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Summary

The aim of this study was to evaluate further the role of imaginable words and another one of abstract words.
the precuneus in episodic memory retrieval. The specific Words of both sets were not related semantically,
hypothesis addressed was that the precuneus is involved representing ‘hard’ associations. The presentations of
in episodic memory retrieval irrespective of the imagery nonsense words served as reference conditions. We
content. Two groups of six right-handed normal male demonstrate that the precuneus shows consistent
volunteers took part in the study. Each subject underwent activation during episodic memory retrieval. Precuneus
six [*°0]butanol-PET scans. In each of the six trials, the activation occurred in visual and auditory presentation
memory task began with the injection of a bolus of modalities and for both highly imaginable and abstract
1500 MBq of [**O]butanol. For Group 1, 12 word pair words. The present study therefore provides further
associates were presented visually, for Group 2 auditorily. evidence that the precuneus has a specific function in
The subjects of each group had to learn and retrieve two episodic memory retrieval as a multimodal association
sets of 12 word pairs each. One set consisted of highly area.

Keywords: episodic memory retrieval, word pair associates; precuneus; imagery content; PET

Abbreviations: ANCOVA = analysis of covariance; BA= Brodmann area; rCBF= regional cerebral blood flow;
SPM = statistical parametric map; SPM{= SPM of thet-statistic
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Introduction
Several systems of memory have been described. Among A network of prefrontal and posterior cortical structures
these systems, it is agreed that there are two major ones, @&arrington and Weiskrantz, 1982; Goldman-Rakic, 1988)§
shown in studies performed on human subjects (patients anglhich possesses distinct roles in the different components of
normals) and animals. (i) ‘Explicit’ or ‘declarative’ memory episodic memory has been proposed. Previous investigations
which enables remembering of previously experienced eventslelineated widespread brain systems in verbal episodic
Declarative memory is often subdivided into ‘episodic’ memory including the prefrontal cortex (e.g. Goldman-Rakic,
memory relating to the recall of personal events in thel987; Grasbyet al, 1993; Fletcheet al, 1995, b; Fuster,
subject’s life, and general knowledge of the world, referred1995; Blaxtonet al., 1996; Halsbanckt al, 1998) and the

to as ‘semantic’ memory (Warringtpi975; Squire 1986;  cingulate gyrus (e.g. Valensteiet al, 1987; Rudge and
Tulving, 1987). (ii) ‘Implicit’ or ‘nondeclarative’ memory Warrington, 1991; Halsbanet al, 1998).

which allows for accessing a variety of information such as In the present study, we examined the functional anatomy
types of skill learning, conditioning and priming, the latter of paired word associates memory tasks. We chose a paradigm
representing facilitation in responding to a stimulus based oin which the word pairs (highly imaginable as well as
past exposure (Squire, 1986; Tulving, 1987; Halsband andbstract) were semantically unrelated. Abstract and highly
Freund, 1990). imaginable paired word associates were presented visually
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or auditorily during either the encoding or retrieval phase insemantically. These ‘hard’ word associations [introduced by
two groups of six normal subjects each. Regional cerebraiVechsler (1945) in his associative learning task, Subtest VII,
blood flow (rCBF) was measured using PET witt(]butanol  of the Wechsler Memory Scale] were used to increase the
during episodic encoding and retrieval. Two reference taskenestic demands. Study words were two-syllable German
were employed during scanning, in which subjects weravords taken from a German linguistic database (800 nouns)
presented with one or two nonsense words. (Bascheket al, 1977) which is based on work by Paivio
Activation of the posterior medial parietal lobe at or nearet al. (1968). Words were between four and seven letters in
the precuneus has been reported in a number of studidsngth and of moderate frequency (Meier, 1964). The degree
on episodic memory retrieval, and an involvement of theof imagery and abstractness is based on a seven-point scale
precuneus in imagery processes has been postulated (Grashkliere 1 represents a very abstract word and 7 a highly
et al, 1993; Shalliceet al, 1994; Tulvinget al, 1994; imaginable word (Baschedt al, 1977). In our study design,
Andreaseret al,, 199%; Buckneret al, 1995). More recently, words with a scale value ranging from 5 to 7 were consideredy
it has been suggested by Buckmral. (1996) that there are to be highly imaginable, words with a value ranging from 2 =
multiple functionally dissociable areas in the precuneus: do 4 abstract. 8
posterior and an anterior area. The posterior area often is Each subject from the two study groups underwent six 2
activated during episodic retrieval (Andreassral., 199%; PET scans. One group was presented with the verbal materied’
Buckneret al, 1995, 1996; Fletchest al., 199%), whereas visually, the other group auditorily.
the more anterior area reveals increased rCBF in the context
of retrieval effort or mode (Buckneet al, 1995, 1996;
Fletcheret al, 199%, 1996). Fletcheet al (199%, 1996) .
showed rCBF changes in medial parietal cortex by\ﬁSual presentatlon ) )
manipulating imagery demands in episodic retrieval.Vvord pairs (with the second. word under the first to avoid &
However, the location of the area was in the more anteriofdtéralization effects) or single words (centred) were ¢
area of the medial parietal lobe. In the study by Bucknefresented on a 17 inch computer'monltor placed ataghstanc'g
et al (1996), the precuneus activation was not change@ ~70 ¢cm from the eyes (Font: Times New Roman, size: 722
although imagery contributions were manipulated. ThePOiNts). The letters were white on a black screen.
authors concluded that their findings did not support the
hypothesis that the precuneus only participates in imagery

processes inherent to episodic retrieval. Auditory presentation

_ The aim of our studies was to specify further the func-gne Jist with highly imaginable and one list with abstract
tional role of the precuneus in episodic memory retrieval
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differing presentation modalities (verbal-visual Versuspresentation.
verbal-auditory). We provide evidence that the precuneus is
not only activated significantly during the recall of highly
imaginable words but also during the recall of abstract words,

and plays a major role in a network of distributed brainPET scanning
regions in episodic associative memory retrieval. Scans of rCBF were obtained for each subject using a GEy
PC4096 Plus scanner which provides 15 transverse sections
through the brain spaced 6.5 mm apart (centre to centre). Thg
physical characteristics of this scanner have been describeg
previously (Rota Kopset al, 1990). Transmission scans E

erformed with a8Gef8Ga rotating line source were used

Ebr measured attenuation correction. A laser-positioning
system helped to record the most caudal images 27 mm

t in the studv which had b 4 by the | gbove and parallel to the canthomeatal line. On each of the
part in the study which had been approved by the loca;, trials, the cognition task started with the intravenous

ethical committee and federal authorities. All subjects 92V 1us administration of 1500 MBq ofj0]butanol (half-life
informed, written consent for participation in the study. Each1 3 s) (Herzoget al, 1994). Emission data were acquired in
subject underwent six PET scans within a single session anfst mode for 2 min post-injection starting with the injection

an MRI scan on a different day. of [*®0]butanol. The list mode data were framed into a single
frame of 40 s starting at the entry of the tracer into the brain
(Herzog et al, 1996). Using filtered back-projection, the
Paired word association learning reconstructed image resolution was ~9 mm (full-width half-
A paired word associate memory task was used. Subjectmaximum). The activity images were not quantified further
were presented with word pair associates that were not relatexhd were regarded as estimates of rCBF.
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Material and methods

Subjects

Two groups of six right-handed male volunteers each (mea
age Group 1, 27.5 1.0 years; Group 2, 27.5 1.4 years),
with no history of neurological or psychiatric illness, took
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PET acquisition protocol analysis of covariance (ANCOVA) on a voxel by voxel basis,

During scan 1 (reference 1) the volunteers were presentedith global counts as covariate and regional activity across
with 12 single nonsense words (two-syllable pseudoword§ubjects for each task, as inter- and intra-subject differences
that obey German spelling rules) which they either read ofn global activity may obscure regional alterations in activity
heard and had to repeat silently (presentation esingle  following cognitive stimulation. For each pixel in stereotactic
nonsense word, 0.5 s interval). During scan 2 (first encoding§Pace, the ANCOVA generated a condition-specific, adjusted
subjects were randomly presented either with 12 highlynean rCBF value (normalized to 50 ml/100 ml/min) and an
imaginable or 12 abstract word pairs and had to either rea@ssociated adjusted error variance. The ANCOVA allowed
or hear and encode them silently (presentation rate: 2 s worgPmparison of the means across two conditions (encoding/
pair presentation, 0.5 s interval). Between scan 2 (ﬁrsfetrieval of word pair associates and reference condition)
storage) and scan 3 (retrieval) the same word pairs werdsingt-statistics. The resultingmap constituted a statistical
presented in random order for the same number of times fdparametric map (SPMJ) (Friston et al,, 199%).
highly imaginable as well as abstract words to each subject. Five main comparisons were carried out. (i) We determineds
During scan 3 (retrieval) the first words of the pairedareas of increased rCBF associated with the retrieval of°
associates were presented (presentation rate: 2 s first wovisually presented highly imaginable as well as abstract word2
of a word pair, 0.5 s interval). The subjects either read oair associates and compared them with scans acquired durm@
heard the words and had to generate associates silentifie reference condition. (i) We analysed increases in rCBF=
Immediately after the retrieval scan, subjects had to genera@uring retrieval of auditorily presented highly imaginable as &
associates aloud to check for performance. Scans 4-6 weY¢ell as abstract word pair associates and compared therg:
performed in the same way as scans 1-3, except that duritgfith the reference condition. Further, we carried out a §
reference 2, double nonsense words were presented arfgnitive subtraction analysis in which the retrieval of highly S
depending on the word list used in scan 2, the word list withmaginable and abstract word pair associates was compareg
highly imaginable or abstract words was used, respectivelydirectly. (iii) Increased brain activity during retrieval of <
The number of presentations of the word pairs between firdtighly imaginable minus abstract words as well as (iv) during &
encoding and retrieval was equal for highly imaginable andetrieval of abstract minus highly imaginable words was =
abstract words within subjects. The current report focuses ofivaluated. (v) We also carried out the comparison of aUdltO”'Y:
the episodic retrieval so that not all data acquired in thisoresented (retrieval minus reference) with visually presented?
study are presented here. (retrieval minus reference) abstract words to evaluate Whethe%
It should be noted that in this type of experiment two the subjects during retrieval used all means including attempts:
problems may arise from the fact that (i) recalling abstracto image the verbal material.
words is more difficult (Baddeley, 1990) and, therefore, Voxels were identified as significantly activated if they
different levels of performance might influence the passed the height threshold @f = 3.72 @ < 0.0001)
interpretations, and (i) that a difference in the number ofand at least belonged to a cluster of 33 activated voxels:
pre-scan presentations affects the novelty of the presentd® < 0.05, corrected for multiple comparisons (Friston
material within subjects. We gave subjects the same numbét al., 1994)]. Additionally, we also applied a threshold of
of pre-scan presentations of highly imaginable and abstract = 2.33 { < 0.01) uncorrected for multiple comparisons
material to compensate for the effect of variation in thein order to explore the data from analyses (iii)—(v) at a
novelty of the material. more lenient threshold.
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Data analysis Results
Image analysis was performed using the Statistical Parametrlglemory performance
Mapping (SPM) software (Fristoet al, 1999, b) on a  During the PET measurement, recall after two, three or
SPARC 20 workstation (Sun Microsystems). Calculationsfour presentations (depending on an individual subject’s
were performed in Matlab (MatLab version 4.2c). performance) was 94 11% correct for the highly imaginable
Each reconstructed¥0]butanol scan was realigned and word pairs and 36- 20% correct for the abstract word pairs.
reoriented along the bi-commissural line using a PETThere was a statistically significant difference between the
template into a standard stereotactic space (Talairach amukrformance for highly imaginable versus abstract words
Tornoux, 1988). In the standard space, 1 voxel represen{gpairedt-test Group 1P < 0.0005; Group 2P < 0.0001).
2 X 2 X 4 mm in thex, y and z dimensions, respectively There was no statistical difference in performance for highly
(Friston et al, 1995). A Gaussian filter with a full-width imaginable and abstract word pair associates between visual—
half-maximum (15 mm) was applied to smooth each imageverbal versus auditory—verbal presentation modalities (paired
to compensate for inter-subject differences and to suppregsest: abstract word pair®, = 0.37, highly imaginable word
high frequency noise in the images. Differences in globalpairs; P = 0.93). Post-measurement questioning of the
activity within and between subjects were removed by thesubjects in our study indicated that most subjects had used
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Fig. 1. (A) Visual presentation—highly imaginable words. Comparison of adjusted mean regional
cerebral flow (rCBF) in six subjects for retrieval minus single nonsense words (i). Spatial distributions
of significantly activated voxels are shown as integrated projections along sagittal, coronal and
transverse views of the brain. Pixels were identified as significantly activated if they passed the height
threshold ofZ = 3.72 and at least belonged to a cluster of 33 activated pirels (.05, corrected for
multiple comparisons) (R= right). (B) Visual presentation—abstract words. Comparison of adjusted
mean rCBF in six subjects for retrieval minus single nonsense words (i). Spatial distributions of
significantly activated voxels are shown as integrated projections along sagittal, coronal and transverse
views of the brain (R= right).
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imagery when recalling the high imagery items in the episodiof abstract word pairs, the left precuneus (BA 7), the left
memory task, whereas for abstract words the subjects mainigrefrontal cortex (BA 10/46) and the anterior cingulate
indicated that they had used direct association with ndBA 24) were activated (Fig. 1B and Table 1B).

imagery when recalling the abstract items.

. Auditory presentation
Changes in rCBF (i) The retrieval of highly imaginable—abstract word pair
Visual presentation associates minus reference task 2 resulted in significant
(i) The retrieval of highly imaginable—abstract word pair increases in blood flow in the left precuneus (BA 7) and the
associates minus reference task 1 revealed significameft prefrontal cortex (Fig. 2A and Table 2A). During retrieval
increases in blood flow in the left precuneus [Brodmann areaf abstract word pairs, the right precuneus (BA7) and the
(BA) 7], as seen in Fig. 1A and Table 1A. During retrieval left and the right dorsolateral prefrontal cortex were activated
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Table 1 Visual presentation

Region BA Region size Stereotactic coordinate Z value

X y z

(A) Retrieval ofvisually encodechighly imaginable word pairs compared with reference condition

Precuneus, left 7 46 —6 —78 28 4.60
(B) Retrieval ofvisually encodedabstract word pairs compared with reference condition

Precuneus, left 7 112 -8 —76 32 5.22
Frontal (lateral), left 10/46 262 —24 54 4 5.09
Frontal (medial)/anterior cingulate 24 56 6 26 28 4.52

The stereotactic coordinates of maximal activations during retridvjabf{ visually presented highly imaginable word pairs aBj 6f
visually presented abstract word pairs. Coordinates are according to the atlas of Talairach and Tournoux (1988). Pixels were identifigtl as
significantly activated if they passed the height threshold ef 3.72 and at least belonged to a cluster of 33 activated pikels 0.05,
corrected for multiple comparisons).
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Fig. 2. (A) Auditory presentation—highly imaginable words. Comparison of adjusted mean regional
cerebral flow (rCBF) in six subjects for retrieval minus single nonsense words (ii). Spatial distributions
of significantly activated voxels are shown as integrated projections along sagittal, coronal and
transverse views of the brain (R right). (B) Auditory presentation—abstract words. Comparison of
adjusted mean rCBF in six subjects for retrieval minus single nonsense words (ii). Spatial distributions
of significantly activated voxels are shown as integrated projections along sagittal, coronal and
transverse views of the brain (R right).
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Table 2 Auditory presentation

Region BA Region size Stereotactic coordinate Z value

X y z

(A) Retrieval ofauditorily encodedhighly imaginable word pairs compared with reference condition

Precuneus, left 7 66 —6 —74 20 4.43
Frontal (lateral), left 10/46 99 -20 38 16 4.37
(B) Retrieval ofauditorily encodedabstract word pairs compared with reference condition

Precuneus, right 7 198 12 -76 32 5.04
Frontal (lateral), right 10/46 37 42 30 36 4.36
Frontal (lateral), left 46 55 —42 18 20 411
Frontal (lateral), left 46 62 —-22 38 16 4.15

The stereotactic coordinates of maximal activations during retrigdjab{ auditorily presented highly imaginable word pairs aBd ¢f

)
(o]
2
3
auditorily presented abstract word pairs. 2
&
Q.
3
3

(Fig. 2B and Table 2B). (iii) The direct analysis of differenceslobule, the superior temporal regions and to the cingulate
in activation patterns associated with retrieval of highlygyrus and retrosplenial cortex.
imaginable word pairs minus retrieval of abstract word pairs Some, but not all previous functional imaging studies of £
showed no statistically significant differences. (iv) The directcomplex, multicomponent tasks which involve imagery report g
analysis of differences in activation patterns associated witlactivation of parietooccipital and temporooccipital cortex. &
retrieval of abstract word pairs minus highly imaginableIncreased activation in the medial parietal lobes has beers
word pairs showed no statistically significant differences.found in several memory studies with respect to retrieval. Ing
(v) The comparison of auditorily presented (retrieval minussome cases, the activation has been bilateral (Tuletnaj.,
reference) with visually presented (retrieval minus referencel994; Schacteret al, 1995). In other cases, unilateral
abstract words also showed no significant differences. activation has been observed primarily in the right hemispher
Exploring the data with a more lenient threshold of (Gradyet al, 1995; N. Kapuret al, 1995; S. Kapueet al,
Z = 2.33 P < 0.01) uncorrected for multiple comparisons 1995; Moscovitchet al., 1995).
did not show significant differences in precuneus activation Our results show a consistent precuneus activation durin
for analyses (iii)—(V). episodic memory retrieval using ‘hard’ word associations.
The precuneus activation occurred for both highly imaginable?y
and abstract words using differing presentation modalltlesw
Discussion (verbal-visual versus verbal-auditory). Our expenmental\‘
Our study reveals distributed cortical structures with distinctcondition differs from the reference condition in at least three -
roles in episodic memory retrieval and underlines theways: words versus nonsense words, greater cognitive efforf
important role of the precuneus as a module subservmg'] one task compared with the other and retrieval of WOdem
episodic associative memory retrieval independent ofompared with silent reading of nonsense words. HOWGVGf,o
presentation modality and imagery content of the presentelly using a subtraction analysis for our data, we can asagm
material. Recent PET studies of human memory show thdhe activation patterns during episodic retrieval to dlfferences>
retrieval of episodically stored information engages brainof regional cerebral blood flow between the experlmentalfﬁ
regions including the right prefrontal cortex together with condition (memory retrieval) minus the reference condition
posterior regions (Grasbst al, 1993; Shalliceet al, 1994; by subtracting: (i) nonsense words from words; (ii) minor
S. Kapuret al, 1995; Fuster, 1995; Fletchet al, 199%;  cognitive effort from greater cognitive effort; and (iii) silent
Blaxton et al, 1996; Halsbanat al., 1998). reading/hearing of nonsense words from retrieval of words
The precuneus is a medial parietal brain region situaterfom memory. Therefore, we take into account each of the
superior and posterior to the retrosplenial area of the cingulatéree factors listed above in our analysis. Our results only
cortex. Little is known about this structure from lesion studieshighlight brain areas with an increase of regional blood flow
or about the functions and connectivity of the precuneusabove a mental state where subjects (i) perceive nonsense
There exist extensive connections between prefrontal andords, (i) show a minor cognitive effort and (iii) silently
cingulate regions and parietal regions (Mesulam, 1990)read/hear nonsense words.
Anatomical evidence indicates prefrontal (Petrides and Activation of the precuneus and cuneus has been reported
Pandya, 1984; Goldman-Rakic, 1988), temporal, occipitalvhen subjects are asked to recall visual information (Roland
and thalamic connections (Blumt al, 1950; Pribram and and Seitz, 1989). Rolanat al. (1990) have described
Barry, 1956). Pandya and Barnes (1987) have described th@ecuneus activation in an experiment involving learning,
afferent connections of the prefrontal cortex in some detailretrieval and recognition of visual imagery. Previous studies
They report that BA 46 projects to the superior parietalhave predicted an involvement of the precuneus in imagery
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processes (Grasbst al,, 1993; Shalliceet al,, 1994). In an modulated by the imagery manipulation was anterior to the
experiment comparing free word recall from a supra-spararea typically activated during episodic retrieval (Andreasen
list (15 words) with that from a sub-span list (5 words), theet al, 199%; Buckneret al, 1995; Fletchert al, 199%;
precuneus was activated in addition to frontal lobes andPetrideset al, 1995; Halsbanet al., 1998).
posterior cingulate cortex (Graslkey al, 1993). A region of Fletcher et al. (1996) designed an experiment to test
increased blood flow situated bilaterally in the precuneughe hypothesis that the precuneus subserves imagery-related
was described by Tulvingt al. (1994) for the retrieval of retrieval and varied the extent by which visual imagery could
old meaningful sentences. Bucknet al. (1995) found a be used during retrieval by changing the imagery content
significant increase in mean blood flow in the medial parietabnd the strength of semantic association. They showed, using
cortex (precuneus) in a visual word stem completion taska cognitive subtraction paradigm, that, comparing the retrieval
Andreasenet al. (199%) reported activation of both of imaginable and non-imaginable word pair associates,
retrosplenial cingulate and precuneus in a PET study of activation differences of the precuneus, the left anteriorg
task involving autobiographical memory, a type of episodiccingulate cortex, the right superior temporal gyrus and thes
memory. These experiments all addressed episodic memoright fusiform gyrus occurred. Also, comparing the retneval
which almost invariably engaged imagery. of non-imaginable and imaginable word pair assomates
In addition to the studies described above, our study desigRletcheret al. (1996) showed activation differences of the
allowed for the evaluation of different aspects of precuneudeft dorsolateral prefrontal cortex.
activation during episodic memory retrieval related to the However, it cannot be ruled out that the effects observe
presentation modality (visual-verbal versus auditory—verbal)by Fletcheret al. (1996) might be explained by different
The visual/auditory presentation of highly imaginable wordslevels of precuneus activation, since the cognitive subtractionys
also contained imagery processes. in their experimental design involved no reference condmon. g
It has been proposed that the precuneus is concerned withle demonstrate here, by comparing retrieval of highly &
the retrieval of visual images (Rolaret al, 1990; Grasby imaginable and abstract words with a reference condition;s
et al, 1993) and that this could be compatible with thethat in both cases there is significant precuneus activatiord
known posterior cortical localization of visual imagery (Farahirrespective of presentation modality. According to these
et al,, 1988). Fletcheet al. (199%) argued from an episodic results, we predicted that differences in precuneus activatiorﬁ
auditory—verbal memory category—example task that onshould not be detectable by cognitive subtraction. Ourﬂ
possibility is that early visual processing areas might becognitive subtractions indeed revealed no differences ing
activated automatically by highly imaginable words, and thafprecuneus activation for the retrieval of highly imaginable & N
the precuneus is required for conscious visual imagery in thand abstract words. Taken together, these results show thas
context of retrieval. For experiments using a visual paradigmg¢ognitive subtraction would indicate differences in activation,
it appears plausible that the activation of these regions reflectshereas comparing the retrieval with a reference condmon
visual imagery, which may have facilitated or accompaniedyields information about the functional topography of the
successful recovery of a stored memory as shown by severalhole set of regions involved in the retrieval task.
studies (Roland and Seitz, 1989; Rolatdl., 1990; Grasby However, it has to be noticed that comparing the differenceso
et al, 1993; Shalliceet al, 1994; Tulving et al, 1994; in precuneus activation by our cognitive subtraction y|eIdSm
Buckner et al, 1995). These results are consistent withslightly different results from the results of Fletchet al. o
our findings using visual/auditory presentation of highly (1996) with respect to the comparison of retrieval of highly ~
imaginable words. imaginable and abstract word pair associates; they descrlbg
However, we showed additionally that the precuneus igdifferences in) precuneus activation whereas there is né%
not only activated during retrieval of highly imaginable words evidence for a difference in our studies. In our expenments,,\)
but also during retrieval of abstract words irrespective ofhowever, we have different levels of performance betweeng
presentation modality. We provide evidence, using abstradhe retrieval of highly imaginable and abstract word pair
and, therefore, non-imaginable words, that the medial parietalssociates possibly being a confounding factor. Moreover,
activation also occurs in episodic memory retrieval withoutone cannot exclude the possibility that subjects could have
involving imagery. used some degree of imagery in the retrieval of the abstract
Fletcher et al. (199%) demonstrated that directly pairs. However, subjective ratings of the volunteers of the
manipulating imagery demands within an episodic retrievamount of imagery used during the scanning phase indicates
task changes medial parietal cortex activity. They argued oa higher rating of imagery used with the recall of highly
the basis of their findings that the activation of the precuneugnaginable pairs.
is associated with the use of visual imagery as a mnemonic
strategy during episodic retrieval. In their previous work
(Grasbyet al, 1993; Shalliceet al, 1994; Fletcheret al.  Conclusions
199%), they used highly imaginable material and subjectsWe demonstrate that the precuneus is not only activated
commented on the degree to which they had used imagersignificantly during the recall of highly imaginable words
as a mnemonic strategy. However, the location of the arebut also during recall of abstract words. Although the more
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detailed role of the precuneus is unclear, the present studyriston KJ, Worsley KJ, Frackowiak RS, Mazziotta JC, Evans AC.
indicates a specific role for the precuneus in episodic memorfissessing the significance of focal activations using their spatial
retrieval independent of imagery content of the words andXtent. Hum Brain Mapp 1994; 1: 210-20.

of differing presentation modalities (verbal-visual versusrriston KJ, Ashburner J, Frith CD, Poline J-B, Heather JD,
verbal-auditory). Our findings are compatible with a modelFrackowiak RS. Spatial registration and normalization of images.
of memory function wherein the prefrontal regions drive theHum Brain Mapp 1995a; 3: 165-89.

retrieval process, which is successful only when the retrievat ;o k3 Holmes AP, Worsley KJ, Poline J-B, Frith CD,

attempt leads to a reactivation of an engram stored in the ackowiak RS. Statistical parametric mapping in functional

posterior multimodal association cortices, ~especiallyimaging: a general linear approach. Hum Brain Mapp 1995b; 2:
including the precuneus. 189-210.

Fuster JM, editor. Memory in the cerebral cortex. Cambridge (MA):
MIT Press; 1995.
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