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Abstract

Successful memory for an image can be supported by retrieval of one’s personal reaction to the
image (i.e., internal vividness), as well as retrieval of the specific details of the image itself (i.e.,
external vividness). Prior research suggests that memory vividness relies on regions within the
medial temporal lobe, particularly the hippocampus, but it is unclear whether internal and external
vividness are supported by the hippocampus in a similar way. To address this open question, the
current study examined hippocampal connectivity associated with enhanced internal and external
vividness ratings during retrieval. Participants encoded complex visual images paired with verbal
titles. During a scanned retrieval session, they were presented with the titles and asked whether
each had been seen with an image during encoding. Following retrieval of each image, participants
were asked to rate internal and external vividness. Increased hippocampal activity was associated
with higher vividness ratings for both scales, supporting prior evidence implicating the
hippocampus in retrieval of memory detail. However, different patterns of hippocampal
connectivity related to enhanced external and internal vividness. Further, hippocampal
connectivity with medial prefrontal regions was associated with increased ratings of internal
vividness, but with decreased ratings of external vividness. These findings suggest that the
hippocampus may contribute to increased internal and external vividness via distinct mechanisms
and that external and internal vividness of memories should be considered as separable measures.
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1. Introduction

The successful retrieval of events from our personal past is central to our everyday well-
being, allowing us to reminisce about our past, make decisions about our future, and even

formulate our own identity (Bluck, Alea, Habermas, & Rubin, 2005). However, the utility of

these memories may be tied to the ability to remember specific details; memories that are
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less detailed may not be as useful for directing future actions and can lead to inaccurate
generalizations (Gilbert & Wilson, 2009). As such, it is critical to understand the cognitive
and neural mechanisms that support this sense of vividness during memory retrieval.

Neuroimaging researchers have examined the quality and quantity of memory detail using a
number of behavioral measures. The Remember-Know procedure (Tulving, 1985) asks
participants to indicate, for each item they classify as “old” on a recognition test, whether
their memory is rich in contextual detail (“Remember”) or based on a more general sense of
familiarity (“Know”). Another common approach involves using a single likert scale
representing a measure of recollection such as confidence (e.g., Yonelinas, 1994), reliving
(e.g., Daselaar et al., 2008), or vividness (e.g., Gilboa et al., 2004) for each old item.

For these behavioral measures, high ratings of recollection may be supported by retrieval of
any additional contextual information, including details about thoughts and feelings that the
participant had at the time of encoding (here, called “internal details™) or details about the
event itself (here, called “external details”). There is evidence to believe that retrieval of
these two types of details may be supported by distinct mechanisms. Research has shown
that task instructions may be utilized to separately manipulate different types of memory
details (e.g., Suengas & Johnson, 1988), and that ratings of internal and external details are
differentially affected by healthy aging (e.g., Hashtroudi et al., 1990). Studies examining the
separate effects of internal and external detail retrieval either utilize two separate likert
scales (i.e., “internal vividness” and “external vividness”) or a variation of the Memory
Characteristics Questionnaire (Johnson et al., 1988), a questionnaire that includes an overall
vividness rating (on a scale from 1-7) as well as more specific questions regarding the extent
of perceptual, temporal, spatial, emotional, and conceptual detail recalled during retrieval.

Although behavioral research has clearly demonstrated patterns that distinguish internal and
external vividness ratings, it remains an open question to what extent these two
characteristics are supported by distinct neural networks during memory search. Episodic
memory retrieval is associated with recruitment of a widespread network of regions,
including medial-temporal, prefrontal, and parietal regions (see Spaniol et al., 2009). Of
these regions, neuroimaging studies have suggested that recruitment of the medial temporal
lobe, and in particular, the hippocampus, is related to increased ratings of memory vividness,
level of detail, and recollection (e.g., Gilboa et al., 2004; Addis et al., 2004). However, it is
unclear whether increased hippocampal recruitment enhances internal and external details
using similar or distinct mechanisms. Specifically, hippocampal activity may be associated
with corresponding increases in distinct neural regions to selectively enhance retrieval of
these two types of details.

In a meta-analysis examining regions associated with increased ratings of subjective
recollection, Spaniol and colleagues (2009) found that, in addition to the left hippocampus,
subjective recollection was associated with increased activity in the ventromedial prefrontal
cortex, precentral gyrus, posterior cingulate, inferior parietal lobe, parahippocampal gyrus,
lateral temporal lobes, and fusiform gyrus. However, this meta-analysis was conducted with
studies in which participants were able to rely on any contextual details (internal or external)
for “remember” or high confidence responses. Therefore, this network is likely based on
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trials related to high internal vividness andhigh external vividness, and it is still unknown
how internal and external vividness may differentially influence hippocampal connectivity
with these particular regions.

One particularly interesting region of interest within this network is the ventromedial
prefrontal cortex. Prior research implicates the medial prefrontal cortex (mPFC) in self-
referential processing during cognitive tasks (e.g., Cabeza et al., 2004; Gusnard et al., 2001;
Kelley et al., 2002; Maguire et al., 2001), suggesting that recruitment of medial prefrontal
regions to enhance vividness may be specific to internal, rather than external, details. The
mPFC is also a key node within the default mode network, a set of interacting and
functionally connected neural regions that is engaged when participants are scanned during
rest, and deactivated during task (e.g., Shulman et al., 1997; Mazoyer et al., 2001; Raichle et
al., 2001).

It has been suggested that the default mode network supports self-referential processing,
including personal memory retrieval (Buckner et al., 2008). In fact, the relation of this
network with internal mentation may be so powerful that its suppression may be necessary
for disengagement from distracting internal thought to optimize externally-directed
cognition (Anticevic et al., 2012). Consistent with this hypothesis, several studies have
found that reduced default mode activity is associated with more successful performance in
stimulus-driven goal-directed cognitive tasks (e.g., Anticevic et al., 2010; Daselaar et al.,
2004). Such an explanation may suggest that hippocampal connectivity to default mode
regions would increase as a function of internal vividness, but would be associated with a
reduction in external detail retrieval, or decreased external vividness.

The current study examines how internal and external vividness ratings differentially
influence hippocampal connectivity during the initial search phase of memory retrieval.
Based on research implicating the medial prefrontal cortex in self-referential processing, we
hypothesize that internal vividness will be associated with enhanced connectivity between
the mPFC and hippocampus. Conversely, the relation between default mode network
deactivation and externally-directed task performance suggests that external vividness will
be inversely related to mPFC-hippocampal connectivity. Additionally, increased external
detail may rely on increased hippocampal connectivity with other regions associated with
perceptual and conceptual detail retrieval, such as the precuneus (Gilboa et al., 2004),
ventrolateral prefrontal cortex (Badre & Wagner, 2007), and lateral temporal lobes (Binder
& Desai, 2011).

2. Methods

2.1 Participants

Data from fifty-nine healthy adults (mean age= 48.17, sa= 20.34, ages 19-85; mean
education= 16.60, so= 2.41; 27 females) are reported. Age and education did not differ
across genders (p>.2 for both contrasts) and age was not significantly correlated with
education (p=.64). Two additional participants were recruited but not scanned due to
contraindications for MRI (ages 50 and 75; both male). Another fourteen participants were
scanned, but were excluded from the current analysis due to equipment malfunction (n=1;
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age=49, edu=16, male), an abnormal structural scan (n=1, age= 49, edu=17, female),
excessive motion in the scanner resulting in termination of MR session (n=1, age=>56,
edu=16, male), voluntary early termination of the MR session (n=1, age=49, edu=14,
female), low behavioral performance (i.e., hit rate below.50 or false alarm rate above .50;
n=6, mean age= 55.64, sa= 18.12, ages 30-83; mean education= 16.12, sa= 3.49; 2 female),
or lack of variability in their vividness ratings (i.e., only providing a single value for all
vividness ratings; n=4, mean age= 44.25, sa= 9.00, ages 36-53; mean education= 16.50, sa=
1.00; 2 female). Participants were right-handed native English speakers without psychiatric
illness or neurological disorder and were recruited from the greater Boston area. All
participants were screened using an extensive cognitive battery to ensure that cognitive
performance was in the normal range for participants of all ages. The tests used in this
battery are described in more detail in supplementary materials. Although effects of age are
not the focus of this report, the relations of age with all cognitive variables are reported in
Supplementary Table 1 and explained in the supplementary materials. All participants were
paid for their participation and gave written informed consent in accordance with the
requirements of the Institutional Review Board at Boston College.

2.2 Materials

Stimuli were 480 pictures (160 positive, 160 negative, and 160 neutral) and the neutral titles
used in prior studies from our lab (Ford et al., 2014a, 2014b; Ford & Kensinger, 2014). The
480 title-picture pairs were divided into 4 sets of 120 pictures each (40 positive, 40 negative,
and 40 neutral) for counterbalancing purposes. The current analysis focused on responses to
neutral title-picture pairs only, and results related to memory for emotional images will not
be discussed.

2.3 Procedure

Following instruction and a short practice, participants encoded one set of 120 title-image
pairs. Titles (e.g., “Lettuce”) were paired with a positive, negative, or neutral image (e.g., a
piece of rotting lettuce with bugs crawling on it as a negative image). In an intentional
encoding task (outside of the scanner) participants were given 3 seconds to make a decision
regarding the appropriateness of the word as a description of the image (1= poor description,
2= acceptable description, and 3= very good description). After a half-hour delay (M= 34.3
minutes, sa= 7.8), participants took part in a scanned retrieval task. Participants were
presented with the 240 titles (120 neutral titles that were studied during the encoding phase
and 120 unstudied neutral titles) randomly across 6 retrieval runs of equal length.
Participants were given up to 4 seconds to decide whether the word was “old” (i.e., seen
previously) or “new” (i.e., not seen previously). The screen was removed following the
participant’s button press. Across participants, it was varied which items were studied and
which were reserved as foils on the recognition test.

Immediately following an “old” response, 80% of the time, participants were asked to
“Elaborate” on the old item (i.e., think about the image presented with the title and the
experience with that title and image at encoding) for 5 seconds. To discourage participants
from beginning to elaborate during the search phase, and to distinguish activity during
search from activity during elaboration, 20% of trials were catch trials; instead of an
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elaboration phase, the next trial was presented. Following a “new” response, 80% of the
time, participants moved on to the next trial. To minimize the likelihood that participants
would automatically begin preparing for the next trial after a “new” response, on 20% of the
trials, participants were asked to “Imagine” an image that could have accompanied the new
item for 5 sec.

Following the elaboration phase, participants were asked to consider how well they were
able to remember each item in two separate rating scales, counterbalanced across
participantsl. Participants were given five seconds each for two scales: 1) On a scale of 1-5,
how well did they remember the details of the image associated with the cue word or phrase
(“External Vividness”) and 2) On a scale of 1-5, how well did they remember their own
personal thoughts and feelings from encoding the title-picture pair (“Internal Vividness™).
Following each trial, participants viewed a fixation cross for 0-6 seconds to introduce jitter.
A visual schematic of this procedure is presented in Figure 1.

After being removed from the scanner, participants were re-presented with the images from
the encoding phase. They rated each image’s valence and arousal on a 1-7 scale and
indicated which specific emotions they experienced with each image. This portion was self-
paced and participants were encouraged to respond based on their initial reaction.

2.4 Data Acquisition

Participants’ heads were stabilized in a Siemens Tim Trio 3 Tesla scanner. A localizing scan
and auto-align scout were followed by a high resolution multi-echo T1 structural scan for
anatomical visualization (176 1mm slices, TR=2200ms, TE1=1.64ms, TE2= 3.5ms, TE3=
5.36ms, TE4=7.22ms). Six runs of whole brain, gradient-echo, echo planar images (31 3mm
slices aligned along the line between the anterior and posterior commissures, 20% skip,
TR=2s, TE=30ms, Flip angle=90) were acquired during memory retrieval using interleaved
slice acquisition. A diffusion weighted scan was collected but will not be discussed.
Response data were collected using a magnet-safe button response box.

2.5 Preprocessing and Data Analysis

Images were preprocessed and analyzed using SPM8 software (Wellcome Department of
Cognitive Neurology, London, UK) implemented in MATLAB. Images were co-registered,
realigned, normalized (resampled at 3 mm at the segmentation stage and written at 2mm at
the normalization stage) and smoothed using a Gaussian 8 mm kernel. The current analysis
examined effects of internal and external vividness on recruitment during memory search,
modeled as a two-second block beginning at stimulus onset2. This analysis focused on
search processes to facilitate comparisons with autobiographical memory studies examining
hippocampal recruitment at stimulus onset (e.g., Gilboa et al., 2004; Addis et al., 2004), as
well as traditional episodic memory studies that do not distinguish between search and
elaboration phases.

Litis possible that the order of vividness ratings could influence how participants recalled images in the search phase. To examine this
Eossibility, all analyses were also conducted with counterbalance order as a controlling variable and the results remained the same.

Memory search varied as a function of response time, potentially introducing additional variance into this model. All analyses were
also conducted with response time as a controlling variable and the results remained the same.
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The first level fMRI analysis examined the effect of vividness on neural activity during
accurate “old” responses to studied items (i.e., “hits™). Neutral hits were modeled as a
condition of interest with internal and external vividness as parametric modulators of
interest. Positive and negative hits (and associated vividness ratings), incorrect responses and
correct “new” responses to positive, negative, and neutral items, although not relevant for the
current analysis, were included in each model as separate nuisance variables.

Because SPM automatically orthogonalizes parametric regressors in fixed-effects models,
four separate models were generated for each subject to capture the effects of internal and
external vividness on recruitment during neutral hits:

1. Internal vividness only, identifying regions that exhibited a parametric
effect of internal vividness on recruitment

2. External vividness only, identifying regions that exhibited a parametric
effect of external vividness on recruitment

3. Internal vividness followed by external vividness, identifying regions that
exhibited a parametric effect of external vividness on recruitment above
and beyond'the effect of internal vividness

4. External vividness followed by internal vividness, identifying regions that
exhibited a parametric effect of internal vividness on recruitment above
and beyond'the effect of external vividness

Using these four models, we were able to identify regions in which activity was associated
with internal and external vividness with (1 and 2) and without (3 and 4) taking the other
variable into account.

The first two fixed-effects analyses above were used in random-effects models designed to
examine the regions commonly associated with internal and external vividness. Therefore,
individual-subject effects from models 1 and 2 above were included in a single model
including internal and external vividness as variables of interest, and age as a covariate of
no-interest (to control for potential confounds of age). Conjunction analyses were conducted
to identify regions that exhibited significant effects of both internal and external vividness.
Conjunction analyses were performed by creating explicit masks of one contrast (e.g., the
effect internal vividness) at p<.005 and applying this mask to the second contrast at the same
threshold (e.g., the effect of external vividness).

The third and fourth fixed-effects models above were used in a different random-effects
analysis, to determine how internal and external vividness may differentially affect neural
recruitment. Therefore, at the second-level (random-effects) analysis, a model incorporated
individual-subject effects from models 3 and 4 above, in which the effects of internal and
external vividness were identified controlling for the other variable. Age was included as a
covariate of no-interest, so that the model could identify regions associated with increased or
decreased ratings of internal and external vividness, controlling for both the other type of
vividness rating and for age. Within this model, two separate contrasts were performed to
examine the effects of internal and external vividness, controlling for the effects of the other.

Neurobiol Learn Mem. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ford and Kensinger

Page 7

Because these analyses were conducted examining the effect of one variable controlling for
the other, conjunction analyses were not conducted.

The significance threshold for all analyses was set at p < .005 (uncorrected). Monte Carlo
simulations (Slotnick et al., 2003), incorporating the smoothness of the data and run with the
normalized voxel size of 2x2x2, determined that a 29-voxel extent corrected results to p <.
05. Therefore, we discuss all clusters that reach this threshold. Clusters reaching significance
were overlaid on anatomical images from MRICron. For all analyses, reported coordinates
reflect the peak activity within active regions. These coordinates were converted from MNI
coordinates to Talairach space, localized using the Talairach Client, and confirmed with the
Talairach and Tournoux atlas (Talairach & Tournoux, 1988).

In addition to relations between vividness ratings and neural recruitment, the current study
examined relations between vividness ratings and hippocampal connectivity utilizing the
generalized psychophysiological interactions (gPPI; http://brainmap.wisc.edu/PPI; McLaren
et al., 2012) toolbox in SPM8. The gPPI toolbox, which is configured to automatically
accommodate multiple task conditions in the same PPl model, compares functional
connectivity to a single seed region across tasks. The hippocampal seed region was selected
from the conjunction analysis examining common effects of internal and external vividness
on recruitment. A peak voxel within this cluster (-28, -10, -12) was used to create volumes
of interest (VOIs) for each subject. Specifically, for each subject, a VOI was generated by
creating a 6mm sphere around this voxel. Within each subject, the gPPI toolbox was used to
estimate functional connectivity across the entire brain with this 6mm VOI in the neutral
memory as a function of internal and external vividness, controlling for one another (i.e.,
from fixed-effects models 3 and 4).

At the group level, contrast files from individual-subject gPPIs were entered into a random-
effects model examining internal and external vividness, with age as a continuous variable of
no- interest. This model was used to examine regions in which hippocampal connectivity
was either enhanced or diminished by increased ratings of internal and external vividness.
As with the prior analysis, the significance threshold was set at p < .005 with a 29-voxel
extent (correcting results to p < .05).

Two additional analyses were conducted to examine the relation between internal and
external vividness effects on connectivity. The first analysis utilized paired-sample t-tests to
compare the effects of internal and external vividness in regions of interest. Five-millimeter
spheres were created around the peak voxels of regions exhibiting significant effects of
either internal or external vividness, and parameter estimates of internal and external
vividness effects were extracted from each ROI. Paired-sample t-tests were conducted
between internal and external vividness to determine whether the effects were significantly
different from one another. A second paired- sample t-test examined whether the strength (or
absolute value) of internal and external vividness effects were significantly different from
one another. For example, this analysis would test whether a positive effect of internal
vividness was stronger than a negative effect of external vividness, or if the effects were
statistically equivalent.
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Finally, based on observations that regions exhibiting a significant effect of internal
vividness also exhibited a significant negative effect of external vividness, inclusive masks
of the negative effect of external vividness at p<.005 and p<.05 were applied to the internal
vividness contrast to identify extent of overlap in the conjunction. Similar conjunctions were
conducted by applying masks of the negative effect of internal vividness at £<.005 and p<.05
to the external vividness contrast.

3.1 Behavioral Results

Participants reported significantly greater ratings of external (M= 3.53, SE=.09) compared to
internal vividness (M=2.93, SE= .09; A1,57)= 13.51, p<.001). Vividness ratings were not
affected by participant age (p=.97) and the difference between internal and external
vividness did not differ across age (p=.19). Not surprisingly, average ratings of internal and
external vividness were highly correlated across individuals (= .45, £.<.001), where
individuals who reported high internal vividness ratings also reported high external
vividness ratings, as well as within individuals (Mcorr= .51, SD=.27), where items rated as
having high internal vividness also had high external vividness.

Participants performed well on the memory task, with a corrected accuracy rate (hits minus
false alarms) of .59 (SE= .02; See Table 1 for all behavioral measures). Performance was not
related to vividness ratings or response times for vividness ratings (Supplementary Table 2).

3.2 Imaging Results

3.2.1 Vividness-related changes in neural recruitment during memory retrieval
—The first analysis examined the effects of internal and external vividness on activity
separately, without taking into account the strong relation between these two variables
(Figure 2 and Table 2). Both internal and external vividness were associated with increased
activity in a widespread network of both medial and lateral regions. Therefore, the
conjunction analysis examining regions exhibiting a significant relation with both internal
and external vividness ratings revealed a similarly widespread network, including bilateral
medial and lateral prefrontal cortex, parietal lobe, and lateral temporal lobe. There were no
regions that exhibited decreased activity as a function of internal or external vividness
ratings.

The second analysis separated the unique effects of internal and external vividness by
identifying regions showing a significant relation with each measure, controlling for the
other measure (Figure 3 and Table 3). Analyses were conducted examining each unique
effect separately, as well as relative to one another (i.e., internal vividness > external
vividness and external vividness > internal vividness). Compared to effects of external
vividness, ratings of internal vividness were associated with increased recruitment of a
ventrolateral region of the prefrontal cortex on the rectal gyrus (BA 11). Relative to internal
vividness, ratings of external vividness were associated with increased recruitment of
anterior cingulate, lateral prefrontal cortex, lateral and medial temporal lobe, and posterior
occipital regions. Analyses examining effects of increased and decreased vividness ratings
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revealed that these comparisons were driven by positive relations between ratings and neural
recruitment, as no regions were identified that exhibited increased activity as a function of
decreased internal or external vividness ratings. For example, the increased relation between
neural recruitment and external relative to internal vividness was driven by a significant
relation between recruitment and increased external vividness ratings.

3.2.2 Vividness-related changes in hippocampal connectivity during memory
retrieval—The seed region selected for the current hippocampal connectivity analysis was
a 6mm sphere surrounding the peak voxel (-28, -10, -12; See Figure 4 and Figure 5) of a
cluster exhibiting significant increases in activity as a function of both internal and external
vividness (see Table 2). Importantly, this sphere did not overlap with medial temporal lobe
clusters in which the relation between recruitment and external vividness was greater than
the relation between recruitment and internal vividness (see Table 3).

Internal vividness ratings were associated with increased hippocampal connectivity with
bilateral ventromedial prefrontal cortex (BA 25 and 11) and right uncus (BA 36; Figure 5
and Table 4). Conjunction analyses revealed significant overlap between these regions and
those exhibiting a negative effect of external vividness. In fact, a// clusters exhibiting a
significant positive relation between internal vividness ratings and hippocampal connectivity
at our standard threshold of p<.005 had an overlap of at least 29 voxels with those regions
exhibiting a significant negative relation between external vividness and connectivity at a
reduced threshold of p<.05. In other words, there were no regions that exclusively exhibited
this positive relation between internal vividness ratings and hippocampal connectivity.
Similarly, there were no regions that exclusively exhibited a negative relation between
external vividness and connectivity. Follow-up t-tests confirmed that the effect of internal
vividness was significantly different from the effect of external vividness in all regions, but
the strengths of the positive internal effect and the negative external effect were statistically
equivalent (©>.05 for all contrasts; see Table 5).

Increased external vividness ratings related to enhanced hippocampal connectivity with
lateral temporal lobe (BA 21), postcentral gyrus (BA 5), dorsal prefrontal cortex (BA 6 and
9), and ventrolateral prefrontal cortex (BA 47; Figure 5 and Table 4). Although there was
some overlap in regions showing enhanced connectivity as a function of increased external
vividness and decreased internal vividness—specifically in the middle temporal gyrus (BA
21) and, to a lesser extent, in one cluster in the dorsal prefrontal cortex (BA 6)—these
networks were also somewhat distinct. Specifically, increased external vividness ratings
were associated with enhanced hippocampal connectivity with the postcentral gyrus (BA 5),
ventrolateral prefrontal cortex (BA 47), and a second dorsal prefrontal cluster (BA 9) that
were not associated with decreased ratings of internal vividness. Follow-up t-tests confirmed
that the effect of external vividness in these regions was significantly different from the
effect of external vividness in all regions except in BA9, where the difference was trending
(o= .09; Table 5). Importantly, the absolute effect of external vividness on connectivity was
also stronger than the effect of internal vividness for all regions, supporting the conclusion
from the conjunction analysis that these regions were not associated with a strong negative
effect of internal vividness,
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4. Discussion

The current study was the first to examine the differential effects of hippocampal
connectivity during memaory search on internal and external vividness ratings. Ratings of
internal and external vividness were associated with distinct hippocampal connectivity
patterns, with internal ratings associated with connectivity to regions implicated in self-
referential processing and external ratings associated with connectivity to regions involved
in retrieval of conceptual and episodic contextual details. Further, the current study revealed
that hippocampal connectivity patterns can relate to both internal and external vividness, but
in opposing directions. Specifically, there was extensive overlap between regions associated
with /ncreased internal and decreased external vividness. The opposite set of relations
(increased external and decreased internal) showed little overlap, suggesting that the
connectivity patterns that enable vivid internal detail interfere more with those that enable
vivid external detail than vice-versa.

The divergence of neural networks supporting internal and external vividness ratings as early
as the first two seconds of memory demonstrates that search processes, and not just
elaboration, are intimately tied to detail retrieval. This early emergence may suggest that
event vividness is embedded in the memory trace, directing search processes, or that the way
a memory representation is initially accessed has downstream implications for how details
are recovered.

4.1 Neural recruitment and connectivity associated with internal vividness ratings

Relative to ratings of external vividness, increased internal vividness was associated with
increased recruitment of a single cluster in the ventromedial prefrontal cortex, along the
rectal gyrus. Internal vividness ratings were also associated with enhanced hippocampal
connectivity with two ventromedial prefrontal clusters. Such enhancement in medial
prefrontal regions is consistent with the role of this region in self-referential processing
during memory retrieval (e.g., Cabeza et al., 2004; Gusnard et al., 2001), and with extensive
research suggesting that the vmPFC and hippocampus are functionally connected in a
default mode network that supports such internal operations (Buckner et al., 2008).
Although the clusters reported in the current manuscript are more subgenual than those
highlighted as the most commonly occurring in meta-analyses of self-referential processing
(Denny et al., 2012; Murray et al., 2012), many studies report self-reference effects in this
more posterior and ventral region (Kjaer et al., 2002; Meffert et al., 2013; Northoff et al.,
2009; Summerfield, Hassabis, & Maguire, 2009). Specifically, studies find a role of this
more medial orbital prefrontal region in self-referential processing in emotional contexts or
in the interaction of emotional and self-referential processing (Moran et al., 2006; Northoff
et al., 2006; Northoff et al., 2009). This interaction account may explain the involvement of
the subgenual vmPFC in the reported contrast; given that internal vividness ratings relied on
participant judgments of their thoughts and feelings during encoding, it is likely that they
were driven by recall of one’s own prior emotions.

Critically, the regions exhibiting enhanced hippocampal connectivity as a function of
increased internal vividness ratings exhibited an equivalent enhanced connectivity as a
function of decreased external vividness. In other words, the neural interactions that
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supported retrieval of internal details during retrieval were also associated with
impoverished retrieval of external details. Such a pattern is consistent with the proposal that
functions associated with regions in the default mode network contrast with externally-
oriented goal-directed thought (Buckner et al., 2008), and that suppression of this network
may be critical to successful performance on some cognitive tasks (e.g., Anticevic et al.,
2010; Daselaar et al., 2004).

4.2 Neural recruitment and connectivity associated with external vividness ratings

Activity in a widespread network of regions was more strongly associated with external
vividness ratings compared to internal vividness ratings. Specifically, increased recruitment
was identified in lateral and anterior prefrontal regions, lateral temporal lobe, posterior
visual regions, and medial temporal lobe. External vividness ratings were associated with
increased hippocampal connectivity with a similar set of neural regions, including lateral
and dorsal prefrontal regions, lateral temporal lobe, and postcentral gyrus. These findings
suggest a widespread network of regions that work together to support retrieval of external
event details.

Observed activity and hippocampal connectivity in lateral temporal lobes may be related to
their role in category-general conceptual processing (Binder & Desai, 2011). Specifically,
Binder and Desai propose a role of this region in the retrieval of conceptual knowledge,
including that required for semantic memory, social cognition, episodic memory, scene
construction, and self-knowledge. Therefore, increases in hippocampal connectivity to the
lateral temporal lobe may reflect a hippocampally-mediated enhancement of knowledge
related to external memory details, including semantic memory for image content and scene
construction.

External vividness ratings were also associated with enhanced recruitment and hippocampal
connectivity in regions within the ventrolateral PFC (vIPFC). Prior research has revealed a
critical role of the VIPFC in supporting cognitive processes needed to recall specific event
details (e.g., selection, maintenance, reorganization; see Badre & Wagner, 2007; Simons &
Spiers, 2003). Further, in their meta-analysis examining neural networks associated with
subjective and objective recollection, Spaniol and colleagues (2009) found that objective
recollection (i.e., the recall of source or contextual details) was more strongly associated
with activation in left vIPFC. These prior findings are consistent with enhanced
hippocampal-vIPFC connectivity supporting retrieval of image-related details in the current
study.

Importantly, the current study revealed an interesting asymmetry between internal and
external vividness: while regions associated with increased internal vividness regions also
showed negative external effects, this wasn’t necessarily true of regions associated with
increased external vividness. In other words, hippocampal connectivity that supports
enhanced retrieval of external details does not necessarily contribute to reductions in internal
vividness. Such a finding is important, as it reveals that mechanisms supporting internal and
external detail retrieval are not always working in opposition. Rather, there appears to be
something unique about regions associated with self-referential processing that leads to a
disruption of other forms of processing.
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4.3 Limitations and Future Directions

The current analysis examines the relation between hippocampal connectivity and two
separate measures of subjective vividness. As research has demonstrated significant
distinctions between the neural networks supporting subjective and objective vividness
(Spaniol et al., 2009), the differences between internal and external subjective vividness
identified in the current study should not be generalized to objective measures. Future work
is need to confirm that these patterns and relations extend to one’s objectively-measured
ability to recollect personal and event details. Further, as both internal and external vividness
ratings can be supported by a large number of different types of details, the current design
cannot specify the particular elements supporting these decisions. Objective measures of
detail retrieval may be used in the future to pursue this question.

To maximize power and sample size, and to establish a baseline connectivity pattern, the
current analysis examined connectivity across a sample of participants ages18-85. Although
controlling for age in all analyses minimized any confounding effects of having such a large
age range, it is possible that age-related differences exist that are being ignored in this
manuscript or that were not controlled for with the linear age covariate (e.g., nonlinear
effects of age). As noted previously, age can be associated with changes to reports of internal
and external vividness (e.g., Hashtroudi et al., 1990), although this was not the case in the
current study (see behavioral results). Further, prior research suggests that older adults may
be less able to suppress activity in the default mode network during cognitive tasks (e.g.,
Grady et al., 2010; Hedden et al., 2009; Lustig et al., 2003). Although this analysis was
beyond the scope of the questions addressed in the current manuscript, future analyses will
be conducted to determine whether healthy aging influences the relation between
connectivity within the default mode network and ratings of internal and external vividness.

In the current study, participants were asked to rate vividness of all “old” responses on two
1-5 scales. These scales were used in our fMRI analyses to examine neural networks
associated with internal and external vividness. In this paradigm, “old” guesses and “old”
responses with very low familiarity would both receive vividness ratings of “1”, leading to
an impure vividness category. This contamination could potentially influence the results
reported in the current study, and future studies could incorporate an additional confidence
ratings or a “guess” option in addition to the old/new response to avoid this possibility.
However, participants in the current study only responded “1” an average of 1.7 times for
external vividness and 3.4 times for internal vividness (See Table 1). Therefore, it is unlikely
that inclusion of guesses would have a significant influence on the overall analysis.

Summary

The current study examined the unique effects of internal and external vividness on
hippocampal connectivity patterns, revealing distinct patterns of connectivity for the two
measures. Specifically, internal vividness ratings were associated with connectivity to
regions implicated in self-referential processing and external vividness was associated with
connectivity to regions involved in the retrieval of conceptual and episodic contextual
details. Further, regions exhibiting enhanced hippocampal connectivity as a function of
increased internal detail overlapped with those related to decreased external detail,
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suggesting that the same neural interactions can simultaneously enhance and diminish one’s
subjective sense of vividness, depending on the particular aspect being measured. Critically,
the fact that this complete overlap was unique to hippocampal connections associated with
internal vividness suggests that this dual function may be unique to connectivity between
regions of the default mode network rather than all hippocampal interactions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Study examined neural recruitment during retrieval of neutral word-
image pairs.

. Compared vividness of a) internal thoughts and feelings and b) image
details.

. Hippocampal activity was associated with internal and external
vividness ratings.

. Internal vividness was related to /ncreased hippocampal-prefrontal
connectivity.

. External vividness was related to decreased hippocampal-prefrontal
connectivity.
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Front View Rear View
D = Internal Vividness
- = External Vividness
- = Both Internal and External Vividness p<.005 (uncorrected), 29 voxel extent

Figure 2.
Regions associated with increased ratings of internal (yellow) and external (red) vividness,

examined separately (i.e., not controlling for one another). Regions of overlap (orange)
exhibit significant increases in activity as a function of both internal and external vividness.
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D = Effect of Internal > External Vividness

I - et o Extemal > nternal Vividness p< 005 (uncorrected), 29 voxel extent

Figure 3.
Regions associated with increased ratings of internal relative to external vividness (yellow)

and external relative to internal vividness (red), derived from fixed-effects models examining
measures of internal and external vividness, controlling for one another.
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Hippocampal Seed Region
-28, -10, -12

D = Effect of Internal > External Vividness

- = Effect of External > Internal Vividness p<.005 (uncorrected). 29 voxel extent

Figure 4.
Regions in which hippocampal connectivity was associated with increased ratings of internal

relative to external vividness (yellow) and external relative to internal vividness (red),
derived from fixed-effects models examining measures of internal and external vividness,
controlling for one another.
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Hippocampal Seed Region
=28, -10, -12

D = Effect of Internal Vividness
- = Effect of External Vividness
- = Negative Eftfect of Internal Vividness

- = Negative Effect of External Vividness
p<.005 (uncorrected), 29 voxel extent

Figure 5.
Regions in which hippocampal connectivity was associated with increased ratings of internal

vividness (yellow), increased ratings of external vividness (red), decreased ratings of internal
vividness (blue), and decreased ratings of external vividness (green). Note the extensive
overlap between regions depicted in yellow and in green. Group effects were estimated using
fixed-effects models examining measures of internal and external vividness, controlling for
one another.
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Table 1

Behavioral measures of memory and vividness ratings.

Measure Mean  Standard Deviation  Standard Error
Hit Rate 0.71 0.11 0.01
False Alarm Rate 0.12 011 0.01
Accuracy (Hits-False Alarm) 0.59 0.12 0.02
d Prime 2.06 0.97 0.13
External Vividness 3.53 0.7 0.09
Internal Vividness 2.93 0.68 0.09
Response Time - Hits 1793.74 336.03 43.75
Response Time - External Vividness 963.07 326.02 42.44
Response Time - Internal Vividness 1135.22 334.70 43.57

External Vividness = 1 1.66 2.36

External Vividness = 2 3.02 3.05

External Vividness = 3 5.66 3.35

External Vividness = 4 6.36 3.97

External Vividness =5 6.17 5.77

Internal Vividness = 1 3.42 3.84
Average Frequency of Response  Internal Vividness = 2 5.1 3.88

Internal Vividness = 3 6.73 3.7

Internal Vividness = 4 4.97 3.62

Internal Vividness = 5 2.66 3.55

Encoding Task Response = 1 5.12 3.44

Encoding Task Response = 2 11.88 4.89

Encoding Task Response = 3 21.36 6.1

RT= Response Time (in milliseconds)
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Comparison of internal and external vividness effect in regions exhibiting significant modulation of

hippocampal connectivity as a function of internal and external ratings.

Region of Interest

Difference from External Vividness

Effect of Internal Vividness Effect
Left Ventromedial Prefrontal Cortex (-4, 8, -8) 0.001
Right Ventromedial Prefrontal Cortex (6, 36, -22) 0.004
Right Uncus (30, -4, -36) 0.003

Difference from Internal Vividness

Effect of External Vividness Effect
Right Middle Temporal Gyrus (60, 4, -14) <0.0001
Left Postcentral Gyrus (-10, -50, 76) 0.006
Left Dorsal Prefrontal Cortex (-38, 10, 58) 0.01
Left Dorsal Prefrontal Cortex (-30, 28, 40) 0.09
Left Ventrolateral Prefrontal Cortex (-54, 40, -4) 0.04

Difference from Strength (absolute value) of
External Vividness Effect

0.76
0.13
0.22

Difference from Strength (absolute value) of
Internal Vividness Effect

0.02
0.02
0.03
0.09
0.04

Coordinates are presented in MNI format.

Contrasts reaching significance at p<.05 are bolded; trends of p<.1 are in italics.
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