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Abstract
The goal of the present functional magnetic resonance imaging (fMRI) study was to investigate
whether and to what extent brain regions involved in high-confidence recognition (HCR) versus low-
confidence recognition (LCR) overlap or separate from each other. To this end, we performed
conjunction analyses involving activations elicited during high-confidence hit, low-confidence hit,
and high-confidence correct-rejection responses. The analyses yielded 3 main findings. First,
sensory/perceptual and associated posterior regions were common to HCR and LCR, indicating
contribution of these regions to both HCR and LCR activity. This finding may help explain why
these regions are among the most common in functional neuroimaging studies of episodic retrieval.
Second, medial temporal lobe (MTL) and associated midline regions were associated with HCR,
possibly reflecting recollection-related processes, whereas specific prefrontal cortex (PFC) regions
were associated with LCR, possibly reflecting executive control processes. This finding is consistent
with the notion that the MTL and PFC networks play complementary roles during episodic retrieval.
Finally, within posterior parietal cortex, a dorsal region was associated with LCR, possibly reflecting
top-down attentional processes, whereas a ventral region was associated with HCR, possibly
reflecting bottom-up attentional processes. This finding may help explain why functional
neuroimaging studies have found diverse parietal effects during episodic retrieval. Taken together,
our findings provide strong evidence that HCR versus LCR, and by implication, recollection versus
familiarity processes, are represented in common as well as specific brain regions.
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1. Introduction
1.1 Brain regions associated with memory confidence

The ability to distinguish an old event from a new event is fundamental to recognition memory.
In an attempt to explain this process, functional neuroimaging studies have investigated brain
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regions showing greater activity for the old items that were correctly classified as “old” (hits)
than for the new items that were correctly classified as “new” (correct rejections). These studies
have related successful recognition activity to several brain regions, including prefrontal,
parietal, sensory/perceptual, and, occasionally, medial temporal regions (for reviews: Cabeza
and Nyberg, 2002; Rugg and Henson, 2002; Henson, 2005). However, recognition memory is
not an ‘all-or-none’ process, but varies in the degree of subjective confidence that an event has
been previously experienced. For example, subjective confidence in recognition memory
would be high with vivid remembering of specific contextual details, but would be low with
a weak feeling of oldness in the absence of contextual details. The goal of the present functional
magnetic resonance imaging study was to investigate whether and to what extent brain regions
involved in high-confidence recognition (HCR) versus low-confidence recognition (LCR)
overlap or separate from each other.

A few prior fMRI studies have investigated the issue of brain regions involved in high- versus
low-confidence recognition memory. However, their implication for the present study is
ambiguous because the pertinent analyses were often collapsed across old and new items
(Henson et al., 2000), across correct and incorrect responses (Chua et al., 2006), or across all
four (hit, miss, false alarm, correct rejection) response types (Moritz et al., 2006). Findings of
such analyses could reflect neural correlates of confidence per se rather than neural correlates
of memory confidence. In addition, one of these studies (Chua et al.; 2006) has addressed
metamemory process of confidence assessment rather than memory confidence per se. Thus,
surprisingly little research has been performed to directly compare brain regions involved in
high- versus low-confidence correct recognition. Despite these limitations, results of the prior
studies have provided some evidence that brain regions involved in HCR versus LCR are at
least partially separate from each other. Greater activation for high-confidence than low-
confidence responses has been shown in medial temporal lobe (MTL) and associated midline
regions (Chua et al., 2006; Moriz et al., 2006), whereas the reverse has been found in right
dorsal prefrontal cortex (PFC) and superior posterior parietal cortex (PPC) regions (Henson et
al., 2000; Moriz et al., 2006). High- and low-confidence recognition memories are likely to
share at least some brain regions given that both reflect explicit memory rather than
fundamentally different types of memory (e.g., explicit versus implicit memory). Yet, prior
studies have not addressed regions common to HCR and LCR, focusing only on regions specific
to HCR versus LCR. Thus, virtually no specific information is available regarding what, if any,
brain regions are common to HCR and LCR processes.

A larger number of fMRI studies (e.g., Henson et al., 1999; Eldridge et al., 2000; Wheeler and
Buckner, 2004; Yonelinas et al., 2005; Daselaar et al., 2006) have investigated the related issue
of brain regions involved in recollection (i.e., vivid remembering of specific contextual details)
versus familiarity (i.e., a feeling of oldness in the absence of contextual details). These studies
are relevant for the present study because, although there is no one-to-one direct
correspondence, on average, recollection versus familiarity aligns more with high- versus low-
confidence responses, respectively (e.g., Dunn, 2004; Wixted and Stretch, 2004). Yet, a caution
is necessary because familiarity-based responses are associated with a wide range of confidence
responses (e.g., Yonelinas, 2001, 2002). The prior relevant studies have provided evidence that
brain regions involved in recollection versus familiarity are at least partially separate from each
other. A recent review of these studies by Skinner and Fernandes (2007) has suggested that the
two functions are characterized by different patterns of activity in frontal, parietal, sensory,
and medial temporal regions. Apart from ongoing debate about whether recollection and
familiarity depend on qualitatively similar or different psychological processes (e.g.,
Yonelinas, 2001, 2002; Dunn, 2004; Wixted and Stretch, 2004), the two functions are likely
to share at least some brain regions given that both reflect explicit memory. Yet, most relevant
prior studies have primarily focused on the distinct brain regions associated with recollection
versus familiarity, with no explicit consideration of common regions shared by the two
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functions. For example, direct, mutual contrasts between recollection- versus familiarity-
related activities, which are among the most frequently used contrasts in these studies (e.g.,
Henson et al., 1999; Eldridge et al., 2000; Wheeler and Buckner, 2004), do not address common
regions. Thus, very little specific information is available regarding what, if any, brain regions
are common to recollection and familiarity processes.

1.2 Measuring brain regions associated with HCR and LCR
In the present study, participants studied a series of‘mini’ word lists during the encoding phase,
and during the test phase, they performed an old/new recognition test that included studied
words (old) as well as unrelated, nonstudied words (new). At test, participants provided not
only their memory for the word, but also their degree of confidence in their decision. They
indicated their decision by pressing one of four keys according to whether they judged the word
to be ‘definitely old’, ‘probably old’, ‘probably new’, or ‘definitely new’. In an effort to identify
brain regions involved in HCR versus LCR, we focused on the following 3 trial types: high-
confidence hit (HH), low-confidence hit (LH), and high-confidence correct rejection (N). We
used high-confidence correct rejections as a ‘baseline’ condition rather than using a mixture
of high- and low-confidence correct rejections, to maximize sensitivity of the critical contrasts
(see Section 4.4). We addressed brain regions (i) common to HCR and LCR by conjunction
( ), (ii) specific to HCR by conjunction ( ), and
(iii) specific to LCR by conjunction ( ).

1.3 Predicted model of brain regions associated with HCR and LCR
We made the following predictions regarding common and specific brain regions associated
with HCR and LCR. Fig. 1 illustrates these predictions. First, there is strong evidence that MTL
and associated midline regions (e.g., retrosplenial cortex) play important roles in high-strength
memories. For example, lesions in hippocampus could abolish recollection memory in both
humans (e.g., Yonelinas et al., 2002) and animals (e.g., Fortin et al., 2004), and functional
neuroimaging studies often find HCR-related activity (Chua et al., 2006;Moriz et al., 2006) as
well as recollection-related activity within MTL (for a review: Diana et al., 2007). Thus, we
predicted that regions specific to HCR would include mainly MTL and associated midline
regions (see Fig. 1A). Second, there is evidence that regions earlier in the processing stream,
such as sensory/perceptual regions, play important roles in low-strength memories. Familiarity,
which, in general, leads to lower confidence responses than does recollection, is sensitive to
perceptual manipulations (e.g., changing the presentation modality; Toth, 1996). Event-related
potential (ERP) studies (e.g., Rugg et al., 2002) have shown that the familiarity ERP correlate
(300−500 ms) peaks earlier than the recollection ERP correlate (500−800 ms). Functional
neuroimaging studies have implicated visual processing and associated posterior regions to
familiarity, along with other regions (Skinner and Fernandes, 2007). Supposing that high-
strength memories involve the activation of additional brain regions compared to low-strength
memories (i.e., redundancy model; Joordens and Merikle, 1993;Knowlton, 1998), regions
supporting LCR should also be active during HCR. Thus, we predicted that regions common
to HCR and LCR would include mainly sensory/perceptual and associated posterior regions
that are rich in sensory/perceptual input (e.g., PPC; see Fig. 1B). Finally, executive control
processes should be strongly engaged when memories are weak, whereas there should be little
need for control processing when memory strength is maximal. Consistent with this idea,
functional neuroimaging evidence indicates a complementary relationship between PFC and
MTL activity during episodic memory retrieval (Moscovitch, 1992;Buckner and Wheeler,
2001;Rudy et al., 2005). Thus, we predicted that regions specific to LCR would include mainly
specific PFC sites (see Fig. 1C).

We also made specific predictions regarding PPC regions based on the newly proposed
Attention to Memory (AtoM) model (Cabeza, 2008; Cabeza et al., 2008; Ciaramelli et al.,
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2008). Although PPC is frequently activated during episodic memory retrieval, damage to this
region does not markedly impair episodic memory (Simons et al., 2008). Moreover, parietal
activations overlap in episodic memory retrieval and other cognitive tasks (Cabeza et al.,
2003), and there is indication that parietal retrieval effects are differential between dorsal versus
ventral regions (Wagner et al., 2005). To address these and other findings, the AtoM model
links the contribution of ventral and dorsal PPC to episodic memory retrieval to their presumed
roles in attention. Specifically, the hypothesis proposes that dorsal PPC mediates top-down
attentional processes guided by retrieval goals, whereas ventral PPC mediates bottom-up
attentional processes captured by salient retrieval output. In the present study, HCR may be
associated with stronger capture of bottom-up attention resources because the strength of
memory is maximal, whereas LCR may require greater top-down attentional resources because
the demand for executive control processes is maximal. Thus, we predicted that ventral PPC
would be specific to HCR (see Fig. 1A), whereas dorsal PPC would be specific to LCR (see
Fig. 1C).

Finally, given verbal nature of our memory task, we anticipated that our predicted activations
would be more commonly found in the left brain than in the right brain.

2. Results
2.1 Behavioral results

The mean proportions and reaction times of old and new items attracting each response type
are given in Table 1, excluding response omissions. Collapsed across high- and low-confidence
responses, corrected recognition scores (hits – false alarms) were .53 (.72 − .19), indicating
good discrimination between old and new items. Corrected recognition scores were .44 for
high-confidence responses and .09 for low-confidence responses. The corrected recognition
scores were significantly above chance levels of performance in both high-confidence (t11 =
16.5, P < .001) and low-confidence responses (t11 = 2.3, P < .05), confirming that even low-
confidence responses were more than guesses. Thus, we anticipated that fMRI signals
associated with LCR ‘hit’ responses would activate a distinct memory network rather than a
network associated with guessing or chance responses. An ANOVA on reaction times for the
3 critical trial types indicated a significant difference (F2, 22 = 33.8, P < .001). Reaction times
were significantly shorter in HH versus LH (t11 = 9.2, P < .001) and HH versus N responses
(t11 = 6.6, P < .001). There was no significant difference in reaction times between LH and N
responses (t11 < 1).

2.2 fMRI results
To investigate common and distinct brain regions in HCR versus LCR, conjunction analyses
involving HH, LH, and N conditions were performed (see Section 4.4). The results of these
analyses are shown in Table 2. There were 3 main sets of findings.

First, as predicted, regions common to HCR and LCR were found mainly in sensory/perceptual
regions and posterior regions that are rich in sensory/perceptual input. As illustrated by Fig. 2,
bilateral parieto-occipital (BAs 7, 19; Fig. 2A), left ventral occipital (BA 18: Fig. 2B), posterior
cingulate/precuneus (BAs 31, 7; Fig. 2C), cuneus (BA 18, Fig. 2D), and left posterior
parahippocampal regions (BA 27: Fig. 2E) contributed to both HCR and LCR. Thus, all regions
common to HCR and LCR were in posterior cortex.

Second, also as predicted, regions specific to HCR were found mainly in MTL and associated
midline regions. As illustrated by Fig. 3, bilateral hippocampus (Fig. 3A), anterior cingulate
(BA 32: Fig. 3B), and retrosplenial cortex regions (BA 30: Fig. 3C) were specific to HCR. In
addition, consistent with our prediction based on the AtoM model, a left ventral PPC region
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(BA 39: Fig. 3D) was specific to HCR. A follow-up ROI analysis (see Section 4.4) was
performed to test whether there was a functional dissociation between the hippocampal region
specific to HCR (Fig. 3A) and the posterior parahippocampal region common to HCR and LCR
(Fig. 2E). The dissociation was confirmed by a significant region × response type (HH, LH,
N) interaction in mean activity (F2, 22 = 4.2, P < .03).

Third, also as predicted, regions specific to LCR were found mainly in PFC. As illustrated by
Fig. 3, right dorsolateral PFC (BA 6: Fig. 3E), left anterior PFC (BA 10), and left posterior
PFC regions (BAs 44, 6: Fig. 3F) were specific to LCR. In addition, confirming our prediction
based on the AtoM model, bilateral dorsal PPC (BA 7: Fig. 3H) and dorsal precuneus regions
(BA 7; Fig. 3G) were specific to LCR. As noted in the Behavioral results, reaction times were
significantly longer for LH versus HH. However, ‘time on task’ is unlikely to adequately
account for the present pattern of findings, because (i) reaction times were significantly longer
for N versus HH responses, but the two conditions showed similar levels of activation in all
LCR-specific regions, and (ii) there was no significant across-subjects correlation between
reaction time (LH minus HH) and signal change (LH minus HH) in all but one LCR-specific
region (left posterior PFC, r = .71, P < .05)

As noted above, consistent with our prediction based on the AtoM model, a left ventral PPC
region was associated with HCR, whereas bilateral dorsal PPC and precuneus regions were
associated with LCR. In addition, bilateral parieto-occipital regions were associated with both
HCR and LCR. The dorsal PPC regions were superior to the intraparietal sulcus, the ventral
PPC region was centered on the angular gyrus, and the parieto-occipital regions were in-
between and represented more widely in posterior regions. Follow-up ROI analyses (see
Section 4.4) were performed to test functional dissociations among the three regions. The triple
dissociation was confirmed by a significant region × response type interaction within left PPC
in dorsal versus ventral PPC regions (F2, 22 = 15.7, P < .001), dorsal PPC versus parieto-
occipital regions (F2, 22 = 9.3, P < .01), and ventral PPC versus parieto-occipital regions
(F2, 22 = 12.3, P < .001).

3. Discussion
The goal of the present study was to investigate whether and to what extent brain regions
involved in HCR versus LCR overlap, or are separate from each other. To this end, we
performed conjunction analyses involving activations elicited during high-confidence hit, low-
confidence hit, and high-confidence correct rejection responses. The results revealed common
regions for HCR and LCR as well as subregions differentially involved in each function.
Specifically, there were 3 main findings. First, regions common to HCR and LCR were found
mainly in sensory/perceptual and associated posterior regions. Second, regions specific to HCR
were found mainly in MTL and associated midline regions, whereas regions specific to LCR
were observed mainly in PFC regions. Third, a ventral PPC region was specific to HCR,
whereas a dorsal PPC region was specific to LCR. These 3 sets of findings are discussed in
separate sections below.

3.1 Common regions for HCR and LCR
Consistent with our first prediction, common regions for HCR and LCR activity were found
almost exclusively in sensory/perceptual regions and associated posterior regions that are rich
in sensory/perceptual input. These regions included cuneus, left ventral occipital, bilateral
parieto-occipital, posterior cingulate, precuneus, and left posterior parahippocampal regions.
Neuroanatomical studies in monkeys have established that the posterior cingulate has strong
connections with visuo-spatial areas (Kobayashi and Amaral, 2003), the precuneus with the
parieto-occipitial visual area (Leichnetz, 2001), and the posterior parahippocampal cortex with
several uni- and polymodal regions (Suzuki and Amaral, 1994). Because prior functional
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neuroimaging studies have rarely addressed common regions for HCR and LCR, no evidence
from prior studies is directly relevant to the present finding of common regions. Yet, it is
important that activations in similar sensory/perceptual and associated PPC regions are among
the most commonly found in functional neuroimaging studies of episodic retrieval (for a
review: Cabeza and Nyberg, 2002). Robust activations of these regions during episodic
retrieval fit well with the current evidence that the regions contribute to both HCR and LCR
activity.

As discussed below, HCR was supported by additional activation of MTL and associated
midline regions, indicating that activations in the common regions, by themselves, do not
support HCR, but only LCR. Thus, the association of common regions mainly with sensory/
perceptual regions is consistent with the hypothesis that sensory/perceptual processes play
important roles in low-strength memories, and by implication, familiarity. Although a
conceptual process may also contribute to low-strength memories, there is evidence from
behavioral as well as ERP studies linking familiarity to sensory-perceptual processing (e.g.,
Toth, 1996; Rugg et al., 2002; Yonelinas, 2002). Although some prior findings (Wheeler et
al., 2000; Woodruff et al., 2005) have shown activation of sensory-perceptual cortex associated
with vivid remembering, our findings emphasize that activations of these regions are necessary,
but not sufficient for high-strength memories. Most likely, each common region mediates
differential subcomponents of episodic retrieval activity. For example, activations of ventral
occipital and parieto-occipital regions may reflect ‘reinstatement’ of encoding-related brain
activity (Nyberg et al., 2000). Consistent with this idea, additional ‘inclusive masking’ analyses
involving both encoding and retrieval phase data (joint probability = 0.033 × 0.033 = .001)
revealed overlapping activity in ventral occipital (BAs 18, 19; 126 voxels) and occipito-parietal
cortex (BAs 19, 7; 46 voxels), and no other regions. Activation of more anterior regions in the
processing stream may reflect recovery of more abstract information.

3.2 Regions specific to HCR and LCR
Consistent with our second prediction, regions specific to HCR were found mainly in MTL
and associated midline regions, including hippocampus, retrosplenial cortex, and anterior
cingulate regions. These regions overlap those found in prior investigations of recollection-
related activity (e.g., Eldridge et al., 2000; Wheeler and Buckner, 2004; Yonelinas et al.,
2005), indicating that activation within theses regions may reflect recollection memory
processes, which often accompany high-confidence recognition. The idea that the
hippocampus is involved in recollection is also supported by the finding that this region shows
greater activity for true than false memories (Kim and Cabeza, 2007b). Though some midline
regions were specific to HCR, others were associated with both HCR and LCR. First, the
hippocampus was specific to HCR, whereas a posterior parahippocampal region was common
to both HCR and LCR. This dissociation is generally in agreement with clinical and fMRI
evidence linking recollection to the hippocampus and familiarity to the surrounding cortex
(e.g., Brown and Aggleton, 2001; Daselaar et al., 2006). Second, a retrosplenial region was
specific to HCR, whereas a posterior cingulate region was common to both HCR and LCR.
This dissociation is consistent with (i) evidence that the retrosplenial cortex has strong
connections with posterior MTL, whereas the posterior cingulate has dense connections with
visuo-spatial areas (Kobayashi and Amaral, 2003), (ii) evidence that lesions of the retrosplenial
cortex could cause amnesia (Valenstein et al., 1987), (iii) fMRI evidence indicating different
roles during episodic retrieval between the two regions (Yonelinas et al., 2005; Daselaar et al.,
2006).

Consistent with our third prediction, regions specifically associated with LCR were found
mainly within PFC, including left anterior, left posterior, and right dorsolateral regions. We
interpret the roles of these PFC regions as reflecting executive control processes that are
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contingent upon LCR rather than in support of LCR. This interpretation fits well with Herron
et al.'s (2004) finding that ‘old/new’ effects in all PFC regions are sensitive to the ratio of old
to new items (e.g., 75:25 versus 25:75) within a recognition test. Also consistent with this
interpretation, PFC activity during episodic retrieval is increased when MTL yields weak
memory signals (Moscovitch, 1992; Buckner and Wheeler, 2001; Rudy et al., 2005).

The PFC executive processing may involve not only top-down control processes, but also
bottom-up evaluation of memory signals eminating from sensory-perceptual and MTL regions.
Both ideas are consistent with our previous finding that several PFC regions showed greater
activity for false than for true memories (Kim and Cabeza, 2007b). More generally, different
frontal regions are most likely to be involved in different aspects of executive control
processing. For example, anterior PFC may reflect keeping in mind a main goal during iterative
retrieval searches (Koechlin et al., 1999), whereas left posterior PFC may more specifically
reflect controlled search processes when remembering is difficult (e.g., Velanova et al.,
2003; Wheeler and Buckner, 2003). The right dorsolateral PFC region may mediate sustained
attentional demands associated with a difficult task (Cabeza et al., 2003), or monitoring
demands associated with low-confidence retrieval (Henson et al., 2000; Fleck et al., 2006).

Separation of MTL and PFC regions into HCR- and LCR-specific regions is consistent with
the notion that MTL and the PFC network play complementary roles during episodic memory
retrieval (Moscovitch, 1992; Buckner and Wheeler, 2001; Rudy et al., 2005). When MTL yields
abundant raw memory materials (HCR), there would be minimal need for controlled retrieval
processes mediated by PFC regions. On the other hand, when MTL yields weak memory signals
(LCR), there would be greater demand for controlled retrieval attempts mediated by PFC
regions. Thus, MTL and the PFC network may play complementary roles during episodic
memory retrieval. Consistent with this view, negative coupling between MTL and PFC activity
during episodic memory retrieval has been reported in both human (Bunge et al., 2004) and
animal studies (Bontempi et al., 1999). We also found a complementary MTL and PFC
relationship when comparing activity for true and false memories (Kim and Cabeza, 2007b).

3.3 Dissociation within the posterior parietal cortex
The AtoM model (Cabeza, 2008; Cabeza et al., 2008; Ciaramelli et al., 2008) predicts that
dorsal PPC activity should increase when memories are weak (greater demands of top-down
attention), whereas ventral PPC activity should increase when memories are strong (stronger
capture of bottom-up attention). In line with this prediction, we found that a ventral PPC region
was specific to HCR, whereas a dorsal PPC region was specific to LCR. Also consistent with
the AtoM model, the dorsal PPC region co-activated with PFC regions, whereas the ventral
PPC region co-activated with MTL. As noted before, bilateral parieto-occipital regions were
associated with both HCR and LCR activities. The finding of a triple dissociation among
ventral, dorsal, and caudal PPC regions could potentially clarify the diverse parietal retrieval
effects that have been reported in functional neuroimaging literature (Wagner et al., 2005).

The value of the AtoM model in accounting for parietal effects during episodic retrieval has
been confirmed in a recent meta-analysis of fMRI studies (Ciaramelli et al., 2008). Consistent
with the AtoM model, this meta-analysis found that dorsal PPC activity tended to be greater
when the need for retrieval attempt was supposedly maximal (e.g., familiarity, source memory),
whereas ventral PPC activity tended to be greater when the attentional capture by memory
contents was supposedly maximal (e.g., strong memories, recollection). Another piece of
evidence in line with the AtoM model is Berryhill et al.'s (2007) report that patients with
bilateral ventral PPC lesions have largely intact memories, but experience deficits in
spontaneous attention to the contents of retrieved memories. This ‘memory neglect’ syndrome
provides direct support to the AtoM model. Other accounts of ventral PPC activity include the
‘output buffer’ hypothesis (Vilberg and Rugg, 2008), which attributes ventral PPC activity to
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the maintenance of retrieved content. However, this hypothesis cannot easily explain high-
confidence ventral PPC activity common to ‘old’ and ‘new’ responses reported in some prior
fMRI studies (Daselaar et al., 2006; Yonelinas et al., 2005) and memory neglect syndrome
described above.

3.4 Theoretical implications and conclusions
There is theoretical debate about whether HCR and LCR (and perhaps more frequently,
recollection and familiarity) depend on the same or different psychological processes (e.g.,
Yonelinas, 2001, 2002; Dunn, 2004; Wixted and Stretch, 2004), and by implication, on the
same or different neural processes (e.g., Montaldi et al., 2006; Skinner and Fernandes, 2007).
Fig. 4 depicts four models of the relationship between HCR and LCR processes. The current
findings rule out an identity model in which the two functions share completely redundant
neural processes (Fig. 4A), as well as an exclusivity model in which the two functions share
no common processes (Fig. 4D). Less certain is whether the current findings support a
redundancy model in which all LCR processes are also active during HCR (Fig. 4B), or an
independence model in which the two functions involve common as well as specific processes
(Fig. 4C). Given that a redundancy model predicts a single dissociation involving HCR,
whereas an independence model predicts double dissociations involving both HCR and LCR,
the present findings may appear to be consistent with an independence model. However, if
specific-LCR activations reflect processes that are contingent upon LCR rather than in support
of LCR as we suggested above, the present findings are more in line with a redundancy model.
Because the present study has provided no direct evidence regarding nature of specific-LCR
activations, more studies are needed to definitely distinguish between redundancy and
independence models. Finally, to the extent that recollection and familiarity reflect, on average,
different levels of memory strength, the current theoretical implication couched in terms of
high- and low-strength memories is also relevant to models of the relationship between
recollection and familiarity processes.

In conclusion, the present study directly compared brain regions involved in HCR and LCR.
The results showed common regions for these two functions as well as subregions specific to
each function. The study yielded 3 main sets of findings. First, sensory/perceptual and
associated regions were common to HCR and LCR, indicating involvement of these regions
in both HCR and LCR activity. This finding may help explain why these regions are among
the most frequently reported in functional neuroimaging studies of episodic memory retrieval.
Second, MTL and associated regions were associated with HCR, possibly reflecting
recollection-related processes, whereas PFC regions were associated with LCR, possibly
reflecting executive control processes. Separation of MTL and PFC regions into HCR- and
LCR-specific regions is consistent with the notion that MTL and the PFC network play
complementary roles during episodic memory retrieval. Finally, a ventral PPC region was
associated with HCR, whereas a dorsal PPC region was associated with LCR, consistent with
the AtoM model (Cabeza, 2008). This finding may help explain why functional neuroimaging
studies have found diverse parietal effects during episodic memory retrieval. Taken together,
our findings provide strong evidence that HCR and LCR, and by implication, recollection and
familiarity processes, are represented in common as well as specific brain regions.

4. Experimental Procedures
4.1 Participants

Sixteen young adults participated in the experiment. They were healthy, right-handed, native
English speakers, with no history of neurological or psychiatric episodes. All subjects gave
informed consent to a protocol approved by the Duke University Institutional Review Board.
In an effort to identify neural correlates of HCR and LCR, the analyses focused on the following
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3 trial types: high-confidence hit, low-confidence hit, and high-confidence correct rejection.
Four subjects were excluded from the analyses due to sparse number (<10) of high-confidence
correct rejection responses. Thus, the reported results are based on the data from the remaining
12 subjects (6 female; age range 18−31).

4.2 Behavioral Methods
The stimulus materials were 72 categorical 6-word lists selected from category norms (Battig
and Montague, 1969; Yoon et al., 2004). Each list consisted of the 6 most typical instances
(e.g., cow, pig, horse, chicken, sheep, goat) of a natural/artificial category (e.g., farm animal),
with minor exceptions. In each list, the last four typical instances were used as encoding stimuli
(Old words), whereas the first and the second typical instances were used as ‘critical
lures’ (Lure words) in the test phase. Additionally, semantically unrelated words, matched in
letter number, frequency, and concreteness to the category words, were used as distractors
(New words) in the test phase. The categories were carefully chosen so that their instances did
not overlap. Thus, both ‘farm animal’ and ‘wild animal’ categories were included in the
stimulus set, but ‘four-legged animal’ was not included.

During the study phase, participants viewed 82 ‘mini’ word lists one by one, each consisting
of a category name and 4 of the most typical members of the category. The words were
displayed in colors to promote the encoding of sensory/perceptual information (Cabeza et al.,
2001). Each list was presented for 4 sec. The subjects’ task was to decide whether all 4 or only
3 instances belonged to the category by pressing one of the two keys in a response box using
their right hand. In 72 ‘critical’ trials, all 4 words were members of the category, whereas in
10 ‘catch’ trials, only 3 of the 4 words belonged to the category. The test phase, which started
approximately 10 min after completion of the study phase, consisted of 6 scans. There were a
total of 288 Old-word, 144 New-word, and 144 Lure-word trials across all scans. Lure-word
trials were not considered in the analyses of the present study due to an extremely low rate of
high-confidence correct rejection responding (7 subjects had less than 10 trials of this type).
Trials were presented in a predetermined, pseudo-random order. In each trial, a word was
shown for 2 sec, followed by a fixation cross for 1 sec. A fixation period, ranging from 1.5 sec
to 4.5 sec, was interspersed across both study and test trials to ‘jitter’ the onset times of trials
and allow event-related fMRI analyses. All words in the test phase were displayed in white
color against black background. Subjects responded by pressing one of four keys according to
whether the word was judged to be ‘definitely old’, ‘probably old’, ‘probably new’, or
‘definitely new’. Thus, in one-step response, subjects provided their memory for the word (old/
new) as well as their confidence level in their decision (definitely/probably).

4.3 fMRI Procedures
MRI scanning was conducted using a 4-T GE magnet. Scanner noise was reduced with
earplugs, and head motion was reduced with foam pads and headbands. Stimuli were presented
with liquid-crystal display goggles. Anatomical scanning started with a T2-weighted sagittal
localizer series. The anterior (AC) and posterior commissures (PC) were identified in the
midsagittal slice, and 34 contiguous oblique slices were prescribed parallel to the AC-PC plane.
High-resolution T1-weighted structural images were collected with a 500-msec repetition time
(TR), a 14-msec echo time (TE), a 24-cm field of view (FOV), a 2562 matrix, 68 slices, and a
slice thickness of 1.9 mm. Functional images were acquired using an inverse spiral sequence
with a 1500-msec TR, a 6-msec TE, a 24-cm FOV, a 642 matrix, and a 60° flip angle. Thirty-
four contiguous slices were acquired with the same slice prescription as the anatomical images.
Slice thickness was 3.75 mm, resulting in cubic 3.75 mm3 isotropic voxels.

Although scanning took place during encoding and retrieval, the present study focuses on fMRI
data collected during retrieval. The fMRI data collected during encoding is reported elsewhere
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(Kim and Cabeza, 2007a). Image processing and analyses were performed using SPM2
software (www.fil.ion.ucl.ac.uk/spm/). After discarding the first 6 volumes, the functional
images were slice-timing corrected and motion-corrected, and then spatially normalized to the
Montreal Neurological Institute (MNI) templates implemented in SPM2. The coordinates were
later converted to Talairach and Tournoux's (1988) space. Subsequently, the functional images
were spatially smoothed using an 8 mm isotropic Gaussian kernel, and resliced to a resolution
of 3.75 mm3 isotropic voxels.

4.4 fMRI Analyses
Trial-related fMRI activity was first modeled by convolving a vector of the onset times of the
stimuli with a canonical hemodynamic response function (HRF). The general linear model
(GLM), as implemented in SPM2, was used to model the effects of interest and other
confounding effects (e.g., head movement and magnetic field drift). Trials were coded based
on item status (Old words, New words) and subjects’ responses (definitely old, probably old,
probably new, definitely new). In an effort to identify neural correlates of HCR and LCR, 3
critical trial types were selected a priori for further analyses: (1) high-confidence hit (HH), (2)
low-confidence hit (LH), and (3) high-confidence correct rejection (N). We used high-
confidence correct rejections as a ‘baseline’ instead of low-confidence correct rejection or a
mixture of high- and low-confidence correct rejections. A critical advantage of using high-
confidence correct rejections as a baseline is that they are supposed to involve the lowest level
of information recovery to maximize detection of HCR and LCR activity. For each subject,
Statistical Parametric Maps (SPM) pertaining to the effects of interest were identified and
subsequently integrated across subjects using a random-effects model.

As stated in the Introduction section, the aim of the present study was to compare brain regions
involved in HCR versus LCR. To this end, 3 group analyses were conducted using random
effects models. First, to identify regions commonly involved in HCR and LCR, we performed
3 steps: (i) created a T-map identifying greater activity for HH versus N and a T-map identifying
greater activity for LH versus N; (ii) inclusively masked the 2 T-maps, each with a statistical
threshold of P < .033, uncorrected. Since the two probabilities are not independent, this results
in joint probability greater than .001 (= .033 × .033). We applied a relatively lenient threshold
because our analyses were mainly hypothesis driven focusing on regions depicted in Fig 1.,
and because we applied an extent threshold considerably greater than conventionally used, i.e.,
5 voxels (see below); (iii) eliminated from the conjunction map those voxels showing
differential activity between HH and LH (P < .20). Note that in the last step, a more lenient
threshold yields a more stringent elimination. Second, to identify regions involved in only
HCR, we performed 3 steps: (i) created a T-map identifying greater activity for HH versus N
and a T-map identifying greater activity for HH versus LH ; (ii) inclusively masked the 2 T-
maps, each with a statistical threshold of P < .033, uncorrected; (iii) eliminated from the
conjunction map those voxels showing greater activity for LH versus N (P < .20). Finally, to
identify regions involved in only LCR, similar 3 steps were performed. In all 3 group analyses,
the extent threshold was set at at least 15 contiguous voxels. A height threshold of .033 with
an extent threshold of 15 voxels yields a false positive probability of about .002 per voxel,
according to Monte Carlo simulations of spatially correlated data (Forman et al. 1995).

In addition to SPM-based group contrasts, follow-up ROI analyses were performed for certain
significant clusters in the group contrast analyses. From each subject and ROI, the mean
parameter estimate across all significant voxels was extracted for the 3 critical trial types,
respectively. These parameter estimates were subject to repeated measures analysis-of-
variance (ANOVAs). For all follow-up ROI analyses, the significance threshold was set at P
< .05.
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As noted above, in addition to old and new words, the recognition test included ‘lure words’
that were semantically related to studied lists and yielded too few correct rejections to be
included in the current analyses. These lure word trials generated very high false alarm rates,
and were the critical items in a previous study focused on false memory processes (Kim and
Cabeza, 2007b). Although the two studies had different goals and investigated different fMRI
contrasts, some findings are related and are considered in the Discussion section. A caveat for
the current study is whether the presence of false items in the recognition test affected the
processing of old and new items. We believe this is not a problem because the inclusion of
false items in a recognition test may affect the placement of the decision criterion (e.g., make
decisions more conservative) but it is unlikely to affect the nature of the retrieval processes per
se.
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Figure 1.
Venn diagram depicting the predictions regarding common and specific brain regions in high-
confidence recognition (HCR) and low-confidence recognition (LCR). The predictions are:
(A) the medial temporal lobe (MTL) and ventral posterior parietal cortex (PPC) regions are
specific to HCR activity; (B) sensory-perceptual and associated posterior regions are common
to HCR and LCR activity; and (C) prefrontal cortex (PFC) and dorsal PPC regions are specific
to LCR activity.
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Figure 2.
Brain regions associated with both high-confidence and low-confidence recognition activity.
The bar graphs display mean parameter estimates across all significant voxels. The error bars
indicate ±1 SE. HH = high-confidence hit; LH = low-confidence hit; N = high-confidence
correct rejection responses.
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Figure 3.
Brain regions associated with high-confidence recognition (HCR) activity (yellow) and low-
confidence recognition (LCR) activity (blue). See Fig. 2 legend for explanation of the bar
graphs.

Kim and Cabeza Page 16

Brain Res. Author manuscript; available in PMC 2010 July 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Venn diagrams depicting four models of the relationship between high-confidence recognition
(H) and low-confidence recognition (L) processes.
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