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Abstract
Memory tasks can be performed using multiple cognitive strategies, which are mediated by different
brain systems. The transverse patterning (TP) task is dependent upon the integrity of the hippocampal
system, however, we previously demonstrated successful TP following hippocampal damage using
meaningful stimuli and relations (Moses, S.N., Ostreicher, M.L., Rosenbaum, R.S., Ryan, J.D.,
2008. Successful transverse patterning in amnesia using semantic knowledge. Hippocampus 18, 121–
124). Here, we used magnetoencephalgraphy (MEG) to directly observe the neural underpinnings
of TP, and the changes that occur as stimuli and relations become more meaningful. In order to
optimize our ability to detect signal from deep, non-dominant, brain sources we implemented the
event-related synthetic aperture magnetometry minimum-variance beamformer algorithm (ER-
SAM; Cheyne, D., Bakhtazad, L., Gaetz, W., 2006. Spatiotemporal mapping of cortical activity
accompanying voluntary movements using an event-related beamforming approach. Human Brain
Mapping 27, 213–229) coupled with the partial least squares (PLS) multivariate statistical approach
(McIntosh, A.R., Bookstein, F.L., Haxby, J.V., Grady, C.L., 1996. Spatial pattern analysis of function
brain images using partial least squares. NeuroImage 3, 143–157; McIntosh, A.R., Lobaugh, N.J.,
2004. Partial least squares analysis of neuroimaging data: Applications and advances. NeuroImage
23, S250–S263). We found that increased meaningfulness elicited reduced bilateral hippocampal
activation, along with increased activation of left prefrontal and temporal cortical structures,
including inferior frontal (IFG), as well as anterior temporal and perirhinal cortices. These activation
patterns may represent a shift towards reliance upon existing semantic knowledge. This shift likely
permits successful TP performance with meaningful stimuli and relations following hippocampal
damage.

Introduction
Memory tasks can be performed using multiple cognitive strategies, which are mediated by
different brain systems. The transverse patterning (TP) task requires memory for relations
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among stimuli, and is dependent upon the integrity of the hippocampal system (Alvarado and
Rudy, 1995; Driscoll et al., 2003; Driscoll et al., 2005; Reed and Squire,1996; Rickard and
Grafman,1998; Rickard et al., 2006). We demonstrated intact TP performance following
bilateral hippocampal damage using meaningful stimuli and relations, such as playing cards
and the childhood game rock–paper–scissors (RPS; Moses et al., 2008). We suggested that a
proposition–based cognitive strategy that relies on pre-existing semantic knowledge could be
mediated by extra-hippocampal structures.

Here we asked specifically how the relational TP task with meaningful stimuli and relations
can be mediated by extra-hippocampal structures. We used magnetoencephalgraphy (MEG)
to directly observe the neural underpinnings of TP, and the changes that occur as stimuli and
relations become more meaningful. Previous work shows that TP with abstract stimuli elicits
hippocampal activation that is detectable with MEG (Hanlon et al., 2003, 2005, 2007), and this
activation is found less reliably for TP with RPS stimuli (Hanlon et al., 2005). However, these
studies focused predominantly on activation within the hippocampus. We sought to examine
the dynamic neural activity across hippocampal and cortical regions supporting TP with
abstract stimuli, and the subsequent changes elicited by increased meaningfulness of stimuli
and relations. We expected that meaningfulness would recruit extra-hippocampal structures
involved in processing semantic information, such as left prefrontal and temporal cortex
(Davies et al., 2004; Mummery et al., 2000; Taylor et al., 2006; Wagner et al., 2001), with a
concurrent reduction in hippocampal activation.

The sensitivity of MEG to signals from deep neural structures, such as the hippocampus, has
been debated because: 1) magnetic field strength decreases with increasing distance between
neural sources and MEG sensors and 2) the “spiral” or “spherical” shape of the hippocampus
could theoretically lead to cancellation of magnetic signal (for in depth discussions see Stephen
et al., 2005; Riggs et al., 2009). However, an increasing body of empirical evidence
demonstrates that, although hippocampal activation may be more difficult to detect than
superficial sources, it can be reliably detected with a range of experimental paradigms and
analysis techniques (Breier et al., 1998, 1999; Hanlon et al., 2003, 2005, 2007; Ioannides et
al., 1995; Kirsch et al., 2003; Martin et al., 2007; Mikuni et al., 1997; Nishitani et al., 1999;
Papanicolaou et al., 2002; Stephen et al., 2005; Riggs et al., 2008; Tesche, 1997; Tesche and
Karhu, 1999, 2000; Tesche et al., 1996).

In order to optimize our ability to detect signal from deep, non-dominant, brain sources we
implemented the event-related synthetic aperture magnetometry minimum-variance
beamformer (ER-SAM; Cheyne et al., 2006) coupled with the partial least squares (PLS)
multivariate statistical approach (McIntosh et al., 1996; McIntosh and Lobaugh, 2004). The
ER-SAM algorithm permits detection of weaker sources, as it uses information from all MEG
sensors, and does not require a priori assumptions about number or location of sources. The
entire brain volume is covered by a grid, and at each grid node, the beamformer enhances
sensitivity for the signal from that node and suppresses the signal from other nodes (Huang et
al., 2004). The mean-centred PLS analysis is ideal for detecting non-dominant or weaker neural
sources. Activation patterns that are unique to individual conditions become enhanced, and
patterns that are similar across all conditions (such as strong primary sensory sources) are
removed. Further, PLS is more sensitive to distributed signals than traditional univariate
statistical approaches. Thus, the application of PLS to ER-SAM source-space solutions is a
powerful method for localizing weaker sources that are unique to specific cognitive processes,
and reducing contributions from dominant sensory responses that are similar across all
conditions.
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Materials and methods
Participants

Participants consisted of 22 right-handed individuals (14 female) with no known pathology
from the volunteer pool at the Rotman Research Institute. Ages ranged between 20–35
(mean=26).

Post-experimental questionnaires revealed that 18/22 participants were able to correctly report
the relationship among the stimuli for all four TP blocks. The remaining participants were
unable to correctly report the relationship either on the first block, or the first two blocks. These
four participants were considered non-learners, and their data were not included in any of the
analyses. Of the 18 remaining participants, 9 participated in the “Progressively meaningful”
condition, and 9 participated in the “All abstract” condition.

Stimuli and procedures
Participants performed four independent TP blocks during MEG recording. Three different
achromatic stimuli (A, B, and C) were used in each of the four blocks (Fig. 1). Within each
block, the stimuli were grouped into three completely overlapping pairs in which A was correct
when paired with B, B was correct when paired with C and C was correct when paired with A
(A+B−, B+C−, C+A−). Participants were not informed of any relationship among the stimuli,
and were required to use button presses to learn the computerized task by trial and error. For
each trial, stimuli were presented in pairs, counterbalanced for right and left side presentation.
Pairs of stimulus were presented in random order. Stimuli remained on the screen until
participants responded, and the intertrial interval following stimulus termination was jittered
between 2000–2500 ms (mean 2250 ms). Correct responses were followed by a pleasant chime
sound, and incorrect responses were followed by an unpleasant buzz sound. MEG recording
continued until participants made 100 or 120 correct responses1. Only correct responses, in
which participants responded within 3 s, were retained for analysis. Due to the data parsing
procedures and removal of reaction time outliers, an average of 10% of the correct trials were
lost. Following completion of all four TP blocks, participants were removed from the shielded
room and given four independent post-experimental questionnaires assessing their knowledge
of the relationship among the stimuli within each block (Moses et al., 2008).

Half of the participants were exposed to the Progressively meaningful condition, which
contained four blocks, each composed of different stimuli that tapped semantic knowledge to
varying extents (Fig. 1): 1) abstract objects (novel stimuli with arbitrary relations), 2) geometric
shapes (familiar stimuli with arbitrary relations), 3) playing cards (familiar stimuli with
meaningful relations), 4) Rock–paper–scissors (RPS; familiar stimuli with meaningful
relations). The order of the blocks remained constant for all participants. The other half were
exposed to the All abstract condition, which was also composed of four independent TP blocks,
however blocks 1–4 each consisted of three different abstract stimuli and no meaningful stimuli
were used. Since all aspects of the All abstract and Progressively meaningful conditions were
identical with the exception of the stimulus properties, the observed differences are attributable
to the meaningfulness of stimuli and relations. Hence, the All abstract condition served as a
control condition for changes due to practice with the TP task, not due to the addition of
meaningful stimuli and relations.

Data collection
All MEG recordings were performed in a magnetically shielded room at the Rotman Research
Institute, Baycrest Hospital for Geriatric Care, using a 151-channel whole-head first order

1Accuracy was similar regardless of whether 100 or 120 trials were administered (F> 1); therefore, all participants were combined.
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gradiometer CTF system (VSM-Med Tech Inc.) with detection coils uniformly spaced 31 mm
apart on a helmet-shaped array. Head position within the MEG was determined by monitoring
the position of indicator coils on the nasion and bilateral periauricular points, at the start and
end of each recording session. Participants sat in a comfortable chair with a screen 28″ away,
with 8° of visual angle for stimuli. A photodiode was implemented to record precise arrival
time of the visual stimuli on the screen. MEG data were collected with a bandwidth of 0–208
Hz, at a sampling rate of 625.

A structural MRI was also obtained for each participant in order to specify/constrain the sources
of activation as measured by MEG. Structural MRIs were obtained using standard clinical
procedures with a 1.5 T MRI system (Signa EXCITE HD 11.0; GE Healthcare Inc., Waukesha,
WI) located at Sunnybrook Health Sciences Centre, or a 3 T MRI system (Siemens Magnetom
Trio whole-body scanner) located at Baycrest Centre.

Data analysis
Source activity was estimated with an event-related spatial-filtering approach using the
synthetic aperture magnetometry minimum-variance beamformer (ER-SAM; Cheyne et al.,
2006). The beamformer spatial filter was used to estimate source activity across the whole
brain on a grid size of 5 mm, averaged across trials. Source activity was estimated as a pseudo-
Z statistic for 0–55 Hz from 200 ms prior to stimulus presentation to 600 ms after. Due to the
ambiguity of source polarity during SAM analysis, the absolute pseudo-Z value for each virtual
channel was used to create pseudo-Z SAM map of each participant's brain activity (Bardouille
and Ross, 2008). These individual functional maps were then transformed to the standard
Talairach space, using the same transform applied to the anatomical MR image (using AFNI).
The resultant volumetric map of event-related source strength over time was overlaid on the
individual participant's structural MRI based on coregistration with the indicator coils placed
on the nasion and bilateral periauricular points.

Spatiotemporal changes across TP blocks were characterized using the partial least squares
(PLS) multivariate approach (McIntosh et al., 1996; McIntosh and Lobaugh, 2004). The
Talairach-transformed individual functional maps for each participant were down-sampled to
125 Hz in order to accommodate computation demands, and used as input for a mean-centred
PLS analysis. Mean centring allowed values for the different blocks to be expressed relative
to the overall mean. Using this type of analysis, activation patterns that are unique to specific
blocks will be emphasized; whereas activations that are consistent across all conditions, such
as primary visual activation, will be diminished.

A matrix was constructed with columns containing the pseudo-Z value for every participant at
each brain voxel at each time point, embedded horizontally within each independent TP block.
For example, the first column contained the value for the first voxel at the first time point, the
second column contained of the value of the first voxel at the second time point. With m voxels
and t time points, there are m*t columns in the matrix. With n participants and k blocks, there
are n*k rows in the matrix. Participants from the Progressively meaningful and All abstract
conditions were stacked vertically. An additional matrix contained the grand mean pseudo-Z
value, averaged across all four TP blocks, at each brain voxel at each time point, with conditions
stacked (note that the means were calculated within each condition, not across conditions).
This grand mean matrix was subtracted from the initial matrix.

Singular value decomposition (SVD) was then applied to the resulting mean-centred matrix.
SVD yields three matrices, each of which provides unique information. The first, the “design
latent variable (LV)”, is composed of contrast coefficients that characterize the difference
between blocks, collapsed across the entire brain volume and time epoch. The second matrix,
the “brain LV”, contains the covariance of the design with the brain data for each brain voxel
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at each time point, indicating where and when the differences coded in the design LV are
expressed. The third matrix contains the singular values, which are the multivariate covariance
of the design and the brain data collapsed across the entire brain volume, time and all blocks.

Statistical assessment for PLS is done using permutation tests and bootstrap estimation of
standard errors for the brain LVs (Efron and Tibshirani, 1986; McIntosh et al., 1996; McIntosh
and Lobaugh, 2004). The permutation test assesses whether the effect represented in a given
LV, captured by the singular value, is sufficiently strong to be different from randomly assigned
data. The standard error estimates from the bootstrap tests are used to assess the reliability of
the nonzero values in significant LVs.

Results
Behavioural results

We used a mixed-factor repeated measures analysis of variance (ANOVA) to compare reaction
time (RT) and accuracy across the within subjects factor “block” and the between subjects
factor “meaning” (the Progressively meaningful versus the All abstract stimulus conditions).
RT was facilitated due to stimulus meaningfulness. RT decreased as stimuli became more
meaningful, but remained constant for subsequent blocks with abstract stimuli (Fig. 2A). This
was illustrated by an interaction of “block” by “meaning” F(3,45)=7.8, p=0.005. Follow up
comparisons revealed no significant difference among blocks in the All abstract condition
(F<1). In contrast, a main effect of “block” occurred in the Progressively meaningful condition
(F(3,24)=17.8, p<0.001), with a significant linear contrast of block (F(1,8)=17.8, p=0.003)
indicating successive decreases in RT across blocks. A significant quadratic contrast was found
as well (F(1,8)=21.7, p=0.002), indicating an increase in RT for the RPS block. Individual
contrast showed that RT decreased from the Abstract to the Shapes block (F(1,8)=8.9, p=0.018)
and from the Shapes to the Cards block (F(1,8)=9.2, p=0.002), but there was no difference in
RT between the Cards and the RPS block (F(1,8)=2.9, p=0.128) or the Shapes and the RPS
block (F(1,8)=2.7, p=0.141). The RPS block was significantly faster than the Abstract block
(F(1,8)=10.7, p=0.011). One-way ANOVA yielded no significant differences between the
Progressively meaningful and All abstract conditions on any individual block (Fs<2.3,
ps>0.15).

In contrast, for both the Progressively meaningful and All abstract conditions, accuracy
improved linearly across blocks (Fig. 2B), illustrated by a significant main effect (F(3,45)=4.6,
p=0.008) and linear contrast (F(1,16)=5.8, p=0.028) of “block”. There were no differences in
accuracy between the Progressively meaningful and All abstract conditions (Fs<1).

MEG results
PLS analysis yielded two significant (p ≤ 0.05) design LVs. The first (LV1) represents a main
effect that was expressed similarly across both the Progressively meaningful and All abstract
conditions (Fig. 3A). The other (LV2) represents an interaction that differed between the
Progressively meaningful and All abstract conditions (Fig. 3B). Note, the contrasts depicted
in the LVs were not pre-specified, rather they were derived analytically.

LV1
LV1 denotes a contrast between the first TP block versus the last 3 blocks, regardless of
condition (Progressively meaningful/All abstract). Greater activation for the first block versus
the subsequent blocks was found in right middle frontal gyrus, approximately Brodman's area
10 (BA10), within the first 120 ms following stimulus presentation and between 240–312 ms
(Figs. 4A, 5A); as well as in left superior frontal gyrus, also BA 10, between 120–200 ms (Figs.
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4B, 5B). Additionally, greater activation for the first block occurred in right fusiform cortex
between 488–512 ms (Figs. 4C, 5C).

In contrast, greater activation for the last 3 blocks versus the first was found in left inferior
frontal gyrus (IFG), in the operculum region (Brodman's area 45) at 256 and 376 ms, as well
as between 520–600 ms (Figs. 4D, 5D).

LV2
LV2 illustrates a contrast between the final TP block versus the first 3 blocks, that is only
expressed within the Progressively meaningful condition. Hence, this LV represents a
difference between performance of RPS versus the other conditions.

Greater activation for RPS versus the other conditions was found in left IFG (operculum) at
112, 144 and 408 ms, as well as between 512–568 ms (Figs. 6A, 7A). The finding of a
significant interaction between conditions in the IFG suggests that the main effect observed in
this region in LV1 was primarily driven by the Progressively meaningful condition and was
not expressed strongly in the All abstract condition. This notion is further supported upon
inspection of the ER-SAM waveforms.

Greater activation for RPS versus the other conditions was also found in left superior frontal
gyrus/BA 10 at 512–544 ms (Figs. 6B, 7B). Additionally, the same source showed a reduction
in activation for RPS versus the other condition at an earlier time epoch of 112–136 ms. This
time epoch overlaps that in which the main effect for the left BA 10 source described above
was found. As with the left IFG source, this interaction, along with inspection of the ER-SAM
waveforms, suggests that the main effect in LV1 was driven more strongly by the Progressively
meaningful than the All abstract condition.

Greater activation for RPS versus the other conditions similarly occurred in left temporal
cortex. This effect was found in left anterior temporal cortex at 56 and 416 ms, and between
488–552 ms (Figs. 6C, 7D), and in left perirhinal cortex at 392 ms, and between 496–520 ms
(Figs. 6D, 7D). For the perirhinal cortex source, an additional effect of reduced activation for
RPS versus the other conditions occurred at earlier latencies of 136 and 168 ms.

Reduced activation for RPS versus the other conditions was found in the right hippocampus
between 320–352 ms (Figs. 6E, 7E), and left hippocampus at 544 ms, and between 568–592
ms (Figs. 6F, 7F). A similar reduction of activation for RPS versus the other conditions was
also found in right superior frontal gyrus/BA 10 at 128 ms, and at a later epoch between 256–
272 ms (Figs. 6G, 7G).

Discussion
We investigated how TP is supported by extra-hippocampal structures, using meaningful
stimuli and relations. Increased meaningfulness generally facilitated RT. Meaningfulness also
induced bilateral decreases in hippocampal activation, with increased left inferior frontal and
temporal cortical activation. Changes in prefrontal and fusiform activation accompanied initial
learning versus subsequent performance, regardless of whether stimuli were abstract or
meaningful. These effects will be expanded upon below.

Effects of semantically meaningful stimuli and relations
Semantic meaningfulness led to changes in behavioural responding and brain activation. No
changes in RT occurred with repeated exposure to abstract TP blocks. With meaningful stimuli,
however, RT decreased linearly from abstract to the shapes, and from shapes to cards.
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Therefore, the addition of meaningful stimuli, and subsequently meaningful relations, each
facilitated performance.

Subsequently, RT increased for RPS. This pattern of RT replicates previous findings using
identical stimuli, but with the blocks presented in reverse order (Ostreicher et al., in review).
Despite RPS being presented first and abstract last, RT was longest for abstract, then shapes,
and RPS fell between shapes and cards. Thus, the current pattern of RT cannot be attributed
to floor effects. Rather, it indicates the use of a unique cognitive strategy for RPS. Our
neuroimaging data support this hypothesis.

PLS analysis yielded an LV that dissociated brain activation patterns unique to RPS versus the
other three blocks. Reductions in bilateral hippocampal and right BA 10 activation occurred
for RPS, accompanied by increased activation in left BA 10, IFG, anterior temporal, and
perirhinal cortices. This pattern was not found when all four TP blocks were abstract.

Our detection of hippocampal activation reinforces prior MEG findings of hippocampal
activation at similar latencies during TP, and of earlier right versus left activation onset (Hanlon
et al., 2003, 2005, 2007). Maximum differentiation between RPS and the other conditions
occurred at approximately 300 ms in the right, and 550 ms in the left hemisphere, although
hippocampal peaks were apparent as early as 120 ms. Thus, meaningfulness affected later
processing, rather than the earliest hippocampal peaks. The reduction of hippocampal
activation for RPS coincides with previous findings of less reliable hippocampal activation for
RPS versus abstract stimuli (Hanlon et al., 2005); although Hanlon et al. analyzed data at the
individual participant level, and did not directly compare activation strength across conditions.
Additionally, they did not investigate which extra-hippocampal structures support TP with
meaningful stimuli.

We found that decreased hippocampal activation was accompanied by increased activation in
left hemisphere structures implicated in processing semantic information, including left IFG,
anterior temporal and perirhinal regions. Interestingly, the maximum differentiation between
RPS and the other conditions in these left cortical regions occurred at 500–550 ms, which
coincides with the observed reduction in left hippocampal activation. This pattern of results is
consistent with the conception of a tradeoff between two systems, one that is involved in the
formation of novel relations in memory and one involved in the processing of relations already
stored in semantic memory (Ryan and Cohen, 2003, 2004). This pattern is also congruent with
reports of reduced hippocampal and increased IFG activation as relations become familiar,
versus when relations remain novel (Doeller et al., 2005). Doeller et al. (2005) found effects
in right hippocampal and prefrontal cortex, likely because stimuli were spatial, whereas ours
incorporated semantic information.

Activation of left IFG, as reported here, occurs during semantic memory retrieval, and bilateral
BA 10 activation occurs during semantic, working and episodic memory tasks, as well as
problem solving (Cabeza and Nyberg, 2000; Green et al., 2006; Nyberg et al., 2003).
Additionally, anterior temporal and perirhinal cortices participate in processing semantic
information, and damage to these structures leads to impairments such as semantic dementia
(Davies et al., 2004; Mummery et al., 2000). Further, left perirhinal cortex, specifically, is
activated by semantically meaningful multimodal information (Taylor et al., 2006). Thus, as
hippocampal activation decreased, frontal and temporal cortical structures supporting semantic
memory increased. This pattern suggests that RPS taps semantic memory to a greater extent
than the other conditions.

Previous studies have found that perirhinal cortex plays a crucial role in TP (Alvarado and
Bachvalier, 2005a; Saksida et al., 2007). Saksida et al. (2007) found impaired TP in monkeys
with perirhinal cortex lesions, and facilitation with hippocampal lesions; which contradicts
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multiple reports of impaired TP with hippocampal lesions (Alvarado and Bachvalier, 2005b;
Alvarado and Rudy, 1995; Driscoll et al., 2005; Reed and Squire, 1996; Rickard and Grafman,
1998; Rickard et al., 2006). This discrepancy may be due to the role of the perirhinal cortex in
perception and memory for complex item identity (Buckley and Gaffan, 1998a,b; Bussey and
Saksida, 2002, 2005; Gaffan and Parker, 1996; Pihlajamäki et al., 2004), including the creation
of configural representations composed of multiple items (Alvarado and Bachvalier, 2005b).
Without crucial input from the perirhinal cortex for interpreting ambiguous stimuli, the
hippocampus could not support performance (Buckley and Gaffan, 1998b; Moses et al.,
2005). Note that the RPS condition in our study differs from the TP paradigm in Saksida et al.
(2007) because it uses familiar stimuli which invoke previously acquired semantic relations,
and does not require the creation of novel object or relational representations. Therefore,
perirhinal cortex participates in the processing of pre-existing relations stored in semantic
memory, in addition to creating novel object representations. In support of this, Taylor et al.
(2006) demonstrate a greater role for perirhinal cortex for processing semantically meaningful
association compared to arbitrary relationships.

Along with decreased hippocampal activation, a decrease also occurred in right BA 10 for RPS.
Maximum differentiation between RPS and the other conditions occurred at approximately
250 ms, which slightly preceded activation differences within the right hippocampus and far
preceded activation differences observed in structures related to semantic processing. Thus,
the altered right BA 10 recruitment was associated with an earlier stage of activation than the
other sources, and perhaps represents a shift in perceptual processes. The observed reduction
in both right BA 10 and hippocampal activation may reflect a shift away from a predominantly
right-lateralized hippocampal-frontal network to a left-lateralized anteriotemporal-frontal
network. A comparable shift away from right lateralized hippocampal activation for abstract
TP towards bilateral activation for RPS, and left lateralization for verbal TP was observed by
Hanlon et al. (2005, 2007). Additionally, right-lateralized frontal and temporal activation is
consistently found for non-nameable stimuli, with a shift towards bilateral activation in these
regions for namable objects, and left-lateralized activation for verbal stimuli (Golby et al.,
2001; Kelley et al., 1998; Wagner et al., 1998). Thus, the current right–left shift may be related
to increased verbalization with RPS stimuli.

It may be surprising that, despite the presence of meaningful stimuli and relations within both
RPS and cards, behavioural and neuroimaging results single out RPS as unique and group cards
with the other conditions. Importantly, our results do not imply that TP with cards and the
abstract/shapes stimuli rely on identical networks; they only demonstrate that the largest
difference occurred between RPS and the other conditions. Nevertheless, this pattern is
congruent with previous findings using identical TP blocks, that following hippocampal
damage, only RPS stimuli led to performance that was similar to controls on 2/3 test sessions
(Moses et al., 2008). Although accuracy for cards was well above chance, it was significantly
lower than controls on all test sessions. Moreover, the relations among the stimuli were
correctly reported for RPS, but incorrectly for cards. Thus, hippocampal damage affected test
performance, and explicit knowledge about relations, for cards to a greater extent than RPS.
This suggests that RPS may be performed using a cognitive strategy that relies on the
hippocampus to a lesser extent, and supports the present behavioural and neuroimaging
findings.

We speculate that, the crucial difference between RPS and cards is that the relations among
the RPS stimuli can be inferred unambiguously based on their identity and inherent function
(i.e. rocks crush scissors, scissors cut paper, paper covers rock). Each stimulus is associated
with an action that dictates its relationship to all other stimuli (Hanlon et al., 2005). In contrast,
although the relations among the cards are meaningful and over-learned, their identities are
not associated with specific functions that unambiguously dictate an action they will inflict, or
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a relationship they will have (i.e. there is nothing inherent to the identity/function of a “two”
which indicates whether it will beat an “ace”). This increase in relational ambiguity leads to
an increased reliance on the hippocampus, although the task can be solved independently of
the hippocampus; albeit less efficiently. A similar effect of varying degrees of relational
ambiguity affecting compensation following hippocampal lesions has been demonstrated by
McDonald and White (1995). Conversely, the unambiguous object–action relations invoked
by RPS tap extra-hippocampal structures and invoke alternate cognitive strategies that rely on
existing semantic memory.

Learning versus performance
PLS analysis also yielded an LV that dissociated activation patterns unique to the initial block
in which participants learned the task, from those unique to the subsequent blocks in which
participant were already familiar with the task. These patterns occurred regardless of whether
the stimuli and relations were abstract or meaningful.

Initial learning of TP elicited bilateral activation of BA 10, although only the right hemisphere
activation was present across both conditions, while the left hemisphere activation was
primarily driven by the Progressively meaningful condition. Differentiation between the first
block and the last three occurred extremely early, between approximately 35–150 ms, perhaps
indicative of a role in perceptual aspects of problem solving such as encoding and retrieval of
visual representations. Activation of BA 10 is observed in many memory tasks, including
working memory, semantic memory and episodic memory using either verbal or nonverbal
stimuli (Cabeza and Nyberg, 2000; Nyberg et al., 2003), and is engaged during problem solving
(Cabeza and Nyberg, 2000; Green et al., 2006). Thus, the finding of BA10 activation elicited
by acquisition of TP concurs with previous work. Activation during learning also occurred in
the right fusiform cortex. Differentiation between the first block and the last three occurred at
latency later than those associated with initial perceptual processing, at approximately 490 ms.
Activation of this region is found for tasks with rely on object identity information (Danckert
et al., 2007; Pihlajamäki et al., 2004; Tyler et al., 2004). Hence, activation in this region is
likely related to the reliance on object identity information and the requisite for in depth feature
processing to permit item discrimination.

Conclusions
TP with meaningful stimuli and relations elicited increased activation of left prefrontal and
temporal cortices, and reduced hippocampal activation. These activation patterns may
represent a shift in strategy supported by existing semantic knowledge. This shift likely permits
successful TP with meaningful stimuli and relations following hippocampal damage (Moses
et al., 2008).
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Fig. 1.
Stimuli used for the four TP blocks in the Meaningful condition. A, Abstract Objects: abstract
stimuli with arbitrary relations; B, Geometric Shapes: meaningful stimuli with arbitrary
relations; C, Playing Cards: meaningful stimuli with meaningful relations; D, Rock–paper–
scissors: meaningful stimuli with meaningful relations. For the All abstract condition, each
block contained a unique set of three abstract stimuli.
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Fig. 2.
Mean A, reaction times and B, accuracy for TP performance (Meaningful condition: Block
1=Abstract; Block 2=Shapes; Block 3=Cards; Block 4=RPS; All abstract condition: each of
Blocks 1–4 contained a unique set of three abstract stimuli). Meaningful stimuli and relations
led to decreased reaction times, although a slight increase in RT occurred for RPS). RT
remained stable across Blocks 1–4 for the All abstract condition. No differences in reaction
times occurred between the Meaningful and All abstract conditions.
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Fig. 3.
Significant design LVs from PLS analysis. A, LV1 expresses a main effect across conditions,
in which the first block showed a unique pattern of brain activation compared to the other
blocks regardless of whether the stimuli were abstract or meaningful. B, LV2 expresses an
interaction between the conditions, in which a unique pattern of brain activation occurred for
the RPS block compared to the other blocks. This effect was absent in the All abstract condition.
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Fig. 4.
PLS bootstrap ratio plots from LV1. Unthresholded images (top); images thresholded at a
bootstrap ratio of 4.5. Sources in A, right area 10, B, left area 10, C, right fusiform gyrus, D,
left inferior frontal gyrus.
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Fig. 5.
ER-SAM waveforms from LV1 sources. Red dots denote bootstrap ratios >3, and blue dots <
−3. Waveforms from A, right area 10, B, left area 10, C, right fusiform gyrus, D, left inferior
frontal gyrus.
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Fig. 6.
PLS bootstrap ratio plots from LV2. Unthresholded images (top); images thresholded at a
bootstrap ratio of 4.5. Sources in A, left inferior frontal gyrus, B, left area 10, C, left anterior
temporal cortex, D, left perirhinal cortex, E, right hippocampus, F, left hippocampus, G, right
area 10.
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Fig. 7.
ER-SAM waveforms from LV2 sources. Red dots denote bootstrap ratios >3, and blue dots <
−3. Waveforms from A, left inferior frontal gyrus, B, left area 10, C, left anterior temporal
cortex, D, left perirhinal cortex, E, right hippocampus, F, left hippocampus, G, right area 10.
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