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ABSTRACT 
 

 Source memory is defined as memory for not only the core aspect of some event, 

but additional contextual detail about that core aspect, or item.  Source memory tasks are 

marked by their engagement of prefrontal cortex in addition to the brain circuits required 

by other episodic memory tasks.  The dissertation examines the relationships among 

source memory accuracy, concurrent brain activity, and general cognitive principles 

derived from the study of episodic memory more generally.  Electrical measures of brain 

activity (event-related potentials, ERPs) were recorded while manipulating factors 

hypothesized to improve or worsen source memory accuracy.    

The first experiment manipulated the task assigned during the encoding phase and 

its match to the retrieval demands of remembering objects (depicted in drawings) and 

their colors. As predicted by the principle of transfer-appropriate processing, source 

accuracy was higher when the encoding task fostered integration of the item (object) and 

source (color) attributes.  Prefrontal activity during the retrieval phase was greatly 

reduced when retrieval could benefit from transfer-appropriate processing. 

 In associative memory tasks, poor memory performance is observed when the to-

be-retained stimuli share elements with other studied stimuli, as in a variety of 

interference paradigms. The second experiment thus examined the impact of feature 

overlap on source recognition by varying the quantitative mapping between the shape and 

color of an object depicted in a drawing. The results showed two frontal processes 

supporting source retrieval: an early differentiation between stimuli identical to those 

encoded and those that switch colors from study to test, and a later effect reflecting 
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prolonged memory search that was truncated by reinstating unique object-color pairings 

at test.   

 The final experiment compared conjunctions of “intra-item” versus “extra-item” 

features, by placing the features within a single visual object or distributing them across 

two visual objects.   Source accuracy was worse when shape and color were spatially 

separated, but prefrontal activity did not vary.  The insensitivity of prefrontal ERPs to this 

perceptual manipulation of difficulty stands in contrast to their sensitivity to encoding 

task. Individual variability in parietal ERPs was strongly correlated with source accuracy, 

and likely reflects a contribution of visual working memory to long-term memory.   
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I. 
 
 

INTRODUCTION 
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Background 

Over the past few decades, spurred largely by results using neuroscience methods, 

memory has been subdivided into qualitatively different aspects thought to be served by 

different neural circuits.  One fundamental division is between episodic memory, or 

memory for individual events, and semantic memory or general knowledge (Tulving 1972, 

1984).  Episodic memories are marked by the presence of spatiotemporal (at least) 

information, whereas semantic knowledge is independent of the time, place, or manner in 

which the knowledge was originally acquired.  In laboratory tests of episodic memory, 

information about the context of the learning is not always probed explicitly, but is 

necessary for successful performance.  For instance, responding “old” or “new” to words 

in a recognition memory test requires a differentiation between words that were presented 

recently in the laboratory and words that are known, but did not occur recently in the 

laboratory experiment.   Other laboratory tests – labeled source memory tests – explicitly 

require the retrieval of some information about the recent encounter with an item: its 

temporal sequence with respect to other items, its spatial location, or a dissociable 

perceptual attribute like the voice of the speaker for a word, or the color of a drawing, etc. 

(Johnson, 2005; Johnson, Hashtroudi, & Lindsay, 1993).   In the laboratory, source 

memory is operationalized as memory for the conjunction between two aspects of an 

event, but is of interest because, outside the laboratory, such conjunctions provide 

information about the origin (or “source”) of learning.  Such information can be used to 

evaluate the validity of a fact (or pseudofact, if the source lacks credibility), or to pursue 

more information when necessary.  In the laboratory, source memory performance is 
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almost invariably worse than simpler episodic memory tests that do not require the 

retrieval of relational information about a core item and the context in which it occurred. 

A consistent finding in the source memory literature is that it relies on prefrontal  

cortex (PFC) to a greater degree than simpler episodic memory tasks like old/new 

recognition.  The connection between source memory and the frontal lobes was first 

revealed by neuropsychological studies showing that patients with frontal lobe lesions 

made more errors in remembering the source of recently learned facts when compared to 

healthy controls, but that these patients did not show comparable deficits when they made 

only old/new recognition judgments on single items (Janowsky, Shimamura, & Squire, 

1989; Milner, Petrides, & Smith, 1988).  Subsequent attempts to correlate source memory 

performance in healthy participants with neuropsychological tests traditionally thought to 

tap frontal lobe functions were marked by inconsistent results, with only some tests 

correlating with some source memory tasks under certain circumstances (Rybash & 

Colilla, 1994; Spencer & Raz, 1994).  With a smaller battery of frontal lobe tests, 

however, Glisky and colleagues were able to successfully profile older adults in terms of 

their frontal lobe function and reported a significant relationship between the composite 

test score and source memory accuracy (Glisky, Polster, & Routhieaux, 1995; Glisky, 

Rubin, & Davidson, 2001). 

The relationship between PFC and spatiotemporal source memory was 

corroborated in healthy young adults via event-related potentials (ERPs) in list-

discrimination and spatial source tests (Dywan, Segalowitz, & Arsenault, 2002; Trott, 

Friedman, & Ritter, 1997; Van Petten, Senkfor, & Newberg, 2000).   ERP studies have 
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also demonstrated engagement of PFC during source tests that tap conjunctions of 

perceptual attributes, such as the voice or modality (auditory or visual) in which a word 

was studied (Friedman, Cycowicz, & Bersick, 2005; Senkfor & Van Petten, 1998; Kuo & 

Van Petten, 2006—Appendix A; Wilding, Doyle, & Rugg, 1995).  Finally, ERPs have 

also shown greater prefrontal engagement when judging what encoding task accompanied 

a studied object than during old/new discriminations (Senkfor, Van Petten, & Kutas, in 

press; see also Johansson, Stenberg, Lindgren, & Rosen 2002; Wilding, 1999 for related 

findings).  Recent studies using functional magnetic resonance imaging have converged 

on the differential prefrontal involvement in source memory retrieval as compared to item 

memory retrieval (e.g. Dobbins, Foley, Schacter, & Wagner, 2002; Raye, Johnson, 

Mitchell, Nolde, & D’Esposito, 2000; Rugg, Fletcher, Chua, & Dolan, 1999).  

Hemodynamic responses are larger when tasks require retrieval of specific features 

associated with studied stimuli than when the task can be performed by simple item 

recognition.   

ERPs recorded during memory tasks show temporally separated brain activities 

associated with retrieving item identity alone and retrieving item-source conjunctions.  In 

the previous source memory studies conducted in our laboratory (Senkfor & Van Petten, 

1998; Van Petten et al., 2000), an early onset (200-400 ms) old/new effect reflecting item 

recognition was observed in both item and source memory tests, with old items eliciting 

more positive ERPs all over the scalp.  In contrast, a later onset (700-800 ms) old/new 

effect was only observed during source retrieval, restricted to the frontal regions.  This 

suggests that source retrieval may involve additional processes beyond simple item 
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recognition.  The question is, what are the processes manifested by the PFC engagement 

during source memory retrieval? 

This fundamental question motivated me to study several critical features of the 

typical source memory paradigm, each of which has previously accumulated considerable 

research in cognitive psychology.  By interpreting source memory in terms of existing 

cognitive principles, the more recent findings on neural correlates of source memory can 

be better anchored to provide further insights into cognition.  In the process, the cognitive 

neuroscience approach may also shed light on the ways in which PFC contributes to a 

wide variety of cognitive functions. 

 

Overview of the Dissertation Experiments 

I started the research project by looking at the cognitive operations occurring 

during the encoding stage in a source memory paradigm.  The belief that the exact 

cognitive operations subjects performed on the stimuli fundamentally determine the 

memory content dates back to early memory research (Saltzman, 1953).   Three 

experiments comprise the dissertation, each consisting of manipulations hypothesized to 

improve or worsen source memory accuracy, with the goal of characterizing the changes 

in brain activity that accompany such accuracy changes.  My first experiment was  

focused on the encoding task assigned to subjects. This study was published in 2006 and 

is thus included as Appendix A, but is summarized just below, followed by synopses of 

the other two experiments.    
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Prefrontal engagement during source memory retrieval depends on the prior 

encoding task 

One of the hypotheses for the functional role of PFC in source memory is that 

PFC is specialized in retrieving source or any “contextual” information.  But this requires 

a definition of what constitutes “context” or “source”.  In a critical study, Glisky, Rubin, 

& Davidson (2001) reversed the typical item-source assignment by pairing 2 sentences 

with 12 different voices (as opposed to 2 voices speaking 12 sentences), with an encoding 

task focusing on voices.  Subjects were required to simply recognize voices (item test) or 

recognize which of the two sentences had been spoken by a voice (source test).  Even 

though sentences did not fit the conventional definition of “source” information, each of 

the two sentences was paired with multiple voices on the study list and thus conformed to 

the operational definition of a source feature.  As expected, older adults with lower 

frontal functions were disproportionately impaired on the source test but not on the item 

test.  The results suggest that PFC is engaged in retrieving attribute conjunctions, not 

particular types of information.   

My initial curiosity about source memory came from the observation that the 

encoding tasks in source memory studies were often more in line with the demand of an 

item memory task but not the demand of a source memory task.  That is, subjects are 

frequently instructed to process the central items in a way that is useful for remembering 

these later, but are given little help in learning the relationship between item and source 

attributes.  Even in studies where the instruction is to simply remember item and source 

for a subsequent source memory test, subjects may still focus their attention on the 
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central items since the items often are more meaningful (such as words and pictures) than 

the associated source features (such as voices and colors).  A handful of studies have 

sought to boost source memory accuracy by directing the subjects’ attention to the source 

feature.  For example, Schacter, Osowiecki, Kaszniak, Kihlstrom, & Valdiserri (1994) 

focused their subjects’ attention either on the items (trivia facts) or the sources (faces) by 

two different encoding tasks but found no difference in source memory accuracy.  

Arguably, focusing on the source attributes alone is as ineffective as focusing on the 

items alone in terms of binding an item with its source, and it is exactly the conjunctions 

that are required in a later source memory test.  

 From the perspective of transfer-appropriate processing (TAP, Morris, Bransford, 

& Frank, 1977), the typical item-oriented encoding task would provide TAP for the 

subsequent item memory test, but would not be optimal for retrieving item-source 

conjunctions later.  What if subjects actually integrate item and source during encoding 

for a source memory test, increasing the overlap between encoding and retrieval 

processes?  Would such an encoding process improve source memory accuracy and make 

the test less demanding on PFC?  The present experiment addressed these issues. 

 To devise a meaningful integrative encoding task in the visual domain, I used 

colored line drawings of ordinary objects that have canonical colors associated with them, 

such as yellow bananas.  Specifically, subjects were asked to make a color congruity 

judgment (i.e. “Is this color good for the object depicted in the line drawing?”) to 

integrate each object with its presentation color.  In a separate session on another day, the 

same subjects performed an item-oriented task by making a size judgment on each item, 
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comparing the real-life size of the object depicted in a drawing with the computer 

monitor used for stimulus presentation (bigger or smaller).  At test, in both sessions, 

subjects were required to retrieve the object-color conjunction by making a three-way 

decision on each test item: new (unstudied), old-same (studied item with the same color 

as in the study phase), or old-different (studied item with a different color from the study 

phase).  From this recognition test, we calculated accuracy of memory for objects 

regardless of color (item memory, proportion of correct old/new decisions regardless of 

color judgment), and accuracy of memory for object-color conjunctions (source memory, 

proportion of correct color recognition among all studied items judged as “old”).  Both 

memory measures have a chance level of 50%. 

 Each of the two sessions consisted of seven study-test cycles.  During each study 

phase, a list of 16 items was presented, half in congruent colors (e.g. yellow banana) and 

half in incongruent colors (e.g. blue stop-sign).  At test, 16 new items (also split in half in 

terms of color congruity) were intermixed with the 16 studied items, including eight 

items in the same colors as in the study phase and eight items switched either from 

congruent to incongruent colors or vice versa.  Across subjects, each of the 448 line 

drawings used in the study was equally likely to occur in the size-judgment or color 

congruity judgment session, and appeared in all of the following conditions: studied item 

with the same congruent color from study to test, studied item with the same incongruent 

color from study to test, studied item switching from congruent to incongruent colors 

from study to test, studied item switching from incongruent to congruent colors from 

study to test, new item in a congruent color, or new item in an incongruent color.  No 
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drawing was studied more than once by an individual subject.  Session order and 

response hand assignment were counterbalanced across the 24 subjects. 

 Behaviorally, the integrative encoding task significantly improved source memory 

accuracy but had no effect on item memory accuracy (although item memory accuracy 

was very good after both encoding tasks).  Furthermore, item memory and source 

memory accuracies were significantly correlated only after integrative encoding, 

suggesting that item retrieval and source retrieval then depended on largely the same 

processes.  These findings confirmed that the integrative task promoted stronger bonds 

between objects and their depicted colors. 

 In the ERPs, an early old/new effect reflecting item recognition was evident after 

both encoding tasks.  Starting around 200 ms after stimulus onset, studied items elicited 

more positive ERPs than new items all over the scalp, tapering off after 800 ms.  In 

contrast, a late positivity to studied items started around 700 ms only at the prefrontal 

scalp sites and only after item-oriented encoding.  The integrative encoding task 

completely eliminated this late frontal effect, confirming our hypothesis that PFC would 

no longer be engaged to the same extent when item-source conjunctions had been well 

formed.  Critically, the differential prefrontal brain activity after the two encoding tasks 

was produced by studied items; ERPs during correct rejection trials were identical in the 

two sessions.  This was consistent with the idea that the encoding task manipulation had 

modified what was stored in memory, thus encouraging distinct retrieval processes for 

studied items alone.   
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 Interpreted within the framework of TAP, the integrative encoding task (color 

congruity judgment) encouraged processing of object shape and color information, 

making it relatively easy to retrieve objects alone or object-color conjunctions later.  The 

item-oriented encoding task (size judgment), on the other hand, involved object shape 

and size information, meeting the demand of retrieving objects alone but not the demand 

of retrieving object-color conjunctions.  It was such mismatch between encoding and 

retrieval processes that necessitated the PFC engagement in the source memory test after 

the item-oriented encoding task.   

 Although a large number of studies using both ERP and hemodynamic imaging 

methods have confirmed that conjunction (or source) memory tests preferentially engage 

prefrontal cortex (Dobbins et al., 2002; Johansson et al., 2002; Johnson, Kounios, & 

Nolde, 1997; Ranganath & Paller, 2000; Raye et al., 2000; Senkfor, 2002; Rugg et al., 

1999; Senkfor & Van Petten, 1998; Trott et al., 1997; Van Petten et al., 2000; Wilding et 

al., 1995), our results in this experiment indicate that this need not be so.  Instead, the 

results show that the role of prefrontal cortex in these tasks is to aid in the recovery of 

weakly-encoded relationships.  The present results, along with recent behavioral studies 

demonstrating the impact of integrative encoding operations (Glisky et al., 2001; Thaiss 

& Petrides, 2003), argue that there may be no intrinsic relationship between the retrieval 

of attribute conjunctions and prefrontal cortex.   Instead, PFC functions according to the 

demand of memory retrieval determined by the prior encoding task. 
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The role of feature overlap in source memory accuracy and brain electrical activity 

Chapter 2 describes an experiment that manipulated the quantitative relationship 

between the features designated as “item” and “source”.   In the existing literature, source 

memory has been conventionally studied with a small number of source attributes, each 

of which is paired with multiple items during the study phase of an experiment.  My 

initial experiment (Appendix A) followed this convention in that each line drawing was 

studied only once, but each color occurred in many different drawings.  Chapter 2’s 

experiment uses an extreme version of a many-to-one mapping in which there are only 

two colors, to a drawing-color mapping that was one-to-one within each study block, the 

first such comparison to be conducted. The results highlighted one important aspect of 

the recognition format adopted in many different types of memory tests to show that 

subjects may employ distinct strategies or processes for test items that are identical to the 

original stimuli and those that differ in some respect to the original stimuli.  Furthermore, 

such use of flexible strategy appears to depend on its potential effectiveness as 

determined by the item-source mapping relations. 

 

Perceptual difficulty in source memory encoding and retrieval 

A third ERP experiment focusing on the perceptual organization of separate 

attributes is described in Chapter 3.  Although some sorts of attribute conjunctions are 

easier to remember than others, the role of source retrieval difficulty on prefrontal 

activity has received little attention.  I examined memory for conjunctions of object shape 

and color when color was an integral part of the depicted object, and when monochrome 
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objects were surrounded by colored frames.  Source accuracy was reliably worse when 

shape and color were spatially separated, but prefrontal activity did not vary across the 

object-color and frame-color conditions. The insensitivity of prefrontal ERPs to this 

perceptual manipulation of difficulty stands in contrast to their sensitivity to encoding 

task: deliberate voluntary effort to integrate objects and colors during encoding reduced 

prefrontal activity during retrieval, but perceptual organization of stimuli did not. 

However, amplitudes of ERPs over parietal cortex were larger for frame-color than 

object-color stimuli during both study and test phases of the memory task.  Individual 

variability in parietal ERPs was strongly correlated with memory accuracy.  This latter 

result is interpreted as a reflection of visual working memory, and its contribution of to 

long-term memory.   
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II.  
 
 

THE ROLE OF FEATURE OVERLAP IN SOURCE MEMORY ACCURACY 
AND BRAIN ELECTRICAL ACTIVITY 
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Abstract 

In associative memory tasks, poor memory performance has long been observed when 

the to-be-retained stimuli share elements with other studied stimuli, as in proactive and 

retroactive interference paradigms and in the “fan effect”.  I examined the impact of 

feature overlap on source recognition by varying the quantitative mapping between two 

features, namely, the shape and color of an object depicted in a drawing.  Subjects studied 

16 objects in 16 different colors in a one-to-one mapping condition, and 16 objects in 

only 2 colors in a many-to-one mapping condition. Test-phase stimuli were judged as 

“old same” (studied object in the original color), “old different” (recombinations of 

objects and colors), or “new”.  Higher accuracy for old-same than old-different trials was 

dependent on especially familiar source attributes in the many-to-one mapping condition, 

but  overall accuracy was not influenced by feature overlap.  Event-related brain 

potentials showed two frontal processes supporting source retrieval: an early 

differentiation between old-same and old-different trials observed only with unique 

object-color pairings, and a later effect reflecting prolonged memory search that was 

truncated by reinstating unique object-color pairings at test.   
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Introduction 

 Source memory is frequently defined as memory for the context in which a core 

stimulus, or “item” occurred.  Even casual thought indicates that such memory can only 

be achieved via encoding, retrieval, and verification of conjunctions of simpler features 

or attributes that comprise events (Johnson, 2005).  For instance, the classic source 

memory problem of recalling who conveyed a fact might be solved by remembering a 

conjunction between the fact and a specific voice, or face, or perhaps a spatial location in 

which one typically encounters a specific person.  Similarly, that subset of source 

memory problems called “reality monitoring” – remembering whether a task was 

performed, merely planned, or observed – can be solved by remembering the relationship 

between the task-related stimuli and features that are likely to discriminate between self-

performed, imagined, and observed actions (such as tactile feedback from handling an 

object, etc., see Senkfor, in press; Senkfor, Van Petten, & Kutas, 2002).  Adopting this 

perspective on what constitutes “source memory” creates a continuity between a fairly 

recent source memory literature and an older and still thriving literature on “associative 

memory”.   

 Previous experimental findings in our lab have suggested that one distinction 

between source and associative memory paradigms as carried out in the laboratory is the 

mapping between features: one-to-one in typical associative memory tasks versus many-

to-one in typical source memory tasks (Van Petten, Luka, Rubin, & Ryan, 2002).  

Although the concept of source memory does not intrinsically imply a certain type of 

mapping relation between features, the majority of source memory studies have been 
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conducted with a very small set of attributes in one dimension paired with a much larger 

set of attributes in another dimension, such as a study list of thirty words divided between 

two voices, or a similarly large set of words divided between two tasks during the study 

phase of an experiment.  A priori, it is sometimes debatable which aspect of an event 

constitutes the “source”, such that this many-to-one mapping scheme has evolved into a 

defining characteristic for which is labeled “source” versus “item” – namely that the 

attribute shared among many stimuli is considered the “source” (such as a voice), and the 

unique attributes (such as word identity) are the “items”. At least one recent study 

provides empirical support for this definition, as older adults with a particular 

neuropsychological profile performed poorly in remembering voice/sentence 

conjunctions regardless of whether many sentences were paired with two voices – a 

conventional sort of mapping for a source memory experiment -- or many voices were 

paired with two sentences (Glisky, Rubin, & Davidson, 2001).  

 Some empirical results show that increasing the qualitative similarity between 

stimuli makes source discriminations more difficult. For instance, Henkel and Franklin 

(1998) observed that the ability to discriminate between perceived and imagined pictures 

was lower when perceived and imagined items were perceptually or conceptually similar 

than when they were dissimilar.  In contrast, the quantitative impact of feature mapping 

has received little empirical attention in the source memory literature. The present study 

manipulates the numerical relationship between source and item attributes to evaluate the 

impact of feature overlap on memory accuracy, and on brain activity during both 

encoding and retrieval of conjunctions. In a one-to-one mapping condition, participants 
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studied line drawings of sixteen different objects, each presented in a unique color, before 

a recognition test that required judging the conjunction of color and object as “old same” 

(studied object in the same color as originally studied), “old different” (recombination of 

studied object and studied color), or “new” (new object in one of the studied colors).  In a 

many-to-one mapping condition, participants also studied sixteen objects, but paired with 

only two colors for a one-to-eight ratio, as illustrated in Figure 2.1. Lower accuracy and 

stronger engagement of prefrontal cortex in the test phase of the many-to-one condition 

were predicted.   Below, I briefly review feature-overlap manipulations in the associative 

memory literature using behavioral measures, and prior studies of brain activity during 

source memory tasks that motivated these predictions (neither of which was upheld in its 

simplest form).  
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Figure 2.1 Illustration of object-color mapping schemes in a sample study list from the 
one-to-one and many-to-one mapping conditions.  The assignment of objects to mapping 
conditions was rotated across participants, so that the two study lists shown here would 
have been assigned to different participants.   
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Memory interference due to feature overlap 

 Decrements in memory performance have long been observed when the to-be-

retained stimuli share elements.  In classic investigations of memory for word pairs, the 

shared elements are individual words, such that having studied a set of “A-B” pairings 

produces proactive interference (PI) for a subsequently studied list of “A-C” pairings, and 

retroactive interference (RI) if memory for the “A-B” list is tested instead (e.g., Bugelski, 

1942; Osgood, 1946; Young, 1955; see Slamecka & Ceraso, 1960 for review).   Other 

early work showed that recall of word lists also suffers from prior or subsequent study of 

lists that share only semantic attributes rather than words per se (McGeoch & McDonald, 

1931). 

 PI and RI effects in paired-associate studies are primarily evident in recall and 

cued-recall tests, and have been attributed to learning/retention failure, response 

competition, or both depending on the specifics of the experimental design (Ceraso, 1964; 

McGeoch & Underwood, 1943; Melton & von Lackum, 1941). Some RI studies using 

recognition tests suggest that depressed performance from overlapping study material 

may be largely due to an increased willingness to endorse the interfering material as 

studied, as opposed to any weakening of the studied association.   In a forced-choice 

recognition test for the second word of AB pairs, participants may choose the incorrect 

“C” option if they had also studied AC pairs in a subsequent list.  However, if the 

interfering “C” option does not occur among the recognition choices, participants 

exposed to the AC list are no less likely to choose the correct “B” option than other 

participants who were not exposed to the interfering material (R.C. Anderson & Watts, 
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1971; Chandler & Gargano, 1998; Postman & Stark, 1969). The mechanism of 

interference from overlapping but incorrect options at test has been variously called 

“response competition” and “blocking” by different authors, but these share the idea that 

familiar material is likely to be endorsed in a recognition test, or to be an especially 

available response during a recall test.    The paired-associate interference literature is, 

however, not perfectly consistent.   There is at least one report of retroactive interference 

from the study of overlapping pairs even in a forced-choice recognition test which lacks 

the interfering response option (Chandler, 1993).  

 Single-stimulus recognition tests are notably lacking in the traditional interference 

paradigms using paired associates, but are the dominant test format for another paradigm 

designed to investigate feature overlap.  J.R. Anderson (1974) studied retrieval of 

associations from long-term memory with sentences consisting of a person element and a 

location element like “A hippie is in the park”.  The number of persons associated with a 

location and the number of locations associated with a person was manipulated through 

such propositional sentences.  After learning a set of sentences to criterion, participants 

performed a speeded yes/no recognition judgment on studied sentences (targets) and 

those with recombinations of persons and locations (foils). Memory decisions became 

slower as the number of associations with the person or location element in a test 

sentence increased, that is, retrieval involving a high fan took longer than that involving a 

low fan.  The fan effect has been extensively replicated with both verbal and pictorial 

stimuli (Heil, Rosler, & Henninghausen, 1994; King & Anderson, 1976; Mosher, 1979; 

Radvansky, 1999; Stopher & Kirsner, 1981).  In J.R. Anderson and Reder’s (1999) ACT-
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R model, longer RTs to accept targets in high fan conditions are attributed to weaker 

activation spreading from the test item to a memory trace, because activation is diluted 

across the multiple links between each element of a test item and the many memories that 

share that element.  The time required to reject a foil is similarly prolonged because “no” 

decisions are based on remembering the partially-matching memory traces, which are 

more numerous with a higher fan.   

 The fan paradigm has a strong formal similarity to source memory experiments 

using a single-stimulus recognition format, which typically have a low fan for the item 

attribute (e.g., a word or a picture presented only once during the study phase) and a 

larger fan for the source attribute (e.g., a voice or a color paired with many different 

words or pictures in the study phase).  In this parallel, old-same trials at test are like the 

targets whereas old-different trials are like the foils in a fan experiment (although new 

trials composed of an unstudied item with a studied source have no correlate to the fan 

paradigm). The mapping manipulation of the current experiment is thus akin to a fan 

manipulation, with a one/one ratio of objects to colors (no fan) implemented in the one-

to-one mapping condition, and an eight/one ratio (high color fan) implemented in the 

many-to-one mapping condition.  This parallel predicts longer reaction times for both 

old-same and old-different trials in the many-to-one mapping condition. 

 In contrast to the focus of most episodic memory experiments, accuracy measures 

are de-emphasized in studies of the fan effect.  Instead, participants receive intensive 

training with the materials prior to the test phase to ensure high accuracy, and indeed data 

from participants with error rates exceeding some criterion may be excluded (Radvansky 
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& Zacks, 1991).  To the extent that they are reported, both hit rates for target items and 

correct rejection rates for foils tend to decrease as fan size increases (e.g., J.R. Anderson 

& Reder, 1999; Radvansky, Spieler, & Zacks, 1993).  Our suggested parallel between fan 

and source recognition paradigms would thus predict lower accuracies in the many-to-

one as compared to the one-to-one mapping condition of the current experiment.  Some 

support for this prediction arises from a paired-associate experiment from our laboratory 

(Van Petten et al., 2002).  In this prior experiment, participants studied pairs comprised of 

words presented only a single time, intermixed with pairs containing recurring words (i.e., 

“lantern-motel”, “tavern-pancake” etc, together with “tower-pie”, “puppet-pie”, “drill 

wreath”, “bee-wreath” and other pairs with the two recurring words).   At test, they were 

asked to endorse pairs they had studied, and to reject recombined pairs (such as “lantern-

pancake” and “tower-wreath”).  Accuracies were generally lower for the pairs containing 

a recurring word.  However, in contrast to the fan paradigm, the impact of recurring 

words had an asymmetric impact on hit rate and correct rejection (CR) rate. The overall 

accuracy effect  was due solely to a decrease in the CR rate – participants were more 

likely to erroneously accept recombined pairs that contained an overlapping, frequently-

repeated element, but slightly (nonsignificantly) more likely to correctly accept studied 

pairs with a frequent element.  

 The opposing impact of familiar elements on accuracy for studied combinations 

and re-pairings of studied attributes has also received explicit attention from Dodson and 

Shimamura (2000).  They used a word-voice source recognition paradigm with the 

standard old-same (studied) and old-different (recombination) trials, and obtained a result 
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we have also reported:  higher accuracy for old-same than old-different trials 

(same/different effect; Kuo & Van Petten, 2006—Appendix A; Senkfor & Van Petten, 

1998;  see Fraser, Herron, & Wilding, submitted; Palmeri, Goldinger, & Pisoni, 1993; 

Wilding, Doyle, & Rugg, 1995 for other instances of the same result).  By adding a 

neutral third condition with an unstudied source attribute – a studied word presented in a 

third voice that was new at test, or visually – Dodson and Shimamura were able to show 

that the same/different effect arose from the familiarity of the source attribute.  In other 

words, hearing a studied voice and a studied word during the test phase pushed 

participants to endorse the word-voice combination as studied, raising the observed 

accuracy on old-same trials but depressing it for old-different trials as compared to the 

neutral trials. These opposing influences were symmetrical, such that accuracy averaged 

across old-same and old-different trials was the same as for the neutral condition.  The 

observed impact of familiar elements during the test phase in this study is thus more 

compatible with the “response competition” or “blocking” ideas proposed to account for 

retroactive interference in paired-associate experiments (R.C. Anderson & Watts, 1971; 

Chandler & Gargano, 1998) than to the ACT-R account of the fan effect in which feature 

overlap has a negative influence on all trial types (Anderson & Reder, 1999). Dodson and 

Shimamura (2000) did not, however, evaluate reaction times, which have been a central 

focus of fan experiments.  

 This review has briefly described a variety of paradigms with substantial variation 

in study procedures, including: 1) whether material is learned to criterion before the test 

phase or if accuracy is instead a critical dependent measure (fan paradigms versus both 
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paired-associate and source memory paradigms, respectively), and 2) whether stimuli 

with shared elements are intermixed, or presented with a temporal separation (fan 

experiments, source memory experiments, and the paired-associate experiment of Van 

Petten et al, 2002 versus traditional PI and RI paired-associate experiments, respectively).  

The paradigms also differ in whether the test format calls for a decision on a single 

stimulus or a forced choice between options.   Finally, I should note a more global 

difference between paired-associate and source memory paradigms, which is whether the 

separable elements of a conjunctive stimulus are drawn from the same domain (e.g., two 

words as in paired-associate and fan paradigms) or are qualitatively distinct (e.g., a word 

and a voice, or the shape and the color of a drawing) as is typical of source memory 

paradigms.  Despite their substantial differences, these separate strands of memory 

research share a common question of how relationships between separable elements of a 

stimulus are retrieved from memory, and the impact of overlapping 

elements/features/attributes on our ability to retrieve or identify a particular conjunction 

as previously experienced.  The separate strands do not, however, converge to a single 

prediction regarding the mapping manipulation implemented here.  The similarity 

between our mapping manipulation and fan-size manipulations would suggest that 

decreasing the degree of overlap among trials via a one-to-one mapping – as compared to 

the many-to-one mapping more typical of source memory paradigms -- should result in 

higher source accuracy and faster reaction times. An experiment on memory for word 

pairs from our laboratory also suggests that unique associations between elements lead to 

higher accuracy than when some elements are shared across pairs (Van Petten et al., 
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2002).  In contrast, Dodson and Shimamura’s account of the same/different effect 

typically observed in source recognition tests would suggest that making a source 

attribute less familiar via only a single presentation during the study phase (in the one-to-

one mapping condition) might not increase accuracy overall, but only diminish the 

magnitude of the same/different effect.  

 

Prefrontal cortex and source memory retrieval 

The present study was also motivated by our continuing effort to understand the 

functional role of prefrontal cortex (PFC) in source memory tasks.  That PFC is both 

engaged by, and necessary for source memory is evident from multiple lines of evidence.  

Patients with damage to the frontal lobes are often disproportionately impaired in source 

memory tasks relative to item memory tasks (Janowsky, Shimamura, & Squire, 1989; 

Johnson, O’Connor, & Cantor, 1997), although this deficit can be alleviated by intensive 

study of the material to be tested (Swick, Senkfor, & Van Petten, 2006).   In healthy older 

adults and in children, source memory accuracy is correlated with neuropsychological 

measures thought to tap the integrity of prefrontal regions, but item recognition accuracy 

is not (Cycowicz, Friedman, Snodgrass, & Duff, 2001; Glisky, Polster, & Routhieaux, 

1995, Glisky et al., 2001; Henkel, Johnson, & De Leonardis, 1998). Hemodynamic 

imaging methods show greater prefrontal activity when participants attempt to remember 

conjunctions than when they make simple old/new recognition judgments (Dobbins, 

Foley, Schacter, & Wagner, 2002; Dobbins & Han, 2006; Raye, Johnson, & Mitchell, 

2000; Rugg, Fletcher, Chua, & Dolan, 1999; Slotnick, Moo, Segal, & Hart, 2003).    
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In event-related potential (ERP) studies, a larger prefrontal difference between 

studied and unstudied items is observed during conjunction/source memory tests than 

during simple recognition tests (Johansson, Stenberg, Lindgren, & Rosen, 2002; Johnson, 

Kounios, & Nolde, 1997; Ranganath & Paller, 2000; Senkfor & Van Petten, 1998; 

Senkfor, Van Petten, & Kutas, in press; Trott, Friedman, & Ritter, 1997; Van Petten, 

Senkfor, & Newberg, 2000). Because this enhanced prefrontal differentiation between 

studied and unstudied items begins substantially later than the spatially widespread 

difference between old and new items observed during both item and source memory 

tests, it indexes a source retrieval process that is triggered after item recognition has 

already occurred.  In our hands, the late prefrontal old/new effect has been insensitive to 

the success or failure of source retrieval, although more posterior brain potentials do 

differentiate between hit/hit and hit/miss trials, so that we have suggested that the 

prefrontal executive process in question is an extended search for the link between item 

and source attributes after both have been independently recognized (Kuo & Van Petten, 

2006—Appendix A; Senkfor & Van Petten, 1998; Senkfor et al., 2002; Van Petten et al., 

2000).  In the first experiment of this dissertation (see Appendix A- Kuo & Van Petten, 

2006—Appendix A), I have observed that an encoding task which promotes binding 

between attributes during the study phase – such as judging the semantic congruity 

between an object and its depicted color – leads to a substantial reduction in the 

amplitude of the late prefrontal old/new effect during the subsequent source test for 

object-color relationships (Kuo & Van Petten, 2006—Appendix A).   

 As compared to the many-to-one mapping condition, the one-to-one mapping 
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condition used here is designed to reduce interference.   Resolving or preventing 

interference is one mnemonic function that has been attributed to prefrontal cortex.  In 

the AB,AC paired-associate learning paradigm, patients with prefrontal damage have 

shown greater proactive interference during cued recall of the second list (Shimamura, 

Jurica, Mangels, Gershberg, & Knight, 1995).  In free recall of semantically-categorized 

lists, such patients were more likely to produce semantically-related intrusions from an 

earlier list when recalling a later list in one study (Baldo, Delis, Kramer, & Shimamura, 

2002), although not in a similar study (Turner, Cipolotti, Yousry, & Shallice, 2007).  A 

broad prediction of the present study was that the one-to-one mapping condition would 

produce smaller prefrontal potentials than the many-to-one condition, and that this 

mapping effect would be restricted to the studied drawings as the new drawings at test 

can be rejected without retrieval of the object-color conjunctions.  I reserve discussion of 

the relationship between interference and the search function proposed in our previous 

studies for the late prefrontal ERP effect until the Discussion.   
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Method 

Participants 

 Sixteen adults aged 18-37 (11 women, 5 men) were paid for their participation 

after offering informed consent.  All had normal color vision as assessed by the Ishihara 

plates, and none reported a history of neurological or psychiatric illness or current use of 

medications known to affect the central nervous system.  Data from three other 

individuals were excluded from analysis: one whose source accuracy was near chance in 

both the one-to-one and many-to-one mapping conditions (54% and 52%, respectively), 

one with an unacceptably high rate of eye movement artifacts in the 

electroencephalogram (over 90% of the trials), and one who did not return for the second 

session of the experiment.   

 

Materials 

  Stimuli were 448 line drawings of natural and artifactual objects.  The 

experimenters judged roughly half of the depicted objects as larger, in real life, than the 

computer monitor used to present them, and half as smaller than the monitor.  Drawings 

were presented on a black background on a CRT monitor, and averaged 4.4 by 2.6 

degrees of visual angle. 

Figure 2.1 shows a sample study list from each of the two mapping conditions.  

To create a one-to-one mapping, 16 different colors were assigned to the 16 drawings on 

each study list, 8 of which remained in the same colors from study to test (old-same trials) 

while the other 8 switched colors at test (old-different trials), such that old items were 
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distributed across the 16 colors at test (as were the 16 new items in each test block). For 

the many-to-one mapping, 2 colors (teal and pink) were each assigned to 8 different 

drawings on a study list.  At test, 4 teal and 4 pink drawings remained in the same colors 

while the rest switched either from teal to pink or vice versa.  The 16 new test drawings 

were split evenly between teal and pink. 

Across the 16 participants, all drawings rotated across the three trial types (old-

same, old-different, new) in the one-to-one and many-to-one mapping conditions, 

resulting in 16 different randomized stimulus lists.  For each participant, each drawing 

only appeared in one trial type in one condition.  Colors were assigned to the line 

drawings with the overall constraint that typical colors of the depicted objects (e.g. color 

yellow for bananas) were avoided.  Each mapping condition consisted of 7 study-test 

cycles with a study list of 16 drawings and a test list of 8 old-same, 8 old-different, and 

16 new trials.  Within each mapping condition, the same set of colors was used in all the 

study-test cycles with different drawings.  The mapping relation (one-to-one versus 

many-to-one) thus applies to the studied items within a single study-test cycle.   

 

Procedure 

 The experiment was conducted in two sessions of about two hours each.  Half the 

participants started with a study-test cycle in the one-to-one condition and half with a 

study-test cycle in the many-to-one condition.  The two mapping conditions then 

alternated throughout both sessions. 

 At study, participants compared the real-life size of each depicted object with the 
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size of the computer monitor in front of them, using the two index fingers to indicate 

“larger” or “smaller”.  At test, they made a three-way decision on each stimulus as “old 

and in the same color as study”, “old and in a different color than as studied”, or “new”.  

Old-same and old-different responses were indicated by the two index fingers and new 

responses by either the right or left middle finger.  Hand for old-same versus old-different 

was balanced across the two sessions for each participant; assignment of “new” to the 

old-same hand versus the old-different hand was rotated across participant1.  

 The first session began with a practice block (using a total of 32 drawings not 

used in the main experiment) consisting of two short study-test cycles (one for each of 

the two mapping conditions) to familiarize participants with the encoding task, the test 

format, and the procedure of alternating the two mapping conditions.  

 

Electrophysiological Recording 

 The electroencephalogram was recorded from 29 scalp sites, including 27 

standard locations: Seven spanning the midline of the scalp from prefrontal to occipital 

(Fpz, Fz, Fcz, Cz, Cpz, Pz, Oz), six lateral pairs closer to the midline (dorsal: Fp1, Fp2, 

F3, F4, Fc3, Fc4, C3, C4, P3, P4, O1, O2), and four lateral pairs farther from the midline 

(ventral: F7, F8, Ft7, Ft8, Tp7, Tp8, T5, T6).  Two additional lateral prefrontal electrodes 

(Fp5, Fp6) were placed 10% of the head circumference lateral to Fpz, and analyzed with 

the other far-lateral (“ventral” for labeling convenience) pairs.  An electrode below the 

right eye (referenced to the left mastoid, as were the scalp sites) was used to detect blinks 

and vertical eye movements. A pair of electrodes at the external canthi of the two eyes 
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were used to detect horizontal eye movements.   Amplifier bandpass was .01 to 100 Hz; 

sampling rate was 250 Hz, and gain was 50,000.  Trials contaminated by blink, eye 

movement, or amplifier saturation artifacts were rejected prior to averaging the trials into 

ERPs. After averaging, ERPs were re-referenced to an average of the right and left 

mastoids. 

 

Measurements 

Source accuracy was computed as correct “same” and correct “different” 

judgments, divided by the total number of trials with correct “old” responses (chance = 

50%).  Item recognition accuracy was derived from the source memory test as the 

number of recognized old objects (“old” responses, regardless of the accuracy of the 

“same” or “different” aspect of the judgment) plus the number of rejected new objects, 

divided by the total number of trials (chance = 50%).  ERP analyses were based on trials 

with correct judgments only.   ERP measurements were mean amplitudes in latency 

windows based on prior studies (200-600 ms and 800-1200 ms, or on visual inspection of 

the data, relative to a 200 ms pre-stimulus baseline.  Initial analyses showed no 

differences between participants whose first study-test cycle was in the one-to-one versus 

many-to-one mapping condition, so that reported analyses collapse across this factor.    
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Results 

Accuracies and reaction times 

 Overall item memory accuracy was 95.1% in the one-to-one mapping condition 

and 95.3% in the many-to-one mapping condition.  An  ANOVA using mapping 

condition, and same/different as repeated measures for the “old” conditions showed no 

significant effects, nor was correct rejection rate influenced by mapping condition (94% 

in both cases).   

 Although the false alarm (FA) rate was low, the large number of trials resulted in 

average of about 14 FAs per participant, and these were examined to determine if 

participants showed a bias to respond “old same” or “old different”.  An ANOVA with 

mapping condition and response type as factors showed that “different” was the more 

likely response when making a false alarm to new items (9.8 trials versus 3.8 “same” 

responses, F(1,15) = 7.64, p < .02).  This tendency was slightly reduced in the many-to-

one mapping condition, leading to an interaction between mapping and same/different, 

F(1,15) = 5.45, p < .05, although the bias toward a “different” response remained 

marginally significant for the many-to-one condition, t(15) = 2.05, p = .06.  

 Table 2.1 shows source accuracies and RTs across conditions, which were 

analyzed via ANOVAs with mapping condition and same/different as repeated measures.  

Overall source accuracy level did not differ across mapping conditions, F < 1.5. 

Accuracy was generally higher for old-same than old-different trials, F(1,15) = 19.2,  p 

= .001, but this was qualified by an interaction with mapping condition, F(1,15) = 6.0,  p 

= .03.  Paired t-tests showed that the 16% advantage of old-same over old-different in the 
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many-to-one mapping condition was significant, t(15) = 5.73, p < .0001, while the 4% 

benefit in the one-to-one condition was not, t(15) = 1.00.  Other pair-wise comparisons 

showed that both the increased accuracy for old-same and the decreased accuracy for old-

different in the many-to-one mapping condition relative to the one-to-one condition were 

significant, t(15) = 2.14,  p < .05 and t(15) = 2.40,  p < .05, respectively.  Neither the 

same/different effect nor the interaction with mapping condition can be attributed to a 

pure response bias, as both the direction of the main effect (tendency to respond “same”), 

and the direction of  the interaction (larger same/different effect in the many-to-one 

condition) are opposite of those observed for false alarms. 

Reaction times showed a different pattern of results: generally slower responses in 

the many-to-one mapping condition as compared to the one-to-one, F(1,15) = 7.66,  p 

< .02, slower responses for old-different than old-same responses,  F(1,15) = 10.8,  p 

< .005, but no interaction between these factors, F < 1.  Reaction times for correct 

rejections were also somewhat slower in the many-to-one mapping condition (1118 ms) 

as compared to the one-to-one mapping (1082 ms), t(15) = 2.23, p < .05. 
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Table 2.1 Source memory accuracy and reaction time in the two mapping conditions 

 

Mapping Color   Accuracy (%)   RT (ms) 

Mean  SE  Mean  SE 

One-to-one Same  82.3  3.9  1226  51 

  Different 78.4  2.5  1317  56   

  Overall 80.4  2.6  1270  52 

 

Many-to-one Same  87.4  2.3  1276  71 

  Different 71.1  3.7  1377  61  

  Overall 79.2  2.8  1320  64 
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Event-related potentials 

 The study phase ERPs were indistinguishable between the two mapping 

conditions, as were the ERPs elicited by correct rejections during the test phase, as 

illustrated in Figure 2.2.  In the following, initial analyses collapse across the 

same/different factor to compare hits and correct rejections across mapping conditions, 

followed by comparisons between old-same and old-different trials.  
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Figure 2.2 Grand average ERPs from 16 subjects, comparing study-phase trials (left 
column) and unstudied objects at test that were correctly judged as new (right column) 
between the two mapping conditions.   Shown are midline scalp sites from most anterior 
(prefrontal) to most posterior (occipital).  Negative voltages are plotted upward, and the 
time range is from 200 ms prior to stimulus presentation to 1250 ms after, as shown in the 
calibration scale at bottom left. 
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Hits versus correct rejections 

 Overview.  Figure 2.3A shows the two ERP effects typical of source recognition 

tests.  More positive potentials are elicited by hits than correct rejections, beginning as 

early as 200 ms after stimulus onset for line drawings (Kuo & Van Petten, 2006—

Appendix A; Van Petten et al., 2000).  This early old/new effect is spatially widespread, 

but somewhat larger over central and parietal than frontal scalp, as seen in the top portion 

of Figure 2.3B.  Figure 2.3A shows that the early old/new effect was unaffected by the 

mapping manipulation, as expected.   Later in time, ERPs continue to distinguish studied 

and unstudied items, but primarily over prefrontal scalp (Figure 2.3B); this late prefrontal 

difference is also what has distinguished source memory tests from item memory tests in 

previous work. Figure 2.3A shows, however, that the late prefrontal effect was not 

obviously larger in the many-to-one mapping condition as initially hypothesized.  
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Figure 2.3 (A) Grand-average ERPs from 16 subjects during the source memory test in 
the two mapping conditions.  “Hit-hits” are trials in which studied objects were 
recognized as old and the source judgment about the object-color relationship was also 
correct (old/same and old/different trials collapsed).  “Correct rejections” are trials in 
which unstudied objects were recognized as new.  A left prefrontal scalp site (Fp5) and a 
left parietotemporal scalp site (Tp7) are shown.   (B) Topographic maps showing the 
spatial distribution of the differences between hit-hits and correct rejections in each 
mapping condition in two different latency windows.    
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200-600 ms.  As in our previous study using colored line drawings, the early 

old/new effect was quantified via mean amplitudes between 200-600 ms, and subjected to 

ANOVAs with factors of mapping, old vs. new, and a spatial factor reflecting anterior-to-

posterior (AP) scalp location, separately for the midline, dorsal, and ventral chains of 

electrodes (the latter two analyses included a fourth factor of left vs. right scalp location).  

The early old/new effect was robust in all three analyses, Fs(1, 15) > 64.9, ps < .0001.   

For both the dorsal and ventral chains, the early old/new effect was slightly larger on the 

left than right, old/new x hemisphere Fs(1, 15) > 5.50, ps < .05. The midline and dorsal 

analyses also yielded interactions between old/new and the AP spatial factor, reflecting 

the larger amplitudes of the effect at centroparietal than frontal or occipital scalp (midline, 

F(6,90) = 8.53, p < .01, ε = .38; dorsal,  F(5,75) = 5.71, p < .01, ε = .46).  Neither the 

main effect, nor any of the interactions involving the mapping factor were significant. 

 800-1200 ms.  As in our previous experiments, the late old/new effect was 

quantified by mean amplitudes between 800-1200 ms.  Figure 2.3B shows that the 

difference between hits and correct rejections was largely confined to anterior scalp in 

this time window. For the midline and dorsal electrode chains, the main effect of old vs. 

new was no longer significant as a main effect, but instead interacted with the AP factor 

(midline,  F(6,90) = 6.08, p < .01, ε = .28; dorsal, F(5,75) = 4.56, p < .05, ε = .27). The 

dorsal chain also showed a three-way interaction of old/new by AP by left/right, F(5,75) 

= 3.73, p < .02, ε = .65, reflecting a slight rightward asymmetry of the late prefrontal 

old/new effect.  Analyses of the late time window also yielded several interactions 

involving mapping condition. For the midline chain, these were a mapping by old/new 
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interaction, F(1,15) = 5.73, p < .05, and mapping by old/new by anterior-to-posterior, 

F(6,90) = 4.44, p < .01, ε = .45. For the ventral chain, this was a mapping by old/new by 

left/right interaction, F(1,15) = 5.63, p < .05.  Follow-up analyses considered two 

regions-of-interest that were able to summarize the memory effects of the previous 

experiment using similar material (Kuo & Van Petten, 2006—Appendix A): five 

frontopolar sites (Fp5, Fp1, Fpz, Fp2, Fp6) and five parietotemporal sites (Tp7, P3, Pz, 

P4, Tp8).  Neither region showed any significant effects involving the mapping 

manipulation. Figure 2.3B suggests that, instead, the primary impact of the mapping 

manipulation was on frontal scalp sites just posterior to the frontopolar ROI.  The effects 

of mapping condition all proved contingent on whether old test trials were identical to 

study (old-same) or had switched color (old-different), as described below.   

    

Old-same versus old-different trials 

 Frontocentral sites.  Figure 2.4 displays ERPs from all four conditions with 

correct source judgments, and shows an interaction between mapping condition and the 

color-change manipulation.   The old-different trials diverged from the old-same trials in 

the one-to-one mapping condition starting at 450 ms and continuing to the end of the 

recording epoch, but the same contrast was entirely absent in the many-to-one mapping 

condition.  From 450 to 800 ms, the same/different effect was small, and spatially 

restricted to frontocentral sites as seen in Figure 2.5.  Analysis of the 450-800 ms latency 

range for the nine frontocentral sites only (F3, Fz, F4,Fc3, Fcz, Fc4, C3, Cz, C4) thus 

yielded a marginal interaction between mapping condition and same/different, F(1,15) = 
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3.61, p = .08, although the same/different effect was significant for the one-to-one 

mapping,  F(1,15) = 5.28, p = .05, and not for the many-to-one mapping, F < 1.  During 

the later time window of 800-1200 ms, the same/different effect increased in magnitude 

and in spatial extent, as seen in Figure 2.5.  Analyses of this later time window yielded 

reliable interactions between mapping condition and same/different when all the scalp 

sites were included in the analyses: midline, F(1,15) = 4.67, p < .05; dorsal, F(1,15) = 

4.57, p < .05; and ventral, F(1,15) = 8.89, p < .01.  Same/different by left/right 

interactions in the analyses of the dorsal and ventral sites also indicate that the leftward 

asymmetry of the same/different effect seen in Figure 2.5 was reliable:  F(1,15) = 3.83, p 

=.07, and F(1,15) = 10.9, p < .005, respectively.  For all three electrode chains, follow-up 

analyses showed a significant same/different effect in the one-to-one mapping condition 

(Fs(1,15) > 8.48, ps < .01), but not in the many-to-one mapping condition. 
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Figure 2.4 Grand-average ERPs for correct old trials (hit-hits) at all scalp sites during the 
source memory test.  Scalp sites are arrayed from most anterior (Fp for prefrontal) at the 
top to most posterior (O for occipital) at the bottom; left to right on the page correspond 
to left to right on the scalp.
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Figure 2.5  Topographic maps showing the differences between old-same trials and old-
different trials from the one-to-one mapping condition.   
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 Frontopolar sites.  The initial differentiation (450-800 ms) between old-same 

and old-different trials evident at frontocentral sites was absent at frontopolar sites, even 

in the one-to-one mapping condition, F < 1.  Figure 2.5 shows that the same/different 

effect had a broader spatial distribution in the 800-1200 ms latency range.  In this later 

time range,  the five frontopolar sites showed a same/different effect in the one-to-one 

mapping condition, resulting in a mapping by same/different interaction, F(1, 15) = 4.21, 

p = .06 (one-to-one mapping only,  F(1, 15) = 6.21, p < .03; one-to-many mapping only, 

F < .5).  In contrast to the leftward asymmetry of the same/different effect at 

frontocentral sites, the late frontopolar effect was not significantly lateralized (one-to-one 

mapping condition only, F < 1).  The similar latency range of this frontopolar 

same/different effect and the late prefrontal old/new effect observed in the present and 

previous studies in our laboratory suggested that, in the one-to-one mapping condition, 

the PFC-mediated source retrieval operations performed on recognized old items were 

engaged more extensively by old-different trials than by old-same trials.  In fact, the old-

same trials did not differ from correct rejections in the one-to-one mapping condition (F 

< 1),  while the old-different trials elicited significantly more positive ERPs than did the 

correct rejections, F(1, 15) = 9.89, p < .01, as seen in Figure 2.6.  In other words, with 

one-to-one mapping, the late prefrontal old/new effect that differentiates source retrieval 

from item retrieval was only triggered by the old/different trials.   
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Figure 2.6  Grand-average ERPs from 16 subjects during source memory tests in the two 
mapping conditions.  Shown are the five frontopolar recording sites, arrayed from left to 
right as they are on the forehead.   
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Discussion 

 The current study examined the role of interference in source discriminations by 

altering the mapping between two features whose conjunction had to be encoded, 

maintained, and retrieved from memory.  In the one-to-one mapping condition, pairings 

between objects and colors were unique in the study phase; in the many-to-one mapping 

condition, eight objects were presented in each of two colors.   All of the dependent 

measures – accuracy, reaction time, and electrical brain activity – were influenced by the 

mapping manipulation, but the nature of this influence differed across measure, 

indicating that multiple processes were at work.  Below, I suggest that the event-related 

potentials recorded during memory retrieval reflected attempts to recover what was 

actually studied on the basis of the recognition cue provided, and that the utility of the 

cue depended on the mapping condition.  In contrast, the behavioral measures appeared 

to reflect decisional factors that had no clear correlate in the ERPs. 

 Reaction times were slower overall in the many-to-one mapping condition as 

compared to the one-to-one mapping condition, for all three varieties of correct response: 

old-same, old-different, and correct rejections.  This result is consistent with our analogy 

between the mapping manipulation and fan paradigms, which also yield slower responses 

as the number of associations for an attribute increases.  However, both the accuracy and 

ERP measures showed interactions between mapping condition and whether trials were 

identical to the study phase (old-same) or re-combinations of studied attributes (old-

different), a result that is not predicted by Anderson and Reder’s (1999) computational 

model of the fan effect.  Our mapping manipulation was blocked in order to maximize the 
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potential for interference during the many-to-one condition, whereas fan paradigms 

typically intermix high- and low-fan items, so that the parallel between the two 

paradigms may break down.  It is possible, for instance, that slowed decisions in the 

many-to-one mapping blocks reflected a more cautious response strategy in the face of 

greater perceived difficulty. 

 Overall source accuracy was not depressed in the condition with greater feature 

overlap between individual stimuli, indicating that the conjunctions between objects and 

colors were as well encoded in the many-to-one mapping condition as in the one-to-one 

condition. Study-phase ERPs for the two mapping conditions were also very similar 

(Figure 2.2), suggesting that only retrieval-phase operations were influenced by the 

amount of similarity among studied items.   

 The repeated presentation of two colors during the study (and test) phases led to 

an increased probability of responding “old-same” when viewing either one of those 

colors paired with a studied object at test (false alarms to new objects were instead 

dominated by “old-different” responses). The propensity to respond “old-same” during 

presentation of colors that were objectively very familiar led to a large accuracy 

differential between old-same and old-different trials, as observed by other investigators 

using a variety of materials (word/voice conjunctions: Dodson & Shimamura, 2000; 

Palmeri et al., 1993; word/color conjunctions: Fraser et al., submitted; word/modality 

conjunctions: Wilding et al., 1995).   Although overall accuracy remained constant, the 

same/different effect was nearly eliminated and no longer statistically reliable in the one-

to-one mapping condition in which individual source attributes (colors) were less familiar.  
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The generality of this dependence of the same/different effect on highly familiar source 

attributes is supported by a survey of experiments from our own lab, which have varied in 

the numerical mapping between items and sources.   Figure 2.7 shows that overall 

accuracy varies little across four experiments (the current study and three previously 

published), but that larger same/different effects emerge as items (words or drawings) are 

paired with a smaller number of source attributes (voices, locations or colors).    
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Figure 2.7  (A) Van Petten et al., 2000; (B) Kuo and Van Petten, 2006; (C) Senkfor and 
Van Petten, 1998; asterisks (*) indicate statistical significance of the same/different effect.   
In each experiment, we calculated the ratio for a single study phase.  As participants in all 
experiments underwent multiple study-test cycles, the total number of items sharing each 
source feature is larger in all cases when the entire experiment is considered.   

 



  
  
  
  
  60
  

 In their investigation of the same/different accuracy effect, Dodson and 

Shimamura (2000) were able to rule out a simple response bias account by inclusion of 

new source attributes at test.  The nature of the false alarms to new objects in the current 

results also argues against a stable bias to respond “old-same” when in error.  The lack of 

relationship between overall accuracy and the magnitude of the same/different effect 

observed here serves to rule out another plausible interpretation of this effect.  In all 

source recognition tests, there are undoubtedly some trials for which the source 

information was never encoded.  At test, recognition of the item attribute as old will force 

a participant to guess “old same” or “old different” when these are the only two response 

options for old trials.  One can imagine that, because the source attribute is also 

independently recognized as old (due to repeated study opportunities), the combination of 

two recognized features will suggest a response of “old same” on these guessing trials.  

This account would predict that the size of the same/different effect would increase as the 

proportion of guessing trials increases, i.e., that the same/different effect would be larger 

under conditions of low accuracy.   However, the current results, and their comparison to 

prior results in Figure 2.7, indicate that there is no such relationship between the 

same/different effect and overall accuracy.  

 An alternate account of the tendency to respond “old same” is that it is driven by 

the same sort of perceptual familiarity between studied stimuli and test cues that produces 

false alarms in other paradigms.  In simple old/new recognition tests for example, 

participants are more likely to endorse new words that share syllables with studied words, 

showing a modestly inflated false alarm rate to words like “lobster” if “lobby” had been 
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studied, and a larger false alarm rate if both “lobby” and “gangster” had been studied, 

both relative to the FA rate for dissimilar new items (Jones & Atchley, 2006; Jones & 

Jacoby, 2001; Rubin, Van Petten, Glisky, & Newberg, 1999).  The same phenomenon 

occurs with nonverbal material (Jones, Bartlett, & Wade, 2006).  The familiarity-driven 

process that produces these false alarms is distinct from the memory effects apparent in 

scalp recordings of electrical brain activity.  ERP measures instead show a robust 

differentiation between hits and false alarms that closely resembles the differentiation 

between hits and correct rejections, even when false alarms are accompanied by high 

confidence ratings (Rubin et al., 1999; Van Petten & Senkfor, 1996)3.  

 The current study provides a clear dissociation between the process that drives the 

same/different effect in source recognition accuracy and the memory processes evident in 

the event-related potential.  The many-to-one mapping condition that yielded a strong 

same/different effect for participants’ final decisions was accompanied by ERPs that 

were indistinguishable between old-same and old-different trials. In contrast, the retrieval 

phase of the one-to-one mapping condition showed two frontally-distributed ERP 

differences between the old-same and old-different trials, although the accuracies in these 

conditions were indistinguishable.   The results thus suggest that the drive to respond 

“old-same” when encountering very familiar source attributes reflects a type of false 

memory phenomenon, and that ERPs reflect primarily processes that lead to veridical 

retrieval together with executive processes engaged during attempted retrieval.   

 Below, I outline a sequence of cognitive-neural processes engaged during source 

recognition tests based on the three temporally distinct memory effects observed in the 
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current study: 1) a spatially widespread positive potential for studied as compared to 

unstudied objects (onset time ~200 ms); 2) a frontocentral differentiation between old-

same and old-different object-color pairs observed only in the one-to-one mapping 

condition (onset time ~450 ms); and 3) a later frontopolar positivity elicited by studied 

objects that also showed interactive influences of mapping condition and the 

same/different status of the object-color cues at test (measured in an 800-1200 ms time 

window).  The three effects will be discuss out of temporal sequence (1, 3, and then 2) 

because the earliest and latest effects are familiar from prior ERP studies, whereas the 

mid-latency frontocentral effect is a novel observation here.    

 The earliest memory effect observed in the ERPs -- beginning at ~200 ms after 

stimulus onset -- distinguished studied from unstudied drawings, but was insensitive to 

the mapping manipulation or to the same/different status of the object-color pairings 

(Figure 2.3A).  This early effect had a diffuse spatial distribution centered over central 

and parietal scalp sites, and closely resembles that seen in simple old/new recognition 

tests for line drawings and photos (Senkfor et al., in press; Van Petten et al., 2000).  The 

earliest old/new effect thus indexes simple recognition of the studied objects and colors, 

independent of their relationships.   

 The initial differentiation between studied and unstudied drawings was followed 

by a later-onset old/new effect that was largest at frontopolar sites (Figure 2.3B), as in 

other studies using a formally similar test format (Kuo & Van Petten, 2006—Appendix A; 

Senkfor & Van Petten, 1998; Van Petten et al., 2000).  We have previously argued that 

this frontopolar potential reflects a secondary memory search for the link between studied 
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attributes, which is typically less well-encoded than the individual attributes.  In the 

many-to-one mapping condition, this late prefrontal activity was identical for old-same 

and old-different trials, suggesting that reinstating the original object-color relationship at 

test was not beneficial when many objects shared the same color.  In other words, both 

sorts of retrieval cues in the many-to-one mapping condition were equally (in)effective at 

making contact with a stored memory, and required greater retrieval effort before a 

judgment could be made.  In contrast, this late prefrontal effect was absent when old-

same stimuli were re-presented in the one-to-one mapping condition; frontopolar activity 

on these trials instead closely resembled that elicited by new objects that did not require a 

source judgment (Figure 2.6).   With a more distinctive object-color mapping scheme, 

reinstating the original object-color pairings at test effectively terminated the late-onset 

PFC-mediated search process. 

 The idea that distinctive object-color pairings reduce the need for a prefrontally-

driven memory search is compatible with the results of my previous experiment using the 

same set of object drawings (Kuo & Van Petten, 2006—Appendix A).  In that experiment, 

object-color conjunctions were better encoded after a study task that meaningfully 

integrated object identity and depicted color (a color congruity judgment), compared to a 

study task oriented to object identity alone (size judgment, as here). The late frontopolar 

old/new effect was reduced after integrative study.   However, retrieval-phase ERPs to 

the old-same and old-different trials diverged only after integrative study, with the latter 

trial type eliciting larger frontopolar potentials, paralleling the same/different effect in the 

one-to-one mapping condition here.  The two sets of results converge to suggest that 
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reinstating a distinctive or well-learned conjunction at test reduces the need for extended 

memory search, and truncates the late frontopolar activity typically elicited by studied 

items in source memory tests.    

 A critical aspect of the account above is the assumption that participants retrieve 

more specific information from memory than strictly required to perform the assigned 

task.  In particular, the suggestion that participants engage in prolonged memory search 

during old-different trials – past the point at which the search has already terminated for 

old-same trials -- suggests that making an “old-different” decision does not immediately 

follow the failure to find a match in memory. This aspect of our account is similar to 

memory models that incorporate a “recall-to-reject” process for associative recognition 

(e.g., Humphreys, 1978; Rotello & Heit, 2000), and suggests that old-different trials may 

not be labeled as such until the studied color has been retrieved and determined to be 

different from the color of the test cue.   

 Evidence in favor of the idea that participants do not make an “old-different” 

decision until recovering the studied conjunction from memory comes from the 

observation of a fairly early differentiation between old-same and old-different trials in 

the one-to-one mapping condition.  In these test blocks with distinctive object-color 

pairings, old-different trials elicited more positive ERPs than old-same trials as early as 

450 ms after stimulus onset (Figures 2.4 and 2.5), although mean RT exceeded 1300 ms. 

This initial divergence between old-same and old-different trials had a left frontocentral 

scalp distribution which was distinct from the later, bilaterally symmetric, frontopolar 

effect, and has not been observed in previous studies using only many-to-one mappings.  
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Accurate same/different judgments were not contingent on this mid-latency effect, as 

overall accuracy was no higher in the one-to-one mapping condition than in the many-to-

one mapping condition for which old-same and old-different ERPs were indistinguishable.  

Instead, this initial divergence between old-same and old-different trials appeared to 

reflect a fairly early mismatch between the retrieval cue and stored memory in the one-to-

one mapping condition, but that this information was not used as basis for an “old-

different” decision until a more deliberate search of memory – reflected in the later 

frontopolar ERPs – led to retrieval of the studied conjunction4.   
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Notes 

1. This mapping between memory categories and motor responses differs from previous 

studies in our lab, which have always assigned “old-same” and “old-different” responses 

to fingers of one hand, and “new” to the opposite hand.  Based on the latencies of 

memory effects in the ERP, we have suggested that source recognition proceeds 

hierarchically: recognition of the two independent attributes, followed by retrieval of the 

link between them (Senkfor & Van Petten, 1998).  When combined with our more typical 

response assignment, initial recognition of the studied item and studied source attributes 

allows selection of the correct response hand, leaving finger selection to await retrieval of 

their relationship.  This sequence of events results in an extended readiness potential – an 

ERP component indexing motor preparation – which is thus larger for both varieties of 

studied item (old same and old different) as compared to new items for which a response 

can be executed without waiting for retrieval of the associated source attribute (See 

Appendix A- Kuo & Van Petten, 2006).  The response mapping assigned in the current 

experiment was designed to break the link between old/new discrimination and hand 

selection, and reduce the contribution of the readiness potential to observed old/new 

differences in the ERP.   

 

2.  Huhyn-Feldt correction for nonsphericity of variance.  Reported are the original 

degrees of freedom, the epsilon correction factor, and the corrected probability level. 

 

3.  It is important to note that the processes which drive an increased false alarm rate for 
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words that share syllables with studied words – which we suggest occur during retrieval 

only – are likely to be different from those that drive false alarms to conceptually related 

words in, for instance, the Deese-Roediger-McDermott paradigm.  One recent ERP study 

indicates that electrical brain activity during the study phase is predictive of subsequent 

false alarms when the false alarms are driven by semantic similarity (Urbach, Windmann, 

Payne, & Kutas, 2005), but no such study-phase effect was evident in our study of 

syllable-based false alarms (Rubin et al., 1999). 

 

4.  A related but different description of the mid-latency same/different effect is 

suggested by the similarity between its left frontocentral scalp distribution and a recent 

report of increased hemodynamic signal in the left precentral gyrus during a source 

memory test. Dobbins and Han (2006) intermixed trials calling for old/new (item) and 

source memory judgments during a single test block, and imposed a temporal separation 

between the test instructions on each trial and presentation of the stimuli.   A fairly large 

region of the left precentral gyrus exhibited increased signal for source instructions as 

compared to item instructions, whereas source-greater-than-item activity following 

stimulus presentation was found in other, dorsolateral and polar regions of the frontal 

lobe. This pattern of results suggests that posterior regions of the frontal lobe may show 

increased activity in mere preparation to perform source retrieval.  As applied to the 

current results, this idea would suggest that the larger frontocentral potential elicited by 

old-different trials in the one-to-one mapping reflected preparation for a more intensive 

search for source information that was not necessary on old-same trials that re-instated 
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the study phase exactly.  However, this latter account is a weaker fit to the present pattern 

of results, as it would predict a similarity between old-different trials in the one-to-one 

mapping condition and both types of trials in the many-to-one mapping, which also 

require extensive search.   
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III.  
 
 

PERCEPTUAL DIFFICULTY IN SOURCE MEMORY ENCODING AND 
RETRIEVAL: PREFRONTAL VERSUS PARIETAL ELECTRICAL BRAIN 

ACTIVITY  
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Abstract 

It is well established that source memory retrieval – remembering relationships between a 

core item and some additional attribute of an event – engages prefrontal cortex (PFC) 

more than simple item memory.  In event-related potentials (ERPs), this is manifest in a 

late-onset difference over PFC between studied items which mandate retrieval of a 

second attribute, and unstudied items which can be immediately rejected.  Although some 

sorts of attribute conjunctions are easier to remember than others, the role of source 

retrieval difficulty on prefrontal activity has received little attention.  I examined memory 

for conjunctions of object shape and color when color was an integral part of the depicted 

object, and when monochrome objects were surrounded by colored frames.  Source 

accuracy was reliably worse when shape and color were spatially separated, but 

prefrontal activity did not vary across the object-color and frame-color conditions. The 

insensitivity of prefrontal ERPs to this perceptual manipulation of difficulty stands in 

contrast to their sensitivity to encoding task: deliberate voluntary effort to integrate 

objects and colors during encoding reduced prefrontal activity during retrieval, but 

perceptual organization of stimuli did not.  The amplitudes of ERPs over parietal cortex 

were larger for frame-color than object-color stimuli during both study and test phases of 

the memory task.  Individual variability in parietal ERPs was strongly correlated with 

memory accuracy, which I suggest reflects a contribution of visual working memory to 

long-term memory.   
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Introduction 

Episodic memory is defined as inherently relational, or as Schacter and Tulving 

(1994, p. 28) put it, consisting of “multifeature representations in which numerous 

different kinds of information – spatial, temporal, contextual, and so forth – are bound 

together”.   However, different memory tests require retrieval of more or less information 

for successful performance.  At one extreme are old/new recognition tests that require 

only an assessment of whether a stimulus was presented sometime in the laboratory 

experiment.  In contrast, source memory tests are those that probe relational information 

more closely: what voice spoke a word, where was an object viewed, what color was a 

picture, was an action executed or only imagined, etc.  (Johnson, Hashtroudi, & Lindsay, 

1993). In these tests, memory for the core event – the word, object, or picture – is 

considered item memory, and source accuracy is defined by accurate retrieval of the 

additional information associated with that item.   Introspection suggests that the strength 

of the binding between different bits of information varies both within and across 

memories for individual events: we might remember the location of an event, but not the 

time, or the exact date of a conversation, but not the clothing of the participants, etc.  

Empirical results confirm that retrieval of multidimensional memories does not happen in 

an all-or-none fashion, but that some aspects of a single event can be remembered while 

others are not  (Dodson, Holland, & Shimamura, 1998; Light & Berger, 1976; Meiser & 

Bröder, 2002; Starns & Hicks, 2005;Vogt and Bröder, 2007)1. 

Demonstrations of the relative independence of different source attributes lead to 

a different question, namely, what determines which particular aspects of context will be 
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bound to the core event during encoding and meet with retrieval success later?  One clear 

answer to this question is provided by the principle of transfer-appropriate processing 

(Morris, Bransford, & Franks, 1977), that source accuracy will improve to the extent that 

the relevant relationships are processed during the study phase.  Light and Berger (1976) 

found that when subjects were instructed that they would be tested for their memory of 

words and their fonts, word/font conjunctions were better remembered than word/color 

conjunctions, and vice versa when subjects were instructed that the word/color 

relationships were critical.  Chalfonte and Johnson (1996) similarly found that intentional 

encoding of drawing/color relationships yielded higher source accuracy for this 

relationship as compared to instructions to learn the drawings alone.  In a previous 

experiment closely related to the current design, I have shown that the nature of the 

encoding task is important even under intentional encoding instructions (Appendix A- 

Kuo & Van Petten, 2006—Appendix A).  In that experiment, participants were always 

aware that the memory test would require judgments about drawings and their colors.  In 

one session, however, they performed an item-oriented study task of judging the real-life 

size of the objects depicted in the drawings, while in another session they performed an 

integrative encoding task of judging object/color relationships as good (red stop sign) or 

bad (blue apple).  The integrative encoding task produced no benefit for recognition of 

the objects as studied or unstudied, but boosted source accuracy for object-color 

relationships by some 14%.   
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Categorizing source attributes: the intra-item versus extra-item distinction 

Leaving aside the benefits of an appropriate encoding orientation, it has long been 

suspected that some sorts of source information might be easier to remember than others, 

and/or rely on different retrieval strategies, and/or rely on different brain circuits.  

Multiple schemes for categorizing varieties of source attributes have been proposed.  For 

instance, Johnson and colleagues suggested that internally- versus externally-generated 

information might be a natural division, one that makes it more difficult to discriminate 

two classes of perceptual information (as might arise in a test of deciding which of two 

experimenters spoke a word) than to discriminate a perceptual source from a self-

generated source (as might arise in test of deciding whether a word was spoken by an 

experimenter or one’s self; Hashtroudi, Johnson, & Chrosniak, 1989; Johnson et al., 

1993).  Moscovitch (1992) proposed a different fundamental division between 

“associative context” – aspects of an event that occur simultaneously and in the same 

location (e.g., perceptual source attributes) -- and “organizational context” derived from 

considering an event in relation to other events (e.g., temporal sequence).  A variety of 

data (briefly reviewed below) indicate that PFC plays a larger role in source memory tests 

than in episodic memory tests that do not focus on relational information (item memory 

tests). Moscovitch initially suggested that memory encoded by the hippocampal system 

can offer the multidimensional details of an individual event, but that prefrontal cortex 

must be engaged when a task necessitates organizing multiple events retrieved from the 

hippocampal system.  In later work, the associative/organizational dichotomy evolved to 

differentiate perceptual attributes from the spatial and temporal context of even a single 
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stimulus. The multiple perceptual attributes that make up a stimulus (e.g., shape and color) 

were hypothesized to be more tightly bound to each other than to (for instance) the 

location in which the stimulus was presented (Troyer, Winocur, Craik, & Moscovitch, 

1999).  This latter division echoed earlier suggestions that different encoding mechanisms 

promote memory for “intra-item” versus “extra-item” attributes (Geiselman & Bjork, 

1980; Smith, Glenberg, & Bjork, 1978).  Bjork and colleagues found that rote rehearsal 

selectively enhanced recognition of intra-item relationships (such as a word and a voice) 

but not extra-item attributes (such a word and the room where it was heard).     

The present experiment was designed to compare brain activity during the 

encoding and retrieval of intra-item versus extra-item source attributes.  A handful of 

studies have compared these two varieties of context, but their links to brain activity have 

been indirect.  Troyer and colleagues compared memory for the temporal order of words 

(extra-item) to memory for ink color (intra-item), and in a second experiment compared 

voice to spatial location.  In both studies, assigning a secondary task during the encoding 

and retrieval phases led to a greater accuracy impairment for the extra-item 

(spatiotemporal) source tests than for the intra-item source tests (Troyer et al., 1999; 

Troyer & Craik, 2000).  Given the premise that attentional control critically involves 

prefrontal cortex (PFC), these results were taken as support for Moscovitch’s (1992) 

suggestion that extra-item source memory is more demanding of PFC than intra-item 

source memory.   

A second sort of indirect link comes from comparisons between young and old 

adults.   Even healthy older adults show a disproportionate deficit in source memory tests 
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as compared to item tests,  and it has been argued that this deficit reflects a special 

vulnerability of PFC to aging (West, 1996, 2000).   In a meta-analysis of 46 studies, 

Spencer and Raz (1995) indeed observed a greater age-related deficit in spatiotemporal 

source memory compared to perceptual source memory.   This result might then argue 

that spatiotemporal source tests are more taxing of PFC than perceptual source tests. 

Experiments that include measures of brain activity have, to date, not addressed 

the intra-item versus extra-item distinction in source memory.   Instead, results from a 

variety of methods have consistently indicated that PFC is both strongly engaged by, and 

necessary for good performance in source memory tests under most circumstances.  The 

role of PFC in the temporal organization of memory was initially discovered through 

studies on patients with frontal lobe damage (Milner, Petrides, & Smith, 1988; Janowky, 

Shimamura, & Squire, 1989; see also Swick, Senkfor, & Van Petten, 2006 for a non-

temporal source test in frontal patients).  The relationship between PFC and 

spatiotemporal source memory was corroborated in healthy young adults via event-

related potentials (ERPs) in list-discrimination and spatial source tests (Dywan, 

Segalowitz, & Arsenault, 2002; Trott, Friedman, & Ritter, 1997; Van Petten, Senkfor, & 

Newberg, 2000).  On the other hand, a number of ERP studies have also demonstrated 

engagement of PFC during source tests that tap conjunctions of perceptual attributes that 

might be considered “intra-item”, such as word-voice and object-color pairings 

(Friedman, Cycowicz, & Bersick, 2005; Senkfor & Van Petten, 1998; Kuo & Van Petten, 

2006—Appendix A; Wilding, Doyle, & Rugg, 1995).  Finally, ERPs have also shown 

greater prefrontal engagement when judging what encoding task accompanied a studied 
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object than during old/new discriminations (Senkfor, Van Petten, & Kutas, in press; see 

also Johansson, Stenberg, Lindgren, & Rosen 2002; Wilding, 1999 for related findings). 

This last  variety of source memory test blurs the distinction between “intra-item” and 

“extra-item” attributes given that properties of an object determine the specifics of how 

an encoding task is carried out.  Functional magnetic resonance imaging (fMRI) results 

have similarly shown greater prefrontal activity in source tests than old/new recognition 

tests, when the source tests require spatial or temporal judgments (Hayes, Ryan, Schnyer, 

& Nadel, 2004; Rugg, Fletcher, Chua, & Dolan, 1999; Slotnick, Moo, Segal, & Hart, 

2003; Suzuki et al., 2002), perceptual judgments (Fan, Snodgrass, & Bilder, 2003; 

Ranganath, Heller, & Wilding, 2007; Ranganath, Johnson, & D’Esposito, 2000; Raye, 

Johnson, Mitchell, Nolde, & D’Esposito, 2000), and judgments about the encoding task 

that accompanied a stimulus (Dobbins, Foley, Schacter, & Wagner, 2002; Dobbins & 

Han, 2006; Dobbins, Rice, Wagner, & Schacter, 2003).  However, these observations of 

prefrontal activity across intra-item and extra-item source tests have little to say about the 

possibility that some varieties of source memory place greater demands on PFC than 

others. 

A single recent fMRI study includes a contrast between different source memory 

tests that might appear to bear on the intra-item versus extra-item distinction, although it 

was not designed for this purpose.  Mitchell and colleagues included trials requiring 

simple old/new discrimination, or a source discrimination about the format of a studied 

item (object name studied as a picture versus a word), or a source discrimination about 

the location of a studied item (on the left versus right side of the computer monitor).  
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Contrary to the predictions of the intra/extra hypothesis, the location test elicited less 

activity than the format test in most of the prefrontal regions reported, as well as in 

occipital and inferior temporal cortex (Mitchell, Johnson, Raye, & Greene, 2004). 

Accuracy also tended to be lower in the location than format test, and the authors 

suggested that location information was less salient and tended to more rapidly forgotten. 

The current experiment was designed to examine brain activity during the 

encoding and retrieval of intra-item versus extra-item conjunctions of visual attributes 

without the potential confounds that might arise from comparisons between 

fundamentally different attributes that might vary in their intrinsic memorability.   

Participants attempted to remember relationships between color and object identity 

(conveyed by shape) in two source tests: when color was an integral part of the object 

versus when it appeared outside the object, as illustrated in Figure 3.1. This manipulation 

has a long history in research performed by developmental psychologists and vision 

scientists, and has repeatedly led to the outcome of better immediate and long-term 

memory for color-shape relationships when the two are spatially unified (Ceraso, Kourtzi, 

& Ray, 1998; Hale & Piper, 1973; Spiker & Cantor, 1980; Walker & Cuthbert, 1998; 

Wilton, 1989).  Multiple permutations of the basic paradigm have led to widespread 

support for the “unitization” proposal of Asch, Ceraso, and Heimer (1960), or what has 

come to be called “object-based” perception: that individual features are more readily 

bound and retained when they appear to form part of a single object (see Luck & Vogel, 

1997 for confirmation in a working memory task). I therefore predicted lower accuracy in 

the source memory task of remembering object-color relationships when the stimuli 
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consist of monochrome objects surrounded by colored frames than when the objects are 

themselves colored.  At issue is whether the more difficult extra-item version of the task 

will also produce greater prefrontal activity. 
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Figure 3.1 Illustration of objects with integral colors (top panel) and frame colors 
(bottom panel).  The assignment of objects to one or the other stimulus condition was 
rotated across participants, so that the two sets of drawings shown here would have been 
assigned to different participants. 
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Event-related potentials in source memory tests 

ERP studies of source memory have used recognition tests in which (1) unstudied 

items are intermixed with (2) old items presented with the same source attribute as during 

the study phase (e.g., “dog” in Voice A, exactly as studied) and (3) old items paired with 

a source attribute that was also studied, but not in conjunction with that item (e.g., “dog” 

in Voice B, a recombination of a studied word and studied voice).  When participants are 

instructed to label the core items as only “old” or “new” , irrespective of the source 

attribute, recognized items elicit more positive ERPs than rejected new items beginning 

200 to 400 ms after stimulus onset (earlier for pictures, later for auditory words, 

intermediate for visual words).  This early old/new effect is spatially widespread, but 

maximal at centroparietal scalp sites, evident in incidental repetition paradigms as well as 

in explicit recognition tests, differentiates hits from false alarms and misses as well as 

correct rejections, and is substantially reduced or eliminated in amnesia due to medial 

temporal or diencephalic damage (Olichney et al., 2000; Van Petten & Senkfor, 1996). 

When participants are instead instructed to engage in a source recognition test that 

mandates judging the studied items as “old same” or “old different”, the early old/new 

effect is little changed, but is accompanied by a late-onset amplitude difference (~700 ms 

after stimulus onset) between studied and unstudied items that is maximal over prefrontal 

cortex (Ranganath & Paller, 2000; Senkfor & Van Petten, 1998; Van Petten et al., 2000).  

The late prefrontal old/new effect is also evident in cued-recall tests for which source 

attributes are not presented in the test-phase, as when participants attempt to remember 

what encoding task accompanied an item, judge which list an item occurred in, or make 
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voice judgments on visual test words (Dywan et al., 2002; Johansson et al., 2002; Senkfor 

et al., in press; Trott et al., 1997; Wilding, 1999; Wilding & Rugg, 1996).  The early 

old/new effect thus indexes successful item recognition while the later frontal component 

reflects PFC involvement in retrieval of source information in conjunction with the core 

item.  Because the late prefrontal effect has been insensitive to the success or failure of 

source retrieval success in our lab, we have characterized it as reflecting the process of an 

extended search for source information after an item has been identified as old, or careful 

examination of retrieved item-source conjunctions before making a final decision (Van 

Petten, Luka, Rubin, & Ryan, 2002).   

In a previous study, I showed that the prefrontal old/new effect was eliminated 

after an encoding task that was designed to encourage strong binding between two 

attributes, suggesting that PFC engagement was particularly associated with retrieving 

weaker conjunctions (Kuo & Van Petten, 2006—Appendix A).  The current study 

provides a complementary perspective on the same issue regarding binding strength and 

the role of PFC in source memory retrieval.  Instead of varying the assigned encoding 

task, the degree of feature integration is manipulated by varying the perceptual 

organization of the stimuli.  For both the object-color and frame-color conditions 

illustrated in Figure 3.1, participants performed an encoding task that does not 

particularly promote binding of the object and color attributes – judging the real-life size 

of the objects.  If PFC involvement in source memory retrieval is invariably modulated 

by the strength of attribute conjunctions during encoding, a larger frontal old/new effect 

should again be observed in the condition where objects and colors are more weakly 
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connected, in the frame condition.  Alternately, the perceptual organization offered by a 

stimulus may not act in the same manner as deliberate voluntary encoding operations.   

A second issue of some interest is whether it will be possible to observe the brain 

processes that act to integrate the objects and colors in the frame condition. A priori, this 

condition should be more demanding of visual attention and working memory, as the 

task-relevant elements are spatially separated and comprise two distinct “objects” (in the 

visual sense).  Encoding-phase differences between the object-color and frame-color 

conditions that are tied to later memory performance are thus evaluated.   
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Method 

Participants 

 Twenty-four adults (11 men, 13 women, age range 18-37 years) were paid for 

their participation.  All demonstrated normal color vision (assessed by the Ishihara plates) 

and reported no history of neurological or psychiatric disorder.  The project was approved 

by the University of Arizona Institutional Review Board, and subjects offered informed 

consent.  

 

Materials  

 Stimuli were 448 line drawings of natural and artifactual objects, each in a 

congruent and an incongruent color.  For the object-color condition, colored contours or 

blocks of color defined the object.  For the frame-color condition, black-and-white 

drawings were surrounded by colored frames, as shown in Figure 3.1.  Four versions of 

each line drawing were made: congruent object color, incongruent object color, 

congruent frame color, and incongruent frame color.  The same 13 colors, in the same 

proportions, were used to create the congruent (e.g., yellow banana, blue handicap sign) 

and incongruent (e.g.,  yellow handicap sign,  blue banana) versions of the drawings.   

 Across the 24 subjects, each object occurred equally often in each of the six test 

subconditions within both the object-color and frame-color conditions:  1) congruent 

color, new; 2) incongruent color, new; 3) congruent color, studied with congruent color; 4) 

congruent color, studied with incongruent color; 5) incongruent color, studied with 
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congruent color; 6) incongruent color, studied with incongruent color.  No object 

occurred in more than one trial type for any individual subject. 

Stimuli were presented on a CRT monitor, and averaged 4.4 by 2.6 degrees of 

visual angle in the object-color condition. Drawings were the same size in the frame-

color condition, but the addition of the frame resulted in an average size of 5.7 by 5.0 

degrees. The experimenters judged half of the depicted objects as larger, in real life,  than 

the computer monitor used to present them, and half as smaller than the monitor.  

 

Procedure  

 Each subject participated in two sessions conducted at least a day apart; the 

object-color condition was the first session for half the subjects and the frame-color 

condition was the first for the other half.   Each session with a single stimulus type 

(object-color or frame-color) comprised 7 study-test cycles, and began with a practice 

block of 16 drawings not used in the main experiment. In each study block, 16 drawings 

were presented individually for 500 ms, with a stimulus-onset-asynchrony of 4000 ms.  

Subjects performed a size judgment task of comparing the real-life size of the depicted 

object with the computer monitor in front of them.  Button presses with the right and left 

index fingers were used to indicate the object as “larger than the monitor” or “smaller 

than the monitor” (assignment of hands counterbalanced across subjects).  Three minutes 

after completion of a study block, 32 drawings were presented for test.   One-quarter of 

the test objects were unstudied and in a congruent color; one-quarter were unstudied and 

in an incongruent color; both of these conditions called for a response of “new”.  One 
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quarter of the test objects were presented in the same color as during the study phase 

(evenly divided between congruent and incongruent), and called for a response of “old 

same”.  One quarter of the test objects were presented in a different color as during the 

study phase (evenly divided between congruent and incongruent),  and called for a 

response of “old different”.  Old-same and old-different responses were indicated by the 

two index fingers and new responses by either the right or left middle finger.  Hand for 

old-same versus old-different was balanced across the two sessions for each participant; 

assignment of “new” to the old-same hand versus the old-different hand was rotated 

across participants  (see Kuo & Van Petten, 2006—Appendix A for a discussion on the 

effect of hand assignment on ERPs).  

 

Electrophysiological recording  

 The electroencephalogram was recorded from 29 scalp sites, including 27 

standard locations:  seven spanning the midline of the scalp from prefrontal to occipital 

(Fpz, Fz, Fcz, Cz, Cpz, Pz, Oz), six lateral pairs closer to the midline (dorsal sites: Fp1, 

Fp2, F3, F4, Fc3, Fc4, C3, C4, P3, P4, O1, O2), and four lateral pairs farther from the 

midline (ventral sites: F7, F8, Ft7, Ft8,Tp7,Tp8, T5, T6).  Two additional electrodes (far 

lateral prefrontal, Fp5, Fp6) were placed 10% of the head circumference lateral to Fpz. 

Electrodes below the right eye and at the external canthi of the two eyes were used to 

detect blinks and eye movements.   Amplifier bandpass was .01 to 100 Hz; sampling rate 

was 250 Hz, and gain was 50,000.  Trials contaminated by blink, eye movement, or 

 



  
  
  
  
  86
  

amplifier saturation artifacts were rejected prior to averaging the trials into ERPs for each 

condition. The ERPs were then referenced to an average of the right and left mastoids. 

 

Measurement and analyses   

 Source accuracy was computed as correct “same” and correct “different” 

judgments (hit-hits), divided by the total number of trials with correct “old” responses 

(chance = 50%).  Item recognition accuracy was computed as the number of recognized 

old objects (“old” responses, regardless of the accuracy of the “same” or “different” 

aspect of the judgment) plus rejected new objects (correct rejection, CR), divided by the 

total number of trials (chance = 50%).  ERP measurements were based on trials with 

correct judgments only, and consisted of mean amplitudes with respect to a 200 ms pre-

stimulus baseline.   Session order was entered as a between-subject factor in all analyses.  

When discussing session order effects, the groups are referred to as object-frame group 

(object-color first) and frame-object group (frame-color first).  Huynh-Feldt corrections 

for nonsphericity of variance were applied to all F-ratios with more than one degree of 

freedom in the numerator.   
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Results 

Behavior 

Study phase 

 For the size judgments performed during the study phase, ANOVAs used stimulus 

type (object- versus frame color) as a repeated measure and session order as a between-

subject factor.  The subjects’ size decisions matched those of the experimenters equally 

well in the object-color and the frame-color conditions, at 85.6% and 86.7%, respectively.  

Overall RT was marginally longer in the frame-color condition (1329 ms) than in the 

object-color condition (1283 ms), F(1, 22) = 3.31, p = .08.  Size decisions were faster in 

the second session than the first session (stimulus type by session order interaction), F(1, 

22) = 5.67, p < .05.  Followup tests showed that the speed-up across sessions was 

significant for the subgroup who received the object-color session second, t(11) = 2.64, p 

< .05, but not in the subgroup who received the frame-color session second,  t(11) = 0.46.  

This pattern of results reflects a practice effect for the second session, combined with 

generally faster RTs in the object- than frame-color condition.   

 

Item memory 

 Table 3.1 summarizes memory performance for all subjects; Table 3.2 shows data 

from the two sub-groups with different session orders. Accuracy and reaction time in the 

test phase were analyzed with ANOVAs taking stimulus type (object- vs. frame-color) 

and same/different (whether study and test colors were the same or not for a given item) 

as within-subject factors, and session order as between-subject factor.  Overall item 
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recognition accuracy (correctly recognizing studied items and rejecting unstudied items) 

did not differ between the object-color (96.6%) and frame-color (96.2%) conditions.  

Color change from study to test also had no impact on recognizing studied drawings. 
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 Table 3.1 Old/new recognition and source memory accuracy, and reaction time. 

 

 Old/new (%) Source memory (%)  RT (ms) 

  Mean (SE) Mean (SE)  Mean (SE) 

Object-color 

Old-same 97.8 (0.5) 84.8 (2.1)  1440 (53) 

Old-different 97.0 (0.5) 75.4 (2.5)  1499 (59) 

New  95.8 (0.8)   1127 (48) 

Frame-color 

Old-same 95.9 (0.6) 75.6 (2.5)  1590 (58) 

Old-different 96.6 (0.8) 69.2 (2.6)  1628 (61) 

New 95.7 (0.8)   1126 (47) 

 

 

 

Table 3.2 Behavioral results from the subgroups with different condition orders 

 

  Object-Frame group Frame-Object group 

  Source acc (%) RT (ms) Source acc (%) RT (ms) 

Object-color session 

Old-same 83.5 (3.0) 1516 (84) 86.1(3.0) 1363 (61) 

Old-different 68.4 (3.4) 1635 (83) 82.4 (2.2) 1364 (66) 

New   1218 (71)  1035 (55) 

Frame-color session 

Old-same 73.7 (3.8) 1634 (83) 77.5 (3.4) 1546 (81) 

Old-different 71.1 (3.7) 1636 (91) 67.2 (3.7) 1621 (84) 

New  1177 (75)   1075 (58) 
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Source memory   

 As predicted, conjunctions of objects and frame colors were remembered less 

accurately than conjunctions of objects and integral colors, 80.1% and 72.4%, 

respectively, yielding a main effect of stimulus type, F(1, 22) = 19.8, p < .0001.  The 

stimulus-type effect interacted with session order, F(1, 22) = 5.77, p < .05.  Followup 

tests showed that the difference in source memory accuracy was significant in the group 

that had the frame-color condition first, t(11) = 5.72, p < .0001, but not in the other 

subgroup, t(11) = 1.29.  This pattern of results indicates a general source memory 

advantage of object color over frame color, accompanied by a practice effect that boosted 

performance in the second session.  

 The practice effect could be further specified in relation to whether color was 

switched from study to test.  Overall, same-color trials elicited higher source memory 

accuracy than different-color trials, F(1, 22) = 10.4, p < .005, as in many source memory 

studies using a recognition format (Dodson & Shimamura, 2000; Fraser, Herron, & 

Wilding, submitted; Kuo & Van Petten, 2006—Appendix A;  Palmeri, Goldinger, & 

Pisoni, 1993; Senkfor & Van Petten, 1998; Wilding, Doyle, & Rugg, 1995).  But there 

was also a three-way interaction involving stimulus type, same/different, and session 

order, F(1, 22) = 7.28, p < .05.  Follow-up tests showed that, for both order groups, 

accuracy was vulnerable to color switch at test during their first sessions:  the object-

color session for the object-frame group, t(11) = 3.06, p < .02, and the frame-color 

session for the frame-object group, t(11) = 2.27,  p < .05. Color changes from study to 

test did not affect source accuracy in the second sessions for either group. In other words, 
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the practice effect consisted of better retrieval control during the second session in 

resisting the interference due to color switch.   

 Reaction times from hit-hits largely mirrored the accuracy data.  Source memory 

decisions were faster in the object condition than in the frame condition, F(1, 22) = 21.4, 

p < .0001.  Again, stimulus type interacted with session order, reflecting a speed-up 

across sessions,  F(1, 22) = 7.07, p < .05.  The response time advantage from object color 

was significant for the frame-object group, t(11) = 4.25, p = .001, but only marginally so 

for the object-frame group,  t(11) = 1.91, p = .08.  In contrast to accuracy, the 

same/different factor did not reach significance as a main effect or interaction.  RTs to 

correct rejections were nearly identical in the object-color and frame-color conditions 

(1127 and 1126 ms, respectively), although second-session responses were marginally 

faster than first session responses (1055 and 1198 ms, respectively), F(1,22) = 3.61, p 

= .07.  The practice effect was thus widespread, but the faster processing of object-color 

stimuli arose specifically from the process of retrieving  studied stimuli rather than from 

generally faster processing of objects with integral color.    

 

Event-related potentials 

Object color versus frame color: Study and test phases 

 The manipulation of intra-item versus extra-item attribute in this study 

necessitated the use of physically distinct stimuli in the two conditions, as seen in Figure 

3.1.  I began by comparing the ERPs elicited by object- and frame-color stimuli.  The 

ERPs were largely similar, with the exception of a more negative potential for the frame-
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color than object-color condition, evident from 200 to 500 ms after stimulus onset. Figure 

3.2 shows that the effect of stimulus type was evident in both the study and test phases of 

the experiment, and had a focal parietal scalp distribution.   

 The impact of stimulus type during the test phases was evaluated via ANOVAs 

taking session order, object vs. frame color, memory condition (hit-hits versus correct 

rejections), and a spatial factor reflecting anterior-to-posterior (AP) scalp location, 

separately for the midline, dorsal, and ventral chains of electrodes (the latter two analyses 

included a fourth factor of left vs. right scalp location).  There were no significant effects 

of stimulus type in the first 200 ms after stimulus onset, nor in latency windows after 500 

ms (500-800 ms, and 800-1200 ms).  In the 200-500 ms latency window, the parietal 

distribution of the object/frame effect led to a stimulus-type by anterior-posterior 

interaction for the midline sites, F(6,132) = 4.71, p = .01, ε = .38, and a trend toward such 

an interaction for the dorsal sites, F(5,110) = 2.97, p = .06, ε =.41. Followup analyses 

examined the parietal sites (Pz,P3,P4) where the stimulus-type effect was largest; these 

showed a robust effect overall, F(1,22) = 33.8, p < .0001, but also that the enhanced 

negativity for frame-color was larger in the participants for whom frame-color occurred 

in the second session (stimulus type by session order, F(1,22) = 5.73, p <.05).  Separate 

analyses showed that the stimulus-type effect was, however, significant in both sub-

groups (object-color first, F(1,11) = 25.4, p < .0005; frame-color first, F(1,11) = 8.65, p 

= .01).  

Analyses of the parietal ERPs during the study phases led to largely similar 

results: more negative ERPs overall for the frame-color stimuli as compared to the 
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object-color stimuli, F(1,22) = 16.8, p < .0005, accompanied by an interaction with 

session order, F(1,22) = 6.20, p < .02.  The stimulus-type effect during the study phase 

was significant only for those participants who had the frame-color stimuli in their 

second session, F(1,11) = 18.3, p < .002, and not for those who experienced frame-color 

first, F = 1.60.   
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Figure 3.2 (A) Grand-average ERPs from 24 subjects associated with study trials, hit-hits, 
and correct rejections at the midline parietal scalp site.  (B) Spline-interpolated 
topographic map showing the spatial distribution of the difference between ERPs elicited 
by stimuli with colored frames versus colored objects, in the 200-500 ms latency window.  
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The 200 ms onset of the stimulus-type effect is later than one might expect for an 

obligatory response to the physical difference between the object-color and frame-color 

stimuli, but consistent with an effortful process of attending to the spatially separated 

objects and colors in the frame-color condition.  Although source accuracy was globally 

worse for the frame-color than object-color stimuli, attentional binding of objects and 

colors could be expected to improve memory in the difficult frame-color condition.  I 

therefore examined whether the parietal potentials were correlated with source accuracy 

across individuals.  Within individuals, amplitudes across study trials, hit-hit trials, and 

correct-rejection trials, and across stimulus types were strongly correlated with one 

another (rs between .66 and .93, all ps < .001).  Regardless of trial type, individuals with 

more negative potentials had better memory performance, as seen in Table 3.3.   More 

critically, increased amplitudes in the frame-color session as compared to the object-color 

session were associated with smaller accuracy decrements in the frame-color session, r  =  

-.53, p < .01 (study and test trials collapsed),  as shown in Figure 3.3.  Overall, the frame-

color condition was more challenging for the task of remembering object-color 

conjunctions, but people who generated more negative parietal ERPs to frame-color 

stimuli were better able to tackle the challenge, resulting in a smaller accuracy drop for 

the frame-color condition as compared to the object-color condition.  
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Table 3.3  Correlations between parietal ERP amplitudes and source accuracy 

   Object-color session    Frame-color session 

   r =  p <    r =  p < 

Study trials  -.43  .05    -.50  .01 

Hit-hits  -.53  .01    -.54  .01 

Correct rejections -.61  .002    -.58  .005 

________________________________________________________________________ 

Note:  Pearson correlations between ERP mean amplitudes in the 200-500 ms latency 
range and source accuracy in the same session.   
 
 
 

 

Figure 3.3 Relationship between the ERP effect of object vs. frame color (shown in 
Figure 3.2) and the source accuracy difference between conditions.   Each dot represents 
one subject.  Three  parietal scalp sites (Pz, P3, P4) were averaged to obtain the ERP 
amplitude difference, calculated by subtracting the amplitudes in the frame-color 
condition from those in the object-color condition. 
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 For each subject, study phase trials were also divided into those that were 

associated with accurate responses during the subsequent test (subsequent hit-hits) versus 

those that led to inaccurate source judgments (subsequent hit-misses).  Sixteen 

participants had sufficient trials in the smaller categories associated with inaccurate 

responses to yield adequate ERPs (a minimum of 10 trials in every category, means of 70, 

20, 63, and 28 trials in the object-color hit-hit, object-color hit-miss, frame-color hit-hit, 

and frame-color hit-miss categories, respectively).  There were no detectable ERP 

differences between study phase trials that led to accurate versus inaccurate source 

judgments later.  Instead, the enhanced parietal negativity for frame-color over object-

color stimuli was present for stimuli that would later elicit accurate source judgments 

(F(1,15) = 7.19, p < .02) and for stimuli that would later elicit inaccurate judgments 

(F(1,15) = 4.80, p < .05).  This pattern of results indicates that the parietal negativity 

indexed a stable individual difference that was associated with better source memory, but 

not an encoding process that fluctuated from trial to trial within an individual.  In the 

Discussion, I suggest that this individual difference is in visual working memory, and that 

the results indicate a contribution of working memory to long-term memory.   

  

Test phase: Overview of memory effects 

 Figure 3.4 shows ERPs elicited by the studied (hit-hit) and unstudied (CR) stimuli 

in the object-color and frame-color conditions.  The right column displays the memory 

effects – difference waves for hit-hits minus correct rejections – and shows that these 

were broadly similar for the two stimulus-types. Starting at 200 ms, hit-hits elicited more 
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positive ERPs than correct rejections.  The initial phase of the old/new difference 

occupied a latency range of about 200 to 600 ms after stimulus onset; I refer to this initial 

effect as the early old/new effect, and measured it as mean amplitude in the 200-600 ms 

latency window as in our previous studies using line drawing stimuli (Kuo & Van Petten, 

2006—Appendix A; Van Petten, Senkfor, & Newberg, 2000).   As shown in Figure 3.5, 

the early old/new effect had a broad scalp distribution, but was maximal at central and 

parietal scalp.  The difference waves in the right column of Figure 3.4 show that the 

difference between hit-hits and correct rejections was prolonged over prefrontal cortex, 

so that a later time window of 800-1200 ms was dominated by the prefrontal effect 

(Figure 3.5).  Our previous studies show that the late prefrontal effect is most evident 

when subjects make source memory judgments, as opposed to simple old/new judgments 

(Senkfor & Van Petten, 1998; Senkfor, Van Petten, & Kutas, in press; Van Petten et al., 

2000).  The late prefrontal old/new effect was measured in an 800-1200 ms latency 

window, as in those previous studies.   Finally, the right column of Figure 3.4 shows an 

effect that is specific to the current experimental design, namely that the object-color 

condition resulted in a larger old/new effect at occipital sites than the frame-color 

condition, but only late in the epoch.  Analyses of these three effects are below.    
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Figure 3.4 Grand-average ERPs from 24 subjects during the source memory tests.  Left 
and middle columns show ERPs elicited by studied stimuli accompanied by correct 
source judgments (hit-hits) versus those elicited by unstudied stimuli with correct 
memory judgments (correct rejections).  The right column shows the differences between 
hit-hit and correct rejection ERPs, contrasting the memory effects for stimuli with 
integral object colors to those for stimuli with colored frames. 
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Figure 3.5 Topographic maps showing the spatial distribution of the memory effects 
across time, from no effect in the first 200 ms after stimulus presentation, to a maximum 
at centroparietal sites in the 200-600 ms latency window, to a prefrontal maximum in the 
800-1200 ms latency window.  The 600-800 ms latency window represents a transition 
between the centroparietal and prefrontal effects, and was not statistically evaluated. 
 

 



  
  
  
  
  101
  

Early old/new effect 

 ANOVAs included stimulus type (object vs. frame), old/new (hit-hit vs. CR), and 

scalp site as repeated measures, and session order as a between-subject factor.  During the 

200-600 ms latency window, hit-hits elicited more positive ERPs than correct rejections 

at midline, dorsal, and ventral scalp sites, Fs(1,22) > 200, ps < .0001. The early old/new 

effect was insensitive to stimulus type and to session order.  Generally recognized as 

reflecting item memory retrieval, this early-onset old/new effect was robust in both 

conditions, concurrent with the excellent item memory performance in both conditions. 

 

Late prefrontal old/new effect    

 Amplitudes in the 800-1200 ms latency window were analyzed by an ANOVA 

with the same factor structure as above.  Hit-hits continued to elicit more positive ERPs 

than correct rejections (main effect of old/new: midline, F(1, 22) = 12.4, p < .005; dorsal, 

F(1,22) = 21.5, p < .0001; ventral, F(1,22) = 28.9, p < .0001).  The prefrontal focus of the 

late effect also yielded interactions between old/new and anterior-to-posterior scalp 

location (midline, F(6,132) = 19.1, p < .0001, ε = .43; dorsal, F(5,110) = 12.3, p < .0001, 

ε = .37; ventral, F(4,88) = 8.52, p < .01, ε =  .37).  These analyses yielded no suggestion 

that stimulus type modulated the late old/new effect (object/frame, old/new x 

object/frame, all Fs < 1).  Figure 3.6 (top) shows the similarity of the prefrontal old/new 

effect across stimulus types.  However, I proceeded to more sensitive analyses of the 

prefrontal ROI alone (Fp5, Fp1, Fpz, Fp2, Fp6). 
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Figure 3.6 Grand-average ERPs from 24 subjects during the source memory tests for the 
objects with integral color versus those with colored frames (top row). Shown are the five 
frontopolar scalp sites, arrayed from left to right as they are on the forehead.  The bottom 
row contrasts the first session of the experiment (object-color for half of the subjects, and 
frame-color for the other half) to the second session.   
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 The late old/new effect was significant at the prefrontal sites, F(1, 22) = 28.3 , p 

< .0001, and unaffected by the object- versus frame-color manipulation (old/new x 

stimulus type,  F < 0.5).  However, there was a significant interaction between session 

order, old/new, and stimulus type, F(1, 22) = 7.81, p = .01. Examination of the data 

showed that the late prefrontal old/new effect increased from the first to the second 

session, regardless of whether object color or frame color occurred first, as seen in the 

lower half of Figure 3.6.   Reanalyzing the data with the factors of first vs. second session, 

old/new, and session order (object-color or frame-color first) confirmed the observation 

that the prefrontal old/new effect was larger in the second session, F(1,22) = 7.81, p < .01, 

regardless of the stimulus type in that session (first/second x old/new x session order, F < 

0.5).   It thus appeared that all subjects benefited from the “training” through the first 

session to more effectively engage PFC during source memory retrieval in the second 

session. Follow-up tests showed that the increase in the late prefrontal positivity from the 

first to the second session was specific to the studied stimuli (hit-hits), F(1,22) = 10.6, p 

< .005, and did not include the unstudied stimuli (CRs), F = 1.08.  The specificity of the 

session effect indicates that it did not reflect a global change of state, but was instead tied 

to the memory requirement of retrieving the color of studied objects. 

 As described above, source accuracy also showed an improvement from the first 

to second sessions, but only for trials in which there was a color change from study to test 

(old-different trials).  The increased amplitude of the prefrontal old/new effect across 

sessions is consistent with the idea that subjects were able to exert greater strategic 

control during retrieval in the second session.  However, such improved retrieval control 

 



  
  
  
  
  104
  

appeared to have been sustained throughout the whole second session and not applied 

only to different-color trials.  Adding the same/different factor to an ANOVA with 

prefrontal amplitudes yielded no interactions between same/different and any other factor, 

in particular no interaction between same/different and first/second session.   

 

Perceptually-driven versus task-driven integration of attributes 

 As noted in the introduction, one motivation for the current experiment was to 

compare the impact of two distinct encoding manipulations that, a priori, could be 

expected to strengthen or weaken the binding between the object and color attributes that 

need to be retrieved for accurate source judgments.  In a previous experiment (Kuo & 

Van Petten, 2006—Appendix A), an encoding task that encouraged integration of the two 

attributes – judging the semantic congruity of an object-color combination -- both 

improved source accuracy and decreased the amplitude of the late prefrontal old/new 

effect during the retrieval phase, as compared to the same size-judgment task used in the 

current experiment.  The current encoding manipulation also influenced source accuracy, 

but had no impact on late prefrontal ERPs during the retrieval phase, suggesting a 

fundamental difference in how the two encoding manipulations are implemented in the 

brain, despite their similar impact on memory accuracy.  However, a potential concern is 

that the encoding-task manipulation in the previous experiment had a somewhat larger 

impact on accuracy than the current perceptual manipulation, resulting in a 14% accuracy 

difference between conditions as compared to the 8% difference between the object-color 
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and frame-color conditions here.  One might wonder if the two encoding manipulations 

were qualitatively similar in their impact on brain activity, but merely differed in strength.   

 I therefore examined data from subsets of the participants in the two experiments 

who were matched on the strength of the encoding manipulation.  The analysis focused 

on source accuracy for stimuli that remained in the same color from study to test, because 

retrieval-phase ERPs in the previous study were most sensitive to the encoding 

manipulation for these stimuli.   Excluding two participants from the previous experiment 

who showed the largest accuracy benefit from the integrative encoding task, and four 

participants in the current experiment who showed the smallest accuracy change between 

the object- and frame-color conditions led to subsets of participants who were matched 

on their behavioral sensitivity to the two encoding manipulations.  For the 22 participants 

from the previous experiment, the item-oriented (size-judgment) encoding task led to a 

source accuracy level of 82.8%, whereas the integrative encoding task led to accuracy of 

93.7%, a 10.9% difference (se = 1.7).  For the 20 participants from the current experiment, 

the frame-color condition led to a source accuracy level of 75.4%, whereas the object-

color condition led to accuracy of 86.2%, a 10.7% difference (se = 2.0).  An ANOVA 

with experiment and encoding manipulation as factors showed that, although accuracy 

was generally higher in the previous experiment, F(1,40) = 7.63, p < .01, and both 

encoding manipulations were very effective, F(1,40) = 68.1, p < .0001, there was no 

difference in the strength of the encoding manipulations across experiments in these 

matched subsets of participants, F(1,40) = 0.01).   
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 Prefrontal amplitudes (800-1200 ms) elicited by old-same stimuli were subjected 

to an ANOVA taking experiment as a between-subject factor, and encoding condition 

and prefrontal scalp site (5 levels) as within-subject factors.  This resulted in a marginal 

effect of encoding condition, F(1,40) = 3.30, p = .08, and critically, a significant 

interaction between experiment and encoding condition, F(1,40) = 4.02, p = .05.  

Followup analyses confirmed that the integrative encoding task in the previous 

experiment led to smaller prefrontal potentials than the item-oriented encoding task, 

F(1,21) = 6.63, p < .01, whereas the object- versus frame-color manipulation of the 

current experiment had no impact, F(1,19) = 0.02.  These cross-experiment analyses thus 

confirm that although different sorts of encoding manipulations can have identical 

impacts on source accuracy, they need not have the same neural bases.  This point is 

taken up in the Discussion. 

 

Occipital old/new effect 

 In addition to the broadly distributed early old/new effect and the late onset 

prefrontal old/new effect that were shared by the object- and frame-color conditions, an 

additional old/new effect was observed that differentiated the two stimulus conditions.  

Starting around 650 ms, the object-color condition generated larger old/new differences 

at very posterior scalp sites, as shown in Figures 3.4 and 3.7.  ERP amplitudes were 

measured in a 700-1100 ms latency window to capture this effect.  The occipital focus of 

effect led to interactions between object/frame, old/new, and scalp site along the anterior-

to-posterior axis for the midline (F(6,132) = 4.35, p < .005, e = .64) and dorsal electrode 
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chains (F(5,110) = 5.81, p < .005, e = .50).  Followup tests on the three occipital sites 

(Oz,O1,O2) confirmed the interaction between object/frame color and old/new, F(1,22) = 

8.87, p < .01, and provided no suggestion that the order of the object-color and frame-

color sessions mattered (object/border x old/new x order subgroup, F = 1.07).   
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Figure 3.7  (A) Memory effects (amplitude difference between studied and unstudied 
stimuli with correct judgments) for objects with integral color versus those with colored 
frames, at the three occipital scalp sites (O1, Oz, O2).  (B) Scalp distribution of the 
difference in memory effects between colored objects and colored frames:  (Hit-hit minus 
correct rejection in the object-color condition) minus (Hit-hit minus correct rejection in 
the frame-color condition). 
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Discussion 

 The present experiment examined memory for conjunctions of object identity 

(shape) and color under two conditions:  when the stimuli were single objects with 

integral colors and when the stimuli consisted of two spatially separated forms, a 

monochrome object surrounded by a colored frame.   As in previous behavioral studies 

(Ceraso et al., 1998; Hale & Piper, 1973; Spiker & Cantor, 1980; Walker & Cuthbert, 

1998; Wilton, 1989), memory for shape-color relationships was superior when color 

appeared as an integral attribute of an object than when it appeared to be part of a 

separate object.  Two aspects of brain electrical activity -- with scalp foci over parietal 

and occipital cortex – differentiated the object-color and frame-color conditions, 

suggesting that different perceptual processes support relational memory within versus 

across objects.  However, contrary to proposals that retrieval of “extra-item” attributes 

should require greater prefrontal engagement than retrieval of “intra-item” conjunctions 

(Moscovitch, 1992; Troyer et al., 1999), equivalent old/new effects over prefrontal cortex 

in the object-color and frame-color conditions were observed.  Below, I first take up the 

condition differences over posterior cortex, then the role of PFC in source retrieval.   

 

Parietal ERPs, visual working memory and perceptual binding 

 In both the study and test phases, monochrome objects surrounded by colored 

frames elicited more negative potentials than colored objects, with a focal topography 

over parietal cortex.  In and of itself, this stimulus-related effect might be dismissed as 

arising from mandatory sensory differences in the stimuli, which are not of great interest 
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for understanding memory.  However, the stimulus-related difference showed substantial 

variability across individual subjects, and the individual variability was strongly 

correlated with accuracy in remembering color-object conjunctions.   More specifically, 

participants with larger parietal negativities were more accurate overall (Table 3.3), and 

less prone to a decline in accuracy for the frame-color stimuli as compared to the object-

color stimuli, whereas those with smaller parietal negativities were more likely to suffer 

an accuracy drop when encountering the frame-color stimuli (Figure 3.3).  These results 

suggest that we should consider the role of the parietal negativity in the perceptual 

binding process that acts to unify spatially-separated attributes during both encoding and 

retrieval.  An important point for this consideration is our observation that the parietal 

effect did not predict memory accuracy across trials within a single subject, but only 

across subjects.   In other words, the parietal negativity indexed a stable individual ability 

or strategy that was useful for the memory task, but not a process that was sufficient to 

yield accurate long-term memory.  I suggest that the best characterization of this process 

is visual working memory.    

 Current theories of visual cognition argue that attention to visual displays is 

distributed across unified visual objects rather than the separable dimensions (shape, 

color, motion) of objects (Duncan, 1996; Kahneman, Treisman, & Gibbs, 1992).  

Extracting identity (shape) and color information was thus expected to be more 

demanding for the frame-color stimuli than the object-color stimuli, in both the encoding 

and retrieval phases.  Because the displays were brief (500 ms), it is likely that extraction 

of the relevant stimulus dimensions required maintenance of the displays in visual 
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working memory for at least a short time.  Like verbal working memory,  visual working 

memory (WM) is described as having a relatively small capacity limit that varies across 

individuals, with estimates between 1.5 and 5 objects (Luck & Vogel, 1997; Vogel & 

Machizawa, 2004).  The capacity limits of visual WM have largely been defined in 

experimental tasks that require only passive maintenance of information, whereas the 

current tasks required other processing at the same time: access to stored object 

representations to retrieve real-life size and comparison to the computer monitor’s size 

during the study phase,  and access to episodic memory during the retrieval phase.  

Maintenance of even two objects in the frame-color condition may thus have been fairly 

taxing of visual WM, as compared to a single object in the object-color condition.   ERP 

studies of visual WM in maintenance tasks have shown that a negative potential with a 

parieto-occipital scalp focus grows in amplitude as more objects must be maintained, but 

only up to the limit of an individual’s capacity (McCollough, Machizawa, & Vogel, 2007; 

Vogel, McCollough, & Machizawa, 2005; Vogel & Machizawa, 2004).  The parietal 

negativity that differentiated the frame- and object-color stimuli here strongly resembles 

the visual WM potential of Vogel and colleagues in onset latency, topography and 

polarity, although it was shorter in duration. In the experiments of Vogel and colleagues, 

visual displays had to be maintained in WM until the appearance of a probe display about 

a second later.  In the current study, the maintenance period would instead be self-

limiting, lasting only as long as needed to extract identity and color information from the 

display.  I propose that the relationship between parietal negativities for the frame-color 

stimuli and better source memory stems from the ability of individuals with better WM to 
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more efficiently extract the relevant shape and color information from a brief display, 

simply because they were better able to maintain the display until these operations were 

complete. 

 

Early versus late memory retrieval: spatially widespread versus occipital old/new 

effects 

 During the source memory tests, studied objects elicited more positive potentials 

than unstudied drawings, as typical of ERPs in both simple recognition and source tests.  

The initial aspect of the old/new effect – from 200 to 600 ms after stimulus onset -- was 

broadly distributed across the scalp, and identical for object-color and frame-color stimuli.  

Somewhat later in time (700 ms), the retrieval effect became larger in the object-color 

condition, primarily at occipital scalp sites (Fig. 7).  The initial similarity and then 

dissimilarity of the two retrieval effects serve as converging evidence that source memory 

retrieval involves sequential stages in which different aspects of an event are recollected, 

as first suggested by behavioral studies using response-deadline procedures (Dosher, 

1984; Johnson, Kounios, & Reder, 1994; McElree, Dolan, & Jacoby, 1999).   More 

specifically, the results suggest that general information related to item (object) identity 

was accessed early, followed by the availability of associated contextual information that 

was qualitatively different for drawings with integral colors and those with colored 

borders.  The ERP timecourse results here parallel those of an experiment examining 

memory for objects and the encoding task in which they were initially encountered: brain 

responses to old and new objects diverged ~300 ms after stimulus onset, but those studied 
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via carrying out an action versus cost-estimation diverged ~700 ms (Senkfor, Van Petten, 

& Kutas, in press). The scalp topography of the action versus cost difference was 

maximal over central scalp, and quite different from the occipital focus of the frame- 

versus object-color difference observed here, consistent with the different content of the 

retrieved information.      

 

Prefrontal cortex and difficulty of source retrieval 

 More extensive engagement of prefrontal cortex is typically observed during 

source memory retrieval than during non-relational memory tests.  We have suggested 

that this may largely be true when attributes are weakly bound during encoding, and that 

prefrontal activity is less necessary when retrieving strongly-encoded conjunctions (Kuo 

& Van Petten, 2006—Appendix A).  That suggestion was based on the elimination of the 

late prefrontal difference between studied and unstudied items after an encoding task that 

encouraged integration of object and color attributes as compared to an object-oriented 

encoding task.  In the current experiment, conjunctive strength was manipulated by 

changing the perceptual organization of the stimuli.  Although source accuracy was 

substantially lower in the frame-color condition, indicating that this manipulation was 

successful in altering the strength of the binding between attributes, prefrontal memory 

effects were unchanged between the frame-color and object-color conditions. The 

contrasting results of the two experiments indicate that prefrontal engagement during 

retrieval is not a simple response to task difficulty, and that perceptually-driven 

integration of stimulus attributes is much less effective in alleviating the need for 

 



  
  
  
  
  114
  

prefrontal involvement than deliberate cognitive effort to link two attributes.  Prefrontal 

retrieval processes have often been described as “strategic” and voluntarily invoked, 

rather than mandatory aspects of memory.   Our comparison between encoding tasks and 

perceptual organization suggests that this characterization extends to the relationship 

between encoding and retrieval.  When stimulus attributes are voluntarily linked via an 

encoding strategy, subsequent prefrontal retrieval processes are scaled back, but when the 

linkage is offered up by the stimuli themselves,  no such reduction occurs. 

 The dominance of internal factors over objective task difficulty was also evident 

within the current results alone.  Regardless of the relative difficulty of the frame and 

object sessions and the order in which they occurred, subjects showed a larger prefrontal 

old/new effect in their second session (Fig. 6).  It is particularly telling that this occurred 

even as the frame-object subgroup moved to their easier second session with more 

obvious object-color relationships in the stimuli.  This finding dispels the notion that PFC 

activity in source memory retrieval is due simply to task difficulty, independent of the 

underlying cause of that difficulty.  

 It is more likely that the late prefrontal old/new effect manifests control processes 

specific to a memory task rather than a more general accommodation to memory strength.  

The increased prefrontal effect in the second session was accompanied by a specific 

change in performance.  In the first session, source accuracy was substantially lower for 

stimuli that had changed colors between study and test as compared to those that 

remained in the same color, an instance of the same/different effect frequently observed in 

source recognition tests (Dodson & Shimamura, 2000; Fraser et al., submitted; Kuo & 
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Van Petten, 2006;  Palmeri et al., 1993; Senkfor & Van Petten, 1998; Wilding et al.,1995). 

In the second session, subjects were immune to this effect (Table 3.2).   Dodson and 

Shimamura (2000) proposed that the presence of a familiar but incorrect source attribute 

at test creates interference by activating multiple items previously associated with that 

attribute.  Here, the “training” provided by the first session apparently led to a strategy 

change that prevented such interference.2   Resolution of interference is a function that 

has been attributed to PFC in neuropsychological studies (Baldo, Delis, Kramer, & 

Shimamura, 2002; Shimamura, Jurica, Mangels, Gershberg, & Knight, 1995) and to 

diverse regions of PFC in hemodynamic imaging experiments (Badre & Wagner, 2005; 

Henson, Shallice, Josephs, & Dolan, 2002; Sakai & Passingham, 2004).  An association 

between greater prefrontal activity and higher accuracy in the face of interference has 

been demonstrated in the delay period of a working memory task (Sakai, Rowe, & 

Passingham, 2002), but not previously in long-term memory tasks.  Here, the association 

between better performance on old-different trials and enhanced prefrontal activity in the 

second session is likely to reflect a sort of strategic sharpening that made memory 

judgments more resistant to interference.  

 In summary, the current experiment included consistent levels of prefrontal 

engagement in source memory retrieval despite objective changes in task difficulty 

created by changing the contextual attribute from an intra-item to a less integral, extra-

item feature.  In contrast, ERPs recorded over parietal cortex were larger in amplitude 

when the memory task required integration across spatially-separated features. 

Amplitudes of the parietal ERPs were correlated with source memory accuracy across 
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individuals.  Because the parietal effect was invariant across encoding-phase trials, old 

test items and new test items, it did not index a long-term memory process, but was more 

likely to reflect working memory processes that vary across individuals, and contribute to 

the initial short-term storage of visual features.     
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Notes 

1. Some of the papers cited here (Meiser & Bröder, 2002; Starns & Hicks, 2005; Vogt & 

Bröder, 2007) are concerned with the degree of independence of multiple source 

attributes in memory, and whether any stochastic dependence arises from self-cuing 

effects during retrieval (remembering one attribute triggers retrieval of others) or from 

the binding of attributes during encoding.  The different studies reached different 

conclusions as to whether attributes show complete independence versus some degree of 

dependence, and regarding the mechanism of that dependence.  However, all three reject 

the “all-or-none” account that memory for one source attribute necessarily entails 

memory for all source attributes.  

 

2.  In a previous study, no change in the prefrontal old/new effect, and no change in 

accuracy patterns were observed across two source memory sessions with the same sort 

of stimuli (Senkfor & Van Petten, 1998).  It is possible that stimulus variation across 

sessions, as in the current experiment,  fosters strategic improvement in a way that 

repetition of the exact same task does not, but this is topic for further research. 
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APPENDIX A 
 
 

PREFRONTAL ENGAGEMENT IN SOURCE MEMORY RETRIEVAL  
DEPENDS ON THE PRIOR ENCODING TASK 
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Prefrontal Engagement during Source Memory
Retrieval Depends on the Prior Encoding Task

Trudy Y. Kuo and Cyma Van Petten

Abstract

& The prefrontal cortex is strongly engaged by some, but not
all, episodic memory tests. Prior work has shown that source
recognition tests—those that require memory for conjunc-
tions of studied attributes—yield deficient performance in
patients with prefrontal damage and greater prefrontal activity
in healthy subjects, as compared to simple recognition tests.
Here, we tested the hypothesis that there is no intrinsic re-
lationship between the prefrontal cortex and source memory,
but that the prefrontal cortex is engaged by the demand to

retrieve weakly encoded relationships. Subjects attempted to
remember object/color conjunctions after an encoding task
that focused on object identity alone, and an integrative en-
coding task that encouraged attention to object/color relation-
ships. After the integrative encoding task, the late prefrontal
brain electrical activity that typically occurs in source memory
tests was eliminated. Earlier brain electrical activity related to
successful recognition of the objects was unaffected by the
nature of prior encoding. &

INTRODUCTION

The likelihood of successful memory performance, as
well as the content of what is remembered, depends on
processes engaged during both initial learning and the
subsequent retrieval attempt. Measures of human brain
activity during memory tests have confirmed two tradi-
tional ideas about encoding/retrieval relationships. Brain
electrical activity (event-related potentials [ERPs]) shows
a stronger differentiation between studied and unstud-
ied material if the study-phase task had focused on the
meanings of words as compared to their letters (Paller &
Kutas, 1992). Hemodynamic images similarly show great-
er activity in numerous brain areas after semantic encod-
ing as compared to judgments about superficial detail
(Mandzia, Black, McAndrews, Grady, & Graham, 2004).
These findings support the levels-of-processing perspec-
tive on encoding, that some study tasks are simply better
than others for creating strong memory traces that will
be accessible later (Craik & Lockhart, 1972). Other
experiments show that the specific brain regions active
during retrieval depend on the content of the material
retrieved: the auditory cortex when cued with visual
words that had been paired with sounds in the study
phase, picture-processing regions of visual cortex when
cued with verbal labels corresponding to pictures from
the study phase, and motor association cortex when
cued with photos of objects that were associated with
actions during the study phase (Senkfor, Van Petten, &
Kutas, 2002; Vaidya, Zhao, Desmond, & Gabrieli, 2002;

Nyberg, Habib, Mcintosh, & Tulving, 2000; Wheeler,
Peterson, & Buckner, 2000). These latter findings sup-
port the venerable idea that successful retrieval involves
at least a partial recapitulation of the pattern of brain
activity present during initial encoding (Hebb, 1949).

The current experiment was designed to examine a
facet of the encoding/retrieval relationship that has
received much less attention, namely, whether executive
processes engaged during retrieval might also be depen-
dent on the nature of prior encoding. Executive pro-
cesses are those that link the fundamental processes of
memory encoding and retrieval to current task demands
and overt behavior. During a memory test, a partial list
of executive functions will include setting a response
criterion (How strong must a memory be to warrant a
response of ‘‘old’’?), evaluating the strength of retrieved
information in light of the criterion, instigating a sec-
ondary search of memory if the initial products of
retrieval are close to the criterion or simply inadequate
for the task at hand, making a decision, and, finally,
mapping the decision onto an overt response. Executive
processes in memory have been associated with the
prefrontal cortex in both human and nonhuman pri-
mates, and executive failure is the most prominent
account of the selective memory deficits shown in pa-
tients with prefrontal damage (Moscovitch & Winocur,
2002; Shimamura, 2002).

We used a type of memory test known to place a heavy
reliance on the prefrontal cortex—one that requires
judgments about remembered conjunctions of stimulus
attributes (also called source memory tests; Johnson,
Hashtroudi, & Lindsay, 1993). In a groundbreakingUniversity of Arizona
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study, patients with frontal damage were as accurate as
controls in recognizing made-up trivia ‘‘facts’’ but showed
a deficit when asked whether the facts had been learned
in the laboratory or elsewhere ( Janowsky, Shimamura,
& Squire, 1989). Frontal patients thus showed a specific
impairment in remembering associations between core
(item) and contextual (source) information from the
learning episode. Studies in healthy participants have
used a variety of paradigms for which the distinction
between ‘‘core’’ and ‘‘contextual’’ is less cut-and-dried1

but that clearly demand memory for conjunctions of
studied attributes. Tested conjunctions have included
words and the voice that spoke them, actions and the
actor who performed them, words and their presenta-
tion modality (auditory or visual), pictures and their
spatial locations, and others. Hemodynamic imaging
methods show greater prefrontal activity when subjects
attempt to remember conjunctions than when they
make simple old/new recognition judgments based on
the ‘‘items’’ (such as words alone, independent of voice
or modality; Dobbins, Foley, Schacter, & Wagner, 2002;
Raye, Johnson, & Mitchell, 2000; Rugg, Fletcher, Chua, &
Dolan, 1999). ERPs show a much larger prefrontal
difference between studied and unstudied items during
conjunction/source memory tests than during simple
recognition tests ( Johansson, Stenberg, Lindgren, &

Rosen, 2002; Senkfor, 2002; Ranganath & Paller, 2000;
Van Petten, Senkfor, & Newberg, 2000; Senkfor & Van
Petten, 1998; Johnson, Kounios, & Nolde, 1997; Trott,
Friedman, & Ritter, 1997; Wilding, Doyle, & Rugg, 1995).
The present study examines whether prefrontal engage-
ment in source memory tests is mandatory or occurs
only when the tested conjunctions have not been well
learned.

In two sessions, subjects attempted to remember the
conjunction of two stimulus attributes: the identity and
the depicted color of an object in a line drawing. Test
drawings were judged as either new, old and in the same
color as the study phase, or old but in a different color
than in the study phase. In one session, prior to the
memory test, subjects performed an item-oriented en-
coding task of judging the size of the depicted object in
real life (larger or smaller than the computer monitor,
size task). In the other session, they performed an
integrative encoding task of judging the relationship
between the object and the color of the drawing (color
congruity task). In both encoding phases, half of the
objects were presented in semantically congruent colors
(e.g., red stop sign); the other half were presented in
semantically incongruent colors (e.g., blue eggplant), as
shown in Figure 1. Because both encoding tasks re-
quired identification of the depicted objects and some

Figure 1. Illustration of the
experimental paradigm. In one

session, participants judged

whether the depicted objects

were larger or smaller than
the computer monitor (42 �
38 cm). In the other session,

they judged whether the

depicted color was a good or
poor match for the object. In

both sessions, the subsequent

memory test included new

pictures in both congruent
and incongruent colors, old

pictures in the studied color,

and old pictures in a different
color than during the study

phase. For the old-different

trials, the colors had been

studied, but paired with
different objects.
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thought about their real-life properties, we predicted
little difference between sessions in the ability to recog-
nize studied objects (items) later. Matched levels of
object recognition across encoding tasks is a critical
feature of the current design because we wanted to
isolate source memory processes rather than compare
globally strong and weak memory. We predicted that the
color congruity task would lead to tighter integration
between object identities and studied colors during
encoding, and thus produce higher accuracy in remem-
bering object/color relationships. In addition to behav-
ioral data, ERPs were recorded during both the study
and test phases to evaluate the impact of integrative
encoding on prefrontal and more posterior cortical
activity.

Prior work from our laboratory and others has iden-
tified two ERP components that differentiate studied and
unstudied items in recognition tests. Items that have
been studied and are recognized as such during the
retrieval phase elicit more positive ERPs than do new
items correctly rejected, new items falsely judged as old,
and old items that are unrecognized. This early old/new
effect thus reflects successful retrieval, and is observed
beginning at 200 to 400 msec after stimulus onset
(Rubin, Van Petten, Glisky, & Newberg, 1999; Van Petten
& Senkfor, 1996). The early old/new effect appears
across widespread regions of the scalp, but recordings
from patients with organic amnesia show that it is
dependent on the integrity of the medial temporal lobe
and diencephalon (Olichney, et al., 2000). In source or
conjunction memory tests, the early old/new effect is
much the same as in simple recognition tests, but is ac-
companied by an additional, later old/new effect with a
focal distribution over the prefrontal cortex ( Johansson
et al., 2002; Senkfor, 2002; Ranganath & Paller, 2000; Van
Petten et al., 2000; Senkfor & Van Petten, 1998; Johnson,
Kounios, & Nolde, 1997; Trott et al., 1997; Wilding &
Rugg, 1996; Wilding et al., 1995). Because the prefrontal
old/new effect begins only some 700 to 800 msec after
stimulus onset, it reflects a mnemonic process that is
engaged after initial item recognition has occurred or
is at least well underway. In our studies, the prefrontal
old/new effect has been insensitive to whether or not
the source information accompanying each item is suc-
cessfully recovered. Instead, late activity (>800 msec)
over posterior scalp differentiates trials with accurate
source judgments as compared to trials in which the
items are recognized as old, but the source judgment
is incorrect (Van Petten et al., 2000; Senkfor & Van
Petten, 1998). These results indicate that successful re-
trieval of both attributes and conjunctions is indexed
by ERPs recorded over posterior brain regions, but that
prefrontal executive processes are taxed by source
memory tests. The similarity of the prefrontal old/new
effect across paradigms with different materials sug-
gests that these executive processes are largely in-
dependent of memory content, but may instead be

specific to the task of remembering and judging relation-
ships between stimulus attributes. We have argued that
one such executive process consists of directing a
secondary memory search for the link between two
attributes after the individual attributes have been rec-
ognized as old (Van Petten et al., 2000; Senkfor & Van
Petten, 1998).

Our framework suggests that a secondary memory
search will not be necessary if two attributes are
tightly bound during initial encoding, and can more
easily be retrieved as an integrated unit. We thus hy-
pothesized that the integrative orienting task used
here would reduce or eliminate prefrontal involve-
ment during retrieval, as compared to the item-oriented
study task that more closely resembles those of prior
studies.

METHODS

Subjects

Twenty-four young adults (8 men, 16 women, age range
20–28 years) with normal color vision (assessed by the
Ishihara plates) and no history of neurological or psy-
chiatric disorder were paid for their participation. The
project was approved by the University of Arizona
Biomedical Institutional Review Board, and all subjects
offered informed consent.

Materials

Stimuli were 448 line drawings of natural and artifactual
objects, each in a congruent and an incongruent color.
The same 17 colors, in the same proportions, were used
to create the congruent and incongruent versions of the
drawings. Stimuli were presented on a CRT monitor, and
averaged 4.4 by 2.6 degrees of visual angle. The experi-
menters judged half of the depicted objects as larger, in
real life, than the computer monitor used to present
them, and half as smaller than the monitor. Across
the 24 subjects, each object occurred equally often in
each of the 12 test conditions: (1) congruent color, new,
after the size study task; (2) congruent color, new, after
the color study task; (3) incongruent color, new, after
the size study task; (4) incongruent color, new, after the
color study task; (5) congruent color, studied as con-
gruent in the size task; (6) congruent color, studied
as congruent in the color task; (7) incongruent color,
studied as incongruent in the size task; (8) incongru-
ent color, studied as incongruent in the color task;
(9) congruent color, studied as incongruent in the
size task; (10) congruent color, studied as incongru-
ent in the color task; (11) incongruent color, studied
as congruent in the size task; and (12) incongruent
color, studied as congruent in the color task. No ob-
ject occurred in more than one test condition for any
individual subject.
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Procedure

Each subject participated in two sessions conducted
about 5 days apart; half of the subjects performed the
size judgment study task in the first session and the
color congruity judgment in the second session; half
performed the tasks in the reverse order. During each
study block, 16 drawings were presented for 500 msec,
with a stimulus onset asynchrony of 4000 msec. Subjects
signaled ‘‘large’’ or ‘‘small’’ (or ‘‘good’’ vs. ‘‘bad color’’)
by key presses with the right and left index fingers
(assignment of hands counterbalanced across subjects).
Three minutes after completion of a study block, 32
drawings were presented for test. One quarter of the
test objects were unstudied and in a congruent color;
one quarter were unstudied and in an incongruent
color; both of these conditions called for a response of
‘‘new.’’ One quarter of the test objects were presented
in the same color as during the study phase (evenly
divided between congruent and incongruent) and called
for a response of ‘‘old same.’’ One quarter of the test
objects were presented in a different color as during the
study phase (evenly divided between congruent and
incongruent) and called for a response of ‘‘old differ-
ent.’’ Old-same and old-different responses were sig-
naled by key presses with the index and middle fingers
of one hand, new responses were signaled by a key press
with the index finger of the other hand (hand and finger
assignments counterbalanced across subjects). Each ses-
sion comprised seven study/test cycles and began with a
practice block of 24 drawings not used in the main
experiment.

Electrophysiological Recording

The electroencephalogram was recorded from 29 scalp
sites, including 27 standard locations: 7 spanning the
midline of the scalp from prefrontal to occipital (Fpz, Fz,
Fcz, Cz, Cpz, Pz, Oz), 6 lateral pairs closer to the midline
(Fp1, Fp2, F3, F4, Fc3, Fc4, C3, C4, P3, P4, O1, O2), and
4 lateral pairs farther from the midline (F7, F8, Ft7, Ft8,
Tp7, Tp8, T5, T6). Two additional electrodes (far lateral
prefrontal, Fp5, Fp6) were placed 10% of the head
circumference lateral to Fpz. Electrodes below the
right eye and at the external canthi of the two eyes were
used to detect blinks and eye movements. Amplifier
band pass was 0.01 to 100 Hz; sampling rate was
250 Hz, and gain was 50,000. Trials contaminated by
blink, eye movement, or amplifier saturation artifacts
were rejected prior to averaging the trials into ERPs for
each condition. Scalp ERPs were referenced to an aver-
age of the right and left mastoids.

Measurement and Analyses

Item recognition accuracy was computed as the number
of recognized old objects (old responses, regardless of

the accuracy of the ‘‘same’’ or ‘‘different’’ aspect of the
judgment) plus the number of rejected new objects,
divided by the total (chance = 50%). Source accuracy
was computed as correct same and correct different
judgments, divided by the total number of trials with
correct old responses (chance = 50%). ERP analyses
were based on trials with correct judgments only. A
parietotemporal region of interest (ROI) included scalp
sites Pz, P3, P4, T5, and T6; a prefrontal region of interest
included scalp sites Fpz, Fp1, Fp2, Fp5, and Fp6. ERP
measurements were mean amplitudes in latency win-
dows based on prior studies (for the test phase data) or
visual inspection of the data (for the encoding phase
data), relative to a 200-msec prestimulus baseline. Most
statistical analyses were analyses of variance (ANOVAs);
repeated measures were encoding task, ROI (prefrontal
vs. parietotemporal), and electrode site within each
region of interest (five levels). One analysis included a
between-subjects factor of encoding-task order; because
there was no significant effect of task order, other
analyses collapse across order. When initial analyses
included significant interactions between encoding task
and ROI, follow-up analyses on each ROI were con-
ducted. Pearson correlations were used to examine
relationships between item and source accuracy.

RESULTS

Behavioral Performance

During the encoding phases, the size (item oriented)
and color congruity (integrative) tasks produced similar
agreement rates between the participants’ decisions and
the size or color categories we had assigned to the
drawings (86.4% and 83.6%, respectively, ns). Size judg-
ments were made somewhat more quickly than color
judgments: 1162 vs. 1254 msec, F(1,23) = 5.98, p < .05.

Recognition rates for the objects alone (item recogni-
tion independent of color) were equally high after the
two encoding tasks. Hit rates for old objects were 97.7%
(SE = 0.6) and 96.8% (SE = 0.7) after the item-oriented
and integrative study tasks, respectively (F < 1). Correct
rejection rates for new objects were 96.7% (SE = 0.7)
and 97.4% (SE = 0.5) after item and integrative encod-
ing, respectively, also a nonsignificant difference (F< 1).

Table 1 shows source memory accuracies and reac-
tion times (RTs) for old items judged as old. Source ac-
curacy in judging the conjunction between object and
color was substantially improved by integrative encod-
ing, F(1,23) = 71.0, p < .0001. Overall RTs were equiv-
alent during the two memory tests, F(1,23) = 1.4.

After item-oriented study, accuracy in judging pictures
as old or new was uncorrelated with accuracy in judging
the object/color conjunction as old or new, r = .17, ns.
The lack of association between these two mem-
ory measures within individual subjects is consistent with
the view that conjunction (source) memory tests typically
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demand additional processes that are not necessary for
simple item recognition. In contrast, the two accuracy
measures were correlated after integrative study (r = .41,
p < .05). The correlation results are consistent with our
account of the source memory advantage from integra-
tive study: Performing the color congruity task helped
to bind the object and color attributes into a single

memory trace, making the conjunction memory test
more like a simple item recognition test.

Source accuracy was higher for drawings remaining in
the same color than for those that switched color from
study to test (87.0% vs. 80.6%), F(1,23) = 12.5, p < .002,
but this effect did not depend on encoding task (Encod-
ing Task � Same/Switch, F < 1). Correct source judg-
ments were also faster for same- than switched-color
items, F(1,23) = 26.7, p < .0001, and the RT effect was
larger after integrative than item-oriented study (131 vs.
91 msec, respectively), F(1,23) = 5.20, p < .05.

Event-related Potential Data

Encoding Phases

Because the encoding manipulation used here was
novel, we had no strong a priori predictions about
the nature of any brain activity difference between the
two study phases. The question of central interest
was whether any observed difference would appear
over prefrontal regions, or over more posterior scalp
sites. Figure 2A shows that color congruity judgments

Table 1. Source Memory Accuracy and Reaction Time
for Correct Trials (Mean and SE)

Encoding Task
Study and
Test Colors

Accuracy
(%) RT (msec)

Size Old same 80.7 (2.5) 1319 (46)

Old different 73.3 (1.8) 1410 (51)

All 77.0 (1.8) 1362 (47)

Color congruity Old same 94.1 (1.1) 1280 (51)

Old different 87.9 (1.9) 1411 (47)

All 91.1 (1.2) 1342 (47)

Figure 2. (A) Grand-average

ERPs from 24 subjects
performing the size judgment

(item oriented) and color

congruity (integrative) tasks

during the study phases. From
left to right, the prefrontal

scalp sites are Fp5, Fp1,

Fpz, Fp2, and Fp5, and the

parietotemporal sites are
T5, P3, Pz, P4, and T6. (B)

Topographic map showing

the spatial distribution of the

significant difference between
the two study tasks from 500

to 800 msec after stimulus

onset; earlier (200–500 msec)
and later (800–1200 msec)

latency windows showed

no statistically significant

differences. Negative voltage
is plotted upward in this and

all subsequent figures.
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elicited more positive ERPs than size judgments, but
that this difference was most prominent over parietal
scalp (Figure 2B). Study-phase ERPs were segmented
into three latency ranges for analysis: 200–500, 500–
800, and 800–1200 msec poststimulus onset. Across all
scalp sites, the effect of encoding task was significant
during only the 500- to 800-msec range, F(1,23) = 5.55,
p < .05. The difference between encoding tasks was
significant for the parietotemporal region in the 500-
to 800-msec latency range, F(1,23) = 6.34, p < .02, but
not for the prefrontal region in any latency window
(Fs < 1).2 The encoding phase results indicate that
the differential processing required to make object size
versus object color congruity judgments had a detect-
able impact on scalp-recorded brain activity, but sug-
gests that this differential processing was confined to
posterior cortical regions supporting perceptual and
basic mnemonic functions, rather than the prefrontal
cortex.

Retrieval Phases

Test-phase waveforms were segmented into two latency
ranges for analysis: 200–600 and 800–1200 msec post-
stimulus onset. The standard early old/new effect was
robust: in the 200- to 600-msec latency window; hits
elicited more positive ERPs than correct rejections,
F(1,23) = 112.2, p < .0001 (see Figure 3). The early
old/new effect was evident at all scalp sites, although
somewhat larger over parietotemporal scalp. The type of
prior encoding was not significant as a main effect, nor
did it modulate the amplitude or scalp distribution of
the early old/new effect (Encoding Task � Hit/CR, F < 1;
Encoding Task � Hit/CR � Prefrontal/Parietotemporal,
F < 1). Overall, the early retrieval effect was strikingly
similar across sessions with different study tasks.

The late prefrontal differentiation between old and new
items was evident only after item-oriented study (Fig-
ure 4; Encoding task � Hit/CR � Prefrontal/Parietotem-
poral, F(1,23) = 4.41, p < .05).3 After size judgment, the
late old/new effect was significant for the prefrontal
region, F(1,23) = 18.2, p < .0005, but not for the parieto-
temporal region, F < 1, much like previous studies using
an item-oriented encoding task (Van Petten et al., 2000;
Senkfor & Van Petten, 1998). After color congruity judg-
ment, the late old/new contrast was not significant for
either region: prefrontal, F(1,23) = 1.78, p = .20; parie-
totemporal, F < 1. In other words, attending to the re-
lationship between the object and color attributes during
the study phase eliminated the additional brain activity
that is typically elicited when subjects attempt to remem-

Figure 3. Grand-average ERPs from 24 subjects during the

memory test, contrasting new pictures correctly judged as new

to old pictures accompanied by correct source judgments (old

same and old different collapsed). Midline scalp sites from most
anterior (prefrontal) to most posterior (occipital) are shown.

Figure 4. Grand-average ERPs from 24 subjects during the source

memory test, from scalp sites Fp6 (right prefrontal) and T5 (left

temporal). On the left side, thin vertical lines mark the 800- to

1200-msec latency window; on the right they mark the 200- to
600-msec window.
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ber conjunctions of attributes. The elimination of the late
prefrontal effect by integrative study did not depend on
the order in which subjects performed the two study
tasks (Encoding Task � Hit/CR � Prefrontal/Parietotem-
poral � Order, F < 1).

The reduction of the late old/new effect by integrative
study was due to altered responses to studied pictures.
New pictures, which could be rejected on the basis of
object identity alone, elicited nearly identical activity in
the two memory tests (prefrontal and parietotemporal
regions, both latency ranges, all Fs < 1.3; see Figure 5).

Differences in neural activity elicited by unstudied items
have been considered indicative of ‘‘retrieval orienta-
tions’’—flexible strategies for processing a retrieval cue
depending on the nature of what is sought in memory
and its similarity to the cue (Hornberger, Morcom, &
Rugg, 2004). The lack of differentiation between ERPs
for correct rejections indicates that the encoding manip-
ulation here has no relationship to the retrieval orien-
tation manipulations of other studies. Instead, the
nature of the prior encoding task inf luenced brain
activity for studied pictures only because only these
trials demanded a judgment about the remembered
conjunction of object and color. Figure 6A contrasts
responses to recognized pictures after the two different
encoding tasks, and Figure 6B shows the prefrontal
locus of the study-phase manipulation on brain activity
during retrieval.

Same versus switched colors during retrieval. Figure 7
shows that old-same and old-different trials elicited
different prefrontal activity, but indistinguishable ERPs
over the posterior cortex (both latency windows, Fs < 1
for parietotemporal sites). The same–different effect was
contingent on the nature of the prior encoding task and
was most evident over the left hemisphere. Analyses of
individual prefrontal sites showed significant interac-
tions between encoding task and same–different for
both of the left prefrontal sites, F(1,23) = 4.41, p < .05
at Fp5; F(1,23) = 5.24, p < .05 at Fp1, a trend for the
midline prefrontal site, F(1,23) = 3.09, p < .09, and no
significant interaction for the right hemisphere sites.
Right prefrontal sites instead showed a main effect of
encoding task, independent of whether the object–color
conjunction was the same or different as during the
study phase, F(1,23) = 5.33, p < .05 for Fp2; F(1,23) =
4.06, p < .05 for Fp6. For the left prefrontal sites, the
nature of the interaction was that integrative encoding
reduced prefrontal activity to a greater degree for old-
same trials—those that remained in the same color
from study to test. In contrast, old-different trials
showed little benefit from the integrative task at these
left prefrontal sites.

Late negativity for old items. In addition to the early,
spatially widespread positivity and late prefrontal posi-
tivity elicited by studied items, we also observed a third
aspect of the ERPs that differentiated old (studied) and
new items. Beginning �1000 msec poststimulus onset,
the ERPs elicited by old and new items cross over at
some scalp sites, so that old items elicit relatively more
negative potentials. The late negativity for old items was
broadly distributed over frontal to occipital scalp, but
not evident at prefrontal sites, and small at sites over
the temporal lobe. Because the mean RT for new items
was �1000 msec, but participants needed an additional
300 msec to respond to old items, we hypothesized that

Figure 5. Grand-average ERPs from 24 subjects during the memory

test, contrasting new pictures correctly judged as new after the two
study tasks. Midline scalp sites from most anterior (prefrontal) to

most posterior (occipital) are shown.
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this late crossover indexed response preparation rather
than a mnemonic process. We thus sorted the data ac-
cording to whether the right or left hand was assigned
to old responses (opposite hand always assigned to new
responses). Each subject used two fingers of the right
hand to signal old in one session (finger selection sig-
naled ‘‘old same’’ vs. ‘‘old different’’), and the two fin-
gers of the left hand in the other session. Figure 8
shows that the late negativity for old items showed
a pronounced asymmetry contingent on hand of re-
sponse and was evident primarily at scalp sites contra-
lateral to the hand used for old. Mean amplitudes
between 1000 and 1400 msec poststimulus onset were
analyzed via ANOVAs with factors of Hand assigned for
old (right vs. left), Old/New, and Laterality (left vs. right
scalp), together with a between-subjects factor reflecting
whether the right hand was used for old after the item-
oriented study task or after the integrative study task. In
these analyses, an old/new effect that reverses asymme-
try depending on response hand will result in an inter-
action between Hand, Old/New, and Laterality. Results
for each pair of lateral scalp sites are shown in Table 2.

Along the anterior–posterior axis, scalp sites from frontal
to occipital showed reversing asymmetries depending
on response hand. Two of the electrode pairs over the
temporal lobe showed a weaker reversal. It is important
to note that the prefrontal sites were not influenced by
the response mapping manipulation, nor did the pre-
ceding study task interact with response hand for any
pair of sites (Hand � Old/New � Laterality � Study Task,
all null results).

DISCUSSION

Three ERP Differences between Old
and New Items

Three aspects of the ERPs recorded at test distinguished
correct old and correct new trials: (1) an early-onset
(�200 msec), spatially widespread positivity for old
items, (2) a late-onset (�700 msec) prefrontal positivity,
and (3) a very late (�1000 msec) negativity for old items.
All three effects are similar to prior studies from our
laboratory using qualitatively different materials (words

Figure 6. (A) Grand-average

ERPs from 24 subjects

performing the source

memory test. ‘‘Correct old’’
are trials in which studied

objects were recognized as

old, and the source judgment
about the object/color

relationship was also correct

(old same and old different

trials collapsed). From left to
right, the prefrontal scalp sites

are Fp5, Fp1, Fpz, Fp2, and

Fp6, and the parietotemporal

sites are T5, P3, Pz, P4, and T6.
(B) Topographic map showing

the spatial distribution of

the significant difference
between the hit trials in the

two memory tests, dependent

on which study task had

preceded the test. The map
depicts the 800- to 1200-msec

latency window; earlier latency

windows yielded no significant

differences.
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and voices, Senkfor & Van Petten, 1998; drawings and
spatial locations, Van Petten et al., 2000). However, our
previous articles focused on the first two effects and
included no analyses or discussion of the late negativity.
We thus comment on the commonalities and differences
among studies from different laboratories before pro-
ceeding to the core goal of the current study—the
impact of encoding on source memory retrieval.

Cycowicz, Friedman, and colleagues have reported
three studies in which participants were tested on their
memory for line drawings and their colors. All used
nonintegrative study tasks. In the first two of these
reports, the late prefrontal old/new effect typical of
source memory tests was not evident, although other
studies from this laboratory using different stimulus
attributes included the typical late prefrontal effect
(Cycowicz & Friedman, 2003; Cycowicz, Friedman, &
Snodgrass, 2001 vs. Trott et al., 1997). A more recent
report clarifies this puzzling absence as due to the
choice of reference electrode (Friedman, Cycowicz, &
Bersick, 2005). The electroencephalogram is always
recorded from differential amplifiers that amplify the
difference between an active scalp site and a refer-
ence site selected to pick up less brain activity, but the
same electrical noise from the environment. In the
present study, as in our past work, the reference site
has been an average of electrodes over the two mas-
toids; mastoid or earlobe references are commonly used
because the thick mastoid process provides substantial
(although not absolute) electrical insulation from the
brain (Katznelson, 1981). An alternative reference site
is the tip of the nose, used by Cycowicz, Friedman, and
colleagues. In their 2005 article, Friedman et al. present
both mastoid-referenced and nosetip-referenced data,

and note that a prefrontal positivity for old items is
apparent in the former but not the latter. This result
strongly suggests that similar brain activity is present at
both the prefrontal (forehead) and nosetip locations so
that differential recordings between the two show little
activity, in contrast to differential recordings between
prefrontal and mastoid locations.

The drawing-plus-color memory studies of Friedman
et al. (2005), Cycowicz and Friedman (2003), and Cycowicz
et al. (2001) have consistently reported that old items
elicit a large late negative potential over widespread (but
not prefrontal) regions of the scalp. In a recent review,
Johansson and Mecklinger (2003) suggest that such late
negative potentials may frequently reflect reconstruc-
tion of ‘‘the prior study episode when task-relevant at-
tribute conjunctions are not readily recovered or need
continued evaluation’’ (p. 64), much the same function-
al description that we have offered for prefrontal activ-
ity. In the current study, we also observe a late negativity
for old items, but analyses based on hand of response
strongly suggest that this late effect indexed response
preparation rather than a mnemonic process per se.
The general morphology of the late negativity strongly
resembles the Readiness Potential component of the
ERP. More critically, the late negative-going potential for
old items was largest over motor, premotor, and soma-
tomotor cortical regions (frontocentral, central, and pa-
rietal scalp), and was much larger contralateral to the
hand used to signal old responses. Old and new items
would be expected to elicit differential motor prepara-
tion in the latest portion of the epoch (after 1000 msec)
because the mean RT for new items hovered around
1000 msec, but mean RT for old items was more than
300 msec later. We can thus assume that for the majority

Figure 7. Grand-average ERPs

from 24 subjects performing

the source memory test,

from the prefrontal and
parietotemporal scalp sites.
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of trials, old and new items had been distinguished by
1000 msec, and the responding hand had been selected
(for new trials, the response had actually been executed
for some half of those trials). However, for old trials,
preparation of that hand had to be maintained while the
mnemonic processes distinguishing old-same from old-
different trials proceeded, leading finally to selection of
the appropriate finger on the responding hand. Overall,
the data suggest that the late negativity for old trials
is a temporally extended Readiness Potential. The late
negative effect was functionally dissociated from the
late prefrontal positivity in two ways: Only the prefron-
tal effect was influenced by the preceding study task
(securely linking it to mnemonic processes), and only
the late negative effect was influenced by response
hand. Because of numerous procedural differences

among studies, we cannot conclude with any certainty
how much the late negative effect here overlaps with
that observed in other laboratories. However, the cur-
rent results do suggest that response preparation should
be considered a strong candidate for the functional
process indexed by late negative potentials.

Influence of Encoding Task during Source
Memory Retrieval

A well-established effect in memory research is transfer-
appropriate processing (TAP; Morris, Bransford, &
Franks, 1977)—that performance improves to the ex-
tent that encoding and retrieval processes overlap. In
the current experiment, the source accuracy benefit
conferred by the integrative study task over the item-
oriented task provides a clear example of TAP. Directing
attention toward the relationship between the depicted
color and the identity of an object during encoding
improved memory for object/color relationships during
the test phase. Memory for object identity alone (item
recognition accuracy) was unaffected by the nature of
the study task, because judging the real-life size of the
depicted object and judging object/color congruity both
required access to stored knowledge about the objects
themselves. Although the typical color of an object may

Figure 8. Grand-average ERPs from 24 subjects performing the
source memory test. Each subject used the right hand to signal old

(different fingers for same vs. different) and their left hand to signal

new in one session, and the reverse in the other session.

Table 2. Statistical Results for Lateral Asymmetry
of the Late Negative Old/New Effect

Electrode Pair

Response Hand �
Old/New � Laterality

F(1,22)

Study Task �
Response Hand �

Old/New � Laterality
F(1,22)

Fp1, Fp2 1.22 1.81

F3, F4 9.54*** 0.07

Fc3, Fc4 71.05**** 0.70

C3, C4 92.21**** 0.31

P3, P4 10.31*** 0.49

O1, O2 6.50* 0.01

Fp5, Fp6 0.04 0.93

F7, F8 0.40 2.19

Ft7, Ft8 5.93* 0.35

Tp7, Tp8 0.00 1.84

T5, T6 4.25* 0.20

Listed first are the seven lateral electrode pairs closer to the midline,
followed by the five pairs farther from the midline (primarily over
the temporal lobe, with the exception of Fp5 and Fp6 over lateral
prefrontal cortex, and F7 and F8 over lateral frontal/prefrontal cortex).

*p < .05.

***p < .005.

****p < .0001.
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sometimes be spontaneously accessed when thinking
about other object properties ( Joseph & Proffitt, 1996),
the color–congruity task mandated that this property be
considered on every trial, and explicitly conjoined with
object identity.

A small number of prior experiments have confirmed
a prediction about brain activity that can be drawn from
TAP, namely, that successful retrieval will be accompa-
nied by reengagement of the same brain areas active
during encoding (Vaidya et al., 2002; Nyberg et al., 2000;
Wheeler, Peterson, & Buckner, 2000). In these studies,
qualitatively different patterns of brain activity were
produced by including physically distinct classes of
stimuli (e.g., words vs. pictures) during the study phase.
These experiments have thus evaluated an outcome of
TAP, in designs that necessitated comparisons across
physically distinct classes of stimuli. The current exper-
iment is unique in comparing brain activity elicited by
the same type of material at both study and test, and
manipulating only the encoding operations applied to
those stimuli. The results are novel in showing another
consequence of transfer-appropriate processing, name-
ly, a reduced need to exert prefrontal control processes
during the attempt to retrieve information.

The first neural differentiation between studied and
unstudied pictures began �200 msec after stimulus
presentation, was widespread across the scalp, and did
not vary according to the nature of the study task. This
initial effect appeared much the same as that observed
in numerous ERP studies using simple old/new recogni-
tion tasks that do not require memory for conjunctions
of attributes (Rugg & Allan, 2000; Van Petten & Senkfor,
1996). Following the item-oriented study task, studied
and unstudied pictures also elicited differential electrical
activity over the prefrontal cortex in a later time epoch
(beginning �700 msec), because only the recognized
pictures required search or evaluation of the weakly
encoded relationship between object identity and de-
picted color. This late effect appeared much the same as
in previous ERP studies of source memory ( Johansson
et al., 2002; Ranganath & Paller, 2000; Van Petten et al.,
2000; Senkfor & Van Petten, 1998; Trott et al., 1997;
Wilding & Rugg, 1996; Wilding et al., 1995). In the item-
oriented session, there was no significant correlation
between an individual’s accuracy in recognizing a picture
(independent of color) and accuracy in recognizing
object/color relationships, consistent with the conclu-
sion that these ref lect dissociable neural processes.
When object/color relationships were more strongly
encoded, additional executive processes devoted to
recovering object/color relationships—after an object
had been recognized—were no longer needed. In-
dividual accuracies for object recognition and object/
color recognition were significantly correlated in the
integrative session, consistent with the conclusion that
they were now largely dependent on the same neural
processes.

In the current results, lower source accuracy was
associated with greater prefrontal engagement during
memory retrieval, and higher source accuracy with lesser
engagement. It might be tempting to summarize this
pattern of results as ‘‘greater prefrontal activity when
retrieval is difficult.’’ However, this summary is not
specific enough. It is important to remember that task
difficulty is an outcome (inferred by lower accuracy and/
or longer RTs) rather than an experimental manipula-
tion, and that there are multiple processing bottlenecks
that can lead to reduced memory accuracy. Among the
many manipulations that can reduce recognition accu-
racy, many do not appear to be associated with greater
prefrontal activity. For instance, meaningful material is
more easily recognized than novel and less meaningful
material, but a contrast between recognition of words
and novel geometric patterns did not yield any differ-
ence in the topography of the ERP old/new effect (Van
Petten & Senkfor, 1996). In a positron emission tomog-
raphy study, drawings of impossible three-dimensional
objects were less likely to be recognized than drawings
of possible objects, but were associated with less (rather
than more) blood flow in the dorsolateral prefrontal
cortex (Schacter et al., 1995). Moreover, standard levels
of processing manipulations lead to lower accuracy for
items studied in ‘‘shallow’’ tasks relative to those stud-
ied in ‘‘deep’’ tasks, but test-phase differences in elec-
trical and hemodynamic measures have been reported
in posterior rather than prefrontal regions (Gonsalves &
Paller, 2000; Rugg, Walla, et al., 1998). These examples
are drawn from simple old/new recognition tasks in
which prefrontal damage has a relatively minor impact
on accuracy (Swick & Knight, 1999; Wheeler, Stuss, &
Tulving, 1995), likely because performance is limited by
the efficiency of basic encoding and retrieval operations
served by medial temporal and posterior neocortical
regions. In contrast, when a difficult version of a task
does reliably engage prefrontal cortex—as in the n-back
working memory task—parametric reductions of task
difficulty have led to parallel reductions in prefrontal
activity (Braver et al., 1997).

Although a large number of studies using both ERP and
hemodynamic imaging methods have confirmed that con-
junction (or source) memory tests preferentially engage
the prefrontal cortex (Dobbins et al., 2002; Johansson
et al., 2002; Senkfor, 2002; Ranganath & Paller, 2000; Raye
et al., 2000; Van Petten et al., 2000; Rugg, Fletcher, et al.,
1999; Senkfor & Van Petten, 1998; Johnson, Kounios, &
Nolde, 1997; Trott et al., 1997; Wilding et al., 1995), the
current results indicate that this need not be so. Instead,
the results show that the role of the prefrontal cortex in
these tasks is to aid in the recovery of weakly encoded
relationships. In the present case, a simple instructional
manipulation was sufficient to strengthen the encoding
of the relationship between attributes, which may or
may not be possible in other cases with qualitatively dif-
ferent attributes or different degrees of similarity among
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attributes. The impact of encoding task and instruction
observed here is consistent with two recent behavioral
studies. Thaiss and Petrides (2003), after observing an
exception to the typical finding that patients with prefron-
tal damage perform poorly in source memory tests,
argued that the high accuracy of their patients was due
to explicit instruction during the encoding phase to try
to learn relationships. Glisky, Polster, and Routhieaux
(1995) have consistently reported that healthy older
adults who perform poorly in neuropsychological tests
traditionally thought to tap prefrontal function also have
special difficulty with source memory tests. However,
this group has also reported that integrative encoding
tasks eliminate the source memory deficit in this sub-
set of older adults and indeed boosts their performance
to the level of young adults (Glisky, Rubin, & Davidson,
2001). These behavioral results are equally consistent
with two accounts: (1) that patients with frontal dam-
age and older adults with reduced prefrontal function
fail to spontaneously select an appropriate encoding
strategy, and this deficit can be overcome by explicit
instruction, or (2) that the prefrontal cortex serves an
important role in the retrieval of attribute conjunctions,
and that this burden can be alleviated by the right sort
of encoding—encoding that serves to bind attributes
more closely. These two accounts are not mutually ex-
clusive, and the current results cannot rule out the pos-
sibility that the prefrontal cortex is essential for initial task
set during encoding—deciding how to focus attention
on upcoming trials (Hopfinger, Buonocore, & Mangun,
2000). Although we observed no sign of differential pre-
frontal activity during performance of the two encoding
tasks (instead, the difference between encoding tasks
had a parietotemporal maximum), the single moment
of deciding to adopt a particular encoding strategy could
not be visualized in the design used here. In contrast,
the current results do provide strong support for the
latter account because the nature of the prior encoding
task influenced prefrontal activity during the retrieval
phase.

The present results, and the behavioral experiments
above (Thaiss & Petrides, 2003; Glisky, Rubin, & Davidson,
2001) argue that there may be no intrinsic relationship
between the retrieval of attribute conjunctions and the
prefrontal cortex. Some investigators have postulated
a special role for this brain region in strategic retrieval,
as compared to the spontaneous recovery of memories
in the presence of an appropriate cue (Moscovitch &
Winocur, 2002; Petrides, 1996). The distinction between
strategic and spontaneous retrieval is often defined
as the difference between free recall and recognition
tests, and one motivation for the strategic retrieval
hypothesis is the impairment of frontal patients in free
recall in the face of normal or near-normal recognition
performance (Wheeler, Stuss, & Tulving, 1995). Source
memory tests—even when administered in a recognition
format as here—may typically stimulate strategic retriev-

al because of the relative ease of remembering some
aspect of a studied stimulus combined with the difficulty
of remembering conjunctions of attributes. Spontaneous
recovery of some information from memory may be a
particularly potent trigger to initiate a prolonged at-
tempt to retrieve additional, task-relevant information.
This model is consistent with the temporal sequence of
ERP memory effects in source memory tests ( Johansson
et al., 2002; Van Petten et al., 2000; Senkfor & Van
Petten, 1998; Trott et al., 1997; Wilding et al., 1995): an
early differentiation between completely new stimuli
and those that closely resemble studied stimuli (such
as old objects in a different color), followed only later by
a prefrontal old/new effect. However, if disparate attri-
butes of a stimulus or event are more tightly bound
during initial encoding, recognition of even conjunc-
tions of attributes may occur spontaneously without
the need for strategic retrieval.

There is a caveat to the superiority of integrative
encoding, namely, that it is most beneficial when re-
trieval cues form a good match with what was encoded,
as in the ‘‘old-same’’ trials here. Higher accuracy for old-
same than old-different trials is typical of source recog-
nition tests (Dodson & Shimamura, 2000; Van Petten
et al., 2000; Senkfor & Van Petten, 1998; Wilding et al.,
1995), and was also observed here. In both sessions,
pictures that remained in the same color from study to
test yielded higher source accuracy and faster responses,
although the RT benefit was larger after integrative than
item-oriented study. The accuracy difference may have
two causes: on the one hand, a benefit from reinstating
the details of the study episode on old-same trials, and
on the other hand, a cost when familiar but inappropri-
ate retrieval cues are presented on old-different trials
(Dodson & Shimamura, 2000). Until now, there have
been few hints about the neural correlates of either the
cost or the benefit. Successful source retrieval is associ-
ated with greater activity in posterior (but not prefron-
tal) brain regions (Dobbins et al., 2002; Van Petten et al.,
2000; Senkfor & Van Petten, 1998), but prior studies
have shown no difference between old-same and old-
different conditions when source retrieval is successful
(Van Petten et al., 2000; Senkfor & Van Petten, 1998;
Wilding et al., 1995). These results might suggest that
brain activity during successful source retrieval is con-
stant, regardless of the ease or difficulty in reaching this
endpoint. A new observation here was reduced prefron-
tal engagement for old-same trials—those reinstating
the study episode exactly—but only when the original
pair of attributes had been tightly bound by the integra-
tive encoding task. Integrative encoding also influenced
prefrontal activity for old-different trials, but to a lesser
extent. It is possible that the prefrontal same–different
effect ref lects the specific benefit of reinstatement,
whereas retrieval accuracy suffers an additional cost
from mismatching retrieval cues whose neural basis
has not been identified. Confirmation of this proposal
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and neural characterization of both halves of the cost–
benefit equation awaits further research.
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Notes

1. Indeed, it is unclear whether intuitions about what counts
as ‘‘context’’ are crisp enough to serve as a foundation for
rigorous hypothesis testing. We prefer operational definitions
that can be subject to experimental manipulation. In the
domain of memory, we begin with stimulus attributes that
occupy different physical dimensions (e.g., shape vs. color)
and that can be dissociated and recombined. We then define
the ‘‘item’’ attributes (or collection of attributes) as those that
(typically) are studied only once during an experiment, and
source attributes as those that are studied multiple times
during an experiment, paired with different items. Note that
this definition is completely dependent on the experimental
mapping between attributes and not on their nature. Thus, if
participants study many sentences divided between two
talkers, voice is the ‘‘source’’ attribute, but if the mapping is
reversed such that participants hear only two sentences
spoken by many talkers, the sentence becomes the source
attribute (see Glisky, Rubin, & Davidson, 2001, for this
manipulation, and Van Petten, Luka, Rubin, & Ryan, 2002, for
further discussion of what distinguishes source memory tests
from associative memory tests). These definitions do not imply
that the nature of the stimulus attributes are of no conse-
quence for memory encoding or retrieval, but offer the be-
ginning of a language in which to discuss the separable or
interactive influences of attributes, mappings, encoding in-
structions, and retrieval instructions on memory performance
and neural activity.
2. There were no other ERP differences between the two
study phases. In particular, there were no differences prior to
the positive potential in the 500- to 800-msec latency range.
These results are thus distinct from selective attention
paradigms in which participants actively attend stimuli in some
colors and ignore stimuli in other colors (Anllo-Vento, Luck, &
Hillyard, 1998). No such early attention effects were expected
here, as the shapes of all the objects were defined by colored
contours or filled regions and it was necessary to process these
to identify the objects in both encoding tasks.
3. The latency windows analyzed here were preselected to
correspond with those in previous studies of memory retrieval
in our laboratory, for which prefrontal memory effects have
always been very much larger 800–1200 msec after stimulus
onset than in earlier latency windows (Van Petten et al., 2000,
2002; Senkfor & Van Petten, 1998). Here, a more global ANOVA
including amplitude measures from both latency windows
(200–600 and 800–1200 msec) yielded all the expected inter-
actions between latency window and the other factors of in-
terest: latency by old/new, F(1,23) = 81.7, p < .0001; latency
by prefrontal/parietotemporal, F(1,23) = 56.2, p < .0001; la-
tency by old/new by region, F(1,23) = 5.04, p < .05; and
latency by encoding task by old/new by prefrontal/parietotem-
poral, F(1,23) = 4.84, p < .05.
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