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overlap with those supporting retrieval. An open issue is to what extent these regions support success-
ful vs. unsuccessful imagery and retrieval processes. Previous studies that examined regional overlap
between imagery and retrieval used uncontrolled memory conditions, such as autobiographical memory
tasks, that cannot distinguish between successful and unsuccessful retrieval. A second issue is that fMRI

Ié;)ils‘,/‘c:(c)lqgsr;emory studies that compared imagery and retrieval have used modality-aspecific cues that are likely to acti-
Imagery vate auditory and visual processing regions simultaneously. Thus, it is not clear to what extent identified

fMRI brain regions support modality-specific or modality-independent imagery and retrieval processes. In the
current fMRI study, we addressed this issue by comparing imagery to retrieval under controlled memory
conditions in both auditory and visual modalities. We also obtained subjective measures of imagery qual-
ity allowing us to dissociate regions contributing to successful vs. unsuccessful imagery. Results indicated
that auditory and visual regions contribute both to imagery and retrieval in a modality-specific fashion.
In addition, we identified four sets of brain regions with distinct patterns of activity that contributed to
imagery and retrieval in a modality-independent fashion. The first set of regions, including hippocam-
pus, posterior cingulate cortex, medial prefrontal cortex and angular gyrus, showed a pattern common
to imagery/retrieval and consistent with successful performance regardless of task. The second set of
regions, including dorsal precuneus, anterior cingulate and dorsolateral prefrontal cortex, also showed
a pattern common to imagery and retrieval, but consistent with unsuccessful performance during both
tasks. Third, left ventrolateral prefrontal cortex showed an interaction between task and performance
and was associated with successful imagery but unsuccessful retrieval. Finally, the fourth set of regions,
including ventral precuneus, midcingulate cortex and supramarginal gyrus, showed the opposite inter-
action, supporting unsuccessful imagery, but successful retrieval performance. Results are discussed in
relation to reconstructive, attentional, semantic memory, and working memory processes. This is the
first study to separate the neural correlates of successful and unsuccessful performance for both imagery
and retrieval and for both auditory and visual modalities.
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1. Introduction

Mental imagery - perceiving with the mind’s eye and ear -
is considered to be a critical component of vivid remembering
of past events - or episodic retrieval (Baddeley, 1992; Greenberg
& Rubin, 2003). Theories of memory hold that episodic retrieval
does not only involve the activation of previously formed memory
traces, but also reconstructive processes that support the gener-
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ation of mental representations (Bartlett, 1932; Daselaar et al.,
2008; Rubin, Schrauf, & Greenberg, 2003; Tulving, 1983). In line
with these theories, recent functional MRI (fMRI) studies have indi-
cated that imagery and retrieval show overlapping activations in
several regions including the hippocampus, medial prefrontal cor-
tex (mPFC), posterior midline region (PMR) and the angular gyrus
of the ventral parietal cortex (Addis, Pan, Vu, Laiser, & Schacter,
2009; Addis, Wong, & Schacter, 2007; Buckner & Carroll, 2007;
Hassabis & Maguire, 2007). However, these studies used uncon-
trolled, open-ended autobiographical memory tasks to examine the
neural correlates of memory, which have no objective measures
of successful vs. unsuccessful performance (Cabeza & St Jacques,
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Table 1
Task setup and data used in the fMRI analyses.
Condition Day 1 Day 2
Timing Imagery task Data used Timing Retrieval task Data used
Imagery 1.0s Cue word Included 4.0s Retrieve imagined Not included
3.0s Imagine image or sound Event from day 1°
15s Rate richness (1-4) 15s Rate confidence (1-2)
Perception 1.0s Cue word Not included?® 4.0s Retrieve perceived Included
3.0s Perceive image or sound Event from day 1°
15s Rate quality (1-4) 15s Rate confidence (1-2)

2 Perceptual trials are used for the modality-specific analysis only.
b Note that both retrieval and confidence rating required a response.

2007; Cabeza et al., 2004; Cabeza & Nyberg, 2000). Moreover,
the subjective quality of the imagery experience (successful vs.
unsuccessful imagery) was generally not assessed (see however
Addis et al., 2007). Thus, the overlap between brain regions that
support successful vs. unsuccessful imagery and retrieval remains
unclear.

A second issue is that fMRI studies that compared imagery and
retrieval have used general cues that did not emphasize a spe-
cific modality (e.g. Addis et al., 2009; Addis et al., 2007; Hassabis,
Kumaran, & Maguire, 2007; Szpunar, Watson, & McDermott, 2007).
Such cues are likely to activate both auditory and visual processing
regions simultaneously. Thus, without word cues that are spe-
cific to the auditory or visual modality, it remains unclear to what
extent previously identified brain regions truly support modality-
independent imagery and retrieval processes.

To address these issues we conducted an fMRI experiment
that consisted of a perceptual task, an imagery task with sub-
jective performance ratings and a controlled retrieval task with
objective memory measures. Moreover, to assess the modality-
independence of regions, each task included both auditory and
visual conditions. As shown in Table 1, on Day 1, participants
imagined sounds and pictures based on imagery word cues. In
addition, they also perceived sounds and pictures following dif-
ferent word cues. Imagery-related activity was assessed by using
imagery quality ratings following each trial. Successful imagery
was defined as more activity for high- than for low-rated imagery
experiences and the opposite pattern as unsuccessful imagery.
On Day 2, participants retrieved the previously perceived and
imagined sounds and pictures based on retrieval word cues. To
keep our findings consistent with controlled studies of retrieval

(Buckner & Wheeler, 2001; Nyberg, Habib, Mcintosh, & Tulving,
2000), we only assessed the retrieval of externally presented
auditory and visual events (Table 1). Retrieval-related activity
was assessed by contrasting items that were remembered with
high confidence (successful retrieval) to those that were forgot-
ten (unsuccessful retrieval). Regional overlap between imagery
and retrieval was assessed by employing a factorial design in
which the factors task (imagery/retrieval) and performance (suc-
cessful/unsuccessful) were crossed for both auditory and visual
modalities. Although many fMRI studies have compared activations
during successful and unsuccessful retrieval conditions (Buckner &
Wheeler, 2001), to our knowledge this is the first retrieval study
to compare these activations with successful and unsuccessful
imagery.

In the present study, we tested two main predictions. First, we
predicted that in line with previous fMRI studies, imagery and
retrieval of auditory and visual information should activate audi-
tory and visual regions respectively (Buckner, Logan, Donaldson, &
Wheeler, 2000; Deacon, Kosslyn, & Scarry, 2001; Kraemer, Macrae,
Green, & Kelley, 2005). Second, we predicted that, in line with
studies that used uncontrolled memory tasks (Hassabis et al.,
2007a; Schacter, Addis, & Buckner, 2007; Szpunar et al., 2007), the
hippocampus, posterior cingulate cortex, medial prefrontal cor-
tex and angular gyrus will show a pattern associated both with
imagery success and retrieval success. We also expected this pat-
tern to occur regardless of whether the task had an auditory
or visual orientation. Although we did not have clear predic-
tions regarding brain regions, we also assessed the other cells of
the task x performance factorial design, shared by both modal-
ities: the opposite main effect (unsuccessful >successful), and

Table 2
overview of behavioral results.
MODALITY: VIS AUD VIS AUD VIS AUD
QUALITY RATING PERCENTAGE® RT: RATING
VERYHIGH 44 + 51 22 + 29 551 £ 30 584 + 32
HIGH 39 + 3.9 33 + 2.8 668 + 34 645 t 29
IMAGERY LOW 14 + 2.2 27 + 2.1 MGHESHOMSE 659 + 43 635 + 31
VERYLOW 3 + 07 18 + 1.7 643 + 49 542 + 25
2AVG. LOW 17 + 2.0 45 + 3.0 646 + 38 597 + 28
RETRIEVAL PERCENTAGE® RT: MEMORY RT: CONFIDENCE
HITHIGH 50 + 3.0 44 + 3.5 1945 + 61 2040 + 51 688 + 47 732 + 56
MEMORY HITLOW 9 + 15 14 + 1.9 2487 + 111 2429 + 86 905 + 54 903 + 54
MISS LOW 30 + 25 33 £ 3.0 2367 + 74 2400 + 81 837 + 47 817 + 44
CMISSHIGH 11 + 1.9 9 % 16 2207 + 79 2332 + 74 880 + 63 871 + 65
2AVG. MISS 41 + 2.0 42 + 3.0 2317 + 72 2380 + 72 821 + 45 818 + 44

20nly black values are used in fMRI analysis, AVG: both imagery low/both retrieval miss trials combined.

bNote that given the 4 options during retrieval, chance-level is 25%.
“Note that MISS HIGH includes missing values.
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Fig. 1. Modality-specific effects of imagery and retrieval: Light green: activation of auditory regions related to perception, imagery and retrieval. Dark green: activation of
visual regions related to perception, imagery and retrieval. Bar graphs (y-axis), indicate mean cluster activity (parameter estimates) for each regions, respectively from left
to right: (1) auditory perception > visual perception, (2) auditory perception <visual perception, (3) auditory imagery > visual imagery (4) auditory imagery < visual imagery,
(5) auditory retrieval > visual retrieval, and (6) auditory retrieval < visual retrieval. Lines reflect the standard error of the mean and asterisks annotate the significance of the
difference between the auditory and visual contrast. Number of asterisks denotes P-values (*P<0.05, **P<0.01, ***P<0.001).

interactions between task (imagery x retrieval) and performance
(successful x unsuccessful).

2. Results
2.1. Behavioral data

Table 2 gives a complete overview of reaction times (RTs) and
proportions of responses for each condition. Below, we only report
the outcome of the repeated measures ANOVAs concerning the RT
and accuracy differences between the trials that were included
in the successful (imagery quality rating of 4) and unsuccess-
ful (imagery quality ratings of 1 or 2) imagery, and successful
(high confidence correct) and unsuccessful (incorrect) retrieval
contrasts.

Regarding imagery performance, a repeated measures imagery
(unsuccessful/successful) x modality (auditory/visual) ANOVA
showed a main effect of performance on RTs (P=0.0088) indicating
that the ratings for successful imagery trials were faster than those
for unsuccessful imagery trials. Although we found no effect of
modality (P=0.62), there was a significant modality x imagery
interaction (P=0.0098) indicating a greater performance difference
in RTs for the visual condition. Consistent with the RT results,
the percentage of successful items was also significantly lower
(P<0.0001) for auditory than for visual imagery suggesting that
the former condition was more difficult.

Retrieval trials involved two responses, one during the retrieval
period and one during the confidence rating period. During the
retrieval period, we found a main effect of memory performance
on RTs (P<0.001) reflecting faster RTs for successful than unsuc-
cessful retrieval responses. In addition, we found a significant main
effect of modality on RTs (P=0.023) indicating that retrieval of
auditory information was slower than retrieval of visual infor-
mation. However in terms of memory accuracy, there was no
effect of modality (P=0.092). During the rating period of the
retrieval task, we found a main effect of memory (P<0.001), but
not modality (P=0.13),on RTs. We also found a significant modality
(auditory/visual) x memory (successful/unsuccessful) interaction
(P=0.025) indicating a greater confidence rating RT difference
between successful and unsuccessful responses for the visual than
the auditory modality. Overall the behavioral results suggest that

auditory imagery was more difficult than visual imagery, but, at
least based on the memory accuracy, there was no evidence for a
modality difference in difficulty during retrieval.

2.2. fMRI data

2.2.1. Modality-specific contributions to imagery and retrieval

Following fMRI studies that examined imagery and retrieval
separately (Buckner et al., 2000; Deacon et al., 2001; Kosslyn, Ganis,
& Thompson, 2001; Kraemer et al., 2005; Wheeler, Petersen, &
Buckner, 2000), we predicted that imagery and retrieval of auditory
and visual information should activate auditory and visual sensory
regions, respectively. Confirming this prediction for the audi-
tory modality, we found common activity for auditory perception
(perception of sounds > images), auditory imagery (successful audi-
tory imagery > successful visual imagery), and auditory memory
retrieval (successful auditory retrieval > successful visual retrieval)
within auditory processing regions including bilateral superior
temporal gyrus/secondary auditory cortex (Fig. 1 and Table 3).
Likewise, confirming our prediction for the visual modality, we
found that a region comprising bilateral V3/V4 and fusiform gyrus
(Fig. 1 and Table 3) was not only activated during visual per-
ception (perception of images>sounds), but also during visual
imagery (successful visual imagery > successful auditory imagery),
and visual memory retrieval (successful visual retrieval > successful
auditory retrieval). These findings confirm the modality-specific
role of sensory processing regions in imagery and retrieval of audi-
tory and visual information (Buckner et al., 2000; Deacon et al.,
2001; Kosslyn et al., 2001; Kraemer et al., 2005; Wheeler et al.,
2000a; Wheeler et al., 2000b).

2.3. Overlap and interactions between imagery and retrieval in
modality-independent regions

Table 4 and Figs. 2-5 summarize the regions that displayed
consistent patterns of imagery and retrieval activity for both audi-
tory and visual modalities. Regions that did not show significant or
trending activity for one of the modalities were not included in the
table.
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Table 3
Regions showing overlapping activations during perception, imagery and retrieval.

Region Side BA X Y VA T-PER T-IMG T-RET

Auditory > visual

Auditory cortex/superior temporal gyrus L 22/41 —60 —42 15 12.5 2.61 2.05
R 22/41 48 -39 6 7.90 2.27 3.25

Inferior temporal gyrus L 20 —42 -6 -15 11.6 5.65 7.30

Inferior frontal gyrus L 47 -54 9 18 8.59 8.37 6.20

caudate L - -15 6 9 6.43 3.95 3.24
R - 12 6 -6 7.12 2.19 3.05

Visual > auditory

Fusiform gyrus L 36/37 -27 -57 -15 15.0 5.78 6.12
R 36/37 27 —45 -15 23.2 4.45 5.54

Visual cortex (V3/V4) L 19 —42 -6 -9 11.8 7.91 4.04
R 19 42 -78 -15 10.1 7.88 3.15

Parieto-occipital cortex L 19/39 -27 -72 24 8.55 9.40 2.98
R 19/39 45 —45 51 3.83 6.74 3.18
R 19/40 36 —60 42 3.61 411 2.84

Parahippocampus R 19 12 -48 9 5.11 4.62 5.01

Posterior cingulate cortex L 30 -18 -57 12 3.08 2.92 3.08
R 31 3 -33 36 4.29 3.22 4.90

T-PER =T-values perception, T-IMG =T-values imagery, T-RET = T-values retrieval.

2.3.1. Main positive effect: successful imagery and successful
retrieval

As shown in Fig. 3 and in line with our prediction, the hippocam-
pus, posterior cingulate cortex (PCC), medial prefrontal cortex
(mPFC) and angular gyrus were associated both with imagery
success (successful > unsuccessful imagery) and retrieval success
(successful > unsuccessful retrieval) in both auditory and visual
modalities (Table 4). These findings confirm results from previ-
ous studies showing overlapping activity in these regions during
imagery and retrieval (Addis et al., 2007; Addis et al., 2009; Buckner
& Carroll, 2007; Hassabis & Maguire, 2007). At the same time, the
current results extend these findings by showing that these regions
are specifically associated with successful, rather than unsuccess-
ful, imagery and retrieval performance, and also operate in a
modality-independent fashion. As outlined in the discussion sec-
tion, we interpret the activation in these regions as supporting the
(re)construction and (re)experiencing of mental representations.
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Fig. 2. Main positive effect: successful imagery and successful retrieval. Regions
showing more activity for successful than unsuccessful trials regardless of task.
Bars reflect the mean activity (parameter estimates on the y-axis) for each region
contrasting the difference between successful (S) vs. unsuccessful (U) imagery and
successful (S) vs. unsuccessful (U) retrieval for both auditory (AUD) and visual (VIS)
conditions. From left to right bars, show activity of the angular gyrus (ANG), poste-
rior cingulate cortex (PCC) and hippocampus (HIP). Lines reflect the standard error
of the mean.

(IMG: S < U)
n

(RET:S<U)

D. PREC

09

AUD VIS AUD VIS
IMAGERY RETRIEVAL

" AUD ws AUD VIS 0.8

IMAGERY RETRIEVAL

" AUD VIS AUD VIS
IMAGERY RETRIEVAL

Fig. 3. Main negative effect: unsuccessful imagery and unsuccessful retrieval.
Regions showing less activity for successful than unsuccessful trials regardless
of task. Bars reflect the mean activity (parameter estimates on the y-axis) for
each region contrasting the difference between successful (S) vs. unsuccessful (U)
imagery and successful (S) vs. unsuccessful (U) retrieval for both auditory (AUD)
and visual (VIS) conditions. From left to right bars, show activity of dorsal precuneus
(D.PREC), anterior cingulate cortex (ACC) and dorsolateral prefrontal cortex (DLFPC).
Lines reflect the standard error of the mean.
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Fig. 4. Interaction I: successful imagery and unsuccessful retrieval. The left ven-
trolateral prefrontal cortex (VLPFC) shows greater activity for unsuccessful than
successful retrieval trials, but greater activity for successful than unsuccessful
imagery trials. Bars reflect the mean activity (parameter estimates on the y-axis)
for the VLPFC contrasting the difference between successful (S) vs. unsuccessful (U)
imagery and unsuccessful (U) vs. successful (S) retrieval for both auditory (AUD) and
visual (VIS) conditions. Lines reflect the standard error of the mean.



Table 4

Regions showing patterns of activity common to auditory and visual modalities.

Region Side BA Mental imagery Memory retrieval
Max S>U Interaction Max S>U Interaction
X Y Z T max AUD VIS AUD > VIS RT: F>S X Y VA T max AUD VIS AUD > VIS
Positive main effect: (IMG: S>U) and (RET: S>U)
Posterior cingulate cortex L 29/30 -6 -51 12 4.63 00 00 ns na -18 -57 3 5.94 000 00 ns
Medial prefrontal cortex L 10 -3 66 9 3.54 O oo ns na -3 63 6 341 o0 O ns
Angular gyrus L 39 —48 -69 24 2.93 * oo na —48 —66 18 3.26 oo o ns
Hippocampus R na 24 -18 -12 2.98 00 O ns na 24 =21 -18 4.80 000 O *
Supplemental motor area - 6 0 -12 54 4.32 O O ns na -3 -15 48 4.59 00 00 ns
Putamen L na -18 9 -15 5.62 000 ns o na =21 6 -15 5.40 000 0o ns
R na 15 9 -12 4.98 000 * ns na 18 12 -12 5.47 00O oo ns
Negative main effect: (IMG: U>S) and (RET: U>S)
RT sensitive
Anterior cingulate cortex R 32 9 30 30 -6.35 ns ( 1] 9 30 36 -5.20 000 ns
Dorsal precuneus R 7 12 —66 54 —6.35 ns ® 9 —63 48 —6.32 [ 1] ns
Cuneus L 17 -15 -90 -3 —4.02 ns 000 -15 -90 0 -3.10 [ J ns
RT insensitive
Dorsolateral prefrontal cortex R 46 33 51 18 —7.49 ns ns 30 42 18 -6.48 000 000 ns
Superior prefrontal cortex R 9 42 27 39 -5.33 ns ns 42 30 33 —5.46 000 000 ns
Insula L 13 —48 12 3 -3.73 ns ns —-48 -18 0 -3.24 [ J [ J ns
R 13 36 -12 15 —3.81 ns ns 36 —-24 6 —5.52 [ J 00 ns
Interaction I: (IMG: S>U) and (RET: U>S)
Ventrolateral prefrontal cortex L 45 -54 6 21 424 [@l®) * ns na -48 6 21 -3.94 - 000 ns
Interaction II: (IMG: U>S) and (RET: S>U)
Ventral precuneus R 7 6 -72 30 —4.79 000 [ ] ns na 9 -66 27 4.12 000 000 ns
Midcingulate cortex R 24/31 9 -36 39 -6.25 o [ ] ns na 3 -21 39 421 o 000 ns
Supramarginal gyrus R 40 48 —51 51 -3.67 000 [ ) o na 48 —48 45 5.99 oo oo ns

AUD = auditory, VIS = visual, S =successful, U = unsuccessful, O = positive, ® = negative, ns = not significant, na=not applicable.

* P<0.10 (trending).
~ P<0.10 (trending).
O P<0.05.

OO0 P<0.01.

000 P<0.001.
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Fig. 5. Interaction II: unsuccessful imagery and successful retrieval. Regions show-
ing greater activity for successful than unsuccessful retrieval trials, but greater
activity for unsuccessful than successful imagery trials. Bars reflect the mean activ-
ity (parameter estimates on the y-axis) for each region contrasting the difference
between unsuccessful (U) vs. successful (S) imagery and successful (S) vs. unsuc-
cessful (U) retrieval for both auditory (AUD) and visual (VIS) conditions. From left
to right bars, show activity of the supramarginal gyrus (SMG), midcingulate cortex
(MCC) and ventral precuneus (V.PREC). Lines reflect the standard error of the mean.
Lines reflect the standard error of the mean.

2.3.2. Main negative effect: unsuccessful imagery and
unsuccessful retrieval

As shown in Fig. 3 and in line with our second prediction, the
anterior cingulate cortex (ACC) and dorsolateral prefrontal cortex
(DLPFC) showed greater activity for unsuccessful than success-
ful imagery and retrieval, for both auditory and visual modalities.
These findings are consistent with a recent study by Fleck, Daselaar,
Dobbins, and Cabeza (2006) that compared successful and unsuc-
cessful performance conditions during memory retrieval and a
perceptual decision task. Similarly, they found increased activity in
the ACC, DLPFC, as well as the dorsal precuneus, superior PFC and
insula for unsuccessful performance conditions. Here, we not only
confirm their pattern of results, but extend them to mental imagery.
Outside of our predictions, but consistent with Fleck et al. (2006),
the dorsal part of the precuneus also showed a pattern associated
with unsuccessful performance regardless of modality. As outlined
in the Introduction and Discussion sections, we interpret the acti-
vation in these regions as supporting effortful attentional control
and monitoring processes.

2.4. Interactions: task x performance

Outside of our predictions, the left ventrolateral prefrontal cor-
tex (VLPFC), showed a significant task x performance interaction
showing greater activity for successful than unsuccessful imagery,
but less activity for successful than unsuccessful retrieval (Fig. 4).
As discussed later, we interpret this finding in relation to the role of
this region in semantic memory processes. We also found regions
that showed the opposite interaction, less activity for successful
than unsuccessful imagery, but greater activity for successful than
unsuccessful retrieval. As shown in Fig. 5 and Table 4, these regions
involved the ventral precuneus, the midcingulate cortex (MCC), and
right supramarginal gyrus. The finding of this pattern in ventral
precuneus is very interesting, because it is one of the regions most
consistently activated during tasks with a strong imagery compo-
nent (Cavanna & Trimble, 2006; Fletcher et al., 1995). Yet, as far as
we know, this region has not yet been linked to poor imagery per-
formance. As explained in the Introduction and Discussion sections,

we interpret the activation in these regions as supporting mental
inspection and working memory processes.

2.5. Follow-up analyses

We conducted four follow-up analyses. First, we tested to what
extent brain regions that show similar activity patterns for auditory
and visual conditions are driven by a single modality (Follow-up
analysis 1, Supplemental Materials). As shown in Table 4 under
the heading “A>V interaction”, all regions - except for those
within the parietal regions and the putamen - showed modality-
independent activity patterns. Secondly, we tested the influence of
response times during the recognition judgments on regions show-
ing a negative main effect (Follow-up analysis 2, Supplemental
Materials). As shown in Table 4, the ACC and dorsal precuneus
showed a significant effect of response time. These findings are
consistent with Fleck et al. (2006) and will be discussed in rela-
tion to monitoring performance and cognitive control. Third, we
assessed the influence of response times during the confidence
rating on regions showing a negative main effect (Follow-up anal-
ysis 3, Supplemental Materials). As shown in Supplemental Fig. 1
and Supplemental Table 1, our findings cannot easily be attributed
to response time differences in the rating procedures. Finally, we
assessed the influence of low-confidence hits on the retrieval suc-
cess effect (Follow-up analysis 4, Supplemental Materials). These
results demonstrate that including low-confidence hits has little
effect on the overall activity patterns, although it generally results
in a slightly decreased activity difference between successful and
unsuccessful performance, possibly due to guesses.

3. Discussion

As a first finding, we found that regions activated dur-
ing auditory and visual perception are also activated during
imagery and retrieval in a modality-specific fashion. As a sec-
ond finding, we identified four sets of regions showing task
(imagery/retrieval) x performance (successful/unsuccessful) main
effects as well as interactions, which are modality-independent.
A first set of regions, including hippocampus, posterior cingu-
late cortex (PCC), medial prefrontal cortex (mPFC) and angular
gyrus, was associated with successful performance during both
imagery and retrieval. A second set of regions, including the ante-
rior cingulate cortex (ACC), superior/dorsolateral prefrontal cortex
(DLPFC), dorsal precuneus, and insular cortex that is associated
with unsuccessful performance in both tasks. A third region, the
left ventrolateral prefrontal cortex (VLPFC) showed an interac-
tions between task and performance for both auditory and visual
modalities. A fourth set of regions, including ventral precuneus,
the midcingulate cortex (MCC) and supramarginal gyrus, showed
the opposite interaction between task and performance for both
auditory and visual modalities. Below, we first discuss the role of
the modality-specific regions in imagery and retrieval and then the
modality-independent regions.

3.1. Modality-specific effects: auditory and visual sensory regions
contribute similarly to imagery and retrieval

Leading models of imagery (Farah, 1984; Kosslyn et al., 1994)
and retrieval (Marr, 1971; McClelland, McNaughton, & O'Reilly,
1995; Tulving, 1983) assume that regions activated during real-
world perception are also involved in the (re)construction of the
sensory aspects of auditory and visual mental representations.
These models have been supported by studies that examined
imagery and retrieval or auditory and visual information sepa-
rately. Imagery studies of auditory (Bunzeck, Wuestenberg, Lutz,
Heinze, & Jancke, 2005; Halpern & Zatorre, 1999; Kosslyn, 2003) and
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visual information (Chen et al., 1998; Ishai, Ungerleider, & Haxby,
2000; Kosslyn, 2003) found modality-specific activation in auditory
and visual cortex respectively. Memory studies have found similar
modality-specific involvement of auditory- and visual-processing
regions (Nyberg et al., 2000; Wheeler et al., 2000a; Wheeler et al.,
2000b). For instance, Wheeler and colleagues found that words
accompanied by either auditory or visual information during learn-
ing also showed increased activity in auditory and visual cortices
respectively when presented with those same words again during
retrieval. In the current study, we confirmed the role auditory- and
visual-processing regions in the construction of mental represen-
tations during imagery and retrieval. Yet, this is the first study that
demonstrates the modality-specific role of auditory- and visual-
processing regions during both imagery and retrieval within the
same experiment and the same participants.

3.2. Modality-independent effects: Regions associated with
successful imagery and successful retrieval

The first set of regions included hippocampus, posterior cingu-
late cortex, medial prefrontal cortex and angular gyrus, and was
associated both with imagery success (successful >unsuccessful
imagery) and retrieval success (successful > unsuccessful retrieval;
Fig. 2). In line with several studies on episodic simulation of
novel, future and past events, we interpret the activation overlap
between imagery and retrieval as reflecting the (re)construction
and (re)experiencing of mental representations derived from
episodic memory (Addis et al., 2007; Hassabis et al., 2007a; Szpunar
et al,, 2007). The current study adds to these previous studies by
showing that these regions are specifically linked to processes sup-
porting successful imagery and retrieval. Below, we briefly discuss
the possible role of these regions in reconstructive mental pro-
cesses.

Main memory models assume that the hippocampus is involved
in the formation of episodic memory traces, and plays a critical
role in reactivation of memory traces during retrieval (Eichenbaum,
Yonelinas, & Ranganath, 2007; Squire, Stark, & Clark, 2004). At the
same time, models of mental imagery assume that information
derived from episodic memory plays an important role in success-
ful (re)construction of mental representations (Hassabis & Maguire,
2007; Moulton & Kosslyn, 2009). Strong support for a role of the
hippocampus in imagery was provided by a recent study focus-
ing on patients with hippocampal damage. In addition to severe
episodic memory deficits, these patients show an impoverished
ability to imagine fictitious events, even though these events never
happened in their real lives (Hassabis, Kumaran, Vann, & Maguire,
2007). These findings clearly illustrate that episodic processes play
an important role in mental imagery regardless of whether events
truly occurred in the past. Extrapolating these findings to our cur-
rent results, we argue that the increase in hippocampal activity
during successful imagery reflects the activation of episodic infor-
mation, which contributes to the construction of a vivid and rich
experience of both past and imaginary events.

The role of PCC in imagery and retrieval also confirms previous
studies (Addis et al., 2007; Hassabis et al., 2007a; Szpunar et al.,
2007) and can be explained by the strong anatomical (Kobayashi
& Amaral, 2003) and functional connections (Greicius, Supekar,
Menon, & Dougherty, 2009) of this region with the hippocampus.
This region is among the areas most consistently activated during
episodic retrieval tasks (Cabeza & Nyberg, 2000) and lesions within
the PCC can result in amnesic symptoms similar to those resulting
from damage to the hippocampus (Valenstein et al., 1987). Here
we confirm these findings under controlled memory conditions
and show that imager- and retrieval-related activity in PCC occurs
independent of sensory modality.

MPFC was also activated during successful imagery and retrieval
of both auditory and visual information. This region tends to be
activated during vivid retrieval (Daselaar, Fleck, & Cabeza, 2006;
Yonelinas, Otten, Shaw, & Rugg, 2005) and during tasks that have a
strong self-referential component (Buckner & Carroll, 2007; Cabeza
et al,, 2004; Gusnard, Akbudak, Shulman, & Raichle, 2001; Kelley
et al., 2002). Although, our memory and imagery cues were not
necessarily relating to ones self, we also found mPFC activity asso-
ciated with successful imagery and retrieval in the current study.
Again, the overlap between imagery and retrieval in mPFC suggests
a supporting role of episodic memory processes in the construction
of mental representations of familiar concepts, even when these are
not necessarily referring to ones own personal past.

Despite the fact that the angular gyrus is one of the regions most
consistently activated during successful retrieval, its role is still
a matter of current debate (Wagner, Shannon, Kahn, & Buckner,
2005). According to the episodic output buffer account, the angular
gyrus forms a specialized memory buffer for episodic-like infor-
mation possibly coming from the hippocampus (Vilberg & Rugg,
2008; Wagner et al., 2005). This idea fits well with recent views that
activity in the angular gyrus is sensitive to the amount and qual-
ity of information that is being generated in one’s mind (Vilberg
& Rugg, 2008). Thus, in general the regional overlap between suc-
cessful imagery and retrieval fits well with previous findings and
current views about the functional role of these regions in memory.

3.3. Modality-independent effects: Regions associated with
unsuccessful imagery and unsuccessful retrieval

The second set of regions including anterior cingulate cortex
(ACC), dorsal precuneus, superior/dorsolateral prefrontal cortex
(DLPFC) and bilateral insula showed activity associated with
unsuccessful performance during both imagery and retrieval inde-
pendent of sensory modality (Fig. 3). This pattern fits with a
role of these regions in effortful imagery and retrieval processes
associated with attention and monitoring. In terms of retrieval, suc-
cessful retrieval conditions typically lead to faster responses made
with greater confidence, whereas unsuccessful retrieval conditions
lead to slower, low-confidence responses (e.g., Huijbers, Pennartz,
Cabeza, & Daselaar, 2009; Huijbers, Pennartz, & Daselaar, 2009).
Models of recognition memory assume that memory responses are
based on the accumulation of evidence for or against a memory
decision and the careful monitoring of retrieval output (Henson,
Rugg, Shallice, & Dolan, 2000; Henson, Shallice, & Dolan, 1999;
Ratcliff, 1978; Ratcliff & Starns, 2009; Rugg & Wilding, 2000;
Tulving, 1983). When the decision is more difficult more evidence
needs to be accumulated leading to slower response times. In
line with a general role in effortful decision making, the regions
activated during unsuccessful retrieval have also been linked to
effortful decisions outside the memory domain. For instance, Fleck
et al. (2006) found that ACC and DLPFC activity was not specific to
retrieval effort, but also correlated with effort during a perceptual
decision task (Fleck et al., 2006).

We also conducted a follow-up response time analysis focus-
ing only on the successful retrieval trials. This analysis revealed
that ACC and dorsal precuneus also showed greater activity during
slow as compared to fast correct memory trials, whereas the supe-
rior/dorsolateral PFC and the insula did not. These results generally
confirm previous findings by Fleck and colleagues who separated
the contributions of decision confidence and reaction times to ACC
and DLPFC activity during both a retrieval task and a perceptual
decision task (Fleck et al., 2006). Whereas the ACC was associated
more with slow response times, the DLPFC was associated more
with low levels of confidence. Based on these results, Fleck et al.
concluded that the ACC is involved in continuous conflict monitor-
ing, whereas the DLPFC is involved in the evaluation of accumulated
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information and response selection. Although they focused their
analyses on the ACC and DLPFC, the dorsal precuneus and insula
were also associated with effortful processes during both memory
retrieval and perception. As noted, the current results extend these
memory and perception findings by suggesting a similar involve-
ment of these regions in mental imagery.

With respect to the specific role of the ACC, dorsal precuneus
and superior PFC/DLPFC, each of these regions have been linked to
attentional processes involved in the careful monitoring and evalu-
ation of information activated during the search for a memory trace
(Fleck et al., 2006; Henson, Rugg, Shallice, Josephs, & Dolan, 1999;
Kim & Cabeza, 2009). Moreover, the perception task used in the
study by Fleck et al. involved a complex size judgment, which also
required careful evaluation of alternative options. Similar atten-
tional processes have been suggested to play an important role in
mental imagery by helping to initiate, inspect and terminate the
imagery process when a specific goal has been met (Moulton &
Kosslyn, 2009). The ACC and DLFPC have repeatedly been linked
to top-down attention mechanisms necessary for monitoring per-
formance and cognitive control (Egner & Hirsch, 2005; MacDonald,
Cohen, Stenger, & Carter, 2000). Also, the dorsal part of the pre-
cuneus is believed to support goal-directed imagery processes,
and has been linked to selection of relevant details during men-
tal imagery (Ganis, Thompson, & Kosslyn, 2004). Finally, superior
PFC has been strongly linked to a frontoparietal top-down atten-
tion system (Corbetta & Shulman, 2002; Corbetta, Patel, & Shulman,
2008). Thus, the current findings linking these regions to general
effort fit well with previous findings. At the same time, we believe
that the insular cortex is not part of the attention/monitoring set
of regions. Activity in this region has been linked to performance
failure in various tasks (Daselaar, Prince, & Cabeza, 2004; Menon,
Adleman, White, Glover, & Reiss, 2001), as well as to elevated levels
of stress and arousal (Liotti et al., 2000; Paulus, Rogalsky, Simmons,
Feinstein, & Stein, 2003). Thus, one possible explanation for this last
finding is that insular activity during imagery and retrieval reflects
high levels of arousal or stress associated with performance failure.
Finally, we should note that, even though our behavioral and fMRI
findings fit well with previous studies, we cannot exclude the pos-
sibility that some of the activations we found for the unsuccessful
vs. successful performance comparisons, reflect either inattention
to or distraction from the stimuli and task.

3.4. Modality-independent effects: Regions showing interaction
between task and performance

We also found interactions between mental imagery and mem-
ory retrieval. The left ventrolateral prefrontal cortex (VLPFC)
showed greater activity during successful imagery than success-
ful retrieval (Fig. 4). The left VLPFC is strongly activated during
semantic classification and production tasks (Grossman et al.,2002;
Thompson, D’Esposito, Aguirre, & Farah, 1997; Vandenberghe,
Price, Wise, Josephs, & Frackowiak, 1996). One notable difference
between the tasks is that the imagery condition uses a novel cue
word describing a semantic entity, whereas the retrieval task uses
a previously studied cue. Thus compared to episodic retrieval,
successful mental imagery will rely more heavily on semantic
generation and elaboration processes to construct a mental repre-
sentation based on a novel imagery cue (Addis et al., 2007; Kosslyn
et al., 2001). A similar semantic generation strategy can be used
during retrieval. However, this will be particularly the case when
the memory cue does not automatically activate an appropriate
memory trace, and the retrieval search is extended and likely to
fail, which might explain the pattern we found in this region. Yet,
the current data do not allow any strong conclusions regarding the
role of VLPFC in imagery and retrieval.

Ventral precuneus, the midcingulate cortex and supramarginal
gyrus were associated with successful retrieval performance but
with unsuccessful imagery performance (Fig. 5). The finding that
ventral precuneus is associated with unsuccessful imagery is sur-
prising. Ventral precuneus is one of the regions most consistently
activated during tasks that are heavily dependent on visual imagery
(Fletcher et al., 1995; Kosslyn, 2003). For this reason, this region has
even been dubbed “the mind’s eye” (Fletcher et al., 1995; Kosslyn,
2003). Here, we confirm the involvement of ventral precuneus in
visual imagery, but our findings indicate that this region plays a
similar role in auditory imagery. Moreover, our data suggest that
activity in this region is not linked to successful imagery processes,
but rather to processes associated with unsuccessful imagery.

One interpretation for the interaction between unsuccessful
imagery and successful retrieval is provided by models of imagery
that include mental inspection and working memory processes
(Farah, 1984; Kosslyn et al.,, 1994; Moulton & Kosslyn, 2009).
These models state that during imagery, information first has
to become accessible within working memory, before it can be
mentally inspected. Similar to more semantic generation during
unsuccessful retrieval, relatively unsuccessful imagery may lead
to the generation of more alternative mental representations that
need to be selected and held in working memory as compared to a
successful imagery event.

A working memory interpretation fits well with evidence that
ventral precuneus, the midcingulate cortex and supramarginal
gyrus have all been linked to working memory maintenance pro-
cesses (Cohen et al., 1997; Petit, Courtney, Ungerleider, & Haxby,
1998; Schon, Quiroz, Hasselmo, & Stern, 2009). Moreover, these
regions are activated during tasks that tax working memory
demands, such as mental arithmetics, deductive reasoning and
visuospatial planning (Knauff, Mulack, Kassubek, Salih, & Greenlee,
2002; Menon, Rivera, White, Glover, & Reiss, 2000; van den Heuvel
et al., 2003). Damage to these regions results in a condition called
dyscalculia involving deficits in mental arithmetics (Jung et al.,
2001), as well as in impoverished autobiographical memories,
which lack in explicit perceptual details (Berryhill, Phuong, Picasso,
Cabeza, & Olson, 2007). These patient findings could easily be
accounted for by a working memory deficit. Thus, we speculate
that the supramarginal gyrus, midcingulate cortex and ventral
precuneus assist in the mental inspection of alternative mental
representations, and that this mental process is closely linked to
working memory. At the same time, we should acknowledge that
other interpretations of the imagery and retrieval activations in
these regions are possible. For instance, even though the follow-up
response time analysis does not seem to support this explanation
(see Supplemental Materials), the interaction between imagery
(unsuccessful > successful) and retrieval (successful> unsuccess-
ful) may still be related to the different types of ratings (quality
vs. confidence) in the two tasks. One explanation for the oppo-
site effect during retrieval - greater activity during successful vs.
unsuccessful retrieval - is that successful retrieval leads to the gen-
eration of episodic information, which needs to be maintained in
working memory, whereas unsuccessful retrieval may not. Future
research will be necessary to further separate the neural and cogni-
tive components of unsuccessful memory processes, in particular,
the difference between multiple attempts vs. a failure to imag-
ine/retrieve information.

4. Conclusions

In this fMRI study, we contrasted the neural correlates of suc-
cessful and unsuccessful mental imagery and memory retrieval. We
identified four distinct patterns of activity in several brain regions,
which were shared by auditory and visual modalities. The first
set of regions - including hippocampus posterior cingulate cortex,
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medial prefrontal cortex and angular gyrus — was associated with
successful performance regardless of task. This pattern is consis-
tent with the conscious experiencing of past and imaginary events.
The second set of regions - including dorsal precuneus, anterior
cingulate and dorsolateral prefrontal cortex - showed the oppo-
site pattern, again common to imagery and retrieval and consistent
with attention/monitoring processes. Third, the left VLPFC showed
an interaction between task (imagery/retrieval) and performance
(successful/unsuccessful) This pattern is consistent with seman-
tic generation processes, that might assist mental imagery when
episodicretrieval is unsuccessful. The final set of regions — including
ventral precuneus, midcingulate cortex and supramarginal gyrus —
showed the opposite interaction between task and performance.
This pattern is consistent with components of working memory
that benefit retrieval and imagery. This is the first study to separate
the neural correlates of successful and unsuccessful performance
for both imagery and retrieval.

5. Methods
5.1.1. Participants

Twenty-one participants (16 female, mean age 22) recruited from the University
of Amsterdam community took part in the experiment. All participants were in good
health, and right-handed. Their native language was Dutch and they were paid 65
euro for participation. All participants gave their informed consent and the study met
the criteria for approval of the Academic Medical Center Medical Ethical Committee.

5.1.2. Stimuli

The stimuli consisted of 456 Dutch cue-words (nouns) specifically matched with
456 corresponding images and 456 corresponding sounds. The matched sounds
were 2-channel stereo with a sample rate of 22 kHz, 16-bit sample size, WAV-format,
with a duration of 3 s. The matched images consisted of 640 x 480 pixels, 16-bit color,
BMP-format and were also presented for 3 s. To mimic the dynamical characteristic
of sounds, the images faded-in (1), stayed on the screen (1s) and then faded-out
(1s). Visual stimuli were projected on a screen at the foot of the fMRI scanner, and
seen via a mirror mounted on the head-coil. Auditory stimuli were presented via a
MR-compatible headphone with passive noise dampening (MR Confon). Behavioral
responses were collected by an MR-compatible four-button box (Lumitouch).

5.1.3. Procedure

Before the experiment, cue-words were randomly assigned to one of four con-
ditions for each individual subject: (1) imagine sound, (2) hear sound, (3) imagine
image or (4) observe image. The cue-words were carefully selected so they could
match each condition. Thus, for example, cue-words like “cat” or “airplane” can eas-
ily be presented or imagined as either a sound or visual image. Before the start of the
actual experiment, participants conducted a brief 20-trial practice session to check
the volume of the headphones and to habituate to the scanner noise. The presen-
tation order of the stimuli was pseudorandomized, to ensure that two consecutive
trials were never of the same condition. Because pilot studies had indicated that
the “imagine sound” condition was slightly more difficult and to ensure a sufficient
number of successful trials in each of the four conditions, we used 132 trials for the
“imagine sound” condition and 108 trials for the other conditions.

As shown in Table 1, the fMRI experiment consisted of an imagery task and a
retrieval task on consecutive days. Each task consisted of six runs, approximately
8 min long and 76 trials each. During the imagery task, a single trial consisted of
a cue period, an imagery/perception period, and a rating period. During the cue
period, a 1000-ms cue-word was presented with an instruction to imagine or per-
ceive a sound or image associated with the cue word. During the imagery/perception
period, participants either imagined or perceived an image or sound according to
the instruction. During the 1500-ms rating period, participants rated on a four-
point scale (1=very low, 4=very high) the quality of their imagery experience or
the richness of their perceptual experience. Perceptual richness was defined as the
amount of subjectively experienced perceptual detail. Critically, participants were
not informed that their memory for these events would be tested the next day during
the retrieval task. A retrieval trial consisted of a retrieval period and a rating period.
During the 4000-ms retrieval period, the cue-words from the previous day were
presented again and participants indicated the condition in which they had seen
the word the day before (imagined sound/heard sound/imagined image/observed
image). During the 1500-ms rating period, participants rated the confidence of
their judgment on a two-point scale (unsure/sure). During both imagery/perception
and memory retrieval phases, the intertrial intervals were jittered between 100
and 2100 ms. As illustrated in Table 1, analyses included both mental imagery
and perceptual data during the first day, but in keeping with previous fMRI stud-
ies that compared the neural correlates of imagery and retrieval (e.g. Buckner &

Wheeler, 2001; Cabeza, Locantore, & Anderson, 2003; Prince, Daselaar, & Cabeza,
2005; Spaniol et al., 2009), we only analyzed retrieval of perceived auditory and
visual events.

5.1.4. Scanning parameters

Functional MRI images were collected on a Phillips Intera 3.0T using a 6-channel
SENSE head coil and a T2* sensitive gradient echo sequence (96 x 96 matrix, TR
2000 ms, TE 30 ms, FA 80°, 34 slices, 2.3 mm x 2.3 mm voxel size, 3-mm thick trans-
verse slices). Additionally, a high-resolution T1-weighted structural scan (256 x 256
matrix, TR 12 ms, TE 5ms, FOV 24 cm, 68 slices, 1 mm slice thickness) was collected
on the second day.

5.1.5. fMRI preprocessing and analysis

Statistical Parametric Mapping (SPM5; (http://www. fil.ion.ucl.ac.uk/spm) soft-
ware was used to preprocess and analyze the MR data. For each session, functional
images were slice-time corrected, motion-corrected, coregistered to the structural
scan acquired during the second day, and then normalized. First, individual nor-
malization parameters were obtained by normalizing the segmented structural
scan of each subject using the Montreal Neurological Institute (MNI) T1 tem-
plate image. These normalization parameters were then applied to the functional
images. Next, the normalized functional images were resliced to a resolution of
3mm x 3mm x 3mm and spatially smoothed using an 8-mm isotropic Gaussian
kernel. For each subject, trial related activity was modeled by convolving a vector
of trial onsets with a canonical hemodynamic response function (HRF). The General
Linear Model (GLM), as implemented in SPM5, was used to model effects of inter-
est and remove confounding effects. Statistical Parametrical Maps were identified
for each participant by applying linear contrasts to the parameter estimates (beta
weight) for the events of interest, resulting in a t-statistic for every voxel. Group
effects were assessed by applying random effects analyses.

We distinguished between 12 relevant trial types: low and high perception,
unsuccessful and successful imagery, and unsuccessful and successful retrieval of
perceived items, for both auditory and visual trials. We defined low perception as
rating 1 and 2 on the four-point quality/richness scale and high perception as rating
4. Similarly, we defined unsuccessful imagery as rating 1 and 2 on the four-point qual-
ity/richness scale, and successful imagery as rating 4. We defined successful memory
as the correct responses that were rated as confident, while unsuccessful memory was
defined as all incorrect responses regardless of confidence. We also modeled suc-
cessful and unsuccessful retrieval of previously imagined information separately,
but we do not report this data here (see Table 2). Other trials, including omitted
responses, were included as a separate trial type of no interest.

5.1.6. Modality-specific activation of sensory regions

To assess whether, in line with previous fMRI studies, activity in sensory regions
was associated with imagery and retrieval in a modality-specific fashion (Buckner
& Wheeler, 2001; Kosslyn et al., 2001; Kraemer et al., 2005; Shannon & Buckner,
2004), we used a four-step approach for each modality separately. For the auditory
modality, we first compared the externally presented items in the visual modality
to those presented in the auditory modality (high auditory perception > high visual
perception). Second, we identified regions related to auditory mental imagery (suc-
cessful auditory imagery > successful visual imagery). Third, we performed the same
step for auditory memory retrieval (successful auditory retrieval > successful visual
retrieval). Fourth, we inclusively masked the resulting T-maps to look for overlaps
between auditory perception, auditory imagery and auditory retrieval. For each map,
we used an uncorrected threshold of P<0.023 with a cluster size of 8 for each map.
Given that perception, imagery and retrieval were measured during independent
trials, the joint probability for three independent measures can be calculated using
the Fisher's method, resulting in a joint probability of P<0.001 (Mosteller & Fisher,
1948). The same four steps were repeated for the visual modality.

5.1.7. Activation of modality-independent regions

To assess overlap in activations of modality-independent regions involved in
imagery and retrieval, we combined the auditory and visual trials. Next, we crossed
the factors task (memory/imagery) and performance (successful/unsuccessful) and
created maps using inclusive masking (also at P<0.01 uncorrected, c=8) for all four
combinations (1. [successful >unsuccessful retrieval] n[successful > unsuccessful

imagery]; 2. [unsuccessful>successful retrieval] N[unsuccessful > successful
imagery]; 3. [successful>unsuccessful retrieval] N[unsuccessful > successful
imagery]; 4. [unsuccessful>successful retrieval] N[successful > unsuccessful

imagery]). Given that imagery and retrieval were measured during independent
trials, the joint probability can again be calculated using the Fisher's method,
resulting also in a joint probability of P<0.001 (Mosteller & Fisher, 1948). To assess
whether the regions identified showed an activation pattern consistent with a
modality-independent role, we extracted their mean cluster activity and checked
whether the patterns were significant for both modalities at P<0.05, uncorrected.
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