuroimaging field 

as well. Studies have shown that there may be several types of priming. One broad 

distinction is between perceptual priming and conceptual priming (Blaxton, 1989; 

Henson, 2003; Roediger & McDermott, 1993; Schacter & Buckner, 1998). Perceptual 

priming relies on the similarity of perceptual level (or data-driven) analysis of the stimuli 

at study and test, and is affected by differences in the physical features of the primes 

(novel or initial presentations of the stimuli) and targets (repeated or primed stimuli). The 

facilitation of responses may be the result of these perceptual processes becoming more 

efficient from study to test. Conceptual priming involves deeper semantic/conceptual (or 

conceptual-driven) processing of the meaning of the stimuli, and is less subject to 

changes of the stimuli in the perceptual domain but dependent instead on the 

commonality of the conceptual processes overlapped from study to test. Tasks requiring 

perceptual identification of degraded stimuli are likely to reflect primarily perceptual 

priming, whereas tasks requiring semantic decisions are likely to reflect mainly 

conceptual priming. The neural basis of this distinction is supported by dissociations in, 

for example, Alzheimer’s patients, who show intact perceptual priming but impaired 

conceptual priming. This is presumably because the early sensory areas believed 

important for perceptual priming are less affected by the disease than frontotemporal 

regions believed important for conceptual priming (Gabrieli et al., 1994). However, not 

all of the tasks can be easily to fit into this dichotomy. For example, priming in the word-

stem completion task is affected by variations in some physical properties (Church & 

Schacter, 1994), yet residual priming can still occur across modalities, even when 
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voluntary explicit retrieval can be excluded (Richardson-Klavehn & Gardiner, 1998), 

suggesting a mixture of perceptual and conceptual priming in this task. 

Behavioral studies of priming have had an important impact on the memory field. 

They forced researchers to think hard about the concept of memory and the existence of 

memory systems/processes, and to open a new field that held the promise of furthering 

our  understand of  unconscious or implicit cognitive processes. These studies provided 

evidence that previous experiences could influence our later behavior even without our 

conscious recollection of the experiences. With the advent of neuroimaging methods, 

these “memory traces” can be observed not only behaviorally, but can also be measured 

in the brain.  

 

Neural Basis of Priming 

There are two main questions we would want to ask when we think about the 

neural basis of priming. First, which brain regions are important to behavioral priming? 

Second, what are the underlying neural mechanisms in these regions that produce 

priming? A review of literature from neuropsychology, neuroimaging and animal studies 

provides an overview of what has been learned so far regarding the neural basis of 

priming. 

Neuropsychological studies examine patients with brain damage in order to gain 

insights into the specific cognitive functions those damaged or the remaining intact brain 

regions might have. These dissociations can tell us which brain areas are crucial for 

normal priming performance and which areas are not. So far only a few early studies 
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have reported a deficit in priming performance in patients with brain lesions . These data 

were mainly from studies of two patients: M.S., who had a right occipital lesion (Gabrieli, 

Fleischman, Keane, Reminger, & Morrell, 1995; Fleischman, Gabrieli, Reminger, & 

Rinaldi, 1995), and L.H., who had a bilateral occipital lesion (Keane, Gabrieli, Mapstone, 

Johnson, & Corkin, 1995). They both exhibited impaired priming performance but were 

relatively normal in recognition memory tasks. This finding suggested a crucial role for 

the posterior visual area in priming. On the other hand, several studies on amnesic 

patients with medial temporal lobe (MTL) lesions demonstrated that these patients had 

impaired recognition or recall performance but relatively normal priming performance 

(e.g., Gabrieli et al., 1995; Keane et al., 1995). Combining these two lines of studies 

provides a double dissociation between priming and episodic memory, suggesting that 

priming relies on posterior perceptual areas but not MTL, while episodic memory relies 

on MTL but not posterior perceptual areas. 

With advances in technology, two recent studies used transcranial magnetic 

stimulation (TMS) combined with functional magnetic resonance imaging (fMRI) to 

study the effect of experimentally disrupting specific human brain areas on priming and 

fMRI repetition effects. They showed that prefrontal cortex could be crucial in producing 

priming as well. For example, Wig and his colleagues (Wig et al., 2005; see also Thiel et 

al., 2005 for a similar design and finding)  temporarily disrupted the encoding processes 

engaged during the first presentation of the primes in the left anterior frontal cortex, and 

observed that this procedure eliminated the behavioral priming effect (in a living/non-

living classification conceptual priming task), as well as the fMRI repetition effect 
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normally seen in several brain regions. These results suggest the importance of frontal 

areas in priming and showed a link between repetition suppression and behavioral 

priming. Some interpreted this result as suggesting a causal role for left inferior frontal 

cortex in at least one form of repetition priming (Martin & Gotts, 2005).  

Early patient data and recent TMS studies showed that posterior perceptual 

regions and the frontal cortex might be crucial for priming. This was supported by recent 

neuroimaging findings as well. In the last two decades, neuroimaging techniques such as 

positron emission tomography (PET) and fMRI have grown rapidly and provided 

powerful tools for studying brain regions mediating priming effects and the underlying 

neural mechanisms of this process. A robust finding among these studies is that repeated 

stimuli usually show reduced neural activations when compared to their first presentation 

or to other novel stimuli. This phenomenon has been referred to as repetition suppression 

(for reviews, see Henson, 2003; Schacter & Buckner, 1998). Several things about 

repetition suppression have been learned from previous studies (Henson, 2003; Schacter 

& Buckner, 1998; Stevens et al., 2008). First, repetition suppression usually occurs within 

brain regions that are also involved in processing the task in general (i.e. the regions 

recruited to process novel stimuli in the task). Second, not all of the regions involved in a 

task show repetition suppression. Usually repetition suppression is not found in primary 

sensory or motor cortices but in associative cortices in the prefrontal, parietal and/or 

occipital/temporal regions. Third, the specific brain regions showing this effect depend 

upon the nature of the priming task and the visual format of the stimuli (Henson, 2003; 

Schacter & Buckner, 1998; Stevens et al., 2008). For example, repetition suppression is 
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usually found in posterior perceptual processing regions such as parietal, fusiform and 

occipital areas during perceptual priming tasks (e.g., perceptual identification of degraded 

stimuli; Buckner et al., 1998; Lin & Ryan, 2007; van Turennout, Ellmore, & Martin, 2000; 

van Turennout, Bielamowicz, & Martin, 2003). When the priming task emphasizes 

conceptual analysis or semantic judgments about the stimuli, repetition suppression is 

often found in prefrontal regions such as left inferior frontal gyrus (LIFG; e.g., Demb et 

al., 1995; Wagner, Koutstaal, Maril, Schacter, & Buckner, 2000) 

Animal electrophysiological studies have shown that repeated stimuli elicit 

reduced neuronal responses (e.g., firing rates) compared to novel stimuli (Li, Miller, & 

Desimone, 1993; Miller & Desimone, 1994; Sobotka & Ringo, 1996; McMahon & Olson, 

2007). This phenomenon has been recorded mostly in inferior temporal regions in 

monkeys (including area TE, perirhinal, and entorhinal cortex; Riches, Wilson, & Brown, 

1991; Suzuki, Miller, & Desimone, 1997), but some studies also reported similar findings 

in the frontal regions (Miller, Erickson, & Desimone, 1996). This phenomenon occurred 

automatically whenever the same stimulus was repeated, regardless of the task on hand or 

whether the stimulus was relevant to the task (Wiggs & Martin, 1998). Because of the 

similarity between reductions in neural activity measured by PET or fMRI and reductions 

measured by electrophysiological methods in animals, it was proposed that these 

reduction effects at the neuronal level and at the system level are related to each other, 

and they may provide the neural basis underlying behavioral priming (Desimone, 1996; 

Wig et al., 2005; Wiggs & Martin, 1998). 

It is still unclear what the actual underlying neural mechanisms are that lead to 
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reductions in spiking rates following repetition. At least four possible mechanisms have 

been proposed (Grill-Spector, Henson, & Martin, 2006; Marsolek, 2003). First, firing-

rate adaptation, which reflects reduced excitability of neurons due to hyperpolarization 

of membrane potential (Carandini and & Ferster, 1997), has been shown to reduce the 

impact of synaptic inputs and hence lower the probability of neural spiking. The second 

possible mechanism is synaptic depression. This is a temporary reduction in synaptic 

efficacy that is believed to reflect reductions in presynaptic neurotransmitter release 

(Markram & Tsodyks, 1996). The third possibility is long-term depression (LTD). LTD 

reflects plasticity changes owing to correlated pre- and postsynaptic activity and normally 

entails multiple stages, including decreases in calcium concentration, perhaps even gene 

expression and ultimately protein synthesis. LTD reflects a reduction in synaptic efficacy 

(Ito, 1989), normally follows low-frequency stimulation and can last at least hours. Long-

term potentiation (LTP) is another possible candidate. Like LTD, this long-lasting 

mechanism entails multiple stages and might come in several forms (depending on the 

precise receptor type). LTP reflects an increase in synaptic efficacy.  

Firing-rate adaptation and synaptic depression tend to be short lived, lasting from 

hundreds of milliseconds to tens of seconds, which may be too short to account for data 

from many priming paradigms. On the other hand, both LTP and LTD tend to increase or 

decrease, respectively, the probability of neural spiking, and can last longer, at least for 

hours, which may be more comparable to most priming phenomena. These effects have 

been observed in cells from many areas of neocortex (for LTP, Artola & Singer, 1987; 

Komatsu, Fujii, Maeda, Sakaguchi, & Toyama, 1988; for LTD, Artola, Bröcher, & Singer, 
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1990; Kirkwood & Bear, 1994), including the visual cortical cells that underlie shape 

recognition in human cortex (e.g., Chen et al., 1996). Synaptic changes very likely are 

involved in learning per se in the neocortex (Marsolek, 2003), and the properties of these 

synaptic changes have also been simulated by biologically plausible neural network 

computational models using error-driven learning algorithms (O'Reilly, 1996; O'Reilly & 

Munakata, 2000).  

 

Theories of the relationship between repetition suppression and priming 

Even though the mechanisms discussed above may account for some level of the 

reductions in neural firing rates, the repetition suppression effect at the system level 

measured by fMRI may be even more complicated. Some hypotheses have emerged 

recently in the literature regarding how repetition suppression occurs in different cortical 

regions and how this relates to behavioral priming. Three major theories are summarized 

below. 

 

Component process view of priming 

Graf and Ryan (1990) proposed a transfer-appropriate processing (TAP) 

framework (cf., Morris, Bransford, & Franks, 1977) to account for priming effects. TAP 

is based on the notion that remembering is best understood in terms of the cognitive 

operations that are engaged by different study and test activities (Kolers, 1975, 1979; 

Kolers & Ostry, 1974). Reading a word or sentence, for example, requires a particular set 

of sensory-perceptual and semantic-analyzing operations. Engaging these operations has 
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the same effect as practicing a skill - it increases the fluency and efficiency with which 

the processes can be carried out subsequently. Performance on a priming test is thus 

facilitated depending on the extent of the cognitive operations that are used both on the 

study and test tasks. The greater the overlap in processes from study to test, the greater 

the facilitation. Priming is also dependent upon how practiced these processes are – 

cognitive operations that are executed with a high degree of efficiency and skill will show 

little, if any, priming, whereas uncommon or unskilled operations will show greater 

facilitation after a single practice episode (Graf & Ryan, 1990; Ostergaard, 1998, 1999).  

Along the same lines, the component process theory of priming (Henson, 2003; 

see also Tenpenny & Shoben, 1992; Witherspoon & Moscovitch, 1989) extends the TAP 

concept to the processes that occur in the brain. This theory posits that several component 

processes are involved in completing a specific task. For example, making living/non-

living judgments for pictures of objects requires visual analysis of the picture, 

identification of the object, retrieval of related semantic information, as well as processes 

involved in making the decision and executing the response (see Figure 1). Each process 

is mediated by a neural network that will act more efficiently and require fewer neural 

resources if the same process has been engaged recently (indicated by repetition 

suppression). However, if a new process is involved only at the second encounter but not 

at the first encounter, the regions mediating this process can instead show increased 

neural activation when comparing second to first presentations (referred to as repetition 

enhancement). Thus, while behavioral priming may manifest similarly across several 

different tasks as a decrease in reaction time (RT) or an increase in accuracy, fMRI and 
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other neuroimaging methods may be useful in differentiating between the specific 

cognitive mechanisms underlying these various priming tasks.  

 
 
 

Early visual 
(Striate)

Visual object 
(Fusiform?)

Semantic 
(Inf. Frontal?)

“Yes”

First Encounter(A)

Early visual 
(Striate)

Visual object 
(Fusiform?)

Semantic 
(Inf. Frontal?)

“Yes”

Second Encounter(B)

 
Figure 1. Schematic of hypothetical component processes in a size-judgment task on 
visual objects (modified from Horner & Henson, 2008). (A) A number of stages are 
involved in determining the response the first time a stimulus is presented (shown 
together with hypothetical associated brain regions). (B) When that stimulus is repeated 
within the same task, one or more (but not necessarily all) of those stages are facilitated, 
leading to behavioral priming and repetition suppression in the regions responsible for 
these processes. 

 

Several fMRI priming studies have demonstrated regional specificity of repetition 

suppression based on the cognitive demands of the task (e.g., Lin & Ryan, 2007; Ryan & 

Schnyer, 2007; Wagner et al., 2000). Wagner and his colleagues (2000) were particularly 

interested in identifying task-specific processes mediated by left prefrontal cortical 

regions. In their study, participants classified a series of words in either a perceptual 

decision task (upper or lower case) or a conceptual decision task (abstract or concrete). 

During subsequent scanning, participants classified the same set of words again, this time 
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making conceptual judgments for all the words. Therefore, participants processed some 

words in the same conceptual decision task in both the study and test phases (within-task 

repetition), while other words were processed in the perceptual task during the study 

phase and the conceptual task during the test phase only (across-task repetition). 

Repetition suppression was observed in the anterior LIFG following within-task, but not 

across-task, repetition. In contrast, posterior LIFG showed repetition suppression in both 

the within-task and across-task repetition conditions. The findings are consistent with 

previous studies suggesting that anterior LIFG may mediate semantic analysis of format-

invariant aspects of stimuli (Demb et al., 1995; Petersen, Fox, Posner, Mintun, & Raichle, 

1988), while posterior LIFG may involve the transformation of lexical information into 

phonological codes (Frost, 1998; for review, see Poldrack et al., 1999). The within-task 

repetition condition engaged similar semantic and conceptual processes at study and test, 

resulting in repetition suppression in the anterior LIFG. Phonological processing of the 

stimuli, however, was likely engaged for all stimuli, regardless of the decision task, 

resulting in repetition suppression in the posterior LIFG for both priming conditions.  

The neuroimaging finding that perceptual priming is usually accompanied with 

repetition suppression in posterior perceptual regions (e.g., fusiform gyrus) and 

conceptual priming is often associated with repetition suppression found in frontal 

regions (e.g., left inferior gyrus) is consistent with the component process view. 

Perceptual priming tasks rely heavily on perceptual processing of the stimuli and these 

repeated perceptual processes could contribute to the reduced neural activities in 

(posterior) regions responsible for these perceptual processes. Similarly, conceptual 
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priming tasks rely heavily on conceptual processing and the (frontal) regions involved in 

these repeated conceptual processes would show repetition suppression.  

Several other popular theories of priming also invoke this concept, even though 

they do not specifically refer to TAP or component process views. For example, Schacter 

and colleagues (2004) emphasized that there are at least three types of specificity in 

priming: stimulus specificity (priming is reduced by changing the physical properties of a 

stimulus between study and test); associative specificity (priming is reduced when 

associations between target items are changed between study and test); and response 

specificity (priming is reduced when subjects make different responses to the same 

stimulus item at study and test). The notion of specificity of priming is consistent with the 

broader TAP concept that priming depends on the processes that overlap between study 

and test.  

The notion that repeated component processes will show region-specific reduced 

neural activity has also been applied to neuroimaging studies focused on several other 

topics. The basic idea is to examine the regions showing repetition suppression or release 

from repetition suppression when the same or similar stimuli or processes are repeated. A 

recent technique is called fMRI adaptation (Grill-Spector & Malach, 2001). It is widely 

used to study the representations and specificity of objects, faces or words in the ventral 

visual stream (Grill-Spector & Malach, 2001; Henson, 2003). The fMRI adaptation 

paradigm usually includes at least two stages (Grill-Spector & Malach, 2001): First, 

neural processing in different brain regions is adapted by repeated presentation of a single 

stimulus (often times consecutively in a short period of time). Second, some property of 
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the stimulus is varied and the recovery from adaptation is assessed. If the signal remains 

adapted (reduced activity), it will indicate that the neurons are invariant to that attribute. 

If the signal is recovered, it indicates that the neurons in the region are sensitive to that 

attribute. Using this paradigm, Grill-Spector and Malach (2001) showed that lateral 

occipital complex (LOC) is less sensitive to changes in object size and position compared 

to changes of illumination and viewpoint. However, the anterior-ventral portion of the 

LOC exhibited a higher level of translation and size invariant adaptation compared to the 

posterior subdivision, which is consistent with several computational models (Fukushima, 

1988; LeCun et al., 1989; Mozer, 1987; O'Reilly & Munakata, 2000) showing that the 

posterior to anterior ventral regions code from specific perceptual properties to more 

abstract representations. Similar methods have also been used to study other topics, such 

as judgments of self and other in ventromedial prefrontal areas (Jenkins, Macrae, & 

Mitchell, 2008), orientation-tuned regions in visual cortex (Fang, Murray, Kersten, & He, 

2005), auditory-verbal working memory (Buchsbaum & D'Esposito, 2009), syntax 

processing during sentence comprehension in anterior temporal regions (Noppeney & 

Price, 2004), and semantic and phonological processing (Gold, Balota, Kirchhoff, & 

Buckner, 2005). 

 

Top-down modulation view 

The notion of component processes seems to be a general principle of cognition 

and can explain many of the current data. However, this notion is challenged by some 

recent findings that are not consistent with predictions generated by a strict version of this 
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view. According to this view, if the overlapped processes from study to test occur at an 

early perceptual analysis stage, the repetition effects should occur early in the processing 

stream as well. However, several electroencephalogram (EEG) and 

magnetoencephalography (MEG) studies on priming have found that repetition effects 

occur relatively late in time in the processing stream (Henson & Rugg, 2003). For 

instance, Dale and his colleagues (2000) demonstrated that when words were repeated in 

a size judgment task, repetition effects measured by MEG were widespread across the 

entire cortical network involved in word processing. In addition, the electrocortical 

repetition effects did not begin until well after the initial perceptual analysis of a stimulus 

was complete (200-260 ms post-stimulus onset), only after frontal regions begin to be 

activated. This late repetition effect suggests that fMRI repetition suppression (even in 

the posterior perceptual regions)  is not likely to happen during the early perceptual 

processing stage, but depends on feedback or top-down modulation from frontal regions 

that regulates activity in posterior perceptual regions. Even though repetition suppression 

is often observed in cortical areas that are “early” in the anatomical sense (e.g., sensory-

perceptual areas), it could nonetheless be caused by changes that occur later in time (i.e., 

late in the processing stream) as a result of top-down modulation from higher frontal 

areas. Several other MEG studies also reported similar results demonstrating that 

repetition effects generally occur earlier in the prefrontal cortex than the temporal regions 

(Bar et al., 2006; Dale et al., 2000; Dhond, Witzel, Dale, & Halgren, 2005; Marinkovic et 

al., 2003; Schnyer, Dobbins, Nicholls, Schacter, & Verfaellie, 2005).  

Other studies also report evidence that is better explained by a top-down view of 
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priming than by the component process view. For example, Ryan and Schnyer (2007) 

studied format-specific priming and its neural correlates using fMRI by manipulating the 

overlap of the perceptual operations across presentations involved in a word 

identification task. They asked participants to identify a list of single words initially 

presented either in normal-image orientation (N) or in mirror-image orientation (M), and 

then repeated the words either in the same orientation (N-N and M-M) or in a different 

orientation (N-M and M-N). Presumably, perceptual processes in the N-M and M-N 

conditions differed from study to test while the semantic content remained the same 

(activating the same semantic representations even though the physical form of the 

stimuli changed). On the other hand, in the N-N and M-M conditions, both perceptual 

and semantic processes were similar from study to test. The fMRI results showed 

evidence of format-specific priming, consistent with the component process view: greater 

repetition suppression for the M-M condition compared to the N-M condition was 

observed in regions that were specific to mirror-image reading, presumably mediating the 

rotation and transformation of letters necessary to identify these words. However, the N-

M condition provided an additional finding. Unexpectedly, all regions that were involved 

in mirror-orientation reading showed significant repetition suppression at test, even 

though some of these regions showed no evidence of activation during study because the 

primes were presented in normal orientation.  

This global repetition suppression effect observed in all mirror reading regions is 

difficult to explain within a strict component process framework; because a component 

process view would predict that repetition suppression should occur only in regions that 
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overlap from the initial N reading and the later M reading. Ryan and Schnyer (2007) 

suggested that this result might reflect the influence of top-down modulation. They also 

proposed that there may be two distinct and perhaps interactive bases for priming. 

Priming may be mediated either by top-down or bottom-up processing, depending upon 

the specific circumstances of the test. A recent presentation of a word in any form that 

fully engages the semantic representation of that word may prime all aspects of a 

repeated presentation, semantic and perceptual. Increasing the efficiency of semantic 

processing will serve to disambiguate the perceptual processing of a repeated item 

presented in a new format, and this effect will be particularly evident when the task is 

unfamiliar or difficult, as in the case of reading words in an unfamiliar orientation or in a 

degraded form. Accordingly, top-down modulation may produce repetition suppression 

even in perceptual regions that are not engaged in the initial processing. A strong version 

of this view may claim that all priming effects are produced by top-down modulation, 

which would explain why repetition effects in MEG or EEG studies did not occur much 

earlier during perceptual analysis.  

According to the component process view, repetition suppression should occur in 

the regions that are involved in both study and test, no matter what the context or task 

demand is (Wig et al., 2005; Henson & Rugg, 2003; Bowers & Turner, 2003). However, 

this is often not the case when the task is not a normal priming paradigm. For example, in 

an old/new recognition task, the same items are usually presented at least twice, once in 

the study phase and once in the test phase, usually in the same format. Therefore this is 

essentially the design of a perceptual repetition priming task with repetitions of the same 
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stimuli. The only difference is the task instruction. However, in recognition tasks 

researchers rarely find repetition suppression effects in posterior regions (e.g., in fusiform 

gyrus when faces are presented; Henson, Hornberger, & Rugg, 2005) even when 

comparing correctly rejected (novel) items to missed (repeated but forgotten, which is 

more likely to reflect implicit memory) items to avoid any influence from explicit 

memory (which often shows repetition enhancement in the medial temporal lobe, parietal 

and frontal lobes, or repetition suppression in perirhinal or parahippocampal regions). 

This suggests that repetition suppression in the posterior regions may not be caused by 

automatic bottom-up process but can be modulated by task demands in a top-down 

manner, and possibly late in the processing stream. 

Another line of evidence that challenges the component process view is the recent 

finding of a correlation between the magnitude of behavioral priming and the magnitude 

of repetition suppression in prefrontal cortex (but not posterior perceptual regions). 

Although most imaging studies on priming found repetition suppression effects in various 

regions throughout the brain when comparing repeated to novel items, this does not 

ensure a direct link between repetition suppression and behavioral priming. Repetition 

suppression may be an epiphenomenon when the same items are repeated, and this neural 

effect may not contribute to the facilitation or improvement of the performance to 

repeated tasks at all. Better support would come from showing a correlation between the 

magnitude of the repetition suppression effect and the magnitude of behavioral priming, 

i.e. when there is greater behavioral priming (greater reduction in reaction time), there 

should also be greater repetition suppression (greater reduction in neural activity), and 
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vice versa. A recent review (Schacter, Wig, & Stevens, 2007) noted several studies that 

have found significant correlations between behavioral priming and frontal repetition 

suppression; however, repetition suppression in posterior perceptual regions (e.g., 

fusiform gyrus) either showed no correlation at all (Bunzeck, Schutze, & Duzel, 2006; 

Maccotta & Buckner, 2004; Sayres & Grill-Spector, 2006; Xu, Turk-Browne, & Chun, 

2007), or even showed a negative correlation with behavioral priming (Dobbins, Schnyer, 

Verfaellie, & Schacter, 2004). Schacter and his colleagues suggested that there are at least 

two distinct mechanisms involved in the reductions in activity observed during priming 

experiments. The reductions in activity observed in posterior regions may be produced by 

a bottom-up process such as a sharpening or tuning process (Wiggs & Martin, 1998), 

which is in consistent with the component process view. However, this effect seems to be 

less correlated with the magnitude of behavioral priming. They suggest a second 

mechanism that primarily reflects changes in the prefrontal cortex that drives behavioral 

priming effects in a top-down manner, as initially controlled processes become more 

“automatic” (Dobbins et al., 2004; Logan, 1990). As a result of repeated experience with 

an item, prefrontal regions might become more tightly coupled with other regions, 

reflecting stronger associations between the stimulus and decision and enabling more 

efficient processing. 

Even stronger evidence for a direct link between repetition suppression and 

behavioral priming is provided by the  lesion studies discussed above, showing that TMS 

disrupting frontal functioning could impair both repetition suppression in several regions 

and behavioral priming (Wig et al., 2005; Thiel et al., 2005), suggesting a critical role of 
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frontal cortex in both priming and repetition suppression1. More importantly, this 

procedure not only reduced repetition suppression in the frontal region (close to where 

TMS was applied), but also repetition suppression in the temporal lobes. Because 

repetition suppression in temporal lobes was removed due to frontal dysfunction, this 

suggests that normal repetition suppression in temporal lobes is modulated by the frontal 

cortex. In addition, disrupting frontal functioning did not affect normal repetition 

suppression observed in the occipital cortex while behavioral priming was eliminated, 

suggesting that repetition suppression in the occipital cortex may be based on a different 

neural network that may not make a significant contribution to behavioral priming. Taken 

together, these results support a top-down modulation view of priming2. 

One possible mechanism that may explain how frontal regions contribute to 

priming was proposed by Dobbins and his colleagues (2004). They suggest that priming 

and repetition suppression could be the result of stimulus-response (or decision) learning 

(Logan, 1990). With repetition, the association between stimulus and decision or response 

output becomes stronger and more “automatic”. This results in less executive or 

monitoring control demands in the frontal area, thus leading to repetition suppression in 

those regions. For example, they found that frontal repetition suppression was correlated 

with behavioral priming, but this effect would be eliminated if the response or decision 

                                                 
1 Note that Wig et al. used a living/non-living classification task (thus a conceptual priming task) which 
may rely more heavily on the frontal regions than the posterior perceptual regions. Their sham lesion site is 
at a more posterior location in the prefrontal lobe (premotor regions). It is possible that if a perceptual 
priming task is used, lesion to the posterior visual regions may also eliminate behavioral and neural priming 
effects. Also, they lesioned prefrontal cortex only at the encoding (study) phase (first presentations). It 
would also be interesting to see what would happen if lesions were made during the test phase (second 
presentations) instead.  
2 Another interesting prediction derived from this kind of study is that permanent lesions in Broca’s area 
(e..g, some aphasia patients) should cause impairments in behavioral and neural priming as well. 
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was slightly changed from study to test (e.g., from judging “is it bigger than a shoebox?” 

to “is it smaller than a shoebox?”) even when the critical semantic information of the 

stimuli used to complete the task remains similar (Dobbins et al., 2004). If this is a 

common mechanism for both conceptual and perceptual priming, it is possible that only 

frontal, but not posterior, repetition suppression will be correlated with behavioral 

priming in both conceptual and perceptual tasks as long as the task involves some sort of 

decision or responses. By this view, the frontal region should be heavily involved in 

many kinds of priming tasks.  

On the other hand, some other studies have shown that repetition suppression in 

posterior perceptual regions might be dissociable from behavioral priming (Sayres & 

Grill-Spector, 2006; Xu et al., 2007). For example, Sayres & Grill-Spector (2006) showed 

that the pattern of behavioral priming was independent from the pattern of repetition 

suppression in the fusiform gyrus in a feline-or-not classification task. Posterior repetition 

suppression has also been observed in passive viewing paradigms (Henson, Shallice, & 

Dolan, 2000) which required no intentional detailed perceptual or conceptual analyses, 

suggesting that posterior repetition suppression could be merely the result of stimulus 

repetition that is not associated with behavioral responses or measures of priming 

performance, such as processing speed  (Lin, 2007). In fact, many studies have relied on 

this concept and used repetition suppression to study regions involved in different levels 

of object representations (see discussions in the section above). By this view, repetition 

suppression is the result of modification to the perceptual representations of objects that 

occur via neural sharpening or adaptation mechanisms (Grill-Spector et al., 2006). This 
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process happens automatically regardless of the task and is independent of behavioral 

performance.  

Combining the results from these studies, it is possible that posterior repetition 

suppression only reflects stimulus repetition but is unrelated to behavioral priming; on the 

other hand, frontal repetition suppression may be the result of stimulus-response learning 

that contributes to priming, regardless of whether that task is perceptual or conceptual as 

long as it requires specific associations between stimulus and response (or decision).  

 

Interactive view 

Object recognition or classification is likely not just a simple bottom-up process 

happening in the posterior ventral visual stream; it likely involves dynamic interactions 

between brain regions in a widespread neural network (including frontal and posterior 

regions), especially when the task involves more complicated decision making processes. 

Both feedforward and feedback processes may be important in achieving the final 

resolution of recognizing an object (Bar et al., 2006). As a result of repeated experience 

with a stimulus, frontal and posterior regions may become more synchronized, thus 

enabling more efficient processing that reflects a tighter coupling between these regions 

(Bar et al., 2006; Fiebach, Gruber, & Supp, 2005; Ganel et al., 2006; Gruber & Muller, 

2005; James & Gauthier, 2006; Schacter et al., 2007; Ghuman, Bar, Dobbins, & Schnyer, 

2008). This cross-cortical synchrony has been measured in EEG and MEG studies by 

calculating phase-locking values (PLVs; Lachaux, Rodriguez, Martinerie, & Varela, 1999; 

Lin et al., 2004), which are a measure of the trial-by-trial variance in the phase 
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relationship between two signals at a particular frequency. Larger PLVs reflect smaller 

trial-by-trial variance and therefore greater coupling between the phases of the signals, 

i.e., greater functional connectivity (Ghuman et al., 2008). The concept of dynamic 

interaction is also in consistent with some of the computational models and connectionist 

accounts of priming, such as the interactive activation and competition (IAC) model of 

McClelland and Rumelhart 1981; Rumelhart and McClelland, 1982), the dual route 

cascaded (DRC) model by Coltheart and his colleagues (2001), and the “PMSP” triangle 

model (Plaut, McClelland, Seidenberg, & Patterson, 1996; see also O'Reilly & Munakata, 

2000; see Coltheart et al., 2001 for a review and summary of the history of important 

computational models of priming). According to this view, object recognition and 

classification is a settling process in a widespread neural network, and priming is the 

result of more efficient or facilitated settling processes,  possibly due to strengthened 

connections between neurons within or between brain regions that lead to faster 

resolution times and also put less demand on neural resources (similar to the facilitation 

model discussed in Grill-Spector et al., 2006).  

So far, data supporting this view come mainly from the EEG and MEG literature. 

For example, Ghuman et al. (2008) used an object size classification task and showed that 

cross-cortical synchrony between the prefrontal and temporal cortex increased for 

repeated images. More importantly, the timing of increases in cross-cortical synchrony 

correlated with behavioral facilitation, providing evidence that cross-cortical synchrony is 

an important predictor of behavioral priming.  This correlation indicates that earlier cross-

cortical communication leads to greater facilitation in behavioral performance during 
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priming. These results suggest that the performance improvement associated with 

priming is related to the process of repeated experiences which optimizes communication 

between frontal and posterior regions.  

The interactive view in some ways resembles a mixture of the two other views 

discussed above. However, one important point is that this view emphasizes the dynamic 

and interactive nature between regions in a large brain network, instead of attributing 

priming to a local brain region or subset of active brain regions. Both bottom-up and top-

down processes may work in parallel, but their interaction may also provide further 

facilitation to the whole process. Therefore, facilitation in one part of the network may 

provide a benefit to processing in other regions, and the changes in other regions may 

again feed back to affect the original part of the network. According to this view, regions 

in the same network may be more likely to work in accordance with one another instead 

of working independently. 

 

Overview of Studies 

The main purpose of the studies presented in this dissertation was to further our 

understanding of the relationship between behavioral priming and repetition suppression. 

Two fMRI studies were conducted in order to answer some of the questions raised in the 

literature and reviewed above.  

In Study 1, we examined whether repeating only perceptual processes from study 

to test (with limited or no conceptual/semantic processes or top-down modulation 

involved) was sufficient to produce priming. This could answer the question of whether 
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top-down modulation or frontal-posterior synchrony is necessary for priming, or whether 

repetition at a perceptual level is sufficient to produce priming and repetition suppression 

as predicted by the component process view of priming. 

In Study 2, three perceptual priming tasks and one conceptual priming task were 

employed to examine several questions: 

1. Is perceptual priming associated primarily with posterior repetition 

suppression while conceptual priming is associated with frontal repetition 

suppression (supporting the component process view)? 

2. Do posterior regions contribute to priming, as evidenced by a correlation 

between the magnitude of posterior repetition suppression and the magnitude 

of perceptual priming, supporting the component process view? 

3. Or, alternatively, is repetition suppression in posterior cortices independent of 

the magnitude of either perceptual or conceptual priming, supporting a top-

down modulation view of priming? 
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II. STUDY 1: PRIMING BY UNIDENTIFIED PRIMES 

 

Study 1a: fMRI Experiment 

Several imaging studies have used format-specific priming or modality-specific 

priming paradigms to examine the regions that are sensitive to the manipulation of format 

changes from study to test.  The goal of these studies was to observe whether posterior 

regions make an important contribution to this kind of priming (e.g., Ryan & Schnyer, 

2007; Wagner et al., 2000). However, this approach can only provide indirect evidence on 

this question: whether the repeated perceptual process is sufficient to facilitate later 

processing of the same item with limited conceptual/semantic processing or top-down 

influences. Most previous priming studies used tasks that require, or at least permit, 

participants to fully identify the stimuli, and thus access the meaning and other 

information about the items. Therefore, it is very difficult to tease apart whether priming 

in this situation occurs at early perceptual processing stages or at post-identification 

stages via top–down modulation. To deal with this issue, we applied a novel approach to 

directly control the amount of processing that could be completed on the primes, thus 

controlling the amount of perceptual and semantic overlapping processes from study to 

test. We used a mirror-word reading paradigm (Poldrack & Gabrieli, 2001; Poldrack, 

Desmond, Glover, & Gabrieli, 1998; Ryan & Schnyer, 2007) that allowed participants to 

fully identify about half of the primes, and that stopped their processing of the other half 

of the primes before they could identify them. Therefore, these unidentified primes were 

only partially processed at the perceptual level without access to meaning (which may 
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automatically trigger top-down modulation).  

Study 1a of the dissertation has been published in the journal NeuroImage (Lin & 

Ryan, 2007; see Appendix A). The main findings are: 

1. Unidentified primes are able to prime later processing of the same item, 

suggesting that perceptual processing of the prime without accessing 

meaning is sufficient to produce behavioral priming. 

2. Priming by unidentified primes showed repetition suppression in the same 

posterior regions as in the identified prime condition. However, no 

repetition suppression was found in the anterior prefrontal cortical regions 

that may mediate semantic/conceptual processing as found in the 

identified prime condition. 

These results are consistent with the component process view that states that 

priming and repetition suppression are determined by the overlapping processes engaged 

from study to test.  Furthermore, overlapping perceptual processes are sufficient to result 

in significant behavioral priming and repetition suppression in the related cortical regions. 

 

Study 1b: Behavioral Recognition Test 

One question that could be raised about Study 1a is: Were the unidentified primes 

really “unidentified”? How much processing of the prime actually occurred? In a follow-

up behavioral experiment - Study 1b - we directly measured explicit recognition memory 

for previously identified and unidentified primes to examine the degree to which primes 

were processed semantically and how well our design reflected only perceptual 
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processing of the primes. 

The design of Study 1b was similar to Study 1 with some exceptions. First, 

participants did not undergo fMRI scanning during the behavioral paradigm. Second, the 

task was changed from word identification to lexical decision, in which participants 

decided if each stimulus was a word or nonword (all presented in mirror-orientation). 

Unlike word identification, lexical decision provides a measure of accuracy thereby 

allowing us to better assess whether participants were actually identifying the words, and 

not just pressing the button to proceed to the next trial. Third, after the practice session, 

pretest, and a lexical decision test block (all similar to Study 1a), a second lexical 

decision test block served as the study phase for the following surprise recognition test. 

All other aspects of the paradigm (stimuli, stimulus presentation sequence, trial types, 

and the method for determining individualized display durations) were identical to Study 

1a. 

 

Methods 

Participants 

Thirteen volunteers (9 women and 4 men) received course credit for their 

participation in the study. Participants were all right-handed native English speakers, 

aged 18 to 25 years (mean 20.8), and education years from 12 to 18 (mean 13.4). All 

procedures were approved by the Human Subjects Committee of the University of 

Arizona. 
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Materials 

Four of the eight mirror-word lists used in Study 1a were used for Study 1b. An 

additional 115 nonwords, 5 to 8 letters in length, matched to the mirror-word stimuli were 

selected randomly from the ARC Nonword Database 

(http://www.macs.mq.edu.au/~nwdb/; Rastle, Harrington, & Coltheart, 2002) for use in 

the lexical decision task.  

 

Procedure 

The practice session was similar to Study 1a except that visual-motor control 

trials (VM trials) were replaced with nonwords. Participants were instructed to press the 

left mouse button when they identified the stimulus as a word and to press the right 

mouse button when it was a nonword. They were asked to respond as quickly as possible 

without sacrificing accuracy. All stimuli were presented in mirror orientation. The pretest 

session was used to determine each individual participant’s lexical decision speed in 

order to calculate the proper display durations for the primes in the lexical decision test 

blocks that followed. The first test block was similar in length to each test block in Study 

1a, and served primarily to provide participants with sufficient practice reading mirror 

words. The data from this block are not reported here. 

After a brief rest, participants completed a second lexical decision block that 

served as the study phase for the surprise recognition test that followed. The block 

contained 50 mirror words with a long display duration (up to 5 s, self paced) that 

simulated the control words (referred to as long trials hereafter), 50 mirror words with a 
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fixed short display duration derived by the same rules as in Study 1a that simulated 

primes (referred to as short trials hereafter), and 20 mirror nonwords. In order to maintain 

similar study-test lags for all items, stimuli were presented randomly in four short blocks 

and the order of these four blocks remained the same in the recognition test, although the 

stimuli within each block were re-ordered. Thus, each word was studied and tested 

roughly 10 minutes apart.  

During the recognition test, mirror words from the study phase (50 short trials and 

50 long trials) were intermixed with 100 new mirror word lures. No words from previous 

blocks (practice, pretest, or the first lexical decision block) were included in the 

recognition test. Participants were instructed to decide whether they had seen the mirror 

word in the previous study phase or not. The test was self-paced, with all stimuli on the 

screen for up to 5 s or until the participant made a response. They were instructed to press 

the left mouse button when they recognized an old word and the right mouse button when 

the word was new. They were asked to make their responses as quickly as possible 

without sacrificing accuracy.  

 

Results 

Lexical decision 

The detection rates for words and nonwords in the study phase were examined 

first. Among the 50 long trials, participants successfully identified 87% on average (mean 

43.5, SD 6.1). The remaining 13% (mean 6.5, SD 6.8) were either incorrectly identified 

as a nonword, had no response, or had RTs shorter than 200 ms. Among the 50 short trials, 
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participants successfully identified 53% of them (mean 26.5, SD 6.1) and made no 

responses to 44% (mean 21.9, SD 62), equivalent to the identification rates observed in 

Study 1a. The remainder of the trials either incorrectly identified an item as a nonword or 

had RTs faster than 200 ms (3%, or mean 1.6 items). Therefore, we successfully re-

produced a set of items that were identified with similar rates to the identified and 

unidentified primes in Study 1a. Nonwords were correctly detected on 75% of the trials 

(mean 14.9 of 20, SD 3.0), and incorrectly identified as a word on 25% of the trials 

(mean 5.1, SD 3.0). 

Items from the study phase that were incorrectly identified or that had responses 

faster than 200 ms or no response were excluded from further analysis. A few items from 

the test phase were also excluded, because no response was made in the time allotted or 

they had RTs that were faster than 200 (mean 0.6 short trial items, 1.2 long trial items, 

and 3.2 new words).  

 

Recognition 

Mean percentages of successfully recognized items (hit rates) in each trial type, 

correct rejection rates, and the false alarm rate for new words were calculated to 

determine participants’ recognition memory (see Figure 2). First, the mean recognition 

hit rate for long trials was similar to the hit rate for identified short trials (67% vs. 63%; 

paired t(12) = 1.07, ns). The hit rates for both conditions were significantly higher than 

the false alarm rate (25%; paired t's(12) = 7.15 and 6.40, respectively, p's <0.001).  

On the other hand, the mean hit rate for unidentified short trials (42%) was 
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significantly lower than either identified short trials (paired t(12) = 4.06, p < 0.005) or 

long trials (paired t(12) = 5.59, p < 0.001). However, the hit rate for unidentified short 

trials still exceeded the false alarm rate, paired t(12) = 4.06, p < 0.005. The results 

suggest that although participants recognized some previously unidentified items, they 

were much less likely to do so than for items from the identified conditions. In fact, 

correcting for false alarm rate, for every 1 item recognized from the unidentified 

condition, participants recognized about 2.4 items from the identified condition.  

 

Discussion 

The results of Study 1b are consistent with the notion that the unidentified primes 

are less recognizable than identified primes. Compared to the false alarm rate, identified 

items were more than twice as likely to be recognized. Some unidentified items were, 

however, explicitly recognized (17% above the false alarm rate). Few priming studies can 

be considered absolutely "pure", without any contamination from explicit recognition or 

recollection (for more discussions, see Schott et al., 2006), and the present study is no 

exception. The results from Study 1b suggest, however, that explicit recognition memory 

was less of a factor in producing the priming effects in the unidentified condition in 

Study 1b. The results increase our confidence in the notion that unidentified primes can 

indeed produce a substantial priming effect; partial (presumably mostly perceptual) 

processing of a prime that does not support either identification of the word or subsequent 

recognition of the word is sufficient to facilitate later identification of the same word 

implicitly. 
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Figure 2. Results of Study 1b: Explicit recognition memory of each trial types. Long 
trials were used to simulate control trials in Study 1a. Identified short trials simulated IP-
primes and unidentified short trials simulated UP-primes in Study 1a. Chance hit rate is 
0.5. Results indicated that previously identified items were recognized much more than 
previously unidentified items. 
**: p < 0.005.  
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III. STUDY 2: PERCEPTUAL AND CONCEPTUAL PRIMING ARE 

CORRELATED WITH FMRI REPETITION SUPPRESSION IN BOTH 

POSTERIOR AND FRONTAL REGIONS  

 

Introduction 

Priming refers to a change in a person’s ability to identify, produce or classify a 

stimulus as a result of a previous encounter with the same or a related stimulus (Roediger, 

1990; Schacter et al., 2004; Tulving & Schacter, 1990). It is thought to be a form of 

implicit memory and can be dissociated from explicit memory. Neuropsychological 

studies have shown that damage in posterior perceptual brain regions (e.g., occipital 

cortex) could impair priming performance while recognition and recall abilities were 

relatively intact (Gabrieli et al., 1995; Fleischman et al., 1995; Keane et al., 1995), 

indicating the importance of posterior perceptual regions to priming. These findings also 

support the view that emphasizes the importance of posterior perceptual processes to 

priming (e.g., Schacter, 1994; Tulving & Schacter, 1990). On the other hand, lesions in 

human medial temporal lobe usually produce amnesia that primarily impacts performance 

in explicit memory tasks but not priming tasks (e.g., Keane et al., 1995). The findings 

provide evidence for a double dissociation between priming and explicit memory and 

suggest that priming involves a unique neural system that is independent from the explicit 

memory system.  

Recent neuroimaging studies have also produced fruitful findings about the neural 

mechanisms of priming. A common finding in these studies is that behavioral priming is 
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accompanied by reduced neural activities in various brain regions (e.g., left prefrontal 

cortex or fusiform gyrus), i.e. “repetition suppression” (Henson, 2003). These reductions 

may be due to the processes involved becoming more efficient, thus demanding fewer 

neural resources. Because repetition suppression often co-occurs with priming and the 

two phenomena have similar properties under various manipulations (Wiggs & Martin, 

1998), it was proposed that repetition suppression may be the neural basis of priming, 

producing behavioral changes when stimuli are repeated (Wig et al., 2005; Wiggs & 

Martin, 1998). However, the nature of the relationship between priming and repetition 

suppression is still largely unexplored. Several issues still need to be resolved before a 

direct link between the two can be established (for discussion of the issues, Henson & 

Rugg, 2003). The main purpose of the present study was to examine and further elucidate 

the relationship between priming and repetition suppression using functional magnetic 

resonance imaging (fMRI). 

If behavioral priming and repetition suppression are indeed closely related, one 

might hypothesize that the magnitude of priming and magnitude of repetition suppression 

should be correlated. For example, greater behavioral priming effects should be 

associated with greater repetition suppression effects and smaller priming should be 

associated with smaller repetition suppression.  

The first study designed to test this hypothesis was conducted by Maccotta and 

Buckner (2004). They used a living/non-living picture classification priming task to 

examine the correlation between participants’ mean behavioral priming effect and their 

mean repetition suppression magnitude measured in different brain regions. They found 



45 
 

that behavioral priming only correlated with repetition suppression in one frontal area 

(left inferior frontal gyrus, at or near BA 44), but not in the posterior perceptual regions 

(e.g., fusiform gyrus or calcarine cortex). To date, only a few fMRI studies of priming 

have reported results from this kind of correlational analysis (reviews see Schacter et al., 

2007; Stevens et al., 2008). The majority of these studies (Bunzeck et al., 2006; Dobbins 

et al., 2004; Golby et al., 2005; Horner & Henson, 2008; Lustig & Buckner, 2004; 

Orfanidou, Marslen-Wilson, & Davis, 2006) have replicated this frontal correlation using 

various paradigms, suggesting the importance of frontal regions in priming. However, no 

strong evidence has been reported yet showing a correlation between posterior cortical 

repetition suppression and priming, even though in most cases repetition suppression was 

observed in both frontal and posterior perceptual regions. It should be noted that several 

studies have failed to obtain any significant correlation between priming and repetition 

suppression observed either in frontal or posterior regions using similar analyses (e.g., 

Race, Shanker, & Wagner, 2008). 

The current literature raises some questions about how repetition suppression 

relates to priming. Firstly, why do only some regions (but not all) that showed repetition 

suppression exhibit significant correlations with priming? Secondly, why are these 

correlations, when they are found, observed only in frontal but not posterior regions? The 

imaging results seem to contradict earlier patient lesion data showing the crucial role of 

posterior regions in priming (Gabrieli et al., 1995; Fleischman et al., 1995; Keane et al., 

1995). 

One possible reason why frontal but not posterior correlations have been reported 
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thus far is that the ideal experimental paradigm has not yet been tested. So far, the few 

studies that reported a correlation between priming and frontal repetition suppression 

used conceptual priming tasks, such as living/non-living object classification (Maccotta 

& Buckner, 2004), object size judgment (Dobbins et al., 2004; Horner & Henson, 2008), 

and scene/face classification (Bunzeck et al., 2006), which all required some level of 

conceptual processing to complete the task. Priming has several subtypes. One basic 

distinction that has been proposed differentiates between perceptual priming and 

conceptual priming (Blaxton, 1989). A perceptual priming task relies primarily on the 

perceptual level analysis and is sensitive to changes of the physical features of the stimuli. 

The facilitation of subsequent responses may be the result of these perceptual processes 

becoming more efficient. A conceptual priming task involves deeper semantic or 

conceptual processing of the stimuli and is less subject to changes to physical features in 

the perpetual domain but depend instead on the commonality of the conceptual processes 

engaged during both study and test. Earlier reviews (e.g. Schacter and Buckner, 1998) 

have suggested that these two types of priming are mediated by different brain regions.  

They pointed out that when a perceptual priming task was used, repetition suppression 

was usually observed in the posterior perceptual regions (e.g., fusiform gyrus), and when 

a conceptual priming task was tested, repetition suppression was often found in frontal 

regions (e.g., left inferior gyrus).  

 According to this view, conceptual priming should be correlated with frontal 

repetition suppression, and perceptual priming should be correlated with posterior 

repetition suppression. Because only priming tasks with a clear conceptual component 
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have been tested thus far, it is understandable that priming was only found to be 

correlated with frontal repetition suppression in those studies. If the priming tasks used 

rely to a greater extent on perceptual processing without a clear conceptual component, it 

is possible that priming will be correlated with posterior repetition suppression. To better 

understand how priming works and its relations to repetition suppression, it is critical to 

examine this hypothesis (Schacter et al., 2007; Stevens et al., 2008). Moreover, the direct 

comparison between the underlying neural mechanisms of perceptual and conceptual 

priming has seldom been investigated (but see Blaxton et al., 1996) with well-controlled 

systematic experimental designs. Therefore, one major focus of the present study was to 

compare perceptual and conceptual priming directly, and further, to determine whether 

perceptual priming was primarily correlated with posterior repetition suppression, while 

conceptual priming was primarily correlated with frontal repetition suppression. 

Another factor that may affect the relationship between priming and repetition 

suppression observed in different brain regions is the nature of the stimuli. By one 

account, whenever the same stimuli are repeated, repetition suppression should occur in 

regions representing the stimuli (although whether all these repetition suppression effects 

should be correlated with behavioral priming is still controversial; e.g., Sayres & Grill-

Spector, 2006; Xu et al., 2007). If the same perceptual features of the stimuli are repeated, 

repetition suppression should be found in posterior perceptual areas. If the same semantic 

features of the stimuli are repeated, repetition suppression should occur in regions related 

to processing or storing semantic representations (e.g., temporal or inferior frontal 

regions). Previous studies reporting frontal correlations have all used stimuli that were 
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meaningful and had pre-existing semantic representations, such as pictures or drawings of 

real-world objects (Dobbins et al., 2004; Horner & Henson, 2008; Maccotta & Buckner, 

2004), scenes and faces (Bunzeck et al., 2006), which were more likely to induce 

repetition suppression in frontal regions. One of the primary goals of the present study 

was to assess the correlation between perceptual priming and posterior repetition 

suppression. We hypothesized that if we could limit frontal repetition suppression and 

restrict repetition suppression to posterior regions, posterior repetition suppression would 

be the primary source that contributes to perceptual behavioral priming. One way to 

achieve this is to use novel or abstract stimuli that have little or no semantic 

representation, and a perceptual priming task that relied heavily on perceptual analysis 

without involving conceptual processing of the stimuli.  

In order to compare perceptual and conceptual priming and also to consider the 

effect of different types of stimuli, we created black and white silhouettes. The advantage 

of silhouette images is their simplicity, making it easy to control low level visual 

properties of the stimuli across conditions, such as angularity and complexity. Silhouette 

images that resemble real-world objects and silhouettes images of meaningless novel 

shapes were used in four different priming tasks. Novel silhouettes have the advantage 

that they are less likely to trigger or remind people of pre-existing object representations. 

Some previous studies used “novel” stimuli that were generated by re-arranging sub-

components of familiar objects (e.g., re-arranged segments of line drawings, Martin, 

Wiggs, Ungerleider, & Haxby, 1996; Penney, Mecklinger, & Nessler, 2001; Penney, 

Maess, Busch, Derrfuss, & Mecklinger, 2003). The components of these types of novel 
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stimuli may still be recognizable (e.g., a wing or an animal limb). Therefore, they were 

still likely to remind people of familiar objects or categories (e.g., “It looks like an animal 

or an alien”). The brain may also have specific regions that respond preferentially to 

different parts of familiar objects (e.g., body parts in the temporal lobe, Taylor, Wiggett, 

& Downing, 2007), which may be activated by these re-arranged objects and thus may 

also show repetition suppression. Using silhouette stimuli allowed us to exert greater 

control over the level of perceptual processing of the stimuli while removing to a greater 

degree the likelihood that conceptual processes would be engaged. 

A primary focus of the present study was to examine the correlation between 

perceptual priming and repetition suppression. Therefore, three different types of 

perceptual priming tasks were included (see Table 1). A symmetry judgment task with 

real-world object stimuli (SYM-objects) and a symmetry judgment task with novel 

meaningless shapes (SYM-shapes) both relied heavily on detailed visual analysis of the 

stimuli, but differed in terms of the meaningfulness of the stimuli. A picture naming task 

with real-world object stimuli was also included because this is one of the most common 

perceptual priming tasks that has been tested in the literature (Meister et al., 2005; van 

Turennout et al., 2000; van Turennout et al., 2003; Vriezen, Moscovitch, & Bellos, 1995). 

Because the SYM-objects and picture naming tasks both contained real-world object 

stimuli (the picture naming task probably results in retrieval of phonological codes along 

with object-related semantic information), these tasks might both show both frontal and 

posterior repetition suppression as previously reported (e.g., Meister et al., 2005; van 

Turennout et al., 2000; van Turennout et al., 2003). On the other hand, the SYM-shapes 
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task contained only novel stimuli and presented participants with a difficult perceptual 

task which might result in more posterior repetition suppression, possibly in the absence 

of frontal repetition effects. Only one conceptual priming task was included in the present 

study for comparison: a natural/man-made classification task on real-world object stimuli, 

which has also been reported previously in the literature (a similar form is living/non-

living object classification; e.g., Maccotta & Buckner, 2004; Wig et al., 2005; Zago, 

Fenske, Aminoff, & Bar, 2005). 

 

 

Table 1. Perceptual and conceptual priming tasks and the silhouette stimuli used in the 
present study. 

  Perceptual priming tasks: 

        Symmetry judgment on                            novel shapes                (SYM-shapes) 

        Symmetry judgment on                            real-world objects       (SYM-objects) 

        Picture naming on                                      real-world objects 

  Conceptual priming task: 

        Natural/man-made classification on       real-world objects 

 

 

 

If the predictions made by Schacter and his colleagues (Schacter et al., 2007; 

Stevens et al., 2008) are correct, then all three perceptual priming tasks should show 

significant correlations between behavioral priming and  posterior repetition suppression, 
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and conceptual priming (measured by the nature/man-made classification task) should 

show correlations between behavioral priming and frontal repetition suppression.  

Although this is a promising hypothesis, other possibilities exist.  It has been 

shown that object recognition or classification probably does not result from simple 

bottom-up processing in the posterior ventral visual stream. Rather, it probably involves 

dynamic interactions between several brain regions in a widespread neural network 

(including frontal and posterior regions), especially when the task involves complicated 

decision making processes. Both feedforward and feedback processes may be important 

in the final resolution of recognizing an object (Bar et al., 2006). As a result of repeated 

experience with a stimulus, frontal and posterior regions may become more synchronized 

(e.g., evident by increased power in Gamma band), enabling more efficient processing 

that reflects a tighter coupling between these regions and possibly also between the 

stimulus and decision output (Bar et al., 2006; Fiebach et al., 2005; Ganel et al., 2006; 

Gruber & Muller, 2005; James & Gauthier, 2006; Schacter et al., 2007; Ghuman et al., 

2008). This concept is also consistent with some of the computational models and 

connectionist accounts of priming, such as the interactive activation and competition 

(IAC) model by McClelland and Rumelhart 1981; Rumelhart and McClelland, 1982), the 

dual route cascaded (DRC) model by Coltheart and his colleagues (2001), and the “PMSP” 

triangle model (Plaut et al., 1996; see also O'Reilly & Munakata, 2000; see Coltheart et 

al., 2001 for a review and summary of the history of important computational models of 

priming). According to this view, object recognition and classification is thus a settling 

process in a widespread neural network, and priming is the result of more efficient or 
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facilitated settling of the network.  Increased efficiency may be due to strengthened 

connections between neurons within or between brain regions that lead to faster 

resolution times and also place less demand on neural resources (i.e. the facilitation 

model in Grill-Spector et al., 2006). By this view, priming should be associated with 

changes (i.e. repetition suppression) in the whole neural network that is involved in the 

task, including both frontal and posterior regions. Further, frontal and posterior repetition 

suppression would be expected to correlate with each other and change behavior 

accordingly.  

If this is the case, why have numerous previous studies found frontal but not 

posterior repetition suppression correlated with priming? One possible explanation is a 

lack of power. It could also be the case that the correlation analysis used in those studies 

was not ideal for detecting such a relationship. Those previous studies primarily 

measured the correlations across subjects, based on a single mean behavioral priming 

score and a single mean repetition suppression magnitude for each subject in each brain 

region. The validity of this method relies on the assumption that all the participants have 

the same level of neural responses associated with their behavioral performance.  For 

example, if participant A and participant B both show the same amount of behavioral 

priming, they will also show the same magnitude of neural repetition suppression. This is 

very likely not the case, and thus inter-subject variability could mask true correlations 

between priming and posterior repetition suppression. Why this should mask posterior, 

but not frontal, correlations would be unclear.   Nonetheless, this approach of calculating 

correlation across subjects may be subject to inter-subject variability and result in real 
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correlations being masked. 

A possibly more sensitive method of measuring correlation is based on within-

subject correlations, calculating the correlation across items within each subject rather 

than across participants, thereby examining the relationship between priming and 

repetition suppression magnitude for all the item pairs. Applying the same rationale as the 

between-subjects correlational analysis, if priming and repetition suppression are related 

to each other, items showing greater priming should also show greater repetition 

suppression, and vice versa. While single-trial fMRI analysis correlating signal change 

with behavioral change may be too variable, one way that this could be accomplished 

would be to group item pairs based on their priming or repetition suppression magnitudes 

(Sayres & Grill-Spector, 2006; Stark, Gordon, & Stark, 2008). For example, one could 

first sort item pairs (within each subject separately) into three groups: items showing the 

most, moderate, and least mean behavioral priming.  These should then exhibit the most, 

moderate, and least mean repetition suppression, respectively. This approach minimizes 

inter-subject variability because items are compared to each other in the same participant, 

and may achieve a more sensitive measure of correlation. Therefore, if the iterative view 

is correct, using this method may allow us to observe significant correlation between 

priming and repetition suppression in a widespread brain network that includes both 

frontal and posterior perceptual regions. 

Two other possible outcomes should be mentioned. It is possible that priming 

(either perceptual or conceptual) will correlate only with frontal repetition suppression, 

but not posterior repetition suppression. Dobbins et al. (2004) proposed that priming and 
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repetition suppression could be the result of stimulus-response (or decision) learning 

(Logan, 1990). With repetition, the association between stimulus and decision or response 

output becomes stronger and more automatic. This results in less executive or monitoring 

control demands in the frontal area, thus resulting in repetition suppression in those 

regions. If this is a common mechanism for both conceptual and perceptual priming, it is 

possible that only frontal, but not posterior, repetition suppression will be correlated with 

behavioral priming in both conceptual and perceptual tasks as long as the task involves 

some sort of decision or response. Alternatively, another line of studies suggests that 

priming and posterior repetition suppression could be independent of each other, or even 

be dissociated (Sayres & Grill-Spector, 2006; Xu et al., 2007). Posterior repetition 

suppression has been observed in passive viewing paradigms which required no 

perceptual or conceptual processes (Henson et al., 2000), suggesting that posterior 

repetition suppression could be merely the result of stimulus repetition, and not 

associated with behavioral responses or performance, such as processing time and 

priming effect (Lin, 2007). In fact, many studies relying on this concept have utilized 

repetition suppression (or a similar paradigm: fMRI adaptation. See Grill-Spector & 

Malach, 2001) to identify brain regions involved in different levels of object 

representation (e.g., the hierarchical object representations from individual objects to 

general categories in the ventral visual stream, Koutstaal et al., 2001). By this view, 

repetition suppression is the result of modifications in the perceptual representations of 

objects, via neural sharpening or adaptation mechanisms (Grill-Spector et al., 2006). This 

happens automatically regardless of the task and the effect is independent of behavioral 
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performance. Combining these two lines of evidences, it is possible that posterior 

repetition suppression only reflects stimulus repetition but is unrelated to behavioral 

priming; on the other hand, frontal repetition suppression may be the result of stimulus-

response learning which contributes to priming, regardless of whether that task is 

perceptual or conceptual as long as it requires specific associations between stimulus and 

response (or decision).  

 

Materials and Methods 

Participants 

Twenty-five healthy right-handed subjects (10 males and 15 females; mean age: 

23, range: 18-30 years old) participated in the present study. They were recruited from the 

University of Arizona community and were screened to exclude drug and/or alcohol 

abuse, neurologic disorder, significant head injury, psychiatric illness, and 

contraindications to MRI. They were either compensated with class credits or paid for 

their participation. All procedures were approved by the Human Subjects Committee at 

the University of Arizona. 

 

Stimuli and apparatus 

All the experimental stimuli were black silhouettes displayed centrally on a white 

square (resolution: 300 x 300 pixels) in the center of a black screen (resolution: 800 x 600 

pixels). They were images of real-world objects (e.g., living animals, plants, man-made 

tools, furniture, and means of transportation) or meaningless novel black shapes (see 
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Figure 3 for examples). Images of real-world objects were collected and modified in 

Adobe Photoshop software package (Adobe Systems Inc., San Jose, CA, USA) from 

several different sources, including internet and several published studies (Peterson & 

Kim, 2001; Trujillo, Peterson, Kaszniak, & Allen, 2005; Snodgrass & Vanderwart, 1980). 

Half of these images were symmetric (exactly the same on both side of an invisible axis) 

and the other half were asymmetric (with different degrees of asymmetry). Half of the 

silhouettes of real objects were natural things (e.g., animals) and half were man-made 

objects (e.g., furniture). Novel shapes were generated by distorting a subset of the object 

images that were not used for this experiment to the degree that they would not be 

recognized as known objects. These images did not contain identifiable objects parts so 

that they were less likely to trigger pre-existing representations of objects. Novel shapes 

also contained half symmetric and half asymmetric images. Among symmetric and 

asymmetric sets, half were distorted from natural objects and half were distorted from 

man-made objects. While their original categories were not recognizable after distortion, 

this reduced the possibility that some features that are associated with a particular 

category (such as curved lines versus sharp angles associated with natural object) would 

be emphasized inadvertently.  A pilot study with thirteen participants was conducted to 

make sure that the real-world object silhouettes were recognizable to all participants and 

that the novel shape silhouettes would not trigger or remind people of pre-existing 

representations of familiar objects. Images were presented one by one in a random order. 

Participants pressed a mouse button if they could recognize the image as a real-world 

object, and pressed another button if they could not recognize it. Final images used in the 
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present study were all identified as objects or non-objects in agreement by at least 80% of 

the pilot participants.  

Four priming tasks were used and each of them included a unique set of stimuli 

comprised of either novel shapes or real-world objects. All subsets of the novel shape and 

object images (symmetric or asymmetric, and natural or man-made) were matched in 

their visual appearance on several dimensions, including black and white proportion in 

the 300x300 white square, contour length of the black silhouette, and complexity.  

The control stimulus was a white square (resolution: 300 x 300 pixels) displayed 

in the center of the black screen (resolution: 800 x 600 pixels), allowing a low level 

control condition with visual input that minimized complexity.  

Stimuli were presented on a 19” LCD monitor outside the scanner for the practice 

session. During fMRI scanning, the VisuaStim digital video goggles (Resonance 

Technology Inc., Los Angles, CA) were used. Both were displayed at 800 x 600 pixels 

resolution. A custom-modified MRI compatible computer mouse was placed in the 

participant’s right hand to collect responses. A Windows-based program DMDX (Forster 

& Forster, 2003) was used to display stimuli and record responses, reaction times (RTs) 

and stimulus onset times in the experiment. 

 

Design and procedure 

A within-subject design that included four different priming tasks (Table 1) was 

used to test priming and repetition suppression. The tasks included three perceptual 

priming tasks: a symmetry judgment task on meaningless novel shapes (SYM-shapes; see 



 

Figure 3 for examples of novel shape stimuli), a symmetry judgment task on images of 

meaningful objects (SYM

stimuli), and a picture naming task using images of meaningful objects (Picture Naming). 

A conceptual priming task of natural or man

objects (Natural/man-made) was also included. 
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Symmetric 
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Figure 3. Example silhouette
Each type included both symmetric and asymmetric images. Real
included natural and man
natural and man-made objec
to different degrees in order to increase difficulty of the symmetry judgment task.  

 

for examples of novel shape stimuli), a symmetry judgment task on images of 

meaningful objects (SYM-objects; see Figure 3 for examples of real-world object 

stimuli), and a picture naming task using images of meaningful objects (Picture Naming). 

A conceptual priming task of natural or man-made classification on images of meaningful 

made) was also included.  

Novel shapes Real-world

Natural) (Man-made) Natural 

   

   

Example silhouette stimuli of meaningless novel shapes and real
Each type included both symmetric and asymmetric images. Real-world object images 
included natural and man-made objects, and novel shapes included images 

made objects (indicated by parentheses). Symmetric images were rotated 
to different degrees in order to increase difficulty of the symmetry judgment task.  
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Trials in all four tasks had the same display timing and sequence. Each trial 

consisted of a 500 ms fixation followed by a silhouette stimulus or a control image (white 

square) presented for 1 sec, and then a blank screen for 1.5 seconds. Therefore, the total 

duration of each trial was 3 seconds. Participants had up to 2 secs to respond to each trial 

starting from the onset of the silhouette or control image. Inter-trial intervals were jittered 

between 160 to 1600 msec to allow better signal sampling for fMRI analysis.  

Each task included four conditions: a control condition (24 trials of white squares), 

a novel condition (24 trials), a repeated condition (24 trials), and a “run-in” trial condition 

(5 trials; see below for an explanation of these trials). All trials were intermixed pseudo-

randomly to allow the first exposure of a given image and its second exposure to have 5 

to 17 intervening trials (mean: 8 intervening trials, or 25 secs). This pseudo-randomized 

order of trials from each condition was the same across participants, but the stimuli used 

within each condition were randomized across participants.  

Because the first exposure of an image, by definition, always precedes the second 

exposure by some time lag, the direct comparison of fMRI signals from the first 

exposures to their repetitions (i.e. repetition suppression) could be affected by a general 

practice effect, general fatigue, or even scanner signal drift.  For example, if the global 

amplitude of fMRI signal measured during a scan decreases continuously due to scanner 

drift, first exposures will always show greater amplitudes on average compared to their 

second exposures even when they do not have real differences in neural responses. This 

problem is more prominent in priming studies using an intermixed-design as used in the 
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present study (compared to a study-test blocked design). Although the effect might be 

trivial, it would be better to compare conditions with trials that are close in time if 

possible. Therefore, we applied an approach similar to Henson et al., 2004, to account for 

this problem. In a task run, 24 experimental trials were presented twice. The second 

presentation trials (always started after the fifth trial) were categorized as the repeated 

condition trials for analysis. The first five trials from the beginning of a task run (always 

including four first presentations of the experimental trials and one control trial) were 

regarded as “run-in” trials and were dropped from further priming analysis to avoid this 

scan timing problem. The rest of the 20 first presentation trials plus four extra new first 

presentation trials (near the end of the task run and not repeated later) were categorized as 

the novel condition trials. Priming was measured by the reaction time (RT) and/or 

accuracy differences between trials in the novel and in the repeated conditions. With this 

design, the mean appearance order of the trials in the novel and repeated conditions did 

not differ from each other. 

At the beginning of the experiment, participants were told that the aim of the 

study is to investigate human visual processing. They first received instructions about all 

the tasks they were going to perform, and then underwent a practice session outside the 

MRI scanner. After practice, they moved into the scanner and performed several tasks 

during fMRI scanning. Four functional image acquisition runs of interest were collected. 

Each run consisted of a different task (SYM-shapes, SYM-objects, picture naming or 

natural/man-made classification) and the order of the tasks was counterbalanced across 
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participants3.  

At the beginning of each run, a task cue was first presented and five practice trials 

were offered to remind the participants of the particular task.  In the SYM-shapes task, 

the task cue was “Is it symmetrical?” Participants decided whether the stimulus on the 

screen was symmetrical (i.e. exactly the same on both sides of an invisible axis, which 

could be in any orientation) or not. They were instructed to respond as accurately and as 

quickly as possible for each trial, by pressing the left mouse button to answer “Yes” to the 

task cue questions in all the tasks and pressing the right mouse button to answer “No”. 

When they were unsure about the answer, they were instructed that they should skip it 

and wait for the next trial. If a control item (a white blank square) was presented, they 

should randomly press either the left or right mouse button as quickly as possible. The 

control items were designed to measure the baseline for simple visual input and motor 

responses. Only novel shapes were used as experimental stimuli in the SYM-shapes task, 

and half of the novel and repeated condition trials were symmetric and the other half 

were asymmetric.  

In the SYM-objects task, the task cue was also “Is it symmetrical?” Participants 

decided whether the stimulus on the screen was symmetric or not. Only real-world object 

images were tested in this task. Among them, a quarter of the novel and repeated 

condition trials were symmetric and natural, a quarter was symmetric and man-made, a 

quarter was asymmetric and natural, and a quarter was asymmetric and man-made. 

                                                 
3 SYM-shapes task was performed twice consecutively with different sets of stimuli. Only the first one was 
included in the analysis here. The second task was collected for other purposes so the data is not reported 
here. 
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In the Natural/Man-made task, the task cue was “Is it natural?” Participants 

decided whether the stimulus on the screen was natural or man-made, regardless of its 

symmetricalness. Object images were also used with the same proportion of the four 

types of images in SYM-objects task.  

In the picture naming task, the task cue was “Picture Naming”. In this task, only 

the left mouse button was used. Participants pressed the button as soon as they could 

name the object in the image. They were instructed to respond only when they were sure 

that they had the name in mind. If they were unsure about the answer, they were 

instructed that they should skip it and wait for the next trial. If a control item (a white 

blank square) was presented, they should press the left mouse button as quickly as 

possible. 

 

Image acquisition 

MRI images were acquired on a GE 3.0T Signa VH/I whole body echospeed 

scanner equipped with an 8-channel phased array coil (HD Signa Excite, General Electric, 

Milwaukee, WI). A set of 3-plane localizer images were first acquired in order to align 

subsequent images. Functional images were then collected parallel to the anterior-

posterior commissural plane covering the whole cortex using a single-shot spiral in-and-

out acquisition protocol (Glover & Law, 2001; Glover & Lee, 1995), matrix = 64 x 64, 

TR = 2227 ms, TE = 30 ms, FOV = 22 cm, flip angle = 90, number of sections = 32, 

section thickness = 4 mm, no skip). Four functional scans were collected while the 

participants were performing the priming tasks. Each scan consisted of 199 volumes plus 



63 
 

8 volumes at the beginning of the scan that were used to allow magnetization to equalize 

and were later discarded before preprocessing (total scan time for each scan was 7 

minutes 41 seconds). After the completion of the functional scans, structural images were 

collected. A high resolution SPGR volume was acquired in 15 participants (1.5 mm 

sections covering whole brain, matrix = 256 x 256, flip angle = 30, TR = 22 ms, TE = 8 

ms, FOV = 25 cm). Due to technical issues, a set of T1-weighted structural images were 

collected instead of SPGR images for the rest of the participants (using the same 

alignments as the functional scans, matrix=256×256, TR=625 ms, TE=13 ms, FOV=22 

cm, number of sections=32, section thickness = 4 mm, interleaved, no skip). Other scans 

and tasks were also acquired but are not discussed here.  

 

Behavioral analysis 

Trials with incorrect responses, no responses, or RTs shorter than 200 ms (which 

were not likely to be true responses) were categorized as incorrect trials. Accuracy was 

calculated as the percentage of the correct trials in the novel and repeated conditions 

separately for each task. Mean reaction times were calculated for correct trials in the 

novel and repeated conditions separately for each task. Note that for the reaction time 

analysis, if a first or second presentation trial was incorrect, its corresponding second or 

first presentation trial was marked as incorrect as well. Behavioral priming effects were 

calculated for each task separately by subtracting the mean reaction time or accuracy of 

repeated condition trials from novel condition trials.  
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fMRI analysis  

Data were analyzed using Statistical Parametric Mapping (SPM5, 

http://www.fil.ion.ucl.ac.uk/spm/software/spm5/). Preprocessing procedures included 

realignment, slice timing correction, normalization and smoothing. All volumes were first 

realigned to the mean image of the image in all five runs to correct for movement. Image 

data in each section were then interpolated in time to match the acquisition time of the 

middle section. Next, participants’ structural images were coregistered to their functional 

images and then segmented into gray matter, white matter, and cerebrospinal fluid. The 

gray matter images were then stripped of any remaining skull and spatially normalized to 

the gray matter template images in Montreal Neurological Institute (MNI) space.  

Functional images were then normalized to the MNI space based on these normalization 

parameters, re-sampled into 3-mm cubic voxels, and smoothed spatially with an isotropic 

8 mm FWHM Gaussian kernel. 

Statistical analyses were performed in two stages. In the first stage, neural activity 

was modeled by a delta function at stimulus onset. The ensuing BOLD response was 

modeled by convolving these delta functions with a canonical Hemodynamic Response 

Function (HRF; Friston et al., 1998).  The resulting time-courses were down-sampled at 

the midpoint of each scan (corresponding to the middle section) to form regressors in a 

General Linear Model. 

For each task, 11 regressors were modeled, including 5 experimental conditions: 1) 

Novel trials, 2) Repeated trials, 3) Control trials, 4) Run-in trials, 5) Discarded trials 

(incorrect responses, no responses or trials with RT shorter than 200 ms which were not 
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likely to be true responses. Note that when a Novel or Repeated trial was discarded, its 

corresponding Repeated or Novel trial was discarded as well), and six regressors from the 

movement parameters estimated from realignment in order to account for (linear) residual 

artifacts after realignment. Voxel-wise parameter estimates for these regressors were 

obtained by maximum-likelihood estimation, using a temporal high-pass filter (cut-off 

128 s) to remove low-frequency drifts, modeling temporal autocorrelation across scans 

with an AR(1) process, and scaled to a grand mean of 100, averaged over all voxels and 

scans within a session. The GLM was modeled with 0 durations (event-related).   

Images from contrasts of the resulting parameter estimates comprised the data for 

a second-stage model, which treated participants as a random effect. Unless otherwise 

stated, all SPMs were thresholded at p < .001, uncorrected for multiple comparisons, with 

5 or more consecutive voxels. Stereotactic coordinates were reported in the MNI space. 

Region of interest (ROI) analysis was conducted by MarsBaR toolbox (Brett, Johnsrude, 

& Owen, 2002; http://marsbar.sourceforge.net) in SPM5.  

 

Results 

Behavioral results 

Participants were very accurate in making judgments (mean accuracy rates ranged 

from 86.83 % to 93.58 % across both Novel and Repeated conditions and across all four 

tasks), and there were no differences in accuracy across conditions, indicated by a two-

way repeated-measures ANOVA showing no significant main effects of Repetition 

(Novel vs. Repeated; i.e. priming effect), Task (SYM-shapes, SYM-objects, picture 
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Figure 4. Behavioral results: Mean reaction times 
each task. Priming effects were indicated by the differences between novel 
conditions, and were significant in all four tasks. SYM
on novel shape stimuli; SYM
stimuli. 
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Behavioral results: Mean reaction times for novel and repeated conditions from 
each task. Priming effects were indicated by the differences between novel 
conditions, and were significant in all four tasks. SYM-shapes = symmetry judgment task
on novel shape stimuli; SYM-objects = symmetry judgment task on real-

On the other hand, significant RT priming effects were found in all four tasks

way repeated-measures ANOVA indicated a significant main effect 

Repetition (novel or repeated), F(1,24) = 273.39, p < .001, showing faster RTs overall for 

the repeated than the novel conditions across tasks (i.e. a facilitative RT priming effect).
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Main effect for Task was also significant, F(1,24) = 9.77, p < .002, as well as the 

interaction between Repetition and Task, F(3,72) = 9.30, p < .002. More importantly, 

simple main effect analyses showed that mean RT for the repeated condition was 

significantly shorter than the novel condition in each of the four tasks, Fs > 698, ps 

< .001.  

 

fMRI results 

Repetition suppression in the perceptual and conceptual priming tasks 

Repetition suppression was measured by the contrast of novel versus repeated 

conditions (Novel > Repeated) in each task separately. Significant repetition suppression 

was found in various brain regions in each task (see Table 2 and Figure 5). In the SYM-

shapes task, repetition suppression was observed in left inferior frontal gyrus and bilateral 

occipital/temporal regions. In the SYM-objects task, repetition suppression was observed 

in bilateral inferior, middle and precentral gyri, and bilateral occipital/temporal regions. 

In the Picture Naming task, repetition suppression was observed in left inferior, middle 

and precentral gyri, and bilateral occipital/temporal regions, similar to previous findings  

(e.g., Meister et al., 2005; van Turennout et al., 2000; van Turennout et al., 2003). In the 

Natural/Man-made task, repetition suppression was observed in bilateral inferior/middle 

frontal gyri, and bilateral occipital/temporal regions, also similar to previous findings 

using natural/man-made or living/non-living object classification tasks (e.g., Maccotta & 

Buckner, 2004; Wig et al., 2005; Zago et al., 2005).  
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Table 2. Brain regions showing repetition suppression (novel > repeated) in the four 
perceptual and conceptual priming tasks. 

Brain region BA 
Cluster size 

(voxels) 
Coordinates 

x y z Voxel T 
SYM-shapes task:     
L IFG BA 47 7 -21  27 -12 4.21 
L IFG BA 45 12 -39  21   6 3.96 
L/R caudate - 11 0  15   6 4.05 
L Fusiform BA 20 101 -45 -69 -15 5.36 
L Fusiform BA 18 13 -24 -93  -9 4.28 
L Fusiform BA 20 6 -33 -48 -27 3.75 
L MOG BA 19 78 -36 -90  18 6.22 
R Fusiform BA 20 32 33 -42 -21 5.76 
R Fusiform BA 20 33 36 -66 -21 5.10 
R Fusiform BA 18/19 43 36 -84  -9 4.71 
R MOG BA 18/19 167 36 -90  18 6.07 
     
SYM-objects task:     
L IFG BA 47 9 -30  24  -3 3.98 
L IFG/MFG BA 9/46 19 -51  24  18 3.94 
L precentral BA 6 135 -42   3  27 6.77 
R IFG BA 45 5 60  27   9 3.71 
R IFG BA 47 9 39  21  -3 4.55 
R precentral BA 6 157 57   3  24 6.64 
L/R SMA BA 6 98 0  18  48 5.71 
L MTG/Fusiform BA 37 215 -54 -60  -6 5.08 
L MOG BA 19 21 -39 -90  12 4.71 
L MOG BA 19 21 -30 -75  30 4.06 
L precuneus BA 7 11 -24 -63  45 3.74 
R Fusiform BA 37 379 39 -51 -18 8.10 
R MOG to precuneus/SPL BA 18/31/7 231 30 -69  27 5.48 
     
Picture naming task:     
L IFG/MFG BA 46/47 378 -30  24  -6 7.21 
L MFG BA 9 12 -12  33  24 3.88 
L SFG BA 9 5 -18  54  24 3.70 
L precentral BA 6 20 -42   3  27 4.04 
L thalamus - 13 -3 -15   3 4.18 
R IFG/MFG BA 45/46 113 51  21  12 6.60 
R precentral BA 6 10 45   3  27 3.88 
R caudate - 7 9  12  15 4.05 
R cingulate BA 24 16 3   6  27 4.18 
L/R SMA/cingulate BA 6/32 214 0   9  60 6.66 
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R SPL BA 7 10 30 -57  48 4 
L/R MOG to Fusiform BA 18/19/37 2253 36 -84  18 8.55 
   -36 -87  21 7.17 
     
Natural/man-made task     
L IFG BA 47 9 -27  27   0 4.12 
L MFG BA 9 13 -42  15  21 3.75 
R IFG BA 46 18 54  30   9 4.71 
L MOG to Fusiform BA 18/19/37 611 -36 -63 -15 7.18 
R MOG to Fusiform BA 18/19/37 880 33 -42 -24 8.3 

Only clusters with an extent of at least 5 voxels were listed. For all T-scores, p’s < 0.001, 
uncorrected. BA = Brodmann's Area; x, y, z coordinates in MNI space; SYM-shapes = 
symmetry judgment task on novel shape stimuli; SYM-objects = symmetry judgment task 
on real-world object stimuli; L = left; R = right; IFG = inferior frontal gyrus; MFG = 
middle frontal gyrus; SFG = superior frontal gyrus; MOG = middle occipital gyrus; 
precentral = precentral gyrus; SMA = supplementary motor area; MTG = middle 
temporal gyrus; SPL = superior parietal lobule; cingulate = cingulate gyrus. 
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Figure 5. fMRI results: Repetition suppression in the four perceptual and conceptual 
priming tasks. A general pattern of the results was that repetition suppression was found 
in both frontal and posterior (occipital/temporal) regions in all four perceptual and 
conceptual priming tasks (see text for details). 

Novel 
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The results showed a similar pattern of repetition suppression in both frontal and 

posterior perceptual (i.e. occipital/temporal) regions in all four tasks, regardless of the 

nature of the tasks (perceptual vs. conceptual) or stimuli (novel vs. familiar) used. This 

general pattern of results was similar to several previous neuroimaging studies on 

priming, but our design further included both perceptual and conceptual priming tasks. 

SYM-objects, picture naming and natural/man-made classification tasks all showed 

bilateral frontal repetition suppression. The SYM-shapes task also showed frontal 

repetition suppression in the left hemisphere. These results did not show a dramatic 

difference in frontal-posterior repetition suppression during conceptual versus perceptual 

priming tasks as some researchers have hypothesized (Schacter & Buckner, 1998).  

 

Correlation between behavioral priming and repetition suppression across subjects 

As described above, repetition suppression was found in both frontal and posterior 

occipital/temporal regions in both perceptual and conceptual priming tasks.  The critical 

question, however, is whether repetition suppression in these regions correlated with 

behavioral priming. To test this, ten 6-mm-radius-sphere functional ROIs in frontal and 

posterior regions (Figure 6) were generated based on the contrast of a general repetition 

suppression effect across all four tasks from the present study (all novel conditions > all 

repeated conditions; Figure 7). The ROIs were centered around the peaks of activation 

clusters showing the general repetition suppression effect. These ROIs included bilateral 

anterior inferior frontal cortices, middle inferior frontal cortices, posterior inferior frontal 

cortices, fusiform gyri, and middle occipital gyri (Because the left and right 



 

occipital/temporal clusters were very large, one fusiform and one middle occipital ROIs 

were generated from each cluster centered at the nearest local maxima). In each separate 

task, the magnitude of repetition suppression was then calculated by measuring the 

differences of the mean percent signal changes between novel and repeated conditions 

(Novel > Repeated) in each ROI separately for each participant. 

 

 

Figure 6. Ten frontal and 
A = anterior inferior frontal
inferior frontal gyrus; D =

 

 

Figure 7. General repetition suppression effect across 
> all repeated conditions)

 

occipital/temporal clusters were very large, one fusiform and one middle occipital ROIs 

were generated from each cluster centered at the nearest local maxima). In each separate 

itude of repetition suppression was then calculated by measuring the 

differences of the mean percent signal changes between novel and repeated conditions 

(Novel > Repeated) in each ROI separately for each participant.  

 

Ten frontal and posterior ROIs defined for further analysis. L = left; R = right; 
anterior inferior frontal gyrus; B = middle inferior frontal gyrus; C = 

gyrus; D = fusiform gyrus; E = middle occipital gyrus. 
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itude of repetition suppression was then calculated by measuring the 

differences of the mean percent signal changes between novel and repeated conditions 
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The conventional approach of calculating correlations between priming and 

repetition suppression across subjects was then performed in order to determine whether 

perceptual priming could be correlated with repetition suppression in posterior regions as 

predicted by Schacter and his colleagues (Schacter et al., 2007; Stevens et al., 2008). 

Another goal was to replicate the finding of the correlation between conceptual priming 

and frontal repetition suppression. 

In each task, Pearson’s correlation coefficients between RT priming magnitude 

and repetition suppression across subjects were calculated for each ROI separately. 

Among all the correlation coefficients across ROIs and tasks, only the right middle 

occipital gyrus ROI showed significant correlation between priming and repetition 

suppression in the SYM-shapes task, r = 0.43, p = 0.017 (see Figure 8). This correlation 

supports the prediction that repetition suppression in posterior occipital/temporal regions 

is correlated with perceptual priming, at least when novel stimuli were used. However, 

none of the other tasks and ROIs showed significant correlations, including frontal ROIs 

in the conceptual priming task, p’s > 0.05. Therefore, we did not replicate the previous 

findings of frontal correlation with conceptual priming using this conventional approach. 

This mixed result thus would not provide strong support for the hypothesis that 

perceptual priming correlates with posterior repetition suppression and that conceptual 

priming correlates with frontal repetition suppression. This result could be due to the fact 

that the conventional approach of correlation analysis might have unwarranted 

assumptions as discussed in the introduction. Several studies have also failed to find 



74 
 

significant correlation between priming and repetition suppression using this approach 

(e.g., Race et al., 2008). Therefore, our next step was to use a more sensitive approach to 

examine the relationship between priming and repetition suppression within subjects 

instead of across subjects. 

 

 

 

 

Figure 8. Significant correlation between the magnitude of behavioral priming in the 
SYM-shapes perceptual task and the magnitude of repetition suppression in the right 
middle occipital gyrus. 
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Correlation between behavioral priming and repetition suppression within subjects 

To conduct this analysis, a new GLM model was created. First, items with 

incorrect responses, no responses or RTs shorter than 200 ms were categorized as 

discarded trials. Their corresponding first or second presentation trials were also 

discarded. Within each task, all the rest of the correct item pairs (first and second 

presentations) were sorted by the magnitudes of their behavioral priming effects (first 

presentation’s RT – second presentation’s RT) and then split into 3 groups with equal (or 

similar) number of item pairs: item pairs with the smallest priming, item pairs with 

moderate priming, and item pairs with the largest priming. Then the first and second 

presentations in each group were separated so that there were a total of six new 

conditions for each task: novel trials (first presentations) with small behavioral priming, 

novel trials with moderate priming, novel trials with large priming, repeated trials 

(second presentations) with small behavioral priming, repeated trials with moderate 

priming, and repeated trials with large priming. These six new regressors along with three 

other regressors (discarded trials, control trials, and non-paired trials4) and the six 

movement regressors formed the new GLM model.  

Percent signal change for the six repeated and novel conditions (compared to the 

control condition) in each task were calculated for each of the ten ROIs described above 

for each participant. Repetition suppression was calculated by subtracting the percent 

                                                 
4 These non-paired trials were originally added in to allow the run-in design to control for the differences of 
scanning time points between first and second presentations. They only appeared once (thus “non-paired”) 
and occurred around the end of the task. They were originally categorized as novel condition trials. In this 
new GLM model, the original run-in trials were also included as the novel condition trials so that the exact 
same pair of items could be sorted by their priming magnitudes and there would be enough number of 
items obtained for each condition. Therefore, the non-paired items were not necessary here in this analysis 
and were modeled separately. The scanning time point difference issue was ignored in this analysis. 
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signal change of the repeated condition from the novel condition for each pair of the item 

groups (small, moderate and large priming item groups). The magnitude of repetition 

suppression of each of the priming magnitude item groups was then analyzed to examine 

the relationship between repetition suppression and priming (e.g., whether greater 

priming corresponds to greater repetition suppression and less priming corresponds to 

less repetition suppression). 

The results demonstrate that, indeed, priming and repetition suppression exhibited 

a linear relationship (greater priming corresponding to greater repetition suppression), 

and this was true in all the ROIs in all four priming tasks (see Figure 9). A 4 (Task) x 10 

(ROI) x 3 (Level: Small, Moderate, Large priming) repeated-measures ANOVA of 

repetition suppression magnitude showed a significant main effect of Level, F(2,48) = 

14.458, p<0.001. Importantly, Level did not interact with any other variable. The results 

indicate that small, moderate, and large priming items showed a similar pattern of 

differences in repetition suppression magnitudes across ROIs and tasks. Polynomial 

contrast trend analysis showed that the repetition suppression magnitude of the three item 

groups (small, moderate, and large priming) formed a linear relationship, F(1,24) = 33.51, 

p < 0.001, but not a quadratic relationship F(1,24) < 1, ns. Therefore, the magnitudes of 

repetition suppression of the small, moderate and large priming items increased 

accordingly, indicating a linear relationship between the magnitudes of the item group’s 

behavioral priming and repetition suppression. Because there were no significant 2-way 

or 3-way interactions related to this linear Level effect, this linear relationship is best 

described as a general relationship that applies to all ROIs (both frontal and posterior) 
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and all tasks.  

This result provides evidence that behavioral priming and repetition suppression 

are correlated in both frontal and posterior occipital/temporal regions, in both perceptual 

and conceptual priming tasks. This does not support the notion that only perceptual 

priming is correlated with posterior repetition suppression, and only conceptual priming 

is correlated with frontal repetition suppression. It also does not support the hypothesis 

that only frontal repetition suppression correlates with priming, regardless of the nature 

of the task (perceptual or conceptual).  

Other main effects involving Task differences and ROI differences were also 

observed, F(3,72)=4.914, p=0.004 and F(9,216)=4.696, p<.001, respectively. A 

significant interaction of Task by ROI was also found, F(27,648)=2.37, p<0.001. No 

other two-way or three-way interactions were significant, and no interactions involved 

the factor Level.  Because only the effects involving Level are of primary interest here, 

these additional main and interaction effects are not discussed further. 
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Figure 9. Correlation between behavioral priming and repetition suppression within 
subjects. Magnitudes of behavioral priming and repetition suppression show a linear 
relationship across all ROIs and tasks, indicating that their changes are correlated in both 
frontal and posterior regions in both perceptual and conceptual priming tasks (see text for 
details of statistical analysis). Within each box in the graph, repetition suppression 
magnitudes were averaged across subjects at the three levels (small, moderate, large). 
Error bars represent standard errors. L: left; R: right; ant.: anterior; mid.: middle; post.: 
posterior; PFC: prefrontal cortex; MOG: middle occipital gyrus; S: small; M: moderate; L: 
large. 
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Discussion 

To summarize, the relationship between repetition suppression and perceptual and 

conceptual priming were examined in the present study using fMRI. Four tasks were 

included, three perceptual priming tasks (symmetry judgment on novel shapes, symmetry 

judgment on real-world objects, and picture naming) and one conceptual priming task 

(natural/man-made classification). Significant behavioral priming effects were observed 

in all four tasks, as well as repetition suppression effects in both frontal and posterior 

perceptual brain regions. We examined whether the magnitudes of these regional 

repetition suppression effects were correlated with the magnitudes of behavioral priming 

effects.  As discussed in the introduction, we argued that the conventional method 

measuring the correlation between priming and repetition suppression across subjects 

might not be sensitive enough to reveal existing correlations. Indeed, using this method, 

only one region (left middle occipital gyrus) showed significant correlation across 

subjects between repetition suppression and perceptual priming when the symmetry 

judgment task was used with novel shape stimuli. This finding is consistent with the view 

that perceptual priming is subserved by posterior perceptual regions. However, we did 

not replicate the finding of a correlation between conceptual priming and frontal 

repetition suppression, providing results that were, at best, mixed.  We then analyzed the 

results using a novel approach to measure correlations across items (or more precisely, 

across item groups) within subject, which may provide greater sensitivity and avoid inter-

subject variability issues. This method identified a linear relationship between behavioral 

priming and repetition suppression in widespread brain regions including both frontal and 
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posterior perceptual areas. Importantly, these linear relationships were observed in all of 

the perceptual and conceptual priming tasks that were employed. The results are most 

consistent with the theoretical view of priming suggesting that priming is the result of 

dynamic interactions between brain regions including both frontal and posterior 

perceptual regions in a large neural network, rather than being due simply to bottom-up 

or top-down processes.  The results and their implications for theories of priming are 

discussed in more detail in the following sections. 

 

Repetition suppression in perceptual and conceptual priming tasks  

It has been assumed that perceptual and conceptual priming may involve different 

brain regions along the anterior-posterior axis since Schacter and Buckner’s influential 

review published in 1998. They suggested that perceptual priming may involve primarily 

posterior perceptual regions, while conceptual priming may involve primarily frontal 

regions. This hypothesis has seldom been examined directly in a well-controlled 

experiment. Here we used three different types of perceptual priming tasks and one 

conceptual priming task, varying not only the task but also the meaningfulness of the 

stimuli to show that perceptual and conceptual priming did not exclusively exhibit 

repetition suppression in posterior and frontal regions, respectively. Instead, our results 

showed that both posterior and frontal repetition suppression occurred in both perceptual 

and conceptual priming tasks.  

These results are not consistent with the notion that frontal-posterior regions 

critically differentiate between conceptual and perceptual priming. However, it is worth 
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noting that no priming task is likely “purely” perceptual or conceptual. Most tasks 

involve both processes to different degrees, and some processes may be engaged either 

voluntarily or involuntarily even though they are not required for completing the task at 

hand. In the present study, we tested three perceptual priming tasks and one conceptual 

priming task involving different degrees of perceptual and conceptual processing 

(achieved by manipulating the nature of tasks and stimuli) and found both frontal and 

posterior repetition suppression in all tasks.  

It is likely that the posterior repetition suppression observed in the conceptual task 

reflects the fact that identical stimuli (with the same perceptual features) were repeated. 

One may predict that if stimuli with different perceptual properties were used from study 

to test (but maintaining the same semantic properties, e.g., words with different fonts, or 

words and pictures), posterior repetition suppression would not be observed. However, 

contrary evidence has shown that repetition at a semantic/lexical or conceptual level with 

no perceptual overlap from study to test can also result in posterior repetition suppression. 

For example, Ryan and Schnyer (2007) used a word identification priming task and 

showed that when words were studied in normal orientation then tested in mirror-image 

orientation, repetition suppression was still found in posterior occipital/temporal regions, 

even though these regions were not activated significantly during normal reading in the 

study phase. This suggests that posterior repetition suppression could be the result of 

frontal top-down modulation or frontal-posterior interaction. Buckner et al. (2000) also 

found repetition suppression in the inferior temporal cortex in word-stem completion 

tasks using either visual or auditory cues. This indicates that this region may be involved 
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in amodal processes and the repetition suppression found in this region may be 

modulated in a top-down fashion during priming, independent of (or in parallel with) 

stimulus-driven perceptual (e.g., visual or auditory) processes. These results suggest that 

posterior repetition suppression may be caused by either repeated perceptual processes or 

top-down modulation, so the posterior-frontal distinction for perceptual versus conceptual 

priming may be something of an over-simplification. 

On the other hand, frontal repetition suppression was found in all three of our 

perceptual priming tasks, which could be the result of repetition of the same semantic 

representations or conceptual processing of the stimuli. However, frontal repetition 

suppression occurred even in the task that presented only novel stimuli (in the left inferior 

frontal gyrus), which presumably activated minimal semantic/conceptual representations 

in our briefly presented trials. Other mechanisms that might account for the frontal 

repetition suppression include reduced demand on executive or monitoring functions 

associated with priming, which may be related to the frontal-posterior interaction or 

stimulus-responses learning mechanisms. Indeed, most perceptual priming tasks used in 

recent neuroimaging literature involve some level of decision making (e.g., classification 

or judgments) and responding, which may require frontal involvement during not only 

the decision making epoch of the task, but also during the translation of that decision into 

the correct motor response. In fact, many studies also reported frontal repetition 

suppression when perceptual priming tasks were used  (e.g., Meister et al., 2005; van 

Turennout et al., 2000; van Turennout et al., 2003). It is seldom the case that no frontal 

repetition suppression was found at all. In some cases, no frontal findings were reported 
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because the researchers only scanned the posterior regions (e.g., Sayres & Grill-Spector, 

2006) or focused on reporting only posterior perceptual regions. Therefore, our data 

along with previous findings suggest that both frontal and posterior repetition suppression 

may occur in both perceptual and conceptual priming tasks, using a variety of stimuli, 

including novel shapes that do not engage prior semantic representations.  

 

Correlation between behavioral priming and repetition suppression 

Thus far in the literature, the only region that has been found to show consistent 

correlation between repetition suppression magnitude and priming magnitude is the 

frontal cortex when conceptual priming tasks were employed. It has not been tested as 

extensively using perceptual priming paradigms which according to Schacter and his 

colleagues (Schacter et al., 2007; Stevens et al., 2008) should show correlation between 

behavioral priming and repetition suppression in posterior perceptual regions. The present 

study compared perceptual and conceptual priming tasks directly and set out to examine 

their correlations with repetition suppression in different brain regions. Using a 

conventional approach measuring correlation across subjects, we found only one 

posterior region (middle occipital gyrus) that showed a significant correlation between 

repetition suppression and perceptual priming (using novel stimuli). But because we did 

not replicate the common finding of frontal correlation with conceptual priming, this 

result does not seem to provide strong support for the anterior-posterior hypothesis. As 

we have argued in the introduction, this approach may be subject to inter-subject 

variability and thus may be insensitive to finding a correlation. The fact that only few 
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studies among many neuroimaging studies of priming have reported significant 

correlations raises the possibility that there might be more unsuccessful attempts out there 

using this method that are not reported in publications.  

We then used a different and arguably more sensitive approach to calculating 

correlations across item groups within each subject. A linear relationship between 

behavioral priming and repetition suppression was found in all the frontal and posterior 

regions and in all the perceptual and conceptual tasks, and the linear relationship did not 

differ across ROIs or tasks. This result fits best with the view that priming is the result of 

a more synchronized frontal-posterior neural network. Because priming involves the 

whole network, it is reasonable that all the regions involved would show a correlation 

between priming and repetition suppression. Evidence supporting this interactive view 

has come from several electroencephalogram (EEG) and magnetoencephalography (MEG) 

studies. For example, Ghuman et al. (2008) used an object size classification task and 

showed that cross-cortical synchrony between the prefrontal and temporal cortex 

increased for repeated images. Additionally, the timing of the increased cross-cortical 

synchrony also correlated with behavioral facilitation, showing that synchrony was an 

important neural correlate of priming. This finding indicates that earlier cross-cortical 

communication leads to greater facilitation in behavioral performance during priming, 

and supports the notion that performance improvement associated with priming is related 

to the process of repeated experiences that essentially optimizes communication between 

frontal and posterior regions.  

The importance of top-down feedback modulation in priming is also supported by 
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MEG findings demonstrating that repetition-induced neural-response changes generally 

occur earlier in time in the prefrontal cortex than temporal regions (Bar et al., 2006; Dale 

et al., 2000; Dhond et al., 2005; Marinkovic et al., 2003; Schnyer et al., 2005). An fMRI-

transcranial magnetic stimulation (TMS) combined study (Wig et al., 2005) also showed 

that disrupting frontal functioning could reduce behavioral priming, and also repetition 

suppression in both frontal and temporal regions, suggesting that repetition suppression in 

temporal regions could be modulated by frontal top-down feedback. In an fMRI study 

using an identification task of degraded objects that gradually come into focus, Eger et al. 

(2006) also showed that functional coupling between parietal and ventral visual cortices 

and between left lateral prefrontal and parietal cortices was enhanced with priming. These 

findings along with our data demonstrate that the interaction between different brain 

regions in the whole neural network is an important component that subserves priming.  

The present data do not support a strict prediction that perceptual priming would 

only correlate with posterior repetition suppression and conceptual priming would only 

correlate with frontal repetition suppression.  The results also do not support the strict 

top-down view that priming should only correlate with frontal repetition suppression. 

However, it is possible that different parallel mechanisms could be involved in priming 

(discussed in Ryan & Schnyer, 2007). To tease them apart or to examine their individual 

contributions, different experimental designs or methods would be needed. For example, 

TMS could be used to temporarily disrupt specific brain regions to see if those regions 

contribute critically to priming and repetition suppression. As discussed above, Wig and 

his colleagues (Wig et al., 2005) used a living/non-living object classification (conceptual 
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priming) task to show that TMS disruption of left frontal functioning could eliminate or 

reduce behavioral priming and repetition suppression in both frontal and temporal 

cortices (see also Thiel et al., 2005, using PET and a verb-generation conceptual task). 

This finding indicates a direct link between frontal repetition suppression and conceptual 

priming. The next step that is very important for future studies will be to disrupt either 

frontal or posterior regions to see whether this disrupts conceptual priming, perpetual 

priming, or both. Our data along with others suggests that both frontal and posterior 

regions may be crucial for both perceptual and conceptual priming. Therefore, disrupting 

either frontal or posterior regions should disrupt both perceptual and conceptual priming. 

On the other hand, according to Schacter et al. (2007), disrupting frontal regions should 

only disrupt conceptual priming and disrupting posterior regions should only disrupt 

perceptual priming. But according to the stimulus-response learning theory, only frontal 

disruption would affect both perceptual and conceptual priming, but posterior disruption 

might have no effect on priming. TMS can also be further used to examine the 

contributions from specific regions (such as fusiform gyrus vs. middle occipital gyrus) 

and their connections in the frontal-posterior neural network.  

In summary, in the present study, we used a novel approach to examine the 

relationship between priming and repetition suppression. We showed that correlations 

across items might be a more sensitive way of detecting the relationship between priming 

and repetition suppression than across-subject correlation. Further studies would be 

needed to examine and replicate the relationship between priming and repetition 

suppression found in the present study using this approach with different paradigms 
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(different perceptual and conceptual priming tasks or different types of stimuli). It would 

also be worthwhile investigating whether the nature of correlations across subjects and 

across items are tapping into the same relationships. In our study, we found both frontal 

and posterior repetition suppression associated with both conceptual and perceptual 

priming, providing support for the interactive view of priming.   
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IV. GENERAL DISCUSSION 

 

This dissertation examined the relationship between priming and repetition 

suppression. Past studies have often found the co-occurrence of the two, but how exactly 

repetition suppression may be related to priming is still largely unexplored. Recently, 

three theories emerged in the literature providing some possible explanations for how 

priming and repetition suppression function and their relationship to each other. The 

component process theory suggests that repetition suppression occurs locally, whenever 

the same cognitive and neural process is repeated. This process may be the result of 

sharpening or adaptation that renders the processing of a representation easier, i.e. 

priming. This effect occurs locally, which means that depending on the task or stimuli 

from study to test, priming can be perceptual and show facilitation in posterior perceptual 

regions, or it can be conceptual and show facilitation in frontal regions. The top-down 

modulation view emphasizes frontal involvement in priming. With repetition, the 

association from stimulus to decision or responses may become more automatic and thus 

require less frontal executive control, therefore showing repetition suppression in the 

frontal regions. The interactive view suggests that priming is associated with increased 

cross-cortical synchrony. This may be the result of strengthened long-distance cross-

cortical connections. Although each of the theories has different emphases, these three 

types of mechanisms may also work together and contribute to the observed priming 

effect. 

In Study 1, a mirror-word identification task was used to allow overlap from study 
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to test at a primarily perceptual level with limited or no conceptual overlap nor top-down 

modulation. Repetition suppression was still found in visual perceptual and frontal 

phonological regions that were involved in both study and test, supporting a component 

process view’s prediction that repetition suppression and priming can occur at a 

perceptual level with limited conceptual or top-down processes involved.  

In Study 2, three perceptual priming tasks and one conceptual priming task were 

used to directly examine a component process view’s prediction that perceptual priming 

would be correlated with posterior repetition suppression and conceptual priming would 

be correlated with frontal repetition suppression. The results showed that both perceptual 

and conceptual priming exhibited repetition suppression in both frontal and posterior 

perceptual regions, at least when measured with our paradigm and tasks, and both frontal 

and posterior repetition suppression effects were correlated with behavioral priming in all 

four perceptual and conceptual priming tasks. These findings suggest that both frontal 

and posterior perceptual regions are involved in perceptual and conceptual priming, and 

that they are most likely working in concert with one another during priming, as 

exemplified by the interactive view of priming.  

A quick glance at the results from Studies 1 and 2 may seem contradictory. We 

have argued that data from Study 1 fit with a component process view, while data from 

Study 2 fit better with the interactive view. However, it is likely that all three kinds of 

mechanisms work together to produce priming in most of the paradigms. Only when 

special manipulations are examined can we tease apart the contributions from each 

mechanism. For example, the design of Study 1 allowed less conceptual priming or top-
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down modulation, therefore the result may be more restricted to perceptual priming and 

indeed show repetition suppression in related perceptual and phonological regions, 

demonstrating the basic priming mechanism described by the component process view. 

However, in Study 2, the four priming tasks we tested were all similar to the paradigms 

that have often been examined in the literature, and in these tasks, both frontal and 

perceptual regions may be important in producing priming. In most common tasks (e.g., 

symmetry judgment or natural/man-made classification), both perceptual analysis and 

some level of executive operations may be required. Therefore, in common priming tasks, 

it is possible to observe repetition suppression in both frontal and posterior regions, and 

when distal or cross-cortical regions are involved, it is likely that not only the local basic 

component-process priming but also cross-cortical connections between brain regions 

will provide the basis for priming.  In most tasks, priming may be the result of several 

forces. 

Although all three mechanisms may be involved in priming, not much attention 

was paid to top-down modulation or frontal-posterior interactions until the past few years. 

It is possible that not all priming tasks involve them, but several studies have shown their 

importance and their correlation with behavioral priming. One important job for future 

studies is to clarify the importance of each mechanism, how they relate to particular 

priming tasks, and the specific circumstances under which they are engaged. For example, 

some studies have shown a dissociation between behavioral priming and repetition 

suppression in posterior perceptual regions (Sayres & Grill-Spector, 2006; Xu et al., 

2007). If this result is found to be reliable, it may mean that priming can occur 
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independently of local repetition suppression (at least in the posterior perceptual region). 

In that case, one could ask whether the priming effect found in those paradigms was the 

result of top-down modulation or frontal-posterior interaction. Is posterior repetition 

suppression not correlated with priming at all (as suggested by those studies, but 

contradictory to the present findings)? Are any of the three mechanisms more crucial to, 

and correlate better with, behavioral priming? These are important questions for future 

studies to elucidate.  

Another question that remains is whether priming that is measured by different 

types of dependent variables, such as RT facilitation, improved accuracy or biased 

production, show similar or different relationships to repetition suppression. Most of the 

fMRI studies on priming to date used paradigms that required some sort of classification 

and required responses such as pressing one of a limited number of buttons (usually two). 

Some studies examined the priming effect of generation processes (e.g., using a word-

stem completion task or a verb-generation from nouns task; Schott et al., 2005). Some 

studies examined the identification processes of words or pictures, such as picture 

naming (Meister et al., 2005; van Turennout et al., 2000; van Turennout et al., 2003; 

Vriezen et al., 1995), word naming/identification (Lin & Ryan, 2007; Ryan & Schnyer, 

2007), and identification of degraded images (Eger et al., 2006). It has been shown in the 

behavioral literature that different types of priming effects may be dissociable from each 

other (e.g., identification vs. production, Gabrieli et al., 1999), suggesting that they may 

have different underlying mechanisms. This issue of possibly different neural 

mechanisms underlying different measures of priming has not been examined nor even 
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discussed systematically in the literature. Future studies may begin to pay attention to 

these factors, and their possibly differential relations to component processes, top-down 

modulation or cross-cortical synchrony mechanisms.  

Another interesting topic that has emerged from recent literature is the similarity 

between the repetition suppression effects associated with priming and the repetition 

suppression effect associated with familiarity. Recent imaging studies of recognition 

memory showed that recognition may involve at least two components, with each 

involving different neural networks. Recollection refers to recall with specific contextual 

details. Recollected (repeated) items usually show greater fMRI activations in MTL 

compared to novel items. Familiarity refers to the feeling that an item is old without 

recollecting specific contextual details. Repeated items that are rated familiar usually 

show reduction in activations compared to novel items (similar to the repetition 

suppression effect in priming paradigms). The amplitude of the neural activations has 

also been found to be negatively correlated with familiarity ratings (i.e. the more familiar 

the item, the greater the reduction in activation). However, this reduction associated with 

familiarity is often observed in perirhinal cortex, which is anatomically close to but 

different from the repetition suppression often found in priming paradigms in fusiform or 

inferior temporal regions. Although the recognition paradigms and priming paradigms are 

very similar, and the repetition suppression effects are found in anatomically close 

regions, their relationship has not been examined or discussed. For some cognitive 

theories, familiarity may have the same underlying mechanisms as priming (Graf & 

Mandler, 1984; Jacoby & Dallas, 1981; Kinoshita, 2003; Mandler, 1980). Therefore, 
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these two types of repetition suppression effects may be based on the same neural 

mechanism and have similar properties. In fact, many of the earlier animal studies 

suggest that the sharpening view (Wiggs & Martin, 1998) did not make a clear distinction 

between either the nature of tasks (priming-like or recognition-like) or the regions 

showing reduced neural activity (mixed recording sites in inferior temporal and perirhinal 

cortices). Therefore, the differences between the neural underpinnings of priming and 

familiarity are still unclear. Some new evidence supports the view that they are different, 

but more studies are needed to clarify this issue. 

In conclusion, this dissertation reviewed the current literature and theories on the 

neural basis of priming. Two studies were conducted to examine the relationship between 

priming and its potential neural underpinning: repetition suppression. Overall the results 

suggest that there may be different sources, such as overlap in perceptual or conceptual 

processes, top-down modulation, and cross-cortical synchrony, that contribute to 

repetition suppression and priming. Specific studies will be needed to tease them apart, 

and to lead to a clearer understanding on how priming works. 
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APPENDIX A:  

REPETITION PRIMING WITHOUT IDENTIFICATION OF THE PRIMES: 

EVIDENCE FOR A COMPONENT PROCESS VIEW OF PRIMING  
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