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Abstract

Cortical reinstatement refers to the overlap between neural activity elicited during the encoding 

and the subsequent retrieval of an episode, and is held to reflect retrieved mnemonic content. 

Previous findings have demonstrated that reinstatement effects reflect the quality of retrieved 

episodic information as this is operationalized by the accuracy of source memory judgments. The 

present functional magnetic resonance imaging (fMRI) study investigated whether reinstatement-

related activity also co-varies with the confidence of accurate source judgments. Participants 

studied pictures of objects along with their visual or spoken names. At test, they first discriminated 

between studied and unstudied pictures and then, for each picture judged as studied, they also 

judged whether it had been paired with a visual or auditory name, using a three-point confidence 

scale. Accuracy of source memory judgments – and hence the quality of the source-specifying 

information – was greater for high than for low confidence judgments. Modality-selective 

retrieval-related activity (reinstatement effects) also co-varied with the confidence of the 

corresponding source memory judgment. The findings indicate that the quality of the information 

supporting accurate judgments of source memory is indexed by the relative magnitude of content-

selective, retrieval-related neural activity.

1. Introduction

Episodic memory refers to the processes that support the retrieval of qualitative information 

about unique events, such as their temporal and spatial contexts (Tulving, 1983). The 

retrieval of qualitative information – also known as ‘recollection’ – can be distinguished 

from ‘familiarity’, a memory signal that supports judgments of prior occurrence in the 

absence of contextual information (Mandler, 1980; Yonelinas, 2002; Wixted and Mickes, 

2010). It has been argued that, among other memory tests, both the ‘remember/know’ 

procedure and, critically for the aims of the present study, judgments of source memory, 

require retrieval of contextual information and hence depend heavily on encoding and 

retrieval processes supporting recollection (e.g. Yonelinas, 2002; Wixted and Mickes, 2010).
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An account of episodic memory relevant to the present study proposes that the processes 

engaged when an episode is initially experienced and when it is later recollected are strongly 

related. The account is derived from the complementary frameworks of transfer-appropriate 

processing (TAP) and cortical reinstatement theory (Rugg et al., 2008). The principle of 

transfer-appropriate processing is based on the twin notions that memories are represented in 

terms of the cognitive processes engaged when an event is experienced, and that retrieval 

occurs when a retrieval cue initiates the recapitulation or reinstatement of those processes 

(e.g., Morris et al., 1977; for a review, see Roediger et al., 2002). The idea that successful 

recollection depends on the reinstatement of processes engaged during encoding is also 

found in a number of neurally-inspired models of episodic memory (e.g., Alvarez and 

Squire, 1994; McClelland et al., 1995; Rolls, 2000; Shastri, 2002; Norman and O’Reilly, 

2003). According to the model proposed by Norman and O’Reilly (2003), for example, 

successful encoding occurs when a pattern of cortical activity elicited by an experience is 

stored by the hippocampus. Subsequently, when a retrieval cue elicits a partially overlapping 

pattern of activity, pattern-completion within the hippocampus leads to reinstatement of the 

whole pattern, providing access to the content of the stored memory representation. The 

cortical reinstatement framework leads to a testable prediction regarding the relationship 

between neural activity associated with encoding and retrieval: if reinstatement of the 

processes and representations active during encoding supports episodic retrieval, greater 

reinstatement should be observed when retrieval is successful than when it is unsuccessful.

Cortical reinstatement effects have been identified in numerous prior studies that have used a 

variety of test procedures to operationalize recollection (e.g., Kahn et al., 2004; Woodruff et 

al., 2005; Johnson and Rugg, 2007; Slotnick, 2009; McDuff et al., 2009; Johnson et al., 

2009; Huijbers et al., 2011; Kuhl et al., 2011; Hofstetter et al., 2012; Staresina et al., 2012; 

Johnson et al., 2013; Kuhl et al., 2013; Ritchey et al., 2013; Gordon et al., in press; for 

reviews of early work, see Rugg et al., 2008; Danker and Anderson, 2010). In the study of 

Johnson and Rugg (2007), for example, participants were presented at study with words in 

association with either a scene or a sentence task. Participants were later presented with old 

and new words and undertook a remember/know test. Relative to test words judged as 

familiar only, words from each study task endorsed as recollected elicited activity that 

overlapped regions demonstrating enhanced study activity for the corresponding task. 

Whereas Johnson and Rugg (2007) operationalized reinstatement in terms of regional 

overlap in mean signal change, reinstatement has also been demonstrated using multivariate 

analysis of fMRI data (e.g., Johnson et al., 2009; McDuff et al., 2009; Kuhl et al., 2011, 

2013; Staresina et al., 2012; Ritchey et al., 2013; Gordon et al., in press). For example, in 

Staresina et al. (2012) across-voxel similarity between study and test trials in 

parahippocampal cortex was reported to be higher when a cue word elicited accurate rather 

than inaccurate retrieval of the scene it had been paired with at study.

These findings clearly demonstrate that reinstatement effects reflect, in part, the content of 

retrieved episodic information. Moreover, findings that reinstatement effects are greater for 

accurate than for inaccurate content-based (i.e. source) memory judgments (Kahn et al., 

2004; Kuhl et al., 2011; Staresina et al., 2012; Gordon et al., in press; see also, Slotnick, 

2009; Huijbers et al., 2011; Hofstetter et al., 2012; Kuhl et al., 2013) are consistent with the 

proposal that the reinstated information provides the basis for such judgments.
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Until now, the relationship between reinstatement and the information supporting content-

based (source) memory judgments has been investigated through contrasts between test trials 

attracting correct and incorrect judgments. There is however considerable evidence that the 

accuracy of a source memory judgment co-varies with the confidence expressed in the 

judgment, suggesting the existence of a recollection signal that varies continuously in its 

fidelity or ‘strength’ (Slotnick et al., 2000; Qin et al., 2001; Glanzer et al., 2004; Slotnick 

and Dodson, 2005; Wixted, 2007; Mickes et al., 2009; Slotnick, 2010; Yu et al., 2012a; but 

see, Parks and Yonelinas, 2007). Thus, if reinstatement effects provide the informational 

basis for judgments about retrieved episodic content (as in source memory tests), the effects 

should vary not only as a function of accuracy, but also between accurate judgments made 

with differing levels of confidence. Such a finding would demonstrate both that 

reinstatement tracks the fidelity or quality of retrieved content, and that source judgments 

are indeed based on a continuous memory signal. An alternative possibility is that 

reinstatement-related activity reflects the mere detection of recollected information, 

regardless of the quality of that information. Evidence in favor of this possibility would take 

the form of reinstatement-related activity that was sensitive to whether recollection was 

successful (as indexed by an accurate source judgment) but was unaffected by recollection 

strength (as indexed by source confidence; cf., Yu et al., 2012b). To our knowledge, this 

issue has yet to be addressed.

Here, we addressed the issue by employing a source memory procedure and assessing 

whether cortical reinstatement tracks the confidence and accuracy of source memory 

judgments (we expected that these two variables would co-vary, as has been reported 

previously; see above). Participants studied pictures of objects along with their visual or 

spoken names. At test, participants discriminated between studied and unstudied pictures 

and, for each picture judged studied, went on to judge whether the picture had been paired 

with a visual or a spoken name, using a three-point confidence scale.

Successful episodic retrieval is associated not only with content-selective reinstatement 

effects, but also with content-independent retrieval effects. Content-independent effects have 

been consistently observed in a characteristic network of regions, sometimes referred to as 

the ‘core recollection network’ (for reviews, see Kim, 2010; Rugg and Vilberg, 2013). It has 

been proposed that, in interaction with regions manifesting content-selective retrieval effects, 

this network supports the retrieval and maintenance of consciously accessible memory 

representations (Rugg and Vilberg, 2013). The network comprises the hippocampus and 

parahippocampal cortex, along with ventral parietal cortex, retrosplenial/posterior cingulate 

cortex, and medial prefrontal cortex. It has been reported that retrieval-related activity in 

these regions, most notably in ventral parietal cortex in the vicinity of the angular gyrus and 

in the hippocampus, co-varies with the confidence and accuracy of source memory 

judgments (Yu et al., 2012a, 2012b; but see, Wais et al., 2010; Slotnick and Thakral, 2013). 

For example, in the study of Yu et al. (2012a, 2012b), retrieval-related activity elicited by 

items endorsed as ‘remembered’ was compared across three levels of source confidence. 

Activity in the hippocampus and angular gyrus co-varied with confidence in a graded 

fashion (i.e., high confidence > moderate confidence, moderate confidence > low 

confidence). These and related findings prompted Rugg and Vilberg (2013) to suggest that 

activity in these regions co-varies with the amount of retrieved episodic information (see 
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also, Hayama et al., 2012; Rugg et al., 2012). We expected to obtain similar results in the 

present study.

2. Materials and Methods

2.1 Participants

Twenty participants with normal or corrected-to-normal vision completed the experiment. 

Participants reported themselves to be right-handed and free of neurological and psychiatric 

disease. They had no contraindications for MRI. Informed consent was obtained prior to 

participation. The experimental protocol was approved by the Institutional Review Boards of 

the University of Texas at Dallas and the University of Texas, Southwestern Medical Center 

at Dallas. Data from two participants were excluded from all analyses because of excessive 

head movement (> 3 mm). An additional participant was excluded from the analyses 

because of too few high source confidence judgments for visually studied items (n = 3). The 

remaining 17 participants (8 females) had a mean age of 22.7 years (range 19–28).

2.2 Stimulus Materials

Experimental items comprised 291 stimulus triplets consisting of a colored picture of a 

common object and the visual and auditory name of the object. The objects were drawn from 

Hemera Photo Objects 50,000 Volume III (http://www.hemera.com/index.html). Their 

names ranged in length from 3 to 10 letters and in frequency from 1 to 100 counts/million 

(Kucera and Francis, 1967). Auditory versions of the names were spoken by a female voice. 

The recordings were edited to a constant sound pressure level and filtered to remove ambient 

noise (http://audacity.sourcefourge.net). Auditory names were presented binaurally via MR 

compatible earphones (Sensimetrics Insert Earphones for fMRI Research Model S14, http://

www.sens.com/) and did not exceed 1000 ms in duration (mean duration 650 ms). Volume 

was adjusted to a comfortable level for each individual participant during a preliminary MRI 

scan.

For each participant, the 291 triplets were randomly sorted. Eighteen triplets were used as 

buffers (2 at the beginning and end of each study session and 2 at the beginning of each test 

session). The remaining triplets were subdivided into those to be used during study and new 

items to be used for the test task. During study (Figure 1A), 144 pictures were paired with 

matching names (72 visual and 72 auditory ‘congruent’ trials) and 18 pictures were paired 

with mismatching names that denoted objects not otherwise employed in the experiment (9 

visual and 9 auditory ‘incongruent’ trials - as described below, the congruent and 

incongruent trials were inherent to the study task). At test (Figure 1B), the pictures from 72 

of the triplets were used as new items and the 144 pictures presented on congruent study 

trials served as old items. Twenty-one triplets were used as practice items for the study and 

test tasks.

A study list was created for each participant using the 144 congruent picture-name pairings 

and the 18 incongruent pairings. The study list was subdivided into three sub-lists, one for 

each fMRI study session. Each sub-list contained a pseudorandom ordering of 48 congruent 

pairings (24 visual and 24 auditory) and 6 incongruent pairings (3 visual and 3 auditory). No 
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more than three trials were consecutively presented in the same modality. One test list was 

created using the pictures from the 144 congruent picture-name pairings presented at study 

and 72 new pictures. The test list was subdivided into three test sub-lists, one for each fMRI 

test session. Each sub-list contained a pseudorandom ordering of 48 old pictures (24 

auditory and 24 visual) and 24 new pictures. No more than 3 trials of the same study status 

were consecutively presented.

Pictures were presented in central vision on a mirror mounted above the scanner head-coil 

within a grey box that subtended a visual angle of 6.7° × 6.7°. During the study phase, visual 

names were presented directly below the grey box in lowercase Arial font in white (25 point 

font and subtending a maximum horizontal visual angle of 3.6°). When the accompanying 

name was presented auditorily, only the picture in the grey box was presented.

2.3 Experimental Procedures

Participants completed one study-test cycle. Each study and test phase was broken into three 

fMRI scanning sessions, for a total of 6 fMRI sessions (3 study fMRI sessions followed by 3 

test fMRI sessions). Following the study phase, participants were instructed on the test task 

and practiced it while remaining in the scanner.

An incidental study task, which had been practiced outside the scanner, was employed 

(Figure 1A; see also, Gottlieb et al., 2010). The task was to judge whether each picture and 

its accompanying name was congruent or incongruent (representative trials are shown in 

Figure1A left and right, respectively). Participants were instructed to maintain fixation and 

to respond as quickly as possible without sacrificing accuracy. Responses were made on a 

button-box using the middle and index fingers. The hand used for responding was 

counterbalanced across participants.

Each study trial began with the presentation of a red fixation cross at the center of the screen 

for 500 ms. This was replaced by the picture of an object for a duration of 1000 ms. Five 

hundred milliseconds into the presentation of the object, the visual or auditory name was 

presented. Following picture offset, a white fixation cross was displayed for a variable 

duration of 6.5, 8.5, or 10.5 s to conclude the trial. The fixation durations were equivalently 

distributed across the visual and auditory congruent trials within each study session (32 trials 

at 6.5 s, 12 trials at 8.5 s, and 4 trials at 10.5 s). The fixation duration for buffer trials and 

incongruent trials was 6.5s1.

The test task had two stages. First, participants judged whether each test item had been 

presented at study (old) or was new (Figure 1B) under the instruction to respond “old” only 

when confident the picture had been studied. Following an old response, the requirement 

was then to judge whether the test item had been paired at study with an auditory or visual 

word. The judgment could be made using one of three confidence levels; “definitely”, 

“probably” and “possibly”, giving a total of six response options. Instructions were to make 

1As is apparent from the experimental design, the present study was intended to allow the fMRI data to be subjected to multi-voxel 
pattern analysis (MVPA) in addition to the univariate analyses described here. Contrary to what would have been expected from prior 
findings (e.g., Gordon et al., in press; Johnson et al., 2009), a pattern classification analysis failed to identify evidence of modality-
selective cortical reinstatement effects, and hence added nothing to the results reported here.
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all responses as quickly as possible without sacrificing accuracy. Old/New responses were 

made on a button-box using the left or right middle and index fingers. Source judgments 

were made using left and right middle, index, and ring fingers. The hand used for responding 

was counterbalanced across participants.

Each test trial began with the presentation of a red fixation cross at the center of the screen 

for 500 ms. The cross was replaced by the test picture, which remained in view for 500 ms. 

Following picture offset, an old/new prompt appeared above a white fixation cross for 2 s. If 

participants responded “old”, a source prompt appeared for 2 s (Figure 1B left). If 

participants responded “new”, a white central fixation cross appeared for 2 s (Figure 1B 

right). The trial concluded with a white fixation cross that was displayed for a variable 

duration of 6.5, 8.5, or 10.5s. Within each test session, the inter-trial interval was distributed 

equivalently across all old visual, old auditory and new trials (48 trials at 6.5 s, 18 trials at 

8.5 s, and 6 trials at 10.5 s in each case)1. For the buffer trials at the beginning of each test 

session the inter-trial interval was 6.5 s. Each study and test session concluded with a white 

fixation period that was presented for 15 s.

2.4 Image Acquisition and Analysis

MR images were acquired with a 3 Tesla Philips Achieva MRI scanner (Philips Medical 

Systems) using a 32-channel head coil. Functional images were acquired using an echo-

planar imaging sequence (EPI: SENSE factor of 1.5, flip angle 70°, 80 × 80 matrix, FOV = 

24 cm, TR = 2000 ms, TE 30 ms, 34 slices, 3 mm slice thickness, 1 mm gap, 3 mm isotropic 

voxels). Slices were acquired in ascending order and were oriented parallel to the anterior-

posterior commissure plane. Anatomical images were acquired using a magnetization 

rapidly acquired gradient echo sequence (MPRAGE: 240 × 240 matrix, 1 mm isotropic 

voxels). For each study session, 263 volumes were acquired (for one participant, 262, 207, 

and 267 volumes were acquired in the different study sessions because of technical error). 

For each test session, 337 volumes were acquired (for one participant, only 245 volumes 

were acquired in the third test session).

fMRI analysis was conducted using Statistical Parametric Mapping (SPM8, Wellcome 

Department of Cognitive Neurology, London, UK). Functional image preprocessing 

included a two-pass spatial realignment (first, realigning all images to the first image of the 

first session and then realigning to the mean image), slice-time correction (using the middle 

slice as reference), reorientation, spatial smoothing with a 8 mm full-width-half-maximum 

(FWHM) Gaussian kernel, and spatial normalization to Montreal Neurological Institute 

(MNI) space using a standard echo-planar imaging template (Cocosco et al., 1997). 

Anatomical images were normalized to MNI space for each individual participant (using the 

SPM8 T1 template) and then averaged across participants to create a mean image. The time 

series in each voxel was high-pass filtered at 1/128 Hz and scaled to a constant mean within 

session.

Statistical analysis was performed on the study and test data separately, in each case using a 

two-stage mixed effects model. In the first stage, neural activity associated with each picture 

at study and test was modeled for each participant by a delta function at the onset of the 

picture. The associated BOLD response was modeled by convolving the functions with a 
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canonical hemodynamic response (HDR) function and its temporal and dispersion derivative 

(Friston et al., 1998), yielding regressors in a General Linear Model (GLM) that modeled the 

BOLD response for each event type.

There were 6 events of interest, comprising trials associated with source judgments 

segregated according to confidence/accuracy. High visual and auditory source confidence 

corresponded to test pictures that attracted both an accurate old response and an accurate 

source response at the highest level of confidence. Low visual and auditory source 

confidence corresponded to test pictures that attracted an accurate old response and an 

accurate source response at the moderate or low level of confidence (the “probably” or 

“possibly” response categories). Limitations on trial numbers necessitated collapsing across 

“probably” and “possibly” accurate source responses to form this single response category. 

The proportions of trials attracting accurate probable and accurate possible judgments did 

not significantly differ between the two modalities (means (standard deviations), 0.58 (0.15) 

and 0.56 (0.15) for auditory and visual probable judgments, respectively). The final response 

category of interest comprised test pictures that later attracted an accurate old response and 

an inaccurate source response at any level of confidence. The relative proportions of 

inaccurate judgments for visual trials were 0.17 (0.18), 0.30 (0.13), and 0.53 (0.22) for 

“definitely auditory”, “probably auditory”, and “possibly auditory” responses, respectively. 

The relative proportions of inaccurate judgments for auditory trials were 0.11 (0.11), 0.34 

(0.11), and 0.55 (0.20) for “definitely visual”, “probably visual”, and “possibly visual” 

responses, respectively. ANOVA (factors of modality and response) gave rise solely to a 

main effect of response (F(1.40, 22.37) = 26.77, p < 0.001). Thus, for both modalities, only a 

small minority of inaccurate source judgments were made with high confidence.

Two further categories of test events comprised correct rejections (new pictures that attracted 

an accurate new response) and a single collapsed event of no-interest (comprising misses 

(studied pictures that later attracted a new response), false-alarms, trials with no response, 

and buffer trials). Six regressors representing movement-related variance (three for rotation 

and three for rigid-body translation) and regressors modeling each scan session were also 

entered into the study and test design matrices. An AR(1) model was used to estimate and 

correct for nonsphericity of the error covariance (Friston et al., 2002). Participant-wise 

parameter estimates for each event of interest derived from these within-participant GLMs 

were taken to the second analysis stage where they were entered into a repeated measures 

ANOVA with participants modeled as a random effect.

The ANOVA model employed within-participants factors of modality (visual and auditory) 

and response category (high confidence, low confidence, and inaccurate). Table 1 lists the 

proportions of old visual and auditory trials associated with each response category. Unless 

otherwise noted, the primary contrasts were thresholded at p < 0.001 with a cluster extent 

threshold of 21 voxels. The extent threshold corresponds to a Type I error rate of p < 0.05 as 

estimated by a Monte Carlo simulation of 10,000 iterations using the AlphaSIM tool in 

Analysis of Functional NeuroImages (AFNI) software (http://afni.nimh.nih.gov/pub/

dist/doc/program_help/AlphaSim.html).
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3. Results

3.1 Behavioral Results

Mean accuracy of the congruency judgments at study was slightly but significantly higher 

for the visual than the auditory modality (0.98 (0.02) and 0.95 (0.04) respectively; t(16) = 

3.89, p < 0.01). Turning to the test data, item hit rate collapsed over all possible source 

responses was 0.81 (0.10) for pictures previously paired with a visual word and 0.84 (0.08) 

for pictures previously paired with an auditory word, against a false alarm rate of 0.06 

(0.08). The hit rates significantly differed (t(16) = 2.14, p < 0.05).

Figure 2A illustrates the accuracy of source judgments (conditionalized on accurate item 

memory) at each level of source confidence. A two-way repeated measures ANOVA (factors 

of modality and confidence) gave rise solely to a main effect of confidence (F(1, 16) = 

92.39, p < 0.001; this and all following degrees of freedom were corrected for non-sphericity 

with the Greenhouse-Geisser procedure). Follow-up pairwise comparisons revealed greater 

accuracy for high than for low confidence judgments (F(1, 34.43) = 104.89, p < 0.001; 

unless otherwise noted, this and all following post-hoc pairwise comparisons were 

conducted using the standard error of the difference derived from the error term of the 

relevant parent ANOVA). For both confidence levels accuracy exceeded the chance level of 

0.5 (in both cases, t(16) = 2.12, p < 0.001).

It has been argued that neural correlates of source memory are confounded by differences in 

the accuracy, and hence the ‘strength’, of memory for the items themselves (Wixted et al., 

2010). Thus, we addressed the question whether item memory accuracy co-varied with the 

confidence and accuracy of the associated source judgment. Figure 2B illustrates the item 

recognition accuracy (indexed by pHit/(pHit + pFA); Wixted et al., 2010) as a function of 

response category. Because accuracy approached ceiling, we used nonparametric tests to 

contrast the scores associated with the different response categories. Bradley’s procedure 

was used to test for the presence of a modality by response category interaction (Bradley, 

1979; Sawilowsky, 1990). The interaction was not significant (χ2(2) = 2.42, p > 0.10). 

Follow-up pairwise comparisons, collapsed across modality, and conducted using a 

Wilcoxon Signed Ranked Test, revealed greater recognition accuracy for high than for low 

confidence judgments (p < 0.001) and for low confidence than for inaccurate judgments (p < 

0.05).

fMRI Results—We first identified modality-independent source memory effects, and then 

went on to identify modality-selective effects (‘cortical reinstatement’). For both classes of 

effects, we assessed whether retrieval-related activity varied according to the quality of 

source-specifying information by conducting pairwise comparisons between the peak 

parameter estimates for each of the three categories of source judgment (high confidence, 

low confidence, and inaccurate).

3.2 Modality-Independent Source Memory Effects

Regions demonstrating modality-independent source memory effects were identified by 

exclusively masking the main effect of response category, collapsed across modality, with 
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the modality by response category interaction (mask threshold of p < 0.05 two-sided; note 

that the more liberal the threshold of an exclusive mask, the more conservative the 

procedure). As illustrated in Figure 3 and listed in Table 2, the analysis identified effects in, 

among other regions, bilateral posterior parietal cortex, bilateral medial prefrontal cortex, 

bilateral orbitofrontal cortex, left inferior temporal sulcus, and bilateral posterior cingulate/

retrosplenial cortex (extending into extrastriate and striate cortex).

Parameter estimates for each response category were extracted from peak voxels of clusters 

localized within the ‘core recollection network’ (see Introduction and Rugg and Vilberg, 

2013). The selected regions were left angular gyrus (MNI coordinates: −57 −67 22)2, 

retrosplenial/posterior cingulate cortex (−9 −52 34), and two regions of medial prefrontal 

cortex (−6 59 16 and −9 65 1). Since the main effect of response category did not identify 

effects in the hippocampus or parahippocampal cortex, two other members of the putative 

recollection network, parameter estimates could not be obtained for these regions. Because 

voxels that demonstrated a modality by response category interaction were excluded from 

the main effect, extracted parameter estimates were collapsed across modality. A two-way 

repeated measures ANOVA (factors of region and response category) identified a main effect 

of region (F(2.42, 38.68) = 4.46, p < 0.05), but failed to identify a region by response 

category interaction (F(3.96, 63.28) = 2.42). Therefore, the parameter estimates were 

collapsed across region. Consistent with the impression given in Figure 3, pairwise 

comparisons revealed that high confidence judgments were associated with significantly 

greater activity than either of the other response categories (F’s(1, 52.44) > 65.70, p’s < 

0.001), which did not differ from one another3.

3.3 Hippocampal Source Memory Effects

In contrast to several prior studies in which source memory effects were identified in the 

hippocampus (for reviews, see Diana et al. 2007; Mitchell and Johnson 2009; Rugg and 

Vilberg, 2013), the whole-brain analysis described above failed to reveal such effects. When 

the threshold for the unmasked ANOVA main effect was lowered to p < 0.01, however, a 

cluster including the hippocampus was identified (−30 −19 −20, peak Z = 2.66, see Figure 

4). The effect survived small volume correction (Worsley et al.,1996) within a 3 mm radius 

sphere centered on the left hippocampal source memory effect reported by Yu et al. (2012a; 

−30 −16 −20). A two-way repeated measures ANOVA (factors of modality and response 

category) conducted on the peak parameter estimates (see Figure 4) identified a significant 

modality by response category interaction (F(2.15, 30.7) = 8.45, p < 0.001). Separate 

ANOVAs conducted on the data for each modality revealed significant main effects of 

response category in each case (visual: F(1.81, 28.87) = 8.19, p < 0.01; auditory: F(1.98, 

31.73) = 4.71, p < 0.05). Follow-up pairwise comparisons revealed that high confidence 

2For the purposes of this analysis, the sub-peak of the left lateral parietal cluster closest to the peak of the recollection effect identified 
in the meta-analysis of Kim et al (2010) was selected. The findings did not differ when the same analysis was repeated using the left 
lateral parietal coordinate listed in Table 2.
3We conducted a whole-brain analysis to confirm that the pattern of effects identified by the parameter estimates was not restricted to 
the peak voxels identified by the main effect. This analysis entailed inclusively masking each of the three pairwise comparisons of 
high confidence > low confidence, low confidence > inaccurate, and high confidence > inaccurate (each thresholded at p < 0.025) with 
the main effect of response category. The first and third of these masks identified clusters (> 21 voxels) that were centered around the 
same peak co-ordinates from which parameter estimates were extracted from. The second mask did not identify any significant voxels. 
Thus this secondary analysis revealed similar findings to those identified by the analysis of the peak parameter estimates.
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visual judgments were associated with significantly greater activity than either of the other 

response categories for that modality (F’s(1, 56.56) > 10.67, both p’s < 0.001), which did 

not differ from one another. Activity associated with high confidence auditory judgments 

was also significantly greater than that for low confidence judgments (F(1, 56.56) = 11.52, p 

< 0.001). In contrast to the visual condition, however, activity associated with high 

confidence judgments did not differ from that associated with inaccurate judgments. 

Moreover, activity was greater for inaccurate than for low confidence auditory judgments 

(F(1, 56.56) = 7.75, p < 0.01).

3.4 Modality-Selective Source Memory Reinstatement Effects

A three-step procedure was used to identify modality-selective source memory effects. First, 

regions differentially active on visual and auditory study trials were identified by directional 

contrasts between the two classes of trial (visual > auditory and vice-versa, in each case 

thresholded at p < 0.001; see Figures 5A and 5B). Second, the main effect of response 

category was identified for each modality, using a threshold p < 0.01 (cf., Gottlieb et al., 

2010). To identify voxels demonstrating a modality-selective memory effect, each of these 

main effects was exclusively masked with the alternate effect (mask threshold of p < 0.05). 

The final step was to inclusively mask each modality-selective main effect with the relevant 

study contrast (giving an estimated conjoint significance of p < 0.0001; Fisher, 1950; Lazar 

et al., 2002). To ensure against Type I error, a cluster extent threshold (to give p < 0.05) was 

estimated and applied to the modality-selective contrasts across response category. The 

threshold was estimated for the regions identified by each encoding contrast (visual > 

auditory: 3196 voxels, auditory > visual: 2594 voxels). The minimum cluster extents for the 

retrieval contrasts (thresholded at p < 0.01) were 26 and 27 voxels for the visually- and 

auditorally-selective regions respectively.

As is illustrated in Figure 6A and listed in Table 2, visual source reinstatement effects were 

identified in a single 86-voxel cluster with a maximum in left middle occipital gyrus. 

Follow-up pairwise comparisons on the peak parameter estimates revealed that activity was 

significantly greater for high than for low confidence judgments, as well as for low 

confidence than for inaccurate judgments (F’s(1, 28.89) > 12.44, p’s < 0.001).

Auditory source reinstatement effects are illustrated in Figure 6B and listed in Table 2. The 

effects were took the form of a single 106-voxel cluster with a maximum in right superior 

temporal sulcus. Pairwise comparisons of the peak parameter estimates revealed that activity 

associated with high confidence judgments was significantly greater than that for low 

confidence and inaccurate judgments (F’s(1, 31.36) > 4.84, p’s < 0.05). In addition, 

parameter estimates for inaccurate judgments were significantly greater than those for low 

confidence judgments (F(1, 31.36) = 10.30, p < 0.01)4.

4As was the case for the modality-independent effects, whole brain analysis of the visual and auditory reinstatement effects led to 
findings similar to those reported for the extracted parameter estimates.
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4. Discussion

The primary aim of the present study was to address the question whether content-selective 

retrieval-related activity co-varies not just with the accuracy, but also with the confidence, of 

an associated source memory judgment. Content-selective activity elicited by test items 

attracting accurate, highly confident source judgments was greater than the activity elicited 

by items associated with accurate judgments made with low confidence. These results are 

inconsistent with the possibility that reinstatement-related activity reflects detection of 

source-specifying information, but not its strength or quality. As was expected, the activity 

elicited by test items attracting inaccurate judgments – that is, items presumed to have 

elicited little or no information diagnostic of source – was further decremented for objects 

paired with visual words. Contrary to expectation, however, this pattern was not evident for 

objects paired with auditory words. Rather, activity elicited by test items studied with 

auditory words that attracted an incorrect source judgment was enhanced relative to that 

elicted by items endorsed with an accurate low confidence judgment. We discuss the 

implications of these findings, along with those pertaining to modality-independent source 

retrieval effects, below.

4.1 Behavioral findings

Replicating previous findings (e.g., Slotnick et al., 2000; Qin et al., 2001; Glanzer et al., 

2004; Slotnick and Dodson, 2005; Mickes et al., 2009), the accuracy of source memory 

judgments co-varied with confidence. As was noted in the Introduction, this is consistent 

with the proposal that the memory signal supporting source memory is graded (e.g., Slotnick 

and Dodson, 2005; Mickes et al., 2009; Slotnick, 2010).

Also replicating prior results (e.g., Glanzer et al., 2004; Wixted et al., 2010), item memory 

accuracy co-varied with source confidence (Figure 2B). This finding is important, as it raises 

the possibility that the fMRI findings discussed below are reflections of the strength of a 

generic, undifferentiated memory signal rather than a signal that selectively supports source 

recollection (e.g., Wixted et al., 2010). However, there are two reasons for doubting this 

possibility. First, the magnitude of the activity associated with the different categories of 

source judgment did not invariably track accuracy of item memory. For example, whereas 

item accuracy differed reliably between low confidence and inaccurate source judgments, 

retrieval-related activity generally failed to discriminate between these two response 

categories and, in two cases, demonstrated reliably greater activity for the inaccurate 

judgments (Figures 4 and 6B). Second, it is unclear how the strength of an undifferentiated 

memory signal could have neural correlates that varied according to the study modality of 

the test item (Figure 6). Therefore it seems unlikely that the confidence-sensitive fMRI 

reinstatement effects discussed below can be accounted for solely in terms of generic 

memory strength.

4.2 fMRI findings

4.2.1 Modality-Independent Source Memory Effects—Modality-independent source 

memory effects were identified in cortical regions previously identified as members of a 

putative ‘core recollection network’, adding to the evidence that the network is insensitive to 
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the content of recollection (e.g., Duarte et al., 2011; Hayama et al., 2012; Johnson et al., 

2013; for a review, see Rugg and Vilberg, 2013). These regions included the angular gyrus, 

posterior cingulate/retrosplenial cortex, medial prefrontal cortex and, at a reduced threshold, 

the hippocampus. Source memory effects within these regions varied with the quality of the 

source-specifying signal, in that the activity associated with highly confident judgments was 

greater than that for items attracting low confident judgments. This finding is consistent with 

prior reports that retrieval-related activity in the angular gyrus and hippocampus co-varies 

with source confidence (Yu et al., 2012a, 2012b; but see, Wais et al., 2010; Slotnick and 

Thakral, 2013).

A caveat to the conclusion that the activity elicited by accurate source judgments varies as a 

function of the strength of a continuously varying, source-specifying memory signal arises 

from the possibility that a larger proportion of low than high confidence judgments were 

based on ‘lucky guesses’. By this argument, the diminished retrieval-related activity for low 

than for high confidence judgments reflects the diluting effects of these guesses, in the 

absence of which the two classes of judgment would be associated with equivalent levels of 

activity. Given that guesses are necessarily confined to the lowest confidence judgments (i.e., 

the “possible” response category; see Materials and Methods), we performed an additional 

analysis on the fMRI data of 15 participants who had sufficient trials to permit contrasts 

between accurate source judgments at all three levels of confidence (definite, probable, and 

possible). In each of the regions identified in our main analysis, activity for high confidence 

judgments reliably exceeded that for the remaining two response categories. In no region did 

the activity elicited by probable and possible judgments significantly differ. It seems 

unlikely, therefore, that the sensitivity of retrieval-related activity to source confidence 

reflects the differential mixing of two classes of activity, associated with accurate judgments 

and lucky guesses respectively.

Modality-independent retrieval-related activity in cortical regions belonging to the 

recollection network did not differ between low confidence and inaccurate source judgments 

(see Figure 3). It has been previously argued that retrieval-related activity in this network co-

varies with the total amount of retrieved episodic information, rather than just the 

information relevant to a specific memory judgment (Hayama et al., 2012; Rugg and 

Vilberg, 2013; see also, Rugg et al., 2012). If this argument is correct, retrieval-related 

activity should co-vary with the accuracy and confidence of source judgments only when the 

different judgments are associated with retrieval of different amounts of episodic 

information. In the present case, the difference between the amount of source-specifying 

information necessary to support low confidence rather than inaccurate judgments (or 

moderate rather than low confidence judgements – see foregoing paragrapgh) may simply 

have been too little to lead to a detectable difference in the corresponding fMRI signals. A 

similar argument was advanced to explain why, in studies employing the remember/know 

procedure, retrieval-related hippocampal activity did not differ between test items endorsed 

as familiar only and items given a ‘remember’ judgment when the judgment was associated 

with retrieval of only a small amount of episodic information (Rugg et al., 2012).

Alternatively, the failure to identify a difference in the activity between low confidence and 

inaccurate source judgments might be indicative of a non-linear relationship between source 
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memory strength and the fMRI BOLD response (cf., Squire et al., 2007). By this argument, 

the form of the hemodynamic response function relating the BOLD signal to source (or, 

perhaps, item) memory strength is such that the signal is enhanced only when strength is 

especially high. Hence, the signal is insensitive to differences between items eliciting no 

(inaccurate judgments) as opposed to weak (low confidence judgments) source specifying 

information. Although it is not possible to reject this account on the basis of the present data, 

it is hard to reconcile it with the findings of Yu et al (2012a, 2012b; see also, Diana et al., 

2009).

A final possibility is that the absence of a graded relationship between source confidence 

and modality-independent retrieval effects is a reflection of the nature of the memory signal 

supporting highly confident source judgments (see Introduction). According to this account, 

highly confident judgments are based upon an above-threshold recollection signal, whereas 

lower confidence judgments do not benefit from this signal, and are instead supported by a 

lower-fidelity, continuous ‘familiarity’ signal with a different neural substrate (Parks and 

Yonelinas, 2007). This account is however inconsistent with a wealth of behavioral evidence 

indicating that source judgments are supported by a continuous rather than a discontinuous 

recollection signal (see above and Introduction).

4.2.2 Hippocampal Source Memory Effects—In contrast to the modality-independent 

cortical retrieval effects discussed above, the profile of retrieval-related activity in the 

hippocampus differed according to study modality. Activity elicited by test items studied in 

the visual condition demonstrated a similar profile to that of the modality-independent 

cortical regions (greater activity for high confidence than for low confidence or inaccurate 

source judgments). By contrast, the activity elicited by items paired with auditory study 

words demonstrated a U-shaped profile, such that activity associated with inaccurate 

judgments was greater than that for low confidence judgments, and did not differ from that 

elicited by items endorsed with high confidence (see Figure 4). The greater hippocampal 

activity for inaccurate than for low confidence accurate judgments is reminiscent of the 

pattern defining hippocampal ‘associative novelty’ effects - the finding that novel 

conjunctions of familiar items elicit greater hippocampal activity than familiar conjunctions 

(e.g., Düzel et al., 2003; Köhler et al., 2005; Chen et al., 2011). Thus, the elevated 

hippocampal activity evident for inaccurate source judgments on items studied in the 

auditory condition may be a response to the unfamiliarity of the conjunction of the item and 

the ‘image’ of its spoken name (see below). We admit, however, that this account is both ad 
hoc and offers no explanation for why elevated activity for inaccurate judgments was not 

also evident for items from the visual study condition.

4.2.3 Modality-Selective Source Reinstatement Effects—Source reinstatement 

effects associated with visual study trials were identified in left middle occipital gyrus, 

whereas corresponding effects for auditory information were identified in the right superior 

temporal sulcus. The auditory reinstatement effects add to the rather limited prior evidence 

(Nyberg et al., 2000; Wheeler et al., 2000; Huijbers et al., 2011) that retrieval-related activity 

can be identified in auditorily-responsive temporal cortex. Importantly, for both modalities, 

the magnitude of modality-selective activity was greater for high than for low confidence 
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source judgments. Thus, the findings extend those of prior studies (Kahn et al., 2004; Kuhl 

et al., 2011; Staresina et al., 2012; Gordon et al., in press; see also, Slotnick, 2009; Huijbers 

et al., 2011; Hofstetter et al., 2012; Kuhl et al., 2013) by demonstrating that reinstatement 

effects can vary not only according to source accuracy, but also with the strength or quality 

of the memory signal supporting an accurate source judgment.

Consistent with the proposal that the strength of reinstatement indexes the fidelity of the 

information supporting source judgments (see Introduction), the parameter estimates 

associated with visual reinstatement not only differed according to source confidence, but 

were also lower for inaccurate than for low confidence judgments (see Figure 6A). Thus, 

these results replicate prior findings that reinstatement-related activity is stronger for 

accurate than inaccurate source judgments (Kahn et al., 2004; Kuhl et al., 2011; Staresina et 

al., 2012; Gordon et al., in press). In striking contrast, the response profile of the parameter 

estimates associated with auditory reinstatement demonstrated a U-shaped profile similar to 

that observed for the hippocampus: items attracting highly confident or inaccurate 

judgments exceeded the activity associated with low confidence judgments (see Figure 6B). 

Why test items from the auditory study condition should have elicited this response profile is 

unclear and, given that the finding was unpredicted and conflicts with prior findings (see 

above), it should be treated with caution. One highly speculative possibility is that prior to 

wrongly rejecting items as having been studied in the auditory condition, participants 

employed something akin to a ‘recall to reject’ strategy. According this account, items 

eliciting only very weak evidence of auditory study elicited the effortful generation of the 

spoken name of the test item – and hence activation of auditorily responsive cortex – which 

went on to be rejected as a match with the item’s study condition.

The present findings clearly demonstrate that cortical reinstatement effects, as 

operationalized by univariate modulation of the BOLD signal, differ in their magnitude 

according to the strength or quality of the information supporting accurate source memory 

judgments. Thus, the findings support prior proposals that reinstatement effects represent 

recollected content (e.g., Kahn et al., 2004; Rugg et al., 2008; Danker and Anderson, 2010; 

Staresina et al., 2012; Kuhl et al., 2013; Rugg and Vilberg, 2013;). The findings do not, 

however, shed light on more fine-grained questions about the functional significance of 

reinstatement effects. For example, it remains uncertain whether the effects reflect the 

retrieval process itself as opposed to the downstream ‘post-retrieval’ representation of the 

retrieved information (for prior discussion of this possibility, see for example, Kahn et al., 

2004; Woodruff et al., 2005; Johnson and Rugg, 2007). It is also unclear whether the same 

regions that demonstrate reinstatement effects participate in the maintenance of the 

recollected information over time, or whether maintenenance depends upon the ‘transfer’ of 

the retrieved information to other brain regions (cf., Baddeley, 2000; Vilberg and Rugg, 

2012, 2014). Addresssing these and related questions will benefit both from further research 

with fMRI, and also from the employment of methodologies with markedly greater temporal 

resolution (e.g. Johnson et al., 2008; Wimber et al., 2012).
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Highlights

► Reinstatement refers to overlapping neural activity between encoding and 

retrieval

► We tested whether reinstatement co-varies with the confidence of source 

memory

► Reinstatement-related activity co-varied with the confidence of source 

memory

► Reinstatement strength indexes the quality of information supporting source 

memory
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Figure 1. 
A. Study task (representative congruent and incongruent trials are shown to the left and 

right, respectively). B. Test task. Durations are shown beneath each frame.
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Figure 2. 
Source and item memory accuracy. A. The proportion of old pictures from each study 

condition that attracted accurate high and low confidence source judgments (source accuracy 

conditionalized on accurate item memory). B. Item accuracy (pHit/(pHit+pFalse Alarm)) as 

a function of response category. Error bars in this and subsequent figures signify the 

standard error derived from the error term of the one-way ANOVA (see Results and Loftus 

and Masson, 1994).
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Figure 3. 
Modality-independent source memory effects. Results are overlaid on the standardized brain 

of the PALS-B12 atlas implemented in Caret5 (VanEssen, 2005). In this and subsequent 

figures, regions where parameter estimates were extracted from are denoted by black circles. 

Mean across-modality parameter estimates are shown for each response category and region 

(A. left angular gyrus, B. left posterior cingulate/retrospenial cortex, C. left medial 

prefrontal cortex, and D. left ventromedial prefrontal cortex).
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Figure 4. 
Hippocampal source memory effects. Results are overlaid onto a coronal section of the 

across-participants mean T1-weighted anatomical image (in this and subsequent figures, the 

mean image is derived from only 16 of the 17 participants). Parameter estimates are shown 

for each response category.
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Figure 5. 
Modality-selective effects during study. Regions where activity elicited on visual study trials 

exceeded that on auditory trials (A), and vice-versa (B).
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Figure 6. 
Source reinstatement effects for each modality. A. Effects associated with the visual 

condition. B. Effects associated with the auditory condition. In each case, parameter 

estimates from the peak voxel are illustrated. Results are overlaid onto the coronal and 

sagittal sections of the across-participants mean T1-weighted anatomical image.
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Table 1

Mean (± standard deviation) response proportions for old pictures from each study condition for each response 

category

High Low Inaccurate

Visual 0.20 (0.13) 0.35 (0.11) 0.27 (0.12)

Auditory 0.24 (0.10) 0.39 (0.13) 0.22 (0.09)

The values for each study condition do not sum to 1 as the proportions of misses (i.e., new responses to old pictures) are not included.
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