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Abstract

Declarative memory encompasses information rich, multimodal representations and is 
known to rely on a neuronal network within the medial temporal lobe (MTL). Sparse 
experimental data indicate that crossmodal learning and memory is also mediated by 
MTL structures. Using functional MRI, we assessed differences in brain activity between 
areas of the MTL during crossmodal retrieval. Subjects learned unique associations be-
tween tactile, auditory, and spatial stimuli on the one hand, and a unique visual object 
on the other hand. Retrieving crossmodal associations recruits the MTL, in particular 
the left perirhinal cortex. Perirhinal involvement was independent of modality. We fur-
ther determined if activation in the MTL is modulated by inferential distance between 
the crossmodal stimuli. Contemporary theory predicts increased hippocampal activa-
tion when the stimuli are only indirectly associated, compared to when they are directly 
linked. We observed activation of the hippocampal formation during tactile inferential 
crossmodal recall, but not during auditory inferential recall. Hippocampal activation also 
increased during recall of both tactile and auditory learned associations. These results 
highlight the specific contributions of MTL subregions to crossmodal memory but do 
not unequivocally support an exclusive functional separation between perirhinal cortex 
and hippocampal formation.
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The conscious recollection of facts and events, i.e. declarative memory, comprises most-
ly information from different sensory modalities. This implies that declarative memory 
requires crossmodal binding, which can be defined as the recollection of stimulus-stim-
ulus associations across multiple (at least two) sensory modalities. (Calvert, 2001). The 
medial temporal lobe (MTL) is of essential importance to declarative memory and most 
theories of declarative memory postulate that the hippocampal formation is the cru-
cial brain structure that binds different elements into a unified memory representation 
(Eichenbaum, 2006; Eichenbaum and Fortin, 2005; Moscovitch et al., 2005; Moscovitch 
et al., 2006; Preston and Gabrieli, 2002); but see (Gold et al., 2006). This is suggestive 
for a role of the hippocampal formation in crossmodal memory. However, scarce ex-
perimental data indicate that the perirhinal cortex is critical for crossmodal learning and 
memory (Lee et al., 1988; Murray and Gaffan, 1994; Murray and Mishkin, 1985). Hu-
man imaging studies have shown that when a crossmodal stimulus-stimulus association 
has been learned, a retrieval cue in one sensory modality can lead to sensory specific 
reactivation in the other modality. This reactivation effect in brain areas that support 
a different modality than the one being stimulated, has been found for both audio-
visual (McIntosh et al., 1998) and olfactory-visual (Gottfried and Dolan, 2003) stimulus 
associations. Involvement of the MTL has also been reported (Gonzalo et al., 2000; 
Gottfried et al., 2004; Tanabe et al., 2005; Taylor et al., 2006), but these studies do not 
consistently indicate if either the HF or the PER is the main relevant component within 
the MTL for crossmodal learning and memory.

According to one theoretical framework (Eichenbaum et al., 2007; Mayes et al., 2007), 
but see: (Squire et al., 2007) the hippocampal recollective network is required for creat-
ing relationships between items in memory, among others between items that are not 
directly linked (Cohen et al., 1997). Thus, hippocampal circuits could be responsible for 
crossmodal binding. An alternative theory suggests that especially the perirhinal cortex 
is engaged in the binding of different features (Bussey et al., 2005; Davachi, 2006; 
Murray and Bussey, 1999) originating from different sensory modalities (Burwell and 
Amaral, 1998; Suzuki and Amaral, 1994), and thus has the capacity to bind features in 
the crossmodal domain. 

Here we determine whether and how the hippocampal formation and perirhinal cor-
tex each contribute to crossmodal memory. Three questions are addressed in this pa-
per. First, whether the MTL is differentially responsive to retrieval of crossmodal versus 
unimodal associations. Based on the literature, either the perirhinal cortex or the hip-
pocampal formation might take a key role. Next, we explore the role of modality by 
comparing tactile-visual and auditory-visual crossmodal memory, which both have been 
associated with perirhinal involvement, but were never compared directly in humans. 
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Finally, we determine if activation in the MTL is modulated by inferential distance be-
tween the crossmodal stimuli. Contemporary theory predicts increased hippocampal 
activation when the stimuli are only indirectly associated, compared to when they are 
directly linked. 

Material and Methods

We designed and established the psychometric qualities of a complex paradigm that 
allowed us to study MTL responses to crossmodal retrieval, using functional magnetic 
resonance imaging (fMRI), while varying the sensory modality and the inferential dis-
tance of the stimulus-stimulus associations. We report data on 15 healthy, young sub-
jects who underwent this crossmodal retrieval paradigm. The psychometric qualities of 
the crossmodal paradigm were assessed in a separate experiment. Methods and results 
for this experiment are provided in the online supplement.

fMRI study: Learning and retrieval of crossmodal associations

Subjects

Twenty right-handed males participated in this study. Due to neurological abnormali-
ties that were found during image acquisition, three subjects were excluded from the 
analysis. Additionally, two subjects were excluded from the analysis because they made 
a mistake in the recall paradigm that caused a mismatch between the stimulus pairs, re-
sulting in data from 15 subjects that were suitable for analysis. Subjects were recruited 
among the students of The Norwegian University of Science and Technology (NTNU). 
All subjects were screened for color vision (Ishihara test for colour blindness, Handaya, 
Tokyo) and binocular vision (Stereo Fly test; Stereo Optical Company, Inc, Chicago, USA) 
and were asked to fill out a questionnaire related to MRI safety. Subjects received a CD-
ROM with an MRI scan of their own head in return for participating in the study. Writ-
ten informed consent was obtained from all subjects prior to participation. The study 
was approved by The National Committee for Medical Research Ethics in Norway. 

Stimuli

A total of 20 unique stimuli (10 visual; 5 tactile; 5 auditory) were generated for the task. 
A detailed description of how the visual stimuli were created is provided in (van Strien et 
al., 2008). The visual stimuli are complex, abstract objects that fall in the same category 
and share many visual features, their overall shape (square) and motion path (objects ro-
tated during learning). Each object also posses unique features (color, line patterns and 
elevations), which allows the subject to distinguish between the different objects. The 



71

crossmoDal memory BinDing in The perirhinal corTex

choice for these complex objects was made because it was shown that PER is required 
for distinguishing between complex visual objects that share a lot of features (Bussey 
et al., 2005). The associated tactile stimuli were created from sheets of sand paper and 
textured wall paper, These textures were chosen to avoid semantic labeling and verbal-
ization/visualization (e.g. “wood”, “wool) of the tactile information. The textures were 
not visible to the subject during learning and recall. The auditory stimuli were 5 sec au-
dio clips of cello music (Cello Octet Conjunto Ibérico, Ibérico Records, The Netherlands). 
As with the textures, we chose audio clips that were unlikely to evoke semantic labeling 
and verbalization/visualization (e.g. “car”, “bird). 

Memory Tasks: Outline

First, the behavioral procedure is outlined, followed by details of the individual parts of 
the experiment. Each subject started with a training session outside the MRI scanner, 
followed by a recall session inside the MRI scanner. The training session consisted of 
learning two crossmodal associations, i.e. an auditory-visual association (Fig 1A) and a 
tactile-visual association (Fig 1B), as well as an unimodal visual-spatial association (Fig 
1C). Learning the associations occurred separately for each association type. In between 
the presentation of each stimulus pair, subjects performed a distracter task, in which 
they had to judge whether sums were correct or incorrect (Fig 1D). Immediately after 
learning four associations of a particular type (i.e. Fig 1A, 1B or 1C), a retrieval session 
for only that specific type of association followed. In the case of crossmodal associa-
tions, the subjects were given a tactile or auditory cue and asked to select the associ-
ated visual object among nine similar objects displayed on a screen (e.g. Fig 2B, 2C). In 
the case of unimodal associations, the subjects were shown a visual object and asked 
to reposition it to its learned location on the screen (Fig 2A). All subjects completed 
a minimum of two training sessions for each association type, and were allowed to 
proceed to learning the next type when their recall performance exceeded 85% cor-
rect. Learning the three association types occurred in the same order for all subjects: 1) 
visuo-spatial, 2) tactile-visual, 3) auditory-visual, 4) spatial-visual (one extra spatial-visual 
training session was held to compensate for the fact that subjects had to learn “the way 
of the experiment” during the first session and it was farthest away in time). The same 
visual objects were used in all training sessions, resulting in accumulated knowledge of 
the visual objects after learning each association type. During the recall session inside 
the MRI scanner, subjects were tested for their memory of the learned associations in a 
random order, and functional maps of the MTL were obtained. 
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Training, outside the MRI scanner:

Each subject was taught associations between four visual objects, and stimuli of differ-
ent modalities such that each of the objects had a unique tactile, auditory and spatial 
cue associated to it. The relations between the stimuli were taught in sequential ses-
sions outside the MRI scanner, using a personal computer and Presentation 11 (Neu-
robehavioral Systems Albany, CA, USA). The associations that were learned are referred 
to as “learned stimulus-stimulus associations”, since the relationship between the two 
stimuli is explicitly learned. The visuo-spatial stimulus-stimulus association is considered 
unimodal since it is built up of two visual elements. The tactile-visual and audio-visual 
stimulus-stimulus associations are the crossmodal “learned stimulus-stimulus associa-
tions”. 

Unimodal visual-spatial training. First the association between each visual object and a 
spatial location on a checkerboard was learned. The four objects were shown in ran-
dom sequence on a specific location on the checkerboard (Fig 1A). The objects were 
presented twice on that location, and each presentation lasted for 6 seconds, during 

Fig 1: Training
A: During spatial-visual training, subjects were taught four object place associations, which were recalled 
directly after learning. B During tactile-visual training, the same objects were now associated with a texture, 
after which a recall session for this association followed. C The third association with the four visual objects 
was with an auditory stimulus (cello music). Again, a recall session followed directly after learning. D. In 
between each stimulus presentations, subjects had to indicate if the sums on the screen were correct or 
incorrect. Please refer to the materials and methods for full details.
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Figure 2: Recall
In this figure, the six recall conditions are depicted. In conditions (A-C), the associations had to be recalled 
exactly as they were learned during training (see Fig. 1). In conditions (D-F), subjects had to infer the task 
that they were supposed to perform, without instruction. Please refer to the materials and methods for full 
task details.

which the objects were rotating around their vertical axis. In between each presenta-
tion of an object location, subjects had to indicate by a key stroke if simple sums were 
correct or incorrect (Fig 1D). The sums were presented for 3.5 s and were self-paced 
during that interval. After all four objects were presented twice on their locations on the 
checkerboard, subjects were tested for their memory of the associations. Each object 
was presented on a random location on the checkerboard, after which subjects had to 
place it back to the learned position by pressing a button on the keyboard (Fig 2A). If 
they were sure of correctly placing the object on the checkerboard, they pressed an-
other button and continued with the next object until all objects had been placed back 
twice on their learned location.
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Crossmodal tactile-visual training. The next training session comprised learning a tac-
tile stimulus associated specifically to each of the visual objects (Fig 1B). The tactile 
stimuli were handed to the subject by the experimenter, as soon as the subject made a 
pre-determined hand gesture (lifting the palm of the hand from the table). The tactile 
stimuli were not visible to the subjects, but remained behind a small screen that was 
set up next to the computer. Each tactile stimulus was presented for 6 s, during which 
the subject had to explore it by touch. At the same time, the associated rotating visual 
object was visible on the screen. Each tactile-visual association was presented twice in 
a random order. A randomization scheme per subject was created using Matlab (Math-
works, Inc. Natick, MA, USA) before the session started. In between each presentation 
of a tactile visual association, subjects had to make sums, in the same manner as during 
the visual-spatial learning sessions described above. Learning was directly followed by 
recall of the tactile visual association. Subjects were presented with nine visual objects 
which were randomly located on the screen and at the same time they were presented 
with one tactile stimulus (Fig 2B). On the basis of the tactile cue, they had to identify the 
associated object by using a button on the keyboard. 

Crossmodal auditory-visual training. Learning the auditory-visual associations occurred 
in a highly similar fashion as the previously explained associations. In short, each visual 
object was shown twice in a random sequence for 6s, during which the respective re-
lated audio clip of cello music was played (Fig 1C). In between each presentation, sums 
were made. The recall was equal to the tactile recall except for that an auditory cue was 
given instead of a tactile cue (Fig 2C). 

Recall sessions, inside the MRI scanner

After training, retrieval was tested inside the MRI scanner. The subjects had explicitly 
learned three types of associations, one unimodal and two crossmodal, and these are 
referred to as “learned stimulus-stimulus associations”, (Fig 2: recall trial types A – C). 
In the recall session that was held inside the MRI scanner, these three learned asso-
ciations were tested in the same manner as during the learning session. In addition, 
three new, “inferred stimulus-stimulus associations” (Fig 2: recall trial types D – F) were 
tested inside the scanner. The inferred associations required that the subject created a 
new association between two indirectly paired crossmodal stimuli. For example, on a 
tactile-spatial recall trial (Fig 2: recall trial type E), subjects felt a tactile stimulus and saw 
a checkerboard with a question mark. The tactile stimulus was not directly linked to a 
spatial position, but was so indirectly, by means of a common associate (visual object). 
Thus, subjects had to infer that the tactile stimulus was associated with a visual object 
and that the visual object was associated with a position on the checkerboard, in order 



75

crossmoDal memory BinDing in The perirhinal corTex

to move the question mark to its correct position.

The retrieval test was implemented in an event-related fMRI paradigm, programmed 
and presented with Presentation (Neurobehavioral Systems Inc., Albany, USA). In order 
to obtain enough measurements, two recall sessions were held. In each session, ten 
trials of each type (Fig 2) were presented in a predetermined, random order. The order 
of presentation was the same for both recall sessions, but differed between subjects. 
Visual stimuli were presented using MRI compatible goggles with two 800x600 OLED 
displays (NordicNeuroLab AS, Bergen, Norway) and auditory stimuli through MRI com-
patible headphones (NordicNeuroLab AS). A tactile stimulus was handed to the subject 
by the experimenter whenever the subject made a predetermined gesture with his left 
hand, prompted by a visual cue that preceded every trial that involved a tactile stimulus. 
The tactile stimuli were not visible to the subjects. Subjects responded with their right 
hand, pressing a button on a fibre-optic response grip (NordicNeuroLab AS). All trials 
were self paced, with a maximum duration of 12 s each. Between each recall trial, sub-
jects performed sums for 3 s. All trial events and responses were registered and time 
logged in Presentation.

Image data acquisition

Functional and anatomical images were acquired on a 3 Tesla Siemens TRIO (Siemens 
Medical Systems, Ehrlangen, Germany), using a 8-channel head coil for parallel imaging 
(GRAPPA). Foldable foam pads were used to minimize head motion. 

Echo Planar Images (EPI) sensitive to the blood oxygen level dependent (BOLD) effect 
were obtained with a single shot gradient echo pulse sequence (TR = 2000 ms; TE = 
30.0 ms; FA = 70°; FOV = 96 x 96 mm; acquisition matrix = 64 x 64, reduction factor 
= 2; 26 slices (gap < 0.001 mm); slice thickness = 3 mm; in-plane voxel resolution = 1.5 
x 1.5 mm). The slices were positioned perpendicular to the longitudinal axis of the hip-
pocampus, or as close to perpendicular as possible. The most anterior slice was located 
just in front of the rostral pole of the temporal lobes. 

A high-resolution T1-weighted 3D volume was recorded for anatomical reference (192 
sagital slices; TR = 2300 ms; TE = 2.92 ms; FA = 8°; FOV = 512 x 512 mm; in-plane 
resolution = 0.5 x 0.5 mm; slice thickness = 1 mm). A T2-weighted reference volume 
(98 coronal/oblique slices; TR = 8550 ms; TE = 98 ms; FA = 79°; FOV = 128 x 128 mm; 
in-plane resolution = 0.7 x 0.7 mm; slice thickness 0.8 mm) was obtained in order to 
optimize the registration of the small field of view functional time-series with the high-
resolution 3D volume.
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Image preprocessing

Image processing was performed using FSL (Smith et al., 2004) (FMRIB, Oxford; www.
fmrib.ox.ac.uk/fsl/). The functional images were spatially smoothed with a Gaussian 
filter (5 mm Full-Width-at-Half-Maximum [FWHM]) and resliced into 1 mm isotropic 
voxels. The data was high pass filtered (cutoff: 100 s) and smoothed (2.8 s). 

Registration of the functional images to standard space was performed in a 7 step 
procedure, using a non-linear registration technique called large-deformation-diffeo-
morphic-metric-mapping (lddmm; (Kirwan et al., 2006; Miller et al., 2002; Miller et al., 
2005)):

1) A mean functional image was generated for both fMRI runs of each subject. 

2) These mean functional images were resliced to correspond to the resolution of the 
partial field of view T2 image, which was scanned in the exact same orientation as 
the functional scan.

3) The resliced functional volumes were overlaid on the T2 target and visually inspected 
for the best correspondence. The functional volume that corresponded best to its 
structural T2 image was subjectively chosen and served as the target for the non-
linear registration of all functional volumes. 

4) For the high resolution T2 image of the chosen target, the transformation matrix to 
MNI standard space was calculated using FLIRT (Jenkinson et al., 2002). 

5) For each mean functional volume, the transformation matrix to the chosen mean 
functional target volume was calculated using lddmm-volume.

6) The resulting transformation matrices were applied to their respective functional 
data, after first-level statistical processing was performed using FEAT

7) The registration to standard space was carried out using the single transformation 
matrix that was calculated in step 4, after which group analysis could be performed.

Statistical analyses

The expected signal time courses of every subject from each run were modeled using a 
box-car function that was convoluted with a double gamma haemodynamic response 
function (Boynton et al., 1996). To test for regional differences in activation, a GLM with 
6 predictors, corresponding to the conditions in the recall test, was set up. Higher-level 
analysis over subjects was carried out using FLAME (FMRIB's Local Analysis of Mixed 
Effects) stage 1 only (Beckmann et al., 2003; Woolrich et al., 2004). Before comput-
ing the group statistics, a mask was applied to the functional images that excluded 
all non-medial temporal lobe structures. This mask was generated on the basis of the 
Harvard-Oxford probabilistic cortical atlas (http://www.fmrib.ox.ac.uk/fsl/fslview/atlas-
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descriptions.html), from which the PHC was extracted and combined with the Juelich 
atlas of the hippocampal formation and EC (Amunts et al., 2005; Eickhoff et al., 2007). 
These atlases were also used to identify activations in the parahippocampal gyrus and to 
get a better estimate of the hippocampal subareas in which activation occurred. 

Contrasts were defined to test the differences in activation in crossmodal and unimodal 
recall, and the differences in modality specific (i.e. auditory or tactile) and inferential (i.e. 
learned or inferred) crossmodal memory. Each contrast was tested for significance with 
voxelwise t-tests. The t-values were transformed to unit normal Z distribution in order 
to create statistical parametric maps for the contrasts. To pass the criterion, at least five 
adjacent voxels must be active at p < 0.005. If no increased activation was found at 
this threshold, an exploratory analysis was carried out with a lowered threshold, i.e. p < 
0.05 and a minimum clustersize of adjacent 5 voxels that were active at this threshold. 
All time-series statistical analyses were carried out using FILM with local autocorrelation 
correction (Woolrich et al., 2001). 

Figure 3: Performance on unimodal and crossmodal retrieval task
In Figure 3 the mean percentage correct scores are displayed for the two recall sessions in the scanner (plus 
error bars). In each graph the total score is provided, as well as the scores for the different trial types. The 
left graph shows the results for the first recall session, in which subjects had to discover how to solve the 
inferred memory trial type. This had a slight, but non-significant effect on the performance score. The right 
graph shows the performance scores on the second recall session. There was a significant increase in the 
percentage correct score between the two sessions.
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Results

fMRI experiment: Learning and retrieval of crossmodal associations

Behavioral performance

During fMRI, the subjects retrieved the learned associations from memory with an aver-
age of 91.5% correct answers. In the first recall session (Fig 3 left) subjects scored on 
average 87% correct, in the second recall session 96% (Fig 3 right). This is a significant 
increase in the percentage total correct score between the recall sessions (t(13)=5.55, 
p<.05). The percentage correct answers was higher on unimodal memory trials than on 
crossmodal memory trials, both in session one (97% vs 83%; t(13)=4.64, p<.05) and in 
session two (100% vs 94%; t(13)=3.37, p<.05). In both sessions, subjects scored equally 
well on the learned and inferred crossmodal memory trials and improved significantly 
on both types of crossmodal trials between recall session one and two (learned: 85,4% 
vs 94,6%, t(13))=4.11, p<.05; inferred: 79,2% vs 94,2% t(13)=4.21, p<.05). A signifi-
cant difference in the % correct score was present between auditory and tactile inferred 
memory on the first session (75% vs 87%; t(13)=2.58, p<.05), but not in the second. 
There was no performance difference between learned auditory and tactile trials.

fMRI findings

The fMRI data were used to identify MTL regions involved in memory for crossmodal as-
sociations. First, the involvement of the MTL in crossmodal memory was analyzed, disre-
garding the various subtypes of tested memory. Next, to find out whether involvement 
of the MTL was contingent upon the sensory modality of which an association was 
composed, we compared activation during recall of auditory-visual and tactile-visual as-
sociations. Finally, to determine if crossmodal MTL involvement was modulated by the 
inferential distance between stimuli, we compared activation during recall of “learned 
crossmodal association” and “inferred crossmodal associations”. This activation was 
first analyzed regardless of modality, followed by modality specific comparisons. 

Crossmodal activation in the MTL

The comparison of the crossmodal retrieval condition to the baseline condition revealed 
bilateral activation in the perirhinal cortex (PER) (Fig 4-I, 1A, C, D, E), although the 
location of the activation along the Anterior-Posterior (A-P) axis differed across hemi-
spheres. Additionally, increased activation occurred in the right entorhinal cortex (EC) 
(Fig 4-I, 1F) and the hippocampal formation (HF) (58% Grey Matter (GM) HF, cornu 
ammonis (CA); Fig 4-I, 1C). The HF probability score (Amunts et al., 2005; Eickhoff et 
al., 2007) means that the HF activation cluster was located in the grey matter of the 
CA fields with a 58% probability (see experimental procedures). Next, we compared 
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crossmodal and unimodal retrieval. Only the left PER was activated in the [crossmodal 
> unimodal] contrast (Fig 4-I, 2A – C). In the [unimodal > crossmodal] contrast, more 
activation clusters were found, located in the parahippocampal cortex (PHC) (Fig 4-I, 
3A, B, D) and HF bilaterally (left hemisphere (HS): 59% GM HF CA; right HS: 97% GM 
HF-CA, 70% HF Subiculum (SUB) at more anterior levels (not shown); Fig 4-I, 3C, E), and 
in the right PER (Fig 4-I, 3F).

Modality specific activation during crossmodal retrieval

The contrast [auditory-visual > tactile-visual] revealed increased activation in the right 
amygdala and EC (Fig 4-I, 4D), and bilaterally in the HF (Fig 4-I, 4A, B, E) and PHC (Fig 
4-I, 4C, F). The anterior edge of the right HF activation cluster was located posterior to 
the amygdala and extended posteriorly in two clusters. The lateral cluster ran mostly 
in the CA fields of the HF (75% - 99% GM HF CA). The medial cluster ran mostly in 
the SUB (55% - 60% GM HF SUB) and split into two connected clusters. One ran more 
posterior-ventro-laterally in the SUB and one more posterior-dorso-medially in the CA 
fields. In the [tactile-visual > auditory-visual] contrast, no significant activation was seen. 
However, when lowering the threshold to p<.05 + cluster size ≥ 5, activation in the 
[tactile-visual > auditory-visual] contrast occurred in the left posterior HF (Fig 4-I; 5A,B), 
right PHC (Fig 4-I; 5D, E) and bilaterally in the amygdala (Fig 4-I; 5C, F).

Inferential crossmodal memory activation

In the contrast [learned > inferred], activation occurred in the PHC bilaterally (Fig 4-I, 
6A-F) and in the left HF (89% - 97% GM HF DG; Fig 4-I, 6A, B). The opposite contrast, 
[inferred > learned] showed no significant activation. However, at the lower threshold 
(p < .05 + cluster size ≥ 5) activation was found in the left PER (Fig 4-I, 7A), and bilater-
ally in the EC (Fig 4-I, 7A, D, E) and HF (left HS anterior: 90% - 92% GM HF CA; left HS 
posterior: 88% - 99% GM HF CA; right HS 52% - 59% GM HF SUB (close to amygdala); 
Fig 4-I, 7B, C, F). 

Modality specific activation during inferential crossmodal memory

Responses to inferential crossmodal memory were determined separately for the tactile-
visual condition and the auditory-visual condition. In the [tactile: learned > inferred] 
contrast, activation occurred in the posterior part of the left HF (92% - 97% GM HF 
DG; Fig 4-I, 8A, B) and anterior part of the right HF (90% - 94% GM HF CA; Fig 4-I, 
8E). Additionally, activation was found in the anterior part of the PHC, bilaterally (Fig 4-I, 
8B, 8C, F), and in the right PER (Fig 4-I, 8D). In the opposite contrast, [tactile: inferred > 
learned], activation occurred in the posterior part of the right HF (Fig 4-I, 9E, F) and in 
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Figure 4-I: functional MRI results for contrast 1 – 9. 
Results in columns A-C reflect increased activation in the left hemisphere and in columns D-F in the right 
hemisphere. All results were thresholded with p<0.005 with the additional constraint that at least five 
adjacent voxels were simultaneously active at this threshold. When no significant activation was found, 
the criterion was lowered to p<0.05 with the same constraint for the number of simultaneously activated 
adjacent voxels. In the figure the threshold is visible in the scale bar: z = 2.6, reflects p < 0.005 and z = 1.96 
reflects p < 0.05. 
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Figure 4-II: functional MRI results for contrast 10 – 15. See the description of Figure 4-I for details.

the anterior part of the left HF (86% GM HF DG with extension in HF CA; Fig 4-I, 9A, 
B). Also, activation was seen in the right EC (Fig 4-I, 9D).

The [auditory: learned > inferred] contrast revealed bilateral activation in the PHC (Fig 
4-II, 10A-E). Also, a part of the left posterior HF was activated (73% - 82% GM HF DG 
and in a second cluster 87% GM HF CA; Fig. 4-II, 10A), as well as the right PER (Fig 4-II, 
10F). In the [auditory: inferred > learned] contrast, no increased activation was found. 
However, at the lower threshold (p < .05 + cluster size ≥ 5) increased activation occurred 
in the left EC (Fig 4-II, 11A), posterior PER (Fig 4-II, 11C) and HF (55% - 66% GM HF CA; 
Fig 4-II, 11B). Increased activation also occurred in the right anterior HF (74% - 91% GM 
HF SUB; Fig 4-II, 11D, E) and amygdala (Fig 4-II, 11F).

Finally, we calculated contrasts that compare the two modalities directly. In the contrast 
[learned: tactile > auditory] increased activation was found in the right caudal PER (Fig 
4-II, 12D-F). The [learned: auditory > tactile contrast], gave increased activation in the 
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rostral portion of the left PER (Fig 4-II, 13A). Also, bilateral increased activation was 
found in the EC (Fig 4-II, 13B, D), HF (Fig 4-II, 13C, E) and right PHC (Fig 4-II, 13F). In the 
[inferred: tactile > auditory] contrast, increased activity was found in the right HF only 
(48% - 64% GM HF DG, but with overlap in the CA region; Fig 4-II, 14D-F). In the [in-
ferred: auditory > tactile] contrast, increased activity was found in the rostral right PER 
(Fig 4-II, 15D), and in the right amygdala (Fig 4-II, 15E). Also, increased left hemispheric 
activity occurred in a cluster located at the border between EC and PER (Fig 4-II, 15A, B) 
and in the HF bilaterally (left HS 80% GM HF SUB; right HS 83%-90% GM HF CA and 
60% GM HF SUB; Fig 4-II, 15C, F).

Discussion

We observed that retrieving crossmodal associations from memory recruits structures in 
the medial temporal lobe, in particular the left perirhinal cortex, as reflected by the in-
creased brain activity in this region when contrasting crossmodal over unimodal retriev-
al. Although auditory-visual recall led to more extensive activation of the MTL compared 
to tactile-visual recall, activation of the perirhinal cortex was independent of stimulus 
modality. Lastly, we found partial support for a role of the hippocampal formation in 
inferred crossmodal retrieval. 

Crossmodal memory activates PER

Several MTL subregions are active in the [crossmodal > baseline] contrast, but only the 
left perirhinal cortex is activated in the [crossmodal > unimodal] contrast. This specific 
role of the perirhinal cortex in crossmodal memory is in line with predictions based on 
lesion studies in animals (Goulet and Murray, 2001) and substantiates a recent report 
of left perirhinal involvement of auditory-visual crossmodal memory in humans (Taylor 
et al., 2006).

The observed increase in perirhinal activity during crossmodal retrieval fits into a prevail-
ing theory of declarative memory, in which the hippocampal formation is ascribed a 
generic associative function, and the perirhinal cortex and parahippocampal cortex are 
thought to provide domain specific forms of binding (Davachi, 2006). More specifically, 
the perirhinal cortex is thought to support memory for objects, and may participate in 
intra-item feature binding in order to create complete object representations (Mayes 
et al., 2007). This view is in line with the perceptual/mnemonic feature conjunction 
(PMFC) model (Bussey et al., 2005), according to which the perirhinal cortex builds up 
complex visual object representations based on the conjunction of visual features. The 
more complex the visual features of an object, the more likely that regions higher up in 
the processing hierarchy are involved in processing it (van Strien et al., 2008). However, 
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the PMFC model does not predict how complex multimodal object representations 
are formed. Since the perirhinal cortex receives also tactile and auditory input (Burwell 
and Amaral, 1998; Suzuki and Amaral, 1994), it is conceivable that the principle of a 
hierarchical processing model also holds true for other modalities than the visual, and 
that complex multimodal object representations are formed in the perirhinal cortex as a 
result of convergence of the modality-specific processing streams.

The observed lateralization of crossmodal activation in the left perirhinal cortex corre-
sponds with a previous report (Taylor et al., 2006). However, lateralization is not predict-
ed by any model nor by differences in anatomical inputs to the left and right perirhinal 
cortex (Suzuki and Amaral, 1994). We propose that a semantic mnemonic strategy may 
underlie the more dominant left perirhinal activation. Despite our attempts to make 
verbal encoding of the associations as difficult as possible, many subjects reported to 
have used a verbal strategy. Since language functions are left hemispheric in most right-
handed people, this could have led to a global increase in activity in this hemisphere and 
may partially explain why the left hemispheric involvement of the perirhinal cortex in 
crossmodal memory came above threshold, whereas the right hemispheric component 
did not.

Crossmodal PER activation is modality independent

We observed no significant difference for the perirhinal cortex between auditory and 
tactile crossmodal retrieval. This implies that the perirhinal cortex was equally involved in 
the crossmodal retrieval of both modalities. In the other parts of the MTL, large differ-
ences were visible when comparing these modalities. Auditory crossmodal retrieval led 
to more and larger activation clusters in the right amygdala and entorhinal cortex and 
bilaterally in the hippocampal formation and parahippocampal cortex, when compared 
to tactile crossmodal retrieval.

The involvement of the perirhinal cortex in crossmodal retrieval of both modalities was 
predicted on the basis of previous reports (Goulet and Murray, 2001; Suzuki et al., 
1993; Taylor et al., 2006), but shown here for the first time by direct comparison. The 
increased [auditory > tactile] MTL activation, has two possible explanations. First, a dif-
ference may exist in the modality-specific magnitude of innervation of the region. It has 
been shown both in rodents (Burwell and Amaral, 1998; Furtak et al., 2007; Kerr et al., 
2007) and monkeys (Suzuki and Amaral, 1994) that the MTL receives stronger auditory 
than tactile innervation. Second, the auditory and tactile stimuli differed in their level of 
complexity. If the PMFC model applies to all modalities, or at least also to the tactile and 
auditory domains, more sensory complexity should result in more activation of higher 
order regions. In our experiment the tactile stimuli can be considered less feature-rich 
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than the auditory stimuli; their main defining feature was their texture, whereas the 
auditory stimuli could be distinguished by the number of instruments and the melody. 
This difference could have contributed to the observed increase in [auditory > tactile] 
MTL activation. However, from a perception point of view, the difference in stimulus 
complexity should also have resulted in differential activation of the perirhinal cortex 
between the tactile and auditory stimuli. The absence of this difference suggests that 
another process, most likely a mnemonic one, generates activity in the perirhinal cortex 
that is equal for both these modalities. 

 

Hippocampus is active during Inferred crossmodal memory

Contrary to our expectation, we observed no increased MTL activity in the [inferred 
>learned] crossmodal contrast. Instead the opposite contrast, [learned > inferred], 
showed increased activation in the parahippocampal cortex bilaterally, and in the left 
hippocampal formation. When exploring the [inferred >learned] contrast at a lowered 
threshold, bilateral activation could be observed in the perirhinal cortex, entorhinal cor-
tex and hippocampal formation.

Since a difference in activation of the MTL occurred between auditory and tactile 
crossmodal retrieval, we compared [tactile: inferred > learned] and [auditory: inferred 
> learned] separately. No activation was found in the latter contrast, but [tactile: in-
ferred > learned] revealed increased activation in the posterior part of the right hip-
pocampal formation, in the anterior part of the left hippocampal formation and in the 
right entorhinal cortex. Apparently, the hippocampal responses to inferred crossmodal 
retrieval averaged out when including both tactile and auditory condition. The absence 
of hippocampal formation activity in the auditory inferred condition coincides with a 
significantly lower performance score on this condition compared to the tactile inferred 
behavioral performance score in the first session of the retrieval task. This observation 
corresponds to reports of consistently stronger hippocampal formation activation when 
items are correctly recalled (Eichenbaum et al., 2007; Hannula and Ranganath, 2008). 

Another explanation may be closely related to the observation that activation increased 
in the parahippocampal cortex and hippocampal formation in the [learned > inferred] 
contrast. This may indicate that the importance of these areas is greater for learned 
recall than for inferred recall. In the absence of a difference in performance scores 
between learned and inferred recall on either recall session, we argue against such 
an interpretation. Instead, we think that an unanticipated form of learning may have 
occurred during the first recall session. Since subjects received no explicit instruction 
for the inferred condition, they were forced to discover the inferential rule during this 
session. However, subjects also received learned trials for which the relation between 
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the stimuli was well established. This allowed subjects to reevaluate the correctness of 
their answers on the inferred trials, and possibly to learn a direct relationship between 
the stimuli. In support of this explanation; the behavioral data showed a significant in-
crease in the % correct recall between the first and the second recall session, on both 
learned and inferred trials. Thus, learning occurred during the “learned trials”, causing 
increased activation in the hippocampal formation, and through the establishment of 
direct relationships between “inferred” stimulus pairs, the hippocampal formation was 
less needed than anticipated to solve these trials. 

In conclusion, we have differentiated the role of the MTL in crossmodal recall for tactile, 
auditory and visual stimulus pairs in both learned and inferred memory. Our conclusion 
that the perirhinal cortex, regardless of modality, is uniquely involved in crossmodal 
memory does not only confirm suggestions made by previous reports, but also fits 
nicely with the discussed memory model. The PMFC model (Bussey et al., 2005) is intro-
duced as an extension to the memory model, describing a possible mechanism by which 
the perirhinal cortex achieves crossmodal binding. Despite the hippocampal formation 
activation in the learned crossmodal recall and partial hippocampal formation involve-
ment in the inferential recall condition, we feel that the presented data together with 
its interpretation supports, at least partially, the contemporary hypothesis of memory 
(Davachi, 2006; Eichenbaum et al., 2007; Sauvage et al., 2008) in which a generic recol-
lective role is given to the hippocampal formation. We provided evidence that this might 
also be the case for crossmodal memory. 

Online supplement: behavioral analysis of the crossmodal memory task. 

After publication of the article, this supplement can be downloaded from:

http://www.temporal-lobe.com/thesis_nvs.php




