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a b s t r a c t

Although human experience is multisensory in nature, previous research has focused predominantly on
memory for unisensory as opposed to multisensory information. In this work, we sought to investigate
behavioral and neural differences between the cued recall of cross-modal audiovisual associations versus
within-modal visual or auditory associations. Participants were presented with cue-target associations
comprised of pairs of nonsense objects, pairs of nonsense sounds, objects paired with sounds, and sounds
paired with objects. Subsequently, they were required to recall the modality of the target given the
cue while behavioral accuracy, reaction time, and blood oxygenation level dependant (BOLD) activation
were measured. Successful within-modal recall was associated with modality-specific reactivation in
primary perceptual regions, and was more accurate than cross-modal retrieval. When auditory targets
 

 

              

           

             

             

            

 

ithin-modal recall
ross-modal recall

were correctly or incorrectly recalled using a cross-modal visual cue, there was re-activation in auditory
association cortex, and recall of information from cross-modal associations activated the hippocampus
to a greater degree than within-modal associations. Findings support theories that propose an overlap
between regions active during perception and memory, and show that behavioral and neural differences
exist between within- and cross-modal associations. Overall the current study highlights the importance
of the role of multisensory information in memory.
    

 

         

        

      

         

       

          

         

       

      

        

     

       

. Introduction

Humans have the ability to associate and later retrieve informa-
ion within the same modality (within-modal associations) as well
s across different modalities (cross-modal associations). However,
here is little empirical work assessing the behavioral and neural
mpact of encoding multisensory information on subsequent mem-
ry processes. This should not be ignored because we have evolved
eural systems to take advantage of the rich multisensory infor-
ation encountered in our environment [1]. Neuroimaging studies

eveal that widespread multisensory networks activate during
ultisensory perception [30], and that these systems may allow

or behavioral enhancements during multisensory identification
ompared to unisensory identification [31]. Previous studies have
hown that multisensory information modifies both behavioral
      

      

       

        

         

         

    

     

nd neuroimaging measures during subsequent unisensory pre-
entations even after single-trail exposures [45,2]. More extensive
raining of novel cross-modal associations also alters brain regions
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involved in audiovisual integration and congruency processing [3].
Therefore, just as it is important to consider multisensory process-
ing during perception it is equally important to consider its role in
memory processes. The current study aims to further investigate
the role of unisensory regions and multisensory associative brain
regions during cued-recall to better understand both the unisen-
sory and multisensory nature of memory processes.

Although traditional approaches have maintained that percep-
tion and memory are separate systems [4], recent theory and
research suggest that perceptual and memory processes are highly
interdependent [6–8,32,5,37,43]. For example, Barsalou’s [32] the-
ory of perceptual symbols systems proposed that simulations in the
modality specific perceptual regions of the brain are essential for
memory. Fuster [37] stressed the importance of the reactivation
of distributed hierarchal networks existing within and between
modality specific perceptual and motor regions for memory pro-
cesses. The earlier work of Damasio [5] has been influential in
several of these theories. It too suggested that memory becomes
represented in modality specific regions involved in perception and
        

          

         

       

          

action, but also provided a possible neural mechanism by which this
may occur. Specifically, in this theory, memory recall and recog-
nition involve the reinstatement of activity in modality-specific
perceptual and motor regions by means of higher order regions that
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consisted of visual and auditory presentations that served to functionally local-
ize modality specific regions of the brain. As such, participants simply viewed the
objects or listened to the sounds. Stimulus items were used that were different from
those used during the following encoding and recall runs. Runs 3 through 8 consisted
of the encoding of stimulus pair associations. These visual and auditory stimuli were
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tore patterns of perceptual or motor related activity. Accumulat-
ng evidence over the last two decades provides general support for
mportant aspects of this theory suggesting that memory processes
re intimately tied to perceptual encoding [6].

An important aspect of these theories is the proposal that
egions related to processing information from specific perceptual
odalities are also involved during later recall and recognition.

his has been termed by some as the reactivation hypothesis
f memory [11]. The reactivation of information represented in
odality-specific regions may provide the specific content of mem-

ry retrieval [9]. Reactivation may also be related to the notion
hat memory relies on the simulation of perception [33], and the

ore general proposal that memory retrieval involves the rein-
tatement of cortical activity that occurred during encoding [8].
ingle-unit recordings in monkeys have provided support for the
mportance of perceptual reactivation in visual memory [10]. Fur-
hermore, research into conceptual deficits suggests that lesions
f specific motor and sensory regions of the brain interfere with
nowledge of certain concepts [5].

Neuroimaging studies have provided evidence for the occur-
ence of modality-specific reactivation during memory tasks (for

review see Ref. [49]). Using techniques such as PET or fMRI,
tudies have demonstrated reactivation occurring in both visual
nd auditory regions [41,11], visual regions alone [12], auditory
egions alone [46], motor/somatosensory regions [13], and olfac-
ory regions [14]. The modulation of these reactivation effects by
arious factors has also been investigated. For example, recognition
ssociated with a ‘remember’ (as opposed to a ‘know’) response
s associated with greater reactivation of sensory regions that are
pecific to associated contextual information encountered during
ncoding [15,22]. This greater activation of context related regions
s associated with an increase in recognition accuracy [48], and
ecalling more information has been shown to increase the degree
f neural reactivation [16].

The veracity of a memory also modulates the degree of percep-
ual reactivation. One study using an item and source recognition
aradigm demonstrated that false alarms, indexing false memories,
till show reactivation of encoding related areas specific to the false
nformation being retrieved [25]. In this study false alarms, mea-
uring false memories, led to reactivation effects in the same areas
s veridical recognition as indexed by hit rate. These false reacti-
ation effects were weaker, but still significant, when compared
o veridical reactivation. Other studies have demonstrated acti-
ation differences in perceptual regions associated with true and
alse memories during both encoding and recognition. For example,
ctivation in associative visual regions during encoding has been
hown to be associated with both true and false memory formation,
hereas primary visual regions were associated with true memory

ormation alone [17]. Furthermore, during recognition, associative
isual regions showed activation during both true and false recog-
ition of visual items, but primary visual regions showed activation
nly during true recognition [51].

Finally, it is important to consider the role of higher order mul-
imodal associative regions in memory retrieval and perceptual
eactivation. Some theories suggest that both within and cross-
odal reactivation generally occur through pathways that involve

he hippocampus [8]. Other theories suggest that cross-modal reac-
ivation may rely to a greater extent on such multisensory process-
ng regions whereas within-modal reactivation may rely more on
egions that lie within modality-specific associative regions [5,6].
urthermore, recent work has shown that the encoding of cross-
odal associations shows greater activation of the hippocampus
       

        

       

         

         

han the encoding of within-modal associations [39]. This differ-
nce may also be reflected during subsequent cued-recall.

In the current study, we investigated the effects of associat-
ng novel items that were presented in different modalities (visual
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and auditory) on brain activation patterns during both encoding
and cued recall. The current study included both auditory and
visual cues that were paired with both auditory and visual tar-
gets. This design allowed us to test for differences between the
recall of cross-modal versus within-modal information. We also
compared correct to incorrect recall performance to test for false
reactivation effects. Thus the design of the current study allows
us to test the reactivation hypothesis in several ways while at the
same time exploring the effects of retrieving cross-modal versus
within-modal associations during both correct and incorrect recall.
Based on previous findings we had several expectations. First, we
expected that modality-specific reactivation in visual or auditory
regions would occur during the correct recall of visual or auditory
information, respectively. Secondly, we expected that non-primary
perceptual regions might show false reactivation effects. In other
words, the recall of incorrect information would lead to reactiva-
tion in the modality-specific visual or auditory regions associated
with the incorrectly recalled visual or auditory target. Finally, we
expected greater recruitment of regions crucial for relational bind-
ing, such the hippocampus, during the recall of cross-modal versus
within-modal information.

2. Methods

2.1. Participants

Twelve individuals (8 females and 4 males) participated in the study (mean
age = 23.4, SD = 3.4). All gave informed consent according to the guidelines of the
Indiana University institutional review board. All participants were right handed,
and reported normal or corrected-to-normal vision. Participants were compensated
for their time.

2.2. Stimuli

Stimuli used were a total of 64 different visual images of novel 3D objects (see
examples in Fig. 1) and a total of 64 different novel auditory sounds. Novel 3D objects
were presented, in grayscale, on the center of the screen as 1 s static images. Novel
auditory stimuli were presented binaurally for 1 s, at a sound level above the MRI
scanner noise so that they could be perceived (as determined by pre-testing). Novel
auditory sounds were auditory clips of machine sounds that were scrambled using
a MATLAB program that randomly mixed portions of the original sound files so as
to make them unrecognizable.

2.3. Procedure

After informed consent, MRI safety screening, and initial instructions partici-
pants entered the MRI scanner, and began the experiment. Over the entire course of
the experiment a total of 11 experimental runs were presented. The first 2 runs
            

Fig. 1. Stimuli and design. Pairing of visual and auditory stimuli in experimental
design.
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get type (F(1,11) = .004, ns) or interaction (F(1,11) = 3.51, ns). Post
hoc t-tests revealed that visual cues led to faster correct recall than
auditory cues (t(11) = 2.7, p < .01).
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aired in four different ways (see Fig. 1 for this aspect of the design). The four types
f pairs included 16 pairs of visual objects (VV pairs), 16 pairs of sounds (AA pairs),
6 visual objects paired with sounds (VA), and 16 sounds paired with visual objects
AV). To control for the effect of specific items all individual stimuli were counterbal-
nced between position as a cue or target, and between pair condition type (VV, AA,
A, and AV). During encoding all participants were exposed to all of the pairs across
ll conditions 6 times. The task during the encoding runs was passive viewing and
istening while attempting to learn the associations. Because the cue and the target

ere each 1 s and the target was presented immediately after the cue, the duration
f a pair during encoding equaled 2 s. The ISI during the encoding runs was jittered
t 2, 4, or 6 s to allow for rapid presentation. Runs 9 and 10 consisted of a slow
vent-related memory task in which participants were presented with cues alone
nd responded whether the cue was previously paired with an auditory or visual
arget. During these runs the first item in a pair from the encoding runs served as a
ue to recall information about the second target item in a pair. Each audio or visual
ue lasted for 1 s followed by another second of fixation. The ISI during these runs
as set at 12 s. Participants used the index and middle finger of their right hand to
ake their response. The final run consisted of a high-resolution anatomical scan.

.4. Imaging parameters

Imaging was performed using a 3-T Siemens Magnetom Trio whole body MRI
ystem and a phased array eight channel head coil, located at the Indiana University
sychological and Brain Sciences department. All stimuli were back-displayed via a
itsubishi XL30 projector onto a screen that was viewed through a mirror from the

ore of the scanner. Stimuli were presented via MATLAB software via a Macintosh
acbook laptop.

The field of view was 22 cm × 22 cm × 9.9 cm, with an in plane resolution of
4 × 64 pixels and 33 slices per volume that were 3.4 mm thick. These parame-
ers allowed us to collect data from the entire brain. The resulting voxel size was
.4 mm × 3.4 mm × 3.4 mm. Images were acquired using an echo-planar technique
TE = 30 ms TR = 2000 ms, flip angle = 90◦) for BOLD based imaging. High-resolution
1-weighted anatomical volumes were acquired using a 3D Turbo-flash acquisition.

.5. fMRI data analysis procedures

Brain VoyagerTM (Brain Innovation, Maastricht, Netherlands) was used to ana-
yze the fMRI data. During preprocessing functional data underwent slice time
orrection, 3D motion correction, linear trend removal, and Gaussian spatial blur-
ing (FWHM 6 mm). Individual functional volumes were co-registered to anatomical
olumes with an intensity-matching, rigid-body transformation algorithm. Individ-
al anatomical volumes were normalized to the stereotactic space of Talairach and
ournoux [55] using an eight-parameter affine transformation, with parameters
elected by visual inspection of anatomical landmarks. Applying the same affine
ransformation to the co-registered functional volumes placed the functional data
n a common brain space, allowing comparisons across participants. Voxel size of
he normalized functional volumes was resampled at 3 mm3 using trilinear interpo-
ation. It was this voxel size to which the cluster-size threshold was applied. Brain

aps in figures are shown with the voxel size resampled at 1 mm3.
After preprocessing, the data from the localizer and recall runs, each data set

ere entered into their own general linear models (GLMs) using an assumed hemo-
ynamic response function. Statistical parametric maps (SPMs) for the localizer
uns were created for each of the participants’ data. From the localizer runs func-
ional regions of interest (ROIs) were defined in each individual, in visual and
uditory regions using ‘visual stimuli presentation > rest’ and ‘auditory stimuli pre-
entation > rest’ contrasts, respectively. The four ROIs defined for each participant
ncluded left auditory area, right auditory area, left visual area, and right visual area.

e were specifically interested in the reactivation of regions that are involved in
isual and auditory perception. In order for participants to learn the various and
uditory associations during encoding they must perceive the stimuli. This should
ean that the information is processed in primary visual and auditory cortex. Thus
e assume these regions are active during encoding as well as during the perceptual

ocalizer. The most statistically significant cluster of activation was chosen in each
f these regions. All ROIs were significant below p < .05, Bonferroni corrected. Visual
OIs were chosen based on their proximity to primary visual regions (calcarine
ulcus). Auditory ROIs were chosen based on their proximity to primary auditory
egions (Heschl’s gyrus). See Supplementary Table 1 for individual participants ROI
luster information. Time course data was taken from each participant’s recall runs
n each of these individually defined ROIs. These time courses were derived from the
verage across all voxels of a given ROI. Within-subject, repeated measures ANOVA’s
ere performed using peak BOLD response from 4 to 10 s post-stimulus onset in each
OI, for each participant, as the dependant measure (see Supplementary Table 2 for
n ANOVA table of these results).

Whole-brain statistical parametric map (SPM) analysis involving several con-
rasts of interest from the functional imaging runs were performed and are described
            

           

           

            

          

            

n detail in the results section. We used the BrainVoyager Cluster-Level Statistical
hreshold Estimator plugin to control for multiple tests. The plugin estimates the
luster-size threshold necessary to produce an effective alpha < .05, given a specific
oxel-wise p-value, using Monte Carlo simulation. The statistical significance of clus-
ers in a given contrast was first assessed using a random-effects model. Voxel-wise
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significance was set at p < .005. The Cluster-Level Statistical Threshold Estimator
plugin estimated a cluster-size threshold of six 3 mm3 voxels.

3. Results

3.1. Behavioral results

Accuracy across the four conditions was measured during the
memory recall and is presented in Fig. 2. A repeated measures
ANOVA of behavioral accuracy across these four conditions showed
no main effect of cue (F(1,11) = .94, ns) or target (F(1,11) = .07,
ns), but revealed a significant interaction of cue and target type
(F(1,11) = 7.89, p < .05). Post hoc t-tests revealed that the within-
modal conditions (VV and AA) had significantly greater accuracy
than the cross-modal conditions (VA and AV). The VV condition had
greater accuracy than the VA condition (t(11) = 3.2, p < .01). The AA
condition had greater accuracy than the AV condition (t(11) = 2.9,
p < .01). The VV condition also had greater accuracy that the AV
condition (t(11) = 2.2, p < .05).

Reaction times across all conditions are shown in Fig. 2. A
repeated measure ANOVA revealed that there was no effect of cor-
rect versus incorrect performance. There was a significant main
effect of cue type (F(1,11) = 13.897, p < .01), but no main effect of tar-
            

         

             

             

 

Fig. 2. Behavioral results. Accuracy and reaction time results for correct trials only.
Within-modal cues were more accurately recalled than cross-modal cues. Visual
cues were retrieved more quickly than auditory cues. In all graphs, error bars rep-
resent standard error of the mean. (*Statistically significant difference at p < .05 for
all graphs.)
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Fig. 3. Visual ROI results. Region-of-interest analyses in visual areas. The left visual
ROI showed greater activation during the within-modal retrieval of visual informa-
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.2. Functional ROI results

Reactivation effects related to the correct recall of targets were
nvestigated in both auditory and visual regions. These auditory
nd visual perceptual ROIs revealed modality specific reactiva-
ion effects for within-modal associations. This type of reactivation
ccurs when a cue from a one modality is used to retrieve a tar-
et from the same modality. In visual regions this effect would
e evidenced by greater activation of correctly retrieved VV tar-
ets relative to correctly retrieved VA targets. In auditory regions,
his effect would be evidenced by greater activation of correctly
etrieved AA targets relative to correctly retrieved AV targets.
hese results are detailed below. The ANOVAs for the ROI anal-
sis were performed in two ways for each functional ROI. First,
he ANOVAs for the ROI analyses were performed using data from
nly correct trials (i.e. there were four condition correct VV, cor-
ect VA, correct AV, and correct AA). In this ANOVA cue and
arget were the only factors. Secondly, we also wanted to per-
orm ANOVAs that included both correct and incorrect responses

odeled as separate conditions to ascertain whether there were
ffects or interactions related to the factor of accuracy. Accuracy
as a within groups factor that included two levels – correct

nd incorrect. Accuracy therefore refers to correct or incorrect
onditions and not to the percent correct on a scale from 0% to
00%.

.2.1. Visual ROIs
In the left visual ROI there was greater activation during

he correct recall of visual targets using visual cues (VV con-
ition) than the correct recall of auditory targets using visual
ues (VA condition) (see Fig. 3). A repeated measures ANOVA for
orrect performance in the left visual ROI demonstrated a signif-
cant main effect of both cue (F(1,11) = 42.38, p < .001) and target
F(1,11) = 4.8, p < .05), but no significant interaction (F(1,11) = .07,
s). A post hoc t-test revealed the response during VV was sig-
ificantly greater than the response during VA (t(11) = 2.7, p < .01).
owever, the response during AV was not significantly differ-
nt from the response during AA (t(11) = 1.23, p = .244). There
as no significant main effect (F(1,11) = 1.6, p = .233) or inter-

ction (F(1,11) = .67, p = .430) when accuracy was added as a
actor.

A repeated measures ANOVA in the right visual ROI only
evealed a significant main effect of cue (F(1, 11) = 40.38, p < .001)
nd no significant effect of target type (F(1,11) = 1.14, p = .310) or
nteraction (F(1,11) = .367, ns). There was no significant main effect
F(1,11) = .063, p = .807) or interaction (F(1,11) = .395, p = .544) when
ccuracy was added as a factor.

.2.2. Auditory ROIs
In bilateral auditory regions there was greater activation dur-

ng the correct recall of auditory targets using auditory cues (AA
ondition) than the correct recall of visual targets using audi-
ory cues (AV condition) (see Fig. 4). A repeated measures ANOVA
or correct performance in the left auditory ROI demonstrated a
ignificant main effect of cue (F(1,11) = 5.38, p = .03), no signifi-
ant main effect of target (F(1,11) = 4.032, ns), and a significant
nteraction of cue and target (F(1,11) = 10.61, p < .01). A post hoc
-test revealed a significant difference between AA correct and
V correct conditions (t(13) = 3.0, p < .01), such that AA correct
ad a greater peak response than AV correct in the left auditory
OI. However, the response during VA was not significantly dif-
         

            

            

            

erent from the response during VV (t(11) = .938, p = .368.). There
as no significant main effect (F(1,11) = .070, p = .797) or inter-

ction (F(1,11) = .004, p = .952) when accuracy was added as a
actor.
           

               

          

        

         

               

             

         

            

           

       

         

            

              

     

    

        

      

          

          

         

         

         

tion (VV) compared to the cross-modal retrieval of auditory information (VA). The
right visual ROI did not show such a difference. Both left and right visual ROIs had
greater activation during the presentation of visual compared to auditory cues.

A repeated measures ANOVA for correct performance in the
right auditory ROI demonstrated a significant main effect of cue
(F(1,11) = 14.76, p < .005) and target (F(1,11) = 7.84, p < .02) as well
as a significant interaction of cue and target (F(1,11) = 4.6, p < .05).
A post hoc t-test revealed a significant difference between AA
correct and AV correct conditions (t(13) = 3.0, p < .01) such that
AA correct also had a greater peak response than AV correct in
the right-lateralized auditory ROI. However, the response dur-
ing VA was not significantly different from the response during
VV (t(11) = 1.39, p = .193). There was no significant main effect
(F(1,11) = 3.89, p = .077) or interaction (F(1,11) = .156, p = .701) when
accuracy was added as a factor.

3.2.3. Summary of ROI results
In summary the visual and auditory ROI analysis demonstrated

that within-modal reactivation occurred in primary perceptual
regions. For the visual modality this was evidenced by greater acti-
vation in visual ROIs when recalling visual targets using visual cues
(VV) compared to recalling auditory targets using visual cues (VA).
For the auditory modality this was evidenced by greater activation
in auditory ROIs when recalling auditory targets using auditory cues
(AA) compared to recalling visual targets using auditory cues (AV).
         

        

          

       

         

Within-modal reactivation occurred in only left visual regions, but
was bilateral in auditory regions. In these primary visual and audi-
tory regions, there were no significant cross-modal reactivation
effects (i.e. greater activation in visual or auditory regions when
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Fig. 4. Auditory ROI results. Region-of-interest analyses in auditory areas. Both left
and right auditory ROIs showed significantly greater activation during the within-
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odal retrieval of auditory information (AA) than cross-modal retrieval (AV). Both
eft and right auditory ROIs had greater activation during the presentation of audi-
ory compared to visual cues.
         

         

         

   

            

                  

ecalling visual or auditory targets using a cross-modal cue). Fur-
hermore, there were no significant effects related to correct versus
ncorrect behavior when behavioral accuracy was added as a factor
n the ROI ANOVAs.

ig. 5. Contrasts demonstrating reactivation effects. (A) Shows activation in a left medial
ctivation in left STG/STG as a result of the contrast VA > AA (p < .005, corrected). (C) Show
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3.3. Results of whole brain contrasts

Whole brain voxel-wise SPMs were created to further explore
possible within- and cross-modal reactivation effects during cor-
rect performance. In regions where these reactivation effects
occurred we compared correct versus incorrect performance. We
performed these tests to assess the possibility of any false reac-
tivation effects (i.e. reactivation based solely on the modality of
the associated target regardless of the correctness of retrieval).
See Supplementary Table 3 for detailed information on significant
regions of activation in the following contrasts.

3.3.1. Activation related to target recall
We first performed several contrasts to test for activity related

to target recall. A contrast of VV > VA revealed significant activation
of a region in the left medial occipital lobe (p < .005, corrected) (see
Fig. 5A). The inverse of this contrast (VA > VV) revealed significant
activation in bilateral superior temporal gyrus (STG), the left supe-
rior temporal sulcus (STS), and multiple regions in the posterior
and anterior cingulate cortex (p < .005, corrected) (see Fig. 5B). A
contrast of AA > AV showed greater activation in a region in the left
STG (p < .005, corrected) (see Fig. 5C). The inverse contrast (AV > AA)
showed greater activation in the left caudate (p < .005, corrected).

A conjunction contrast was performed to test for regions that
were overall more strongly active during both the with-modal and
cross-modal recall of auditory targets (a conjunction of (VA > VV)
and (AA > AV)). This conjunction contrast showed significantly
greater activation in left lateralized anterior STG during the cor-
rect recall of auditory targets compared to visual targets (p < .005,
corrected) (Fig. 6A). Note that this same region was also more active
during the recall of auditory targets than visual targets in the oppo-
site right hemisphere, but it did not survive the statistical threshold.
Furthermore, the inverse contrast did not show any significant
regions of activation. A repeated measures ANOVA including data
from the incorrect conditions during cross-modal recall was com-
pared in this region. This ANOVA revealed no main effect of target
(F(1,11) = 1.56, ns) and correctness (F(1,11) = .53, ns), but a sig-
nificant interaction between target and correctness (F(1,11) = 6.8,
p < .05). Post hoc t-tests showed that VA targets resulted in greater
            

            

         

             

        

                  

                 

activation than VV targets during correct recall (t(11) = 1.9, p < .05).
However, VV showed greater activation than VA when targets were
incorrectly recalled (t(11) = 2.4, p < .01) (see Fig. 6B). In this auditory
region there was greater activation when participants were given

occipital region as a result of the contrast of VV > VA (p < .005, corrected). (B) Shows
s activation in left STG as a result of the contrast AA > AV (p < .005, corrected).
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Fig. 6. Left STG reactivation and effect of incorrect performance. (A) Shows the results of the whole-brain conjunction contrast that was performed to test for regions that
were overall more strongly active during both the with-modal and cross-modal recall of auditory targets (a conjunction of the contrasts (VA > VV) and (AA > AV)). The left
s ditory
c regio
a val w
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uperior temporal gyrus (STG) shows greater activation during the retrieval of au
omparison of correct versus incorrect retrieval using visual cues within this left STG
ctivation than retrieving visual information, regardless of whether or not the retrie

visual cue and responded that the target was auditory regardless
f whether the response was correct or not. In other words left lat-
ralized STG activity increased whenever participants believed the
arget was presented through audition, independent of whether
his was true.
  

    

        

           

.3.2. Correct versus incorrect recall
We also directly compared the effects of correct compared

o incorrect recall choices. A contrast of VV correct > VV incor-
                

               

           

 

          

            

         

           

cues than visual cues (p < .005, corrected). The (B) (inset) shows the results for a
n. This comparison shows that retrieving auditory target information led to greater
as correct.

rect showed greater activation of a region in the medial occipital
lobe (p < .005, corrected) (see Fig. 7A). A contrast of VA cor-
rect > VA incorrect showed greater activation of bilateral regions
in the STG as well as activation in the right posterior cingu-
late (p < .005, corrected) (see Fig. 7B). Similar contrasts using the
           

        

         

        

AA and VV conditions comparing correct and incorrect perfor-
mance did not show significant regions of activation. Also none
of the inverse versions of these contrasts showed significant
activation.
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Fig. 7. Contrast of correct versus incorrect performance. (A) Shows activation in a medial occipital region as a result of the contrast of VV correct > VA incorrect (p < .005,
c st of V
c , (VA c
p overa
p rrecte

t
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f
t
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d

F
v
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f

              

            

            

             

         

           

           

orrected). (B) Shows activation in a bilateral STG regions as a result of the contra
ontrast (a conjunction of the following four contrasts: (VV correct > VV incorrect)
erformed to compare correct to incorrect responses across all four types of pairs
arietal cortex was stronger during correct recall versus incorrect recall (p < .005, co

A conjunction contrast (a conjunction of the following four con-
rasts: (VV correct > VV incorrect), (VA correct > VA incorrect), (AV
orrect > AV incorrect), and (AA correct > AA incorrect)) was per-
         

           

         

          

           

              

           

  

ormed to compare correct to incorrect responses across all four
ypes of pairs overall. The result of this contrast revealed that acti-
ation a region in midline superior parietal cortex was stronger
uring correct recall versus incorrect recall (p < .005, corrected) (see

ig. 8. Cross-modal versus within-modal activations. (A) Shows activation in right poster
ersus correct within-modal recall (the conjunction of (VA > VV) and (AV > AA)) revealed
t lower thresholds) during cross-modal relative to within-modal recall. (B) Contains grap
or demonstration purposes.
              

              

           

          

 

A correct > VA incorrect (p < .005, corrected). (C) Shows the results of conjunction
orrect > VA incorrect), (AV correct > AV incorrect), and (AA correct > AA incorrect))
ll. This conjunction contrast revealed that activation a region in midline superior
d).

Fig. 7C). The inverse contrast did not show any significant regions
of activation.
    

       

         

       

            

            

           

3.3.3. Within- versus cross-modal recall
The final contrast of interest involved comparing within-modal

to cross-modal recall conditions (Fig. 8). Fig. 8A shows con-
junction contrast of correct cross-modal recall versus correct

ior hippocampus as a result of a conjunction contrast of correct cross-modal recall
greater activation (p < .005, corrected) in the posterior left hippocampus (bilateral
hs showing the % BOLD signal change across correctly recalled conditions included
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ithin-modal recall (contrast: the conjunction of (VA > VV) and
AV > AA)) revealed greater activation (p < .005, corrected) in the
osterior left hippocampus (bilateral at lower thresholds) during
ross-modal relative to within-modal recall. As can be seen from
ig. 8B, in the % BOLD signal change plot of activation in both the
eft and right hippocampus, the cue modality modulated the inter-
ction. The VA condition showed greater activation than the VV
ondition, and the AV condition showed greater activation than the
A condition. However, when the cues were visual the activation
as greater than when they were auditory. The inverse contrast
id not show significant regions of activation.

. Discussion

.1. Behavioral enhancement and modality-specific reactivation
uring within-modal retrieval

In the current study within-modal recall of visual or auditory
argets led to significantly greater behavioral accuracy compared
o the cross-modal recall of visual or auditory targets (see Fig. 2).
his is the first study to test for and demonstrate such an effect.
revious work has demonstrated an increase in recognition accu-
acy and priming for pictures and sounds studied within a single
odality [40]. The current study extends this finding of enhanced
ithin-modal recognition to a cued recall task of modality specific

nformation using novel auditory and visual stimuli. This finding
s also generally in line with the theory of transfer-appropriate
rocessing that suggests encoding and retrieval interact such that
greater overlap between processes occurring at retrieval and

ncoding enhances memory accuracy [44]. This accuracy advan-
age has been demonstrated empirically, and is associated with a
reater overlap between encoding and retrieval processes in brain
ctivation [18].

Based on the current fMRI results greater activation occurred in
rimary perceptual regions when participants correctly retrieved
ithin-modal targets given within-modal cues (see Figs. 3 and 4).
ecause concurrent perception was controlled, this finding sug-
ests that a memory related reactivation occurred in these
erceptual regions. Specifically, using visual cues to correctly recall
isual information was associated with reactivation of early left-
ateralized occipital cortex, using auditory cues to correctly recall
uditory information was associated with reactivation in bilateral
osterior STG. These results support theories that maintain that
emory retrieval requires the reactivation of perceptual regions

ngaged at encoding [5,8]. Importantly, similar effects in primary
erceptual regions did not occur for cross-modal associations.
owever, as discussed in the next section, cross-modal reactivation
ffects were found in the anterior STG and STS during cross-modal
uditory retrieval. The finding of within-modal reactivation in
odality-specific visual and auditory regions also supports pre-

ious findings in studies investigating memory reactivation (e.g.
11]). Unlike this previous work, the current study used both novel
udio and novel visual stimuli as both cues and targets in a task
equiring the retrieval of target modality information. It is also
nique in that it demonstrates within-modal auditory reactivation.

The reason why the visual reactivation effects were left lateral-
zed in the current study is not readily apparent. However, similar
eft-lateralized effects are not without precedence. The clearest
xample is Wheeler et al. [11] who too found that while auditory
eactivation effects were bilateral visual reactivation effects were
eft lateralized. In addition, several other studies have found left-
         

         

         

         

           

ateralized activation of visual regions during the retrieval of visual
nformation from memory (e.g. [19–22]; Slotnick et al., 2003). Due
o the strong but not complete overlap between visual imagery
nd memory processes in visual cortex [52] it is important to con-
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sider some relevant work into the nature of mental imagery as
well. Specifically, previous lesion [36,23] and neuroimaging work
[34] have suggested that left-lateralized visual regions may be spe-
cialized for mental image generation. Grossi and Modafferi [23] in
particular propose that there is a division of labor between the left
and right visual related hemispheres in which the left is neces-
sary for generating visual images but the right is involved in the
exploration visual images. In light of this it is possible that recall
in this study only required visual image generation and not the
exploration of visual images.

Crucially, the current results suggest that individuals may dif-
ferentially encode and/or recall within-modal associations relative
to cross-modal associations. The behavioral results, along with the
within-modal reactivation of primary visual and auditory regions,
suggest that the recall of within-modal associations may be more
accurate because within-modal cues activate similar modality-
specific regions in which the to-be-recalled target information
is represented. Therefore, the current study provides one neural
mechanism that would explain why an increased convergence
between processes occurring at retrieval and encoding enhance
memory accuracy.

4.2. Cross-modal auditory reactivation and effects of incorrect
performance

Results from the whole-brain SPM analysis showed that activa-
tion of the left anterior STG occurred during both the cross-modal
and within-modal retrieval of auditory target information (see
Fig. 6A). Cross-modal auditory reactivation occurred in ante-
rior superior temporal sulcus (STS) as well (see Fig. 5B). There
are several proposed mechanisms by which cross-modal acti-
vation may occur during perceptual and memory tasks. One
possibility is that modality-specific areas may be linked through
medial temporal regions such as the hippocampus and perihi-
nal cortex [53]. As discussed in detail later, the hippocampus
was more greatly active during cross-modal retrieval suggesting
that it may play a role in cross-modal retrieval and reactiva-
tion in the context of the present task. In addition, associative
regions in the cortex such as the multisensory STS, among oth-
ers, may play a role in linking modality specific activation during
learning and memory [38]. In the current study the STS showed
reactivation during cross-modal but not within-modal reactiva-
tion of auditory information (see Fig. 5B and C). Finally, direct
feed-forward connections between modality-specific regions have
been found to be involved in some cases of cross-modal reac-
tivation [24]. Supporting this, recent work has shown that
cross-modal repetition effects occur in earlier auditory and visual
processing regions than has been suspected (Doehrmann et al.,
2010).

In the current study we also looked at the effects of correct
versus incorrect retrieval in regions that demonstrated reactiva-
tion effects. In the same left anterior STG region that demonstrated
within- and cross-modal reactivation of target information what
could be considered a ‘false’ reactivation effect was found (see
Fig. 6B). When participants correctly or incorrectly recalled audi-
tory targets there was greater activation in this region than when
they recalled visual targets either correctly or incorrectly. Thus, at
least in this region, reactivation seems to depend upon the type of
target retrieved regardless of whether it was the correct one or not.
This is in line with previous work that has shown that false alarms
during recognition can be associated with reactivation effects in the
same areas as veridical recognition [25]. The current study is the
          

          

       

          

       

first to show this phenomenon can occur during cued retrieval of
modality-specific auditory information. It should also be stressed
that, as in previous work, this effect was demonstrated in more
associative perceptual regions as opposed to primary perceptual
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egions. Previous work has demonstrated that during encoding
ssociative visual regions were recruited during true and false
emory formation, and only primary visual regions were associ-

ted with true memory formation [17]. This finding also supports
tudies that have demonstrated that primary visual regions exhibit
ctivations that distinguish between true and false visual recogni-
ion, but more associative visual regions do not [51]. One reason
his effect was only significant in auditory regions, and not visual
egions, may be due to the similarity of the auditory stimuli. Some
heories have proposed that false memories are increased by the
imilarity between items (e.g. [26]). Experimental paradigms such
s the Deese-Roediger-McDermott-Paradigm (DRM) [27] support
his proposal, showing that false recognition increases when dis-
ractors are similar to studied words.

It is worth noting that when comparing correct versus incor-
ect performance across all conditions there was greater superior
arietal activation (see Fig. 7C). Activations in both the inferior and
uperior parietal lobe have been repeatedly found in previous neu-
oimaging studies of memory when old, compared to new, items
re correctly recalled or recognized [54].

.3. Greater hippocampal activation during the retrieval of
ross-modal target information

In the current study the posterior left hippocampus was more
reatly active during the correct recall of cross-modal associations
ompared to the recall of within-modal associations (see Fig. 8A).
his is the first evidence that the hippocampus is engaged to a
reater degree during the recall of cross-modal information com-
ared to within-modal information. The results also suggest that
he particular cue and target pairings impacted the activation of
he hippocampus in different ways. Specifically, while the pairs
ith visual cues had a relatively greater degree of activation than

hose with auditory cues, when the cues were the same the cross-
odal pairing showed greater activation than the within-modal

airing (see Fig. 8B). Based on a large amount of empirical work to
ate the hippocampus is thought to play a critical role in relational
emory [28]. Therefore, the increased activation in the hippocam-

us during the retrieval of cross-modal associations suggests an
ncreased demand for relational memory for this type of associa-
ion. This finding converges with work showing that the encoding
f cross-modal associations is associated with greater activation
f the hippocampus than the encoding within-modal associations
39]. Cross-modal retrieval may depend more on the hippocampus,
n which multisensory information converges and associative links
etween different modalities can allow for cross-modal retrieval
hrough the reactivation of cross-modal perceptual regions (e.g.
nterior STG in this study). Finally, the fact that hippocampal acti-
ation was found in posterior regions is in line with previous work
emonstrating that encoding processes tend to activate anterior
egions of the hippocampus while recall processes tend to activate
ore posterior regions of the hippocampus [42,29,47].

. Conclusions

The current study suggests that multisensory information
mpacts not only perception [1,30,31], but memory processes
s well. Furthermore, findings from the current study support
he reactivation hypothesis of memory. Within-modal reactiva-
ion occurred in both primary auditory and visual regions while
ross-modal reactivation occurred only in auditory association
      

          

      

        

       

reas. In addition, the current study suggests that, at least dur-
ng cross-modal auditory retrieval, reactivation associated with

falsely retrieved target can occur in modality-specific associa-
ive regions. Furthermore, the retrieval of cross-modal associations
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may increase the degree of hippocampal involvement compared
to within-modal retrieval. Overall the current study demonstrates
the behavioral and neural differences between within- and cross-
modal associations, and highlights the importance of considering
the role of multisensory information in memory.
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