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Abstract

We present neuroanatomical correlates of encoding and retrieval in an episodic memory task using visually presented highly
imaginable word-pair associates. A total of 13 right-handed normal male volunteers took part in the study. Each subject
underwent six 15O-butanol PET scans. On each of the six trials the memory task began 30 s before the injection of a bolus of
15O-butanol. The subjects had to learn and retrieve 12 word pairs (highly imaginable words, not semantically related, hard
associations). The presentation of nonsense words served as a reference condition. Recall accuracy after 2–4 presentations was
66.1%921.1 correct during the PET measurement so that scanning during the retrieval of word pair associates was appropriate
to capture the brain activity associated with retrieval. The results obtained support the hypothesis of the presence of an
asymmetric network consisting of distributed brain structures subserving associative memory. We show left dorsolateral prefrontal
activation during the encoding of visually presented word pair associates, whereas retrieval led to bilateral frontal activation.
Furthermore, the importance of the precuneus in the retrieval of highly imaginable word-pair associates using visual imagery as
a mnemonic strategy is demonstrated. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Memory processes can be subdivided with respect to
both contents and time. In the time domain, short-term
memory and working memory are dissociated from
long-term memory processes [2,58]. The essential crite-
rion for a distinction between the two is their temporal
persistence, length of time may be seconds to minutes in
working and short-term memory and up to years in

long-term memory; substantial support for this di-
chotomy has come from studies of amnesic patients
[13,62].

Classification of memory must also take into account
differences and similarities on the kinds of information
that memory contains. A number of different classifica-
tion schemes of memory have been described
[30,61,62,70,71,82,83]. Although the terminology used
by different investigators may vary, there seems to be
considerable agreement as to the main concept behind a
dichotomy of a declarative (explicit) versus procedural
(implicit) memory system. The concept of two distinct
memory systems arose from the observation that even
severely amnesic patients can learn new motor skills
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[3,12,44,55,65]. Declarative memory includes specific
information about time and space relating to the recall
of personal events in the subject’s life (episodic mem-
ory) as well as general knowledge of the world, i.e.
semantic knowledge of facts that the subject has come
to categorize as concepts or abstractions (semantic
memory) [61,70,79]. Declarative memory requires the
conscious recollection of events and facts, in contrast,
procedural or implicit memory is inferred from the
effect that practice has on behaviour independent of
cognition [27,61,71]. The procedural system comprises
the learning of motor skills, rules and conditioning of
simple stimulus-response connections, i.e. instances
where information that has been previously learned can
be expressed only through performance. It is, therefore,
not surprising to find that different brain areas have
been implicated in procedural and declarative learning
tasks [16,27].

Short-term memory registers and retains information
in a highly accessible form and allows for a lingering
impression of the individual’s present environment be-
yond the duration of the physical presence of the
stimulus information emanating from the environment
[71]. Previous investigations delineated widespread
brain systems in verbal episodic memory including the
medial temporal lobe system [4,12,44,55], the thalamic
structures [14,26,77], the precuneus (Brodmann area 7)
[16,17], the prefrontal cortex [4,16,17,21,23,24,26] and
the retrosplenial area of the cingulate gyrus [52,76].

Only a few studies on episodic memory have ad-
dressed the question of whether the brain systems in-
volved during encoding and retrieval processes are
dissociable. Recent findings from functional imaging
studies have provided evidence for a memory encoding/
retrieval asymmetry (HERA model) [16,17,31,40,60,
64,72,73]. Despite the use of markedly differing tasks,
modalities (e.g. verbal-visual versus verbal-auditory)
and conditions, an important finding of these studies
was of a left prefrontal activation during episodic en-
coding and a right prefrontal activation predominating
at retrieval.

In the present study, the functional anatomy of a
verbal episodic memory task was examined during ei-
ther the encoding or retrieval of visually presented
paired word associates. Learning a paired association
between A and B involves; (1) that representations A
and B are stored as elements and (2) that A is condi-
tionally tied or connected to B so that some kind of
associate bond is formed. The aim was to specifically
disentangle encoding and retrieval in this episodic mem-
ory task. Regional cerebral blood flow (rCBF) was
measured using positron emission tomography (PET) in
13 normal subjects with 15O-butanol during encoding
and retrieval phases. A reference task was employed in
which, during scanning, subjects were presented with
nonsense words and required to read them aloud.

In contrast to earlier studies [4,16,17,60] paired asso-
ciates that were related were not included, such as lamp
and bulb. But instead ‘hard’ word associations were
used, i.e. word pairs that are unrelated, for example
candle and street. This was done in order to increase
the mnestic demands. A similar distinction between
easy and hard word associations was made by Wechsler
[81] in his associative learning task, Subtest VII, of the
Wechsler Memory Scale.

A high factor of imagery of the word pair associates
was chosen because previous functional imaging studies
using PET indicate that imaginability of paired associ-
ates affects the activity in the precuneus [16,17,60] and
it is known that the use of imagery provides a valuable
strategy for efficient episodic memory retrieval
[26,64,73]. It was predicted that the precuneus would be
significantly activated by the recall of the imaginable
pairs of words used in the present investigation.

2. Material and methods

2.1. Subjects

A total of 13 right-handed male volunteers (mean age
26.693.4 years) with no history of neurological or
psychiatric illness took part in the study which was
approved by the ethical committee and federal authori-
ties. All subjects gave informed, written consent for
participation in the study. Each subject underwent six
PET scans within a single session and a magnetic
resonance imaging scan on a different day.

2.2. Positron emission computed tomography scanning

Scans of rCBF were obtained for each subject using
a GE PC4096 Plus scanner which provides 15 trans-
verse sections through the brain spaced 6.5 mm apart
(center to center). The physical characteristics of this
scanner have been described previously [51]. Transmis-
sion scans performed with a 68Ga rotating line source
were used for measured attenuation correction. A laser
positioning system helped to obtain images parallel to a
line 27 mm above the canthomeatal line. Emission
scans were recorded after the intravenous bolus admin-
istration of 1500 MBq 15O-butanol (half-life 123 s).
Emission data were acquired in list mode for 3 min
post-injection starting with the injection of 15O-butanol.
The list mode data was framed into a single frame of 40
s starting at the entry of the tracer into the brain
comprising all 15 image planes [28]. Using filtered
backprojection, the reconstructed image resolution was
about 9 mm (full width half maximum). The activity
images were not further quantified and were regarded
as estimates of rCBF.
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2.3. Paired word association learning

A visual verbal episodic memory task was used.
Subjects were visually presented word pairs. Study
words were two-syllable German words that were be-
tween four and nine letters in length and of moderate
frequency. The word pairs were unrelated and, therefore,
diffficult to associate. Word pairs (with the second word
under the first to avoid lateralization effects) were
presented on a 17‘‘ computer monitor placed in a
distance of about 70 cm from the eyes (Font: Times New
Roman, size: 72 points). The letters were white on a
black screen and centered. In the reference condition,
nonsensewords (two-syllable pseudowords that obey
German spelling rules) were used.

In a pre-study all subjects underwent testing of mem-
ory performance with the visual verbal memory task.
Subjects were presented 12 word pairs. Afterwards they
were asked to retrieve the corresponding word pair
associate after having been randomly presented the first
of the two words of each word pair. The subject’s
individual performance was evaluated by repeating the
storage and retrieval task for the number of times the
volunteer needed to successfully retrieve about 80% of
the randomly presented word pairs.

Using a new set of 12 word pairs, six PET measure-
ments were performed for each volunteer. On each of the
six trials the cognition task began approximately 30 s
before the injection of a bolus of O-15-butanol. During
the first scan (storage) subjects were presented 12 word
pairs visually and had to read them aloud (presentation
rate: 4 s word pair presentation, 1 s interval). Between
scan 1 (1st storage) and scan 2 (1st retrieval) the same
word pair associates were presented in random order one
to three times according to the number of encoding
repetitions needed to retrieve an average of 80% of the
word pair associates as evaluated by pre-study memory
performance testing. During scan 2 the first words of the
pair associates were visually presented (presentation
rate: 4 s first word of a word pair, 1 s interval). The
subjects had to read the first word of a word pair aloud
and to add the corresponding associated word aloud,
too. During scan 3 (reference condition) the volunteer
saw nonsense-words which he had to read aloud (presen-
tation rate: 4 s nonsense-word, 1 s interval). Scans 4
through 6 were repetitions of scan 1 through 3 with only
one more encoding of the same word pairs during scan
4 and the second retrieval during scan 5. Only the data
from scan 1 through 3 were included in this analysis.

2.4. Data analysis

Image analysis was performed using the statistical
parametric mapping (SPM) software [18,19]. Image
analysis was performed on a SPARC 20 workstation
(Sun Microsystems). Calculations were performed in

Matlab (MatLab version 4.2c).
Each reconstructed 15O-butanol scan was realigned

and reoriented along the bi-commissural line using a
PET template into a standard stereotactic space [67]. In
the standard space 1 voxel represents 2×2×4 mm in
the x, y and z dimensions, respectively [18]. A Gaussian
filter with a full width half maximum (15 mm) was
applied to smooth each image to compensate for inter-
subject differences and to suppress high frequency noise
in the images. Differences in global activity within and
between subjects were removed by the analysis of covari-
ance (ANCOVA) on a pixel by pixel basis with global
counts as covariate and regional activity across subjects
for each task, as inter and intra-subject differences in
global activity may obscure regional alterations in activ-
ity following cognitive stimulation. For each pixel in
stereotactic space the ANCOVA generated a condition-
specific, adjusted mean rCBF value (normalized to 50
ml/100 ml per min−1) and an associated adjusted error
variance. The ANCOVA allowed comparison of the
means across two conditions (encoding/retrieval of word
pair associates and reference condition) using t-statistics.
The resulting map of t-values constituted a statistical
parametric map (SPMt) [19]. Pixels were identified as
significantly activated if they passed the highs threshold
of Z=3.09 and at least belonged to a cluster of 50
activated pixels.

3. Results

3.1. Memory performance

The pre-study training period resulted in a high
overall recognition performance (85.9%919.0). During
the PET measurement recall after 24 presentations (de-
pending on individual subject’s performance) was 66.1%
921.1 correct so that scanning during the first retrieval
of word pair associates was sufficient to capture the
brain activity associated with retrieval. Post-hoc ques-
tioning of the subjects in this study indicated that most
had used imagery when recalling the items in the episodic
memory task.

3.2. Changes in rCBF

This study design allowed the assessment of differ-
ences in regional brain activity (measured as rCBF)
between the encoding/retrieval and the reference task,
representing relative increases or decreases in rCBF.

3.2.1. Encoding of word pairs compared with reference
task

Increases in rCBF (Fig. 1). During encoding of word
pairs, significant increases in rCBF were observed in
primary visual and visual integration areas (Brodmann
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Fig. 1. Comparison of adjusted mean regional cerebral flow (rCBF) in thirteen subjects between encoding word pairs and reference. Spatial
distributions of significant voxels are shown as integrated projections along sagittal, coronal and transverse views of the brain. (R, right)

areas 17/18, Z=5.72), the anterior cingulate (BA 32/
24, Z=3.95), in the left dorsolateral prefrontal cortex
(Brodmann areas 9/10, Z=3.43/3.32) and the right
frontal lobe (BA45, Z=3.61) (Table 1).

Decreases in rCBF. Decreases of rCBF were ob-
served in the left (Z=4.89) and right (Z=5.09) BA 44,
the left middle and superior temporal gyri (Brodmann
areas 21/22/41/42, Z=4.11) and the right anterior cin-
gulate (BA24, Z=4.64).

3.2.2. Retrie6al of word pair associates compared with
reference task

Increases in rCBF (Fig. 2). Significant increases in
blood flow comparing the retrieval of word pair associ-
ates to the reference condition were seen in the left
(Z=4.88) and the right (Z=4.54) precuneus (Brod-
mann area 7), the visual integration area BA19 (Z=
4.24), in the cerebellum (Z=4.56), right (Z=3.86) and
left (Z=4.02) prefrontal cortex and the anterior cingu-
late (BA 32, Z=3.29) (Table 1).

Decreases in rCBF. Significant reduction in rCBF
was seen bilaterally in the left (Z=5.89) and right
(Z=4.11) middle and superior temporal gyri (Brod-
mann areas 21/22/41/42).

4. Discussion

The main finding of the present study is a functional
distinction of an asymmetric network of brain struc-
tures subserving encoding and retrieval of visually pre-
sented paired word associates. During episodic memory
encoding, an activation in the left prefrontal structures
was observed and by contrast, during retrieval of word
pair associates a bilateral prefrontal activation. Fur-
thermore, the importance of the precuneus in the recall
of highly imaginable word pair associates using visual
imagery as a mnemonic strategy was demonstrated.

4.1. Anatomical and functional correlates of obser6ed
changes in rCBF

4.1.1. Dorsolateral prefrontal cortex
The present findings of prefrontal activity in the

storage and retrieval of declarative information are in
agreement with existing data from animals and humans
[5,21,23,25,64,72,73] and with neuropsychological stud-
ies of brain damaged patients [37,38,53,80]. Taken to-
gether, the results of the studies point to a crucial role
of prefrontal cortex in episodic memory.

A major finding from previous functional imaging
studies is the evidence for a hemispheric prefrontal
memory encoding/retrieval neuronal representation.
Despite the use of markedly differing tasks, modalities
(e.g. visual, aural, olfactory) and conditions (verbal and
non-verbal) episodic encoding involved a left prefrontal
activation; in contrast, retrieval was associated with an
exclusively right or right greater than left activation in
the prefrontal cortex [16,17,20,22,26,31,32,45,46,
60,64,72,73].

In this present study, results showed significant left
prefrontal activation during encoding and a bilateral,
predominantly right activation during episodic memory
retrieval of word pair associates. In agreement with
previous studies which reported an exclusively left pre-
frontal activation associated with episodic memory en-
coding [20,26,31,45,46,84,60] the present results also
indicate left prefrontal activity during verbal encoding.

The present findings are consistent with previous
reports showing bilateral activation during retrieval
[5,26,32,64,72,73]. In the study by Buckner et al. [5]
subjects were presented with a series of words a few
minutes before scanning. Thereafter, they were shown
three-letter word stems and required to complete these
in order to form the same words they had seen earlier.
Results showed a predominantly right prefrontal acti-
vation, but also a left prefrontal activation in associa-
tion with the declarative recall condition when
compared to a baseline condition. The prefrontal re-
gions comprised the right anterior prefrontal cortex
(Brodmann area 10), three regions in the right dorsolat-
eral prefrontal cortex (Brodmann areas 8 and 9) and
one region in the left dorsolateral prefrontal cortex
(Brodmann area 8). Interestingly, prefrontal activation
was not found during a procedural priming task which
did not require conscious recall of the words studied
earlier. Kapur et al. [32] reported a predominantly right
but also left prefrontal activation in a verbal memory
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Table 1
The stereotactic coordinates of maximal activations and inhibitions for encoding (a) and retrieval (b) of word pairs

(a) Encoding of word pairs compared to reference condition

Increases in rCBF

Stereotactic coordinate

BA Region rCBF changex y Cluster sizez Z value
(%)

Occipital cortex, left and right 6.210 −96 4 5.72 316117/18
4634.532/24−8 10 Frontal (medial) anterior cingulate,36 3.95

left
4.9 122−36 54 12 3.43 10 Frontal (lateral), left

514.0−36 28 36 3.32 9 Frontal (lateral), left
45 Frontal (lateral), right26 14 4.38 1813.61

Decreases in rCBF
15476.5−36 −6 16 4.89 44 Frontal (lateral), left
22424.9Frontal (lateral), right46 442 20 5.09

21, 22, 41, 42 Middle and superior temporal gyri,50 −42 −6 5.34.11
right

24 Frontal (medial) anteriorcingulate, 6.014 −6 40 9694.64
right

(b) Retrieval of word-pair associates compared to reference condition
Increases in

rCBF
Precuneus, left 5.2−10 −74 32 4.88 29687
Cerebellum 5.512 −64 −20 4.56
Precuneus, right 4.516 −74 28 4.54 7

3.9Occipital cortex0 19−60 4 4.24
10 Frontal (lateral), left 4.8 995−10 42 4 4.02

4.9Frontal (lateral), right20 1046 0 3.86
Frontal (medial) anterior cingulate,4 34 20 3.29 32 3.3
right

Decreases in rCBF
6.0 3305Middle end superior temporal gyri,−40 21, 22, 41, 42−4 4 5.79

left
21, 22, 41, 42 Middle and superior temporal gyri, 59844 −6 4 4.04.11

right

Co-ordinates are according to the atlas of Talairach and Tournoux [67], areas are named after Brodmann (BA).
The pixels show levels of significance above a threshold of PB0.001 (omnibus).

retrieval task. The authors concluded that the activa-
tion of the prefrontal cortex was related to the attempt
to retrieve the mnestic information and not to their
successful retrieval of the stored information. In keep-
ing in line with this interpretation, neuropsychological
findings suggest that the prefrontal structures are in-
volved in the temporal organization [21,47], strategic
processing [38] and the organization of search and
selective attention [48,59]—functions compatible with
an interpretation of retrieval atempt as put forward by
Kapur et al. [32]. Most recently, Rees et al. [48] exam-
ined the attentional modulation of cortical activity by
varying the rate of visual stimuli in object categoriza-
tion tasks according to single and conjoined features.
The subjects were requested to categorize serially pre-
sented single visual targets by individual features (color

or orientation) or the conjunction of color and orienta-
tion at four different rates of presentation during a
series of PET regional cerebral blood flow scans. The
results indicate an activation of prefrontal cortex that
was elicited by the subject’s attention to conjoined as
compared with single features. This activation was in-
dependent of the stimulus presentation.

4.1.2. Precuneus
Significant increases in rCBF occurred in the left and

right precuneus during retrieval of word pair associates.
Fiez et al. [15] failed to find an activation in the inferior
parietal cortex during the maintenance of a verbal
information task. Subjects were instructed to retain five
related words, unrelated words or pseudowords for the
duration of a 40 s PET scan. In contrast to the present
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Fig. 2. Comparison of adjusted mean regional cerebral flow (rCBF) in thirteen subjects between retrieving word pair associates and reference.
Spatial distributions of significant voxels are shown as integrated projections along sagittal, coronal and transverse views of the brain. (R, right)

study, in the design of Fiez et al. [15] the encoding and
retrieval of information was minimized. These findings
support the hypothesis that inferior parietal cortex
plays a specific role in aspects of stimulus encoding and
retrieval whereas it does not appear to be generally
involved in phonological processing.

It has been shown in studies with auditory stimulus
presentation that imaginability of paired associates af-
fects the activity in the precuneus [16,17]. In this
present design, word-pair associates that were highly
imaginable were chosen and presented visually. The use
of mnemonic devices that involve a high degree of
imaginability is an effective strategy in the storage and
retrieval of associative memory tasks; this has been
called ‘imaginal memory’ [43]. It is known that the use
of visual imagery in connecting arbitrary events can
dramatically improve performance [42]. There is evi-
dence from regional cerebral blood flow studies using
PET that the precuneus in the medial parietal cortex is
crucially involved in associating highly imaginable
events [16,17,60]. These present findings are in agree-
ment with the results of Fletcher et al. [16,17] and
Shallice et al. [60] who reported a significant activation
of the right precuneus during the retrieval of auditorily
presented word-pair associates. Interestingly, the activa-
tion in the precuneus was most pronounced in those
retrieval tasks which require a high degree of imagery
associated with the recall condition. In terms of this
interpretation further studies are needed to clarify the
exact nature of the imaginability factors in memory
control.

4.1.3. Temporal cortex
There is neuropsychological evidence for the impor-

tance of the temporal lobe structures in memory func-
tion [3,12,36,44,65]. Earlier, the whole medial-temporal
region has been implicated to be crucially involved in
declarative or explicit memory functioning. But most
recently functional magnetic resonance imaging (fMRI)
has been successfully applied in disentangling the func-
tional role of separate areas in the temporal lobe system
during encoding and retrieval of declarative informa-
tion. Gabrieli et al. [22] reported significant activation
in the medial temporal lobe system with fMRI. Their

results indicate that within the temporal lobe system,
separate components are active during encoding and
retrieval of visually presented scenes and words. During
the encoding task, subjects were shown color pictures of
indoor and outdoor scenes and line drawings; they were
instructed to remember the pictures for a later memory
test. In one condition, novel pictures were presented for
the first time, in another condition, familiar scenes were
shown repeatedly. During the retrieval task, subjects
saw words in two conditions; (i) most of the words were
the names of previously presented drawings, (ii) most of
the words were the names of other drawings which were
not shown earlier. Results indicate activations in poste-
rior sections focused in the parahippocampal cortex
during the encoding task that were greater for novel
than for repeated visual scenes. In contrast, retrieval
tasks yielded increased signals for successfully remem-
bered information in an anterior medial temporal lobe
region that were centered in the subiculum.

In this present study, a relative reduction of cortical
activity in superior temporal and peri-auditory regions
during encoding and retrieval was reported. Deactiva-
tion in the left temporal lobe was more prominent and
is in agreement with other findings showing reduction
of rCBF [26,72]. The activity decrease in superior tem-
poral and peri-auditory regions are in line with the
assumed involvement of these regions in auditory per-
ception and in language comprehension. Some of these
decreases may reflect auditory priming. Because of the
subjects prior exposure to the words, neural computa-
tional requirements for identification and comprehen-
sion of these sentences were diminished in comparison
with new sentences. Thus, blood flow decreases in
bilateral temporal regions may partially mark neuronal
substrates of auditory priming. The relative reduction
in this area reflects a decrease in rCBF in the encoding/
retrieval condition over the reference condition. Rela-
tive reductions of rCBF in these regions have been
observed during verbal fluency tasks [78]. These verbal
fluency findings with PET can be modeled by a set of
regions for word generation in which the efficient pro-
duction of intrinsically generated word lists was associ-
ated with a reduction of neuronal activity of primary
auditory areas.
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4.1.4. Hippocampal region
Hippocampal functioning has been strongly associ-

ated with novelty detection [34,54,66]. Taken together,
the results of studies using PET, fMRI and event-re-
lated potentials, indicate that especially the right and
the more posterior hippocampal and parahippocampal
structures are engaged in responding to novel events.
Furthermore, it has been argued that the hippocampus
plays a more crucial role in memory encoding and
consolidation than in retrieval [35,63]. However, there
is a considerable degree of confusion about the central
question of whether task-associated activation in the
hippocampal region and in the temporal lobe structures
can be detected by PET. The present study did not
show any temporal lobe or hippocampal activation
associated with either the encoding or retrieval condi-
tions. This is in agreement with the studies by Fletcher
et al. [16,17] and by Grasby et al. [26] who failed to find
an activation in these regions. In a series of declarative
and procedural learning experiments Buckner et al. [5]
failed to show activation in the medial temporal lobe,
though in one experiment (declarative memory re-
trieval) the authors observed an activation in the right
hippocampal/parahippocampal region.

Several reasons could account for the failure of a
hippocampal and/or temporal activation in the current
study; (1) the failure may reflect continual activity in
these regions such that a cognitive subtraction tech-
nique would show no relative increase in activity during
the memory task [16,17], (2) memory-task associated
activations may be of a magnitude outside the sensitiv-
ity of PET [50]. The presence of the activation of
certain cell assemblies may be associated with a de-
creased activity in other, contiguous cell populations, so
that on the basis of the limited spatial and even poorer
temporal resolution provided by PET, there is no de-
tectable relative change in overall activity. (1) In con-
trast, other authors reported an activation in the
hippocampal/parahippocampal region [32,39,41,49,
54,64]. Nyberg et al. [39] reported that retrieval perfor-
mance of individual subjects is correlated with changes
in blood flow in the hippocampal regions. (2) Most
recently, Tulving and Markowitsch [74] analyzed some
crucial evidence available on the cortical regions that
are differentially active in encoding and retrieval by
pooling data from different studies together in a meta-
analysis. The authors came to the conclusion that brain
regions more active during encoding than retrieval in-
cluded bilateral temporal lobes, left fusiform gyrus
extending to the perirhinal cortex, right parahippocam-
pal gyrus and bilateral entorhinal cortex. In contrast,
the brain regions more active during the retrieval than
during encoding included the right frontal lobe, ante-
rior cingulate cortex, thalamus, brainstem and pre-
cuneus/cuneus.

Other authors reported a right medial temporal lobe
activation in tasks without obvious declarative memory
components [11,57].

It is important to remember that what is measured in
human brain imaging experiments using PET is not
neural activity but local hemodynamic changes. Even
with fMRI which provides better resolution than PET,
one is still dealing with signals that have latencies of 4
to 8 s and a spatial resolution of about 2 mm [75].
Taken together, there is at present a large degree of
uncertainty over the central question in which tasks
hippocampal and/or temporal lobe activation can be
measured by PET and if present, whether the blood
flow changes are actually causally related to declarative
memory performance or other subprocesses, such as
attention [68] and emotion [7,8].

4.1.5. Interhemispheric acti6itations
A significant finding of the present investigation is

that bilateral activity patterns are observed during re-
trieval phases with predominance for activity in the
non-dominant hemisphere in the prefrontal structures
and the precuneus. These findings are in agreement
with neuroanatomical results which show a high degree
of interconnectivity between the two hemispheres. Inno-
centi [29], Selemon and Goldman-Rakic [56] have re-
ported dense interhemispheric connections of the
prefrontal cortex with its homotopic counterpart.
Cavada [9] and Goldman Rakic [10] examined the
cortico-cortical and cortico-subcortical connections of
four cytoarchitectonic subdivisions of the posterior
parietal cortex in rhesus monkeys. The results indicate
that each parietal subdivision is heavily interconnected
with areas of the contralateral hemisphere, including
both the homotopic cortex and widespread heterotopic
areas. The contralateral labeling was remarkable for its
extent: each area was found to be interconnected with
as many areas of the contralateral hemisphere as within
the ipsilateral one. The location and the density of the
contralateral labeling followed that in the ipsilateral
hemisphere, though less intensively [9,10].

It was shown that the dorsolateral prefrontal cortex
is interconnected with more than a dozen of the same
areas with which the posterior parietal cortex is con-
nected; common cortical targets of the dorsolateral
prefrontal and posterior parietal cortices are depicted in
the orbitofrontal cortex, premotor areas, the supple-
mentary motor areas, the frontal eye-fields, the anterior
and posterior cingulate cortices, the fronto-parietal op-
erculum, the insula, the superior temporal sulcus, the
medial parietal cortex, the parahippocampal and pre-
subicular cortices, the caudomedial lobule and the me-
dial prestriate cortex [56]. In addition, both the
dorsolateral prefrontal cortex and the parietal cortex
share many subcortical targets in the claustrum, amyg-
dala, thalamus, striatum, superior colliculus and pon-
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tine reticular formation [56]. Other evidence indicates
that many of the areas connected with the parietal and
prefrontal cortices receive input from cell clusters
within the medial pulvinar thalamus [1,6,33,85].

The present findings are in agreement with the view
that interhemispheric interactions play a decisive role in
the encoding and retrieval of declarative information.
One may argue that within the parietal and prefrontal
cortices each subdivision should be considered as part
of an expanded cortico-cortical and corticosubcortical
network, whose functional characteristics are deter-
mined by the specific nodal points of the network,
whereby the components of each network are usually
strongly interconnected [9,10].

Interhemispheric communication also plays a crucial
role in procedural memory. In a previous study it was
reported that interhemispheric communications are of
key importance in motor learning and intermanual
transfer of training [69]. The results obtained from this
study indicate that it is the dorsolateral prefrontal
cortex, an area which has dense interhemispheric con-
nections with its homotopic counterpart [29,56] in
which changes in neural activity and intermanual train-
ing transfer of trajectorial learning were related. Taken
together, the findings from this study are in line with
the view that interhemispheric interactions play a cru-
cial role in both, declarative and procedural learning
tasks.
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