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Abstract

Using Positron Emission Tomography (PET), we investigated cerebral regions associated with the episodic recognition of words
alone and words bound to contextual colours. Two modes of colour encoding were tested: incidental and intentional word-to-
colour binding. Word-only recognition was associated with brain activation in a lexico-semantic left middle temporal region and
in the cerebellum following an incidental colour encoding, and with brain activation in the left posterior middle frontal gyrus, right
anterior cingulate and right inferior frontal gyrus following an intentional encoding. Recognition of bound features was associated
with activation in left prefrontal and superior parietal regions following an incidental colour encoding, and with preferential right
prefrontal cortex activation following an intentional colour encoding. Our results are in line with the hypothesis of a parietal
involvement in context processing, and prefrontal areas in monitoring retrieval processes. Our results also support the hypothesis
of a ‘cortical asymmetry for reflective activity’ (CARA). © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Episodic memory allows to encode, store and retrieve
memories of personal events [62]. It relies on the ability
to bind central information (e.g. the content of a con-
versation) to contextual information specific to the
event. Contextual information includes temporo-spatial
features of the event (the moment and the place of its
presentation) but also the modality of encoding (e.g.
visual, auditive, ...), physical characteristics such as
voice or colour, cognitive operations performed during
the event, or emotional state. They may later serve as
cues to help retrieving the central information. In the
process of creating a coherent memory trace for a
particular event, encoding the central information and
the context independently is not sufficient. Establishing
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a link between central and contextual features (binding
them together), is a crucial operation, necessary to give
the memory of an event its specificity and its distinc-
tiveness. The ability to retrieve the memory of an event
may depend on the quantity and the strength of associ-
ations created between central and contextual informa-
tion, which places binding processes at the top of the
list of fundamental episodic memory operations.
Hasher and Zacks [25] proposed a distinction be-
tween automatic and voluntary processing of informa-
tion. This distinction was echoed in the literature and it
was repeatedly postulated that some contextual infor-
mations (e.g. spatial context or frequency of occur-
rence) are Dbest processed automatically (e.g.
incidentally), while other contextual informations are
processed in an effortful mode (e.g. colours). This
assumption does not mean that spatial contextual infor-
mation cannot be encoded intentionally and colour
cannot be encoded incidentally, but rather that the
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memory for the association between a central piece of
information and its context benefits more from one
mode of encoding than from the other. Firstly, different
studies have brought to light the automaticity of fre-
quency of occurrence [64] or spatial context processing
[1,17], though others have observed challenging results
[44,45]. Briefly, concerning this challenge, the former
study showed no effect of intention or age-differences
on the ability to recall or recognise the contextual
information, while the latter demonstrated that the
performance in memory for spatial context decreased in
elderly subjects'. Secondly, contextual colours were
shown to be more efficiently processed intentionally. It
was observed that instructing subjects to remember the
colour of a word improved the recall of this contextual
information, but at the expense of item memory, a
finding suggesting that intentionality was required to
process colours [33,54]. Similarly, Marks [38] showed
that recalling pictures (independently of their colour)
was worse when the subject’s attention had been di-
rected to the colours during encoding, suggesting that
processing of colours occupied resources. Finally,
Hanna and Remington [24] showed that colours were
not bound to specific objects during encoding when
attention was not allocated to a deliberate creation of a
relationship between specific colours and specific ob-
jects. They showed that an incidental encoding did not
lead participants to create links between objects and
colours, but rather to encode them separately.

Two studies compared precisely the ability to bind
central information to its context under incidental or
intentional context encoding. Chalfonte et al. [10] and
Chalfonte and Johnson [9] proposed a procedure en-
abling to compare separately, but with equivalent mate-
rials, the memory for central information only
(drawings of objects), the memory for contextual infor-
mation only (spatial locations or colours), and the
ability to bind central and contextual information to-
gether, either intentionally or incidentally. In the inten-
tional binding condition, participants were asked to
study both central and contextual information. In the
incidental binding condition, they were instructed to
study the central information and no mention was
made of the context (thus, context was encoded inci-
dentally). In both conditions, participants were then
asked to discriminate previously presented target infor-
mation, placed in its original context, from distractors
in which the central and the contextual information
were not correctly paired. They showed that encoding
the context intentionally or incidentally did not have
the same effect on the recognition of different kinds of

! Hasher and Zacks [25] postulated that if an information is
processed on an automatic mode, then various factors such as
age-differences, intention to encode, or practice, should have no effect
on the processing efficiency.

contextual information. When the context was spatial
information, Chalfonte et al. [10] observed a better
performance in normal subjects and amnesic patients
following the incidental encoding of the link between
objects and locations than when it was intentional. The
same result was recently observed with young and
elderly adults [37]. On the contrary, when the context
was the colour of presentation of the objects, Chalfonte
and Johnson [9] observed in young and elderly normal
adults that intentional encoding of the link between
objects and colours gave rise to a better performance
than when it was incidental, though elderly adults were
particularly impaired in the intentional condition.

While such behavioural studies investigated the ef-
fects of the mode of encoding on the memory for
context, little is known about the specific brain corre-
lates associated with both modes of context processing.
In fact, several have studies identified the involvement
of the prefrontal cortex and hippocampus in encoding
and retrieval/verification of information in episodic
memory [23,50,51,57,59,60]; (see Nyberg and Cabeza
[47] for a recent review). For the most part, these
neuroimaging studies focused on cerebral regions in-
volved in item retrieval rather than on the neural
substrates of contextual retrieval. However, a few stud-
ies have highlighted cerebral regions associated with the
retrieval of contextual information, mainly the tempo-
ral or spatial context. Spatial context retrieval has been
associated with the inferior parietal cortex [32,42,53,56]
and left frontal cortex [48], while temporal context
retrieval has been associated with the anterior cingulate
cortex [48], and parietal and dorsal prefrontal cortices
[6,18]. One study associated colour of objects retrieval
with the right occipital and temporal cortices [56].
Finally, little is known about structures underlying
specific binding processes. Two studies have brought to
light the role of the hippocampus in associating infor-
mation in long term memory [27,28]. In young adults, a
recent fMRI study observed activation in the left ante-
rior hippocampus and right prefrontal cortex associated
with binding objects and spatial locations in working
memory [41].

None of these studies specifically took the conditions
of contextual information encoding into account. For
example, in the study by Cabeza et al. [6], encoding of
the temporal features of the items was incidental. On
the contrary, in Nyberg’s et al. [48] study, encoding of
the temporal and spatial contexts was intentional.
Therefore, incidental and intentional encoding were not
compared in the same experiment. This question is
nevertheless of particular interest since we have already
mentioned behavioural studies showing that the re-
trieval efficiency of different contextual information
varies as a function of the mode of encoding, with
spatial context best encoded incidentally and colours,
intentionally [9,10]. It seems reasonable to postulate
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that the regions activated during the retrieval of contex-
tual information may differ as a function of the mode
of encoding of the context. In fact, the task of retriev-
ing contextual information following its best mode of
encoding (e.g. intentional for colours, incidental for
spatial locations) might be simpler than following the
other mode. A recent observation that the areas in-
volved in information retrieval in episodic memory are
different as a function of the difficulty of the retrieval
task can help to clarify this problem [46]. Based on a
review of the literature, Nolde et al. proposed a model
of ‘cortical asymmetry for reflective activity’ (CARA).
In this hypothesis, right and left prefrontal cortices are
differentially activated as a function of the relative
complexity of retrieval processes. The right prefrontal
cortex would be activated in relatively simple episodic
memory retrieval situations, e.g. in forced recognition
tasks. On the contrary, the left prefrontal cortex would
be activated when retrieval imply more controlled pro-
cesses, such as initiation of self-cueing, or a detailed
verification of the retrieved information. Therefore,
controlling the mode of encoding of contextual infor-
mation appears to be crucial.

We designed the present study to explore the rain
regions involved in the recognition of items (words)
bound to contextual colour features. Our first goal was
to examine the specific brain regions involved in bind-
ing central and contextual information. Our second
objective was to explore the effects of the mode of
context encoding (incidental versus intentional) on
item-only and item-bound-to-colour retrieval. While
items were always encoded intentionally, we compared
incidental and intentional encoding of the colour. We
chose colour to be the contextual information in the
present experiment because, since behavioural studies
have demonstrated that an unrelated colour context
was best encoded intentionally, we expected to observe
differences in areas activated during bound-feature
recognition following incidental or intentional binding
conditions.

2. Material and methods

2.1. Participants

Eleven young volunteers (five females, six males)
ranging in age from 20 to 32 years (mean age, 23)
participated in the study. All the subjects were strictly
right handed according to the Oldfield Edinburgh In-
ventory [52]. The participants were screened to ensure
that they were free of any significant previous or cur-
rent medical disorder. The University of Liege Ethics
Committee approved the study, and written informed
consent was obtained from all the subjects.

2.2. PET scanning

PET acquisitions were obtained with a Siemens CTI
951 R 16/31 scanner (CTI, Knoxville, TN, USA) in 3D
mode. The physical characteristics of the tomograph
have been described previously [13]. Subjects had an
individual thermoplastic face mask for head stabilisa-
tion. A transmission scan was acquired for attenuation
correction using three rotating 68Ge sources. Emission
scans were reconstructed using a Hanning filter at a
cut-off frequency of 0.5 cycles per pixel giving a
transaxial resolution of 8.7 mm full width at half
maximum and an axial resolution of 5 mm for each of
31 planes, with a total field of view of 10.8 cm in this
direction.

For each scan, volunteers received a 30 s intravenous
infusion of H2015 (total activity 6 mCi) through a left
forearm canula. A dynamic PET scan consisting of two
frames was collected over a period of 2-min (back-
ground frame duration 30 s, second frame duration 90
s). The infusion of O' labelled water began 10 s after
acquisition start time. Cognitive activation started upon
H2015 infusion, 20 s before the second scan. The
integrated counts per pixel recorded during the second
scan were used as an index of rCBF [20,39]. All subjects
underwent 12 consecutive rCBF measurements, but
only eight served for the present analysis (four scans
per encoding condition, each condition containing two
word-only recognition scans and two bound-feature
recognition scans).

2.3. Experimental design

The material consisted of a pool of 240 bi- or tri-syl-
labic concrete nouns. One hundred and twenty nouns
were used for incidental colour encoding and the other
120 nouns were used for intentional colour encoding.
Both lists were equalised for word frequency [4].

The incidental binding condition always preceded the
intentional binding condition. In both incidental and
intentional conditions, 60 target words were presented
one at a time on a computer screen, every 2 s. Each
word was printed in one specific colour, which was not
the real colour of the represented object (for example,
the word ‘banana’ was printed in blue). In order to
promote a semantic encoding and to be sure that the
subjects processed the words actively, subjects were
asked, in both encoding conditions, to make living/non-
living judgements on the words, by pressing a button in
the right or left hand, respectively. In the incidental
colour encoding condition, subjects were only asked to
read the words silently, to make a judgement and to
memorise items for a subsequent recognition test. No
instructions were given concerning memorisation of the
associated colour of the word. In the subsequent inten-
tional colour encoding condition, subjects were asked
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to memorise both the items and their associated colour
and to make living/non-living judgements. Encoding
phases were presented outside the scanning period.
The encoding phases in the incidental binding and
intentional binding conditions were each followed by
two recognition tests. Participants were first presented
with a recognition test for words only, and then with a
recognition test for words bound to colours. Each word
was preceded by a fixation cross (lasting 500 ms) and
appeared on the screen for 2 s, with a white screen
appearing during 1.5 s after each word. Firstly, in the
word-only recognition test, subjects were shown 30
words (ten targets and 20 distractors). Each word was
presented in one specific colour not selected at encod-
ing, in order to avoid the use of colour information as
a retrieval cue to retrieve words in memory. Subjects
had to recognise the target words, by pressing a left
button if the word was a target, or the right one if the
word was a distractor. Two scans were performed
during the recognition test for words only. Secondly, in
the bound words and colours recognition test, subjects
were shown 30 words, among which ten target words
printed in their correct associated colour, ten target
words printed in a colour different from their colour at
encoding, and ten distractors. Subjects had to recognise
a target word only if the associated colour was correct,
by pressing the left button if correct, and the right
button when the word was a target item printed in
another colour, or when the word was a distractor.
Two scans were performed during the recognition test
for words bound to colours. Therefore, each subject
was scanned eight times: four scans (two during the
word-only recognition, two during the bound-feature
recognition) following the encoding phase of the inci-
dental binding condition, and four scans (two during
the word-only recognition, two during the bound-fea-
ture recognition) following the encoding phase of the
intentional binding condition (see Fig. 1 for a schematic
representation of the PET study and Fig. 2 for the

illustration of the paradigm of the recognition memory
task).

2.4. PET data analysis

Image analysis was performed on a SPARC worksta-
tion (Sun Microsystems, Surrey, UK) using statistical
parametric mapping software SPM 96 [22]. Each recon-
structed rCBF scan, consisting of 31 primary transverse
planes, was interpolated to 52 planes to render the
voxels isotropic. The 12 acquisitions from each subject
were realigned using the first as reference [66]. The data
were then transformed into a standard stereotactic
space [61]. A gaussian filter (16-mm full width at half
maximum) was applied to smooth each image to ac-
commodate inter-subject differences in gyral and func-
tional anatomy and to suppress high frequency noise in
the images. Such transformation of the data allows for
pixel by pixel averaging of data across subjects and for
direct cross-reference to the anatomical features in the
standard stereotactic atlas.

Differences in global activity within and between
subjects were removed by analysis of covariance on a
pixel by pixel basis with global count as covariate and
regional activity across subjects for each task as treat-
ment. [21]. The across-task comparisons were first per-
formed by averaging between paired measurements.
For each pixel in stereotactic space, the analysis of
covariance (ANCOVA) generated a condition-specific
adjusted mean rCBF value (normalised to 50 ml/100
ml/min) and an associated adjusted error variance. The
ANCOVA allowed the comparison of the means across
conditions on a pixel-by-pixel basis using the t statistic.
The resulting sets of ¢ values constituted statistical
parametric maps (SPM(¢)). The SPM(¢) were trans-
formed to the unit normal distribution (SPM(Z)). Our
study was designed to evaluate the effect of the mode of
encoding (incidental versus intentional encoding of
colour context) on recognition. A conjunction analysis
was used to emphasise specific regions associated with

BEFORE THE
SCAN DURING THE SCAN
1.Incidental Word-only Word-only Bound-feature Bound-feature
colour encoding recognition Recognition Recognition Recognition
2.Intentional Word-only Word-only Bound-feature Bound-feature
colour encoding recognition Recognition Recognition Recognition

v

Fig. 1. Schematic representation of the PET study.
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BEFORE THE SCAN DURING THE SCAN DURING THE SCAN
WORD-ONLY BOUND-FEATURE
ENRRDINGOFWORES RECOGNITION RECOGNITION
NO
YES
YES
FOURMI
- _ ANANAS
ANANAS CITRON NO

PAILLE

FROMAGE

Fourmi = beaver; ananas = pincapple: fromage = cheese: citron = lemon: paille = straw.

Fig. 2

Sagittal X =-40 Coronal Y =-2

Transverse Z = 32

Fig. 5

Fig. 2. Illustration of the paradigm of the recognition memory task. Subjects studied a list of coloured words before the scan and then performed
a recognition test for word-only and for bound features. The encoding of the colour of words was incidental for the first study list and intentional
for the second one.

Fig. 5. Recognition of words bound to contextual colours. Different brain regions are engaged along with dorsolateral prefrontal cortex according
to the mode (incidental or intentional) of colour encoding.

the mode of colour encoding. Secondly the effect of 3. Results

binding recognition was compared to item recognition.

We used a SPM thresholded at P < 0.001, with a further 3.1. Behavioural data

correction for multiple comparisons (P < 0.05). SPM was

thresholded at P < 0.001 (uncorrected for multiple com- A corrected recognition score (Pris— Prase alarms)
parisons), when looking for activation in a region pre- reflecting accuracy of recognition was computed for each
dicted from previous studies (voxel or cluster levels). subject. Measures were calculated for each encoding
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Table 1
Mean corrected word-only and bound-feature recognition score as a
function of the mode of colour encoding

Colour encoding Corrected score

instructions
Word-only Bound-feature
recognition recognition
Incidental 0.761 (0.133)* 0.247 (0.175)
Intentional 0.634 (0.210)* 0.318 (0.231)

2 Significant difference between both word-only recognition scores,
t(10) = —1.241; P<0.05.

condition (incidental versus intentional), respectively for
word-only and bound word-to-colour recognition tests.
Means word-only and binding corrected recognition
scores were separately compared between both encoding
conditions using the z-test (Table 1). Results show a
significant difference in word-only recognition (inten-
tional binding condition < incidental binding condition),
suggesting that the intentional encoding of contextual
colour information disrupted word-only recognition. On
the contrary, no statistical difference was found in
binding recognition on the corrected recognition score
according to the mode of contextual encoding. At first
sight, this result could be considered as contradicting
previous findings of an advantage for intentional encod-
ing of contextual colours when compared to incidental
encoding.

However, we examined the performance on the recog-
nition of bound words to colours more closely by
splitting the corrected recognition score into the number
of hits (W + C 4+, target items printed in their correct
associated colour), the number of contextual false
alarms W + C — (target items printed in another colour)
and the number of unrelated false alarms W — (distrac-
tor items). Each measure was compared between both
encoding conditions (incidental/intentional) using the
t-test (Table 2). There was no difference in the number
of W 4+ C + hits between both encoding conditions. We
observed a significant difference between incidental and
intentional binding conditions in the number of contex-

Table 2

tual false alarms: subjects made less W+ C — false
alarms in the intentional than in the incidental binding.
We also observed a significant difference between both
encoding conditions in the number of W — false alarms:
subjects made less unrelated false alarms in the inciden-
tal than in the intentional binding (however, the number
of W — false alarms was quite marginal).

3.2. PET results

3.2.1. Effect of the mode of encoding on recognition

The first analysis aimed at contrasting the effects of
incidental and intentional modes of colour encoding on
brain activation during recognition.

3.2.1.1. Effect on word-only recognition. We first sub-
tracted word-only recognition following an intentional
encoding of the colours from word-only recognition
after incidental colour encoding. This analysis showed
activation in the left cerebellum (voxel-level) and in the
left middle temporal gyrus (BA 21/20, cluster-level)
specific to the incidental encoding condition. The tempo-
ral activation disappeared when performance was taken
as covariable, using either the accuracy score (P, —
Pritse atarms) OF the false alarm rate.

The inverse contrast (intentional minus incidental)
revealed a predominant activation in the left middle
frontal gyrus (BA 6) (voxel-level). Other brain regions,
more activated after intentional item plus colour encod-
ing (at cluster-level) were the right anterior cingulate
gyrus (BA 32), right inferior frontal gyrus (BA 10/47),
right postcentral gyrus (BA 3/4), and the left middle
frontal gyrus (BA 46). Activation of the two latter
regions disappeared when performance was partialled
out, using either the accuracy score (P — Praise atarms)
or the false alarm rate (Fig. 3 and Table 3).

3.2.1.2. Effect on Binding recognition (recognition of both
words and associated colours). The analysis was a sub-
traction method for binding recognition between both
encoding colour conditions. No significant differential
cerebral activation was noted at a voxel-level. At a
cluster level, PET results during the binding recogni-

Mean proportion of bound-feature recognition for Hits (word+ colour+) and false alarms (word+ colour— and word—) as a function of the

mode of colour encoding

Colour encoding
instructions

Proportion of

Contextual false alarms W+ C—

Unrelated false alarms W —

Hits W+ C+ Total false alarms
Incidental 0.505 (0.196) 0.261 (0.105)
Intentional 0.527 (0.203) 0.207 (0.072)

0.245 (0.099)*
0.161 (0.059)*

0.016 (0.017)®
0.046 (0.037)®

a4 (10) = 2.78; P<0.05.
b4 (10)= —3.63; P<0.01.
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WORD-ONLY RECOGNITION

After incidental colour encoding

Fig. 3. Illustration of significant brain activation direct contrasts between word-only recognition after incidental or after intentional colour
encoding. Recruitment of several frontal regions is associated with the later condition.

tion after an incidental colour encoding compared to
the intentional one, showed an activation of the left
middle temporal gyrus (BA 21/20; —62 —26 —12).

3.2.1.3. Conjunction of each mode of encoding. We
aimed to isolate specific regions involved in recognition
as a function of the mode of colour encoding. We
carried out a conjunction analysis of the contrasts
between incidental and intentional colour encoding in
both the word-only and bound-feature recognition con-
ditions (Fig. 4 and Table 4). A ‘masking procedure’ was
used. The ‘mask’ consisted of the brain area signifi-
cantly (P < 0.05) activated in both individual subtrac-
tions. The conjunction analysis with the masking
procedure was designed to examine whether regions
specifically involved in recognition after each mode of
encoding had not failed to be highlighted in the con-
trast analyses. We observed that the cerebral regions
significantly activated in the conjunction analysis were
included in areas already highlighted in subtraction
analyses. The left posterior middle frontal gyrus, along
with a few other frontal regions, was confirmed to be
activated during the recognition task that followed
intentional (effortful) encoding of the second list of
words associated with unrelated colours.

3.2.2. Brain activations during bound-feature
recognition (contextual link retrieval)

We wanted to highlight the specific regions associ-
ated to the contextual (colour) link retrieval according
to the mode of colour encoding. Cerebral activations
associated with binding recognition minus those of item
recognition were contrasted within each encoding
modality (Fig. 5 and Table 5).

After incidental colour encoding, bound-feature re-
trieval was associated with an activation of the left
superior parietal lobule (BA 7) and the left middle
frontal gyrus (BA 46) (at cluster-level). On the contrary,
no significant cerebral activation appeared in the inten-
tional condition. This result is disappointing at first
sight. However, a reasonable hypothesis is that the
specific activation associated with words bound to
colours following an intentional encoding might have
been masked by the fact that participants might have
already tried to use colours as cues in the word-only
recognition. In order to avoid this possible confounding
variable and to emphasise the specific brain regions
associated to the bound-feature retrieval after an inten-
tional colour encoding, we contrasted cerebral activity
for binding recognition after the intentional encoding
minus that for word-only recognition after the inciden-
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tal rather than intentional colour encoding. The results
showed a significant cerebral activation in the right
superior frontal gyrus (BA 9) (voxel-level). Other brain
regions appeared activated (cluster-level): left lingual
gyrus (BA 17), left middle frontal gyrus (BA 46) and
left precentral gyrus (BA 6). The region of the left
middle frontal gyrus (BA 9/46) was significant only
when performance was taken as covariable, using either
the accuracy score (Ppis — Praise alarms) OT the false alarm
rate.

4. Discussion

The present study was aimed at investigating the
cerebral regions involved in recognition of words only
and words bound to contextual colours following an
incidental or intentional encoding of the context. We
are first going to discuss the results collected for the
recognition of words only. Then, we will discuss the
behavioural and imaging results regarding the recogni-
tion of words bound to colours. Finally, we will pay
specific attention to the differential effects of the mode
of encoding on regions activated during recognition of
bound words and colours.

Table 3
Effect of the mode of encoding on word-only recognition

Brain area Stereotactic coordinates Z-score

X y z

Word-only recognition after incidental minus intentional colour
encoding
P-value <0.001, with further corrections for multiple

comparisons

L cerebellum —-30 —52 —22 457

P-value <0.001, tentatively reported (cluster-level)

L middle temporal gyrus — —64 —22 —14 414
(BA 21/20)

Word-only recognition after intentional minus incidental colour

encoding

P-value <0.001, with further corrections for multiple

comparisons

L middle frontal gyrus —-22 4 48  5.25
(BA6)

P-value <0.001, tentatively reported (cluster-level)

R anterior cingulate BA 6 10 38 447
(32

R inferior frontal gyrus 44 44 —2 441
(BA10/47)

R poscentral gyrus (BA 54 —14 28 4.22
3/4)

L middle frontal gyrus —36 40 14 4.11
(BA 46)

Regional activations confounded by differences in performances are
shown 1in italic; L, left hemisphere; R, right hemisphere. x, y, z (in
mm) refer to coordinates in Talairach space [61].

4.1. Word-only recognition

Our behavioural data revealed a better performance
in word-only recognition following an incidental than
an intentional colour encoding. This result might reflect
both a dual task effect and a specificity of encoding
effect. On the one hand, the intentional binding condi-
tion required participants to process two features
(words and colours) together, unlike the incidental bind-
ing condition in which only words had to be processed.
The disruption of word-only recognition in the inten-
tional binding condition might thus only be the result
of a dual-task versus simple task discrepancy. On the
other hand, both conditions are not equal regarding the
specificity of the encoding principle. In our procedure,
words in the word-only recognition condition were
re-presented in a different colour than the one associ-
ated with the word at encoding. In the incidental bind-
ing condition, participants were not instructed to
associate words and colours. Therefore, the change of
colours at test might not have disrupted their word
recognition. On the contrary, in the intentional binding
condition, the subject was asked to encode words and
their colours together, but in the recognition test, they
could not use the colour as a contextual cue to decide
whether the word had been previously presented or not.
Furthermore, participants had to resist the interfering
effect of new colours associated with the words (e.g. ‘7
think I saw this word but wasn’t it in another colour? Is
it the same word?’)

It is worth noting that the performance disruption on
word-only recognition in the intentional binding condi-
tion supports the hypothesis that contextual colours are
not processed automatically [25]. This observation
confirms those of previous studies, which revealed a
better recognition of the link between the central infor-
mation and the contextual colours when this link had
been deliberately rather than incidentally encoded
[9,24,33-35].

Regarding the cerebral regions associated with the
recognition of words only, the subtraction analysis of
the cerebral activation for word-only recognition fol-
lowing the two different binding conditions revealed
greater activation of the left cerebellum and left middle
temporal gyrus after incidental than after intentional
colour encoding. The cerebellum and left middle tem-
poral gyrus have been classically described in episodic
memory retrieval. Firstly, activation of the left cerebel-
lum has been reported in the retrieval of explicit infor-
mation (with the contralateral activation of the
prefrontal cortex) in a variety of explicit retrieval condi-
tions, e.g. not only during recognition of previously
seen words [2,30] or previously heard words [51], for
the completion of three-letter stems with previously
studied words [3,58], but also during recognition of
previously seen faces [26], and for the retrieval of
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BOUND-FEATURE RECOGNITION

After incidental colour encoding

sagittal

transverse

After intentional colour encoding

sagittal

transverse

Fig. 4. Significant brain activations of frontal regions for conjunction between word-only recognition and bound-feature recognition following

intentional colour encoding.

autobiographical information [19]. The precise role of
cerebellar activation in explicit memory retrieval re-
mains unclear. Some authors have argued that its acti-
vation could complement the process of the retrieval
effort of the right prefrontal cortex but this was not the
case in our study, since the left cerebellum activation
was associated with a left prefrontal activation. The
cerebellum has also been proposed to contribute to
self-initiated retrieval [3] or to be involved in the gener-
ation of ‘candidate responses’ during retrieval [15].
Secondly, the activation of the left middle temporal
gyrus is similar to previously reported results for item
retrieval [48]. It is probably related to a lexico-semantic
process performed on stimuli [65], which is in agree-
ment with the type of processing performed during
encoding of words in our study (living/non-living judge-
ments). In a similar manner, the left middle temporal
gyrus was activated in a PET study of semantic priming
[43] when the cerebral activation in a lexical decision
task (to judge if a word or a nonword is a real word)
was compared to that in a letter decision task (to judge
if the letter b is present in consonant letter strings). The

activation of the left middle temporal gyrus (BA 21)
also frequently appeared in language neuroimaging
studies [14] and this region was thus suggested to be
part of a semantic processing network. In our study,
the activation of the left middle temporal gyrus (BA
21/20) was significant in the conjunction analysis of
word-only and bound words and colours recognition
following the incidental colour encoding. BA 21 seems
to reflect the intervention of lexico-semantic processes
in the memory retrieval of words when the encoding is
focused on these semantic characteristics.

Word-only recognition in the intentional binding con-
dition was associated with the intervention of several
frontal regions when compared to word-only recogni-
tion in the incidental binding condition, e.g. left middle
frontal gyrus (BA 6), right anterior cingulate gyrus (BA
32) and right inferior frontal gyrus (BA 10/47). Several
parts of BA 6 have already been suggested to be
involved in resisting to interference and maintaining
temporal order of information [11,12]. Cabeza et al. [6]
found increased neural activity of the dorsal prefrontal
regions (BA 6) in temporal-order retrieval. In our
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study, subjects had to learn two lists of words: the first
list of words was used for incidental colour encoding
and the second list was presented with explicit instruc-
tions for intentional colour encoding. It is therefore
probable that subjects made more temporal judgements
on the words on item recognition following the inten-
tional encoding condition than following the initial
incidental one. This hypothesis is supported by the
conjunction analysis which revealed significant activa-
tion of the left middle frontal gyrus (BA 6) in the item
and intentional binding condition, probably reflecting a
strategy to resist to interfering colour information and
to maintain temporal order of the study lists. Nyberg et
al. [48] found the anterior cingulate to be more active
during temporal-order than during item retrieval. A
similar activation was found in the study of Cabeza et
al. [6], but it disappeared when performance was co-
varied out. Right anterior cingulate activation was also
found in our study, but this activation remained present
even after performance was covaried out, suggesting the
involvement of this structure in more general processes
such as selection of responses [5]. We also tentatively
reported greater activation of the right inferior frontal
gyrus (BA 10/47) for item recognition in the intentional

Table 4

Conjunction analysis of the contrasts between incidental and inten-
tional mode of encoding for word-only and bound-feature recogni-
tion

Brain area Stereotactic coordinates Z-score

X y z

Word-only and bound-feature recognition after Incidental colour

encoding

P-value <0.001, with further corrections for multiple

comparisons

L middle temporal gyrus —62 —26 —12 5.37
(BA21/20)

P-value <0.001, tentatively reported (cluster-level)

R inferior temporal 54 —42 —22 4.28

gyrus (BA 20)

Word-only and bound-feature recognition after Intentional colour

encoding

P-value <0.001, with further corrections for multiple

comparisons

L middle frontal gyrus —24 6 48 5.34
(BA 6)

L PrC gyrus (BA 4/6) —40 -2 32 4.58

L PrC gyrus (BA 6) —62 —16 42 4.58

R anterior cingulate (BA 6 10 38 4.96
32)

R PrC gyrus (BA 3/4) 58 —12 30 4.61

Regional activations confounded by differences in performances are
shown in italic; L, left hemisphere; R, right hemisphere. x, y, z (in
mm) refer to coordinates in Talairach space [61].

Table 5
Cerebral activations during bound-feature recognition tasks minus
‘incidental’ word-only recognition

Brain area Stereotactic coordinates Z-score

X y z

Bound-feature recognition after incidental colour encoding
P-value <0.001, tentatively reported (cluster-level)

L Superior parietal lobule  —50 —66 48  4.36
(BA 7)

L Middle frontal gyrus —42 46 8 4.04
(BA 46)

Bound-feature recognition after intentional colour encoding

P-value <0.001, with further corrections for multiple

comparisons

R middle |superior frontal 40 48 30 4.62
gyrus (BA 9)

P-value <0.001, tentatively reported (cluster level)

L lingual gyrus (BA 17) —14 —94 —10 443

L middle frontal gyrus —46 50 16 4.31
(BA 46)

L precentral gyrus (BA 6) —44 0 30 4.23

L middle frontal gyrus —50 40 30 3.80
9/46)

Regions associated with different performances are shown in italic.
The region in bold appeared only after factoring out performances; L,
left hemisphere; R, right hemisphere. x, y, z (in mm) refer to
coordinates in Talairach space [61].

than in the incidental binding condition (although be-
havioural performances were worse for word recogni-
tion in the intentional binding condition). This result
suggests a role of the right inferior frontal gyrus in the
effortful comparison between probe and words held in
episodic memory [55].

4.2. Recognition of bound items and colours

Behavioural data did not reveal any significant differ-
ence between corrected recognition scores for bound
words and colours in incidental binding and intentional
binding conditions. However, the number of contextual
false recognitions (correct item, incorrect colour) was
significantly smaller in the intentional binding condition.
Though it is only apparent on this last measure, be-
havioural results support the hypothesis that contextual
colours are best processed intentionally. In fact, the
crucial role of false recognition in discriminating per-
formances between incidental and intentional context
encoding has been observed in various studies
[9,10,36,37]. When contextual colours were encoded
intentionally, strategies were generated in order to cre-
ate specifically a link between words and colours. Such
strategies could be, for instance, the association of a
concept activated by the colour (e.g. sky for the colour
blue) with the word into a mental representation or a
sentence (e.g. ‘the banana is floating in the blue sky’).



F. Lekeu et al. / Neuropsychologia 40 (2002) 131144 141

The use of these encoding strategies could have enabled
participants to create an elaborated representation of
the word and its context. Therefore, when asked to
discriminate between words presented in their correct
colour from words presented in a wrong colour, the
probability to recognise erroneously a distractor was
reduced. On the contrary, when colours were encoded
incidentally, attention was focused on the words. Later,
when asked to recognise words and their colours, par-
ticipants might have used their recognition of (or their
familiarity with) the words to answer and thus, ac-
cepted words even if the colour was not correct. Our
results are in line with this hypothesis.

We then aimed at identifying the specific brain re-
gions involved in the retrieval of the contextual infor-
mation bound with words. The main findings were, on
the one hand, the activation of middle prefrontal re-
gions (BA 9/46) in the binding recognition compared to
the word-only recognition, and, on the other hand, a
parietal activation in the binding recognition compared
to the word-only recognition in the incidental binding
condition.

Firstly, the subtraction of the cerebral activation in
word-only recognition from that in binding recognition
revealed that the activation associated with the binding
recognition was in the middle prefrontal region (BA
9/46). The activation of the middle prefrontal area (BA
9/46) was also found in episodic memory activation
studies and in working memory studies, in which the
dorsolateral prefrontal cortex was proposed to be in-
volved in the monitoring of memory responses [55].
Activation of the right midfontal gyrus was observed in
word recognition compared to word identification [30].
For these authors, such an activation was more closely
tied to the selection of the appropriate old versus new
verbal response or to the contextual memory processing
that must be necessary to disambiguate recently studied
words from unstudied words in single-word recogni-
tion. Henson et al. [29] also described the activation of
a dorsal midlateral region in a word recognition task
that required reference to the spatiotemporal context of
words presented during a previous episode. Compared
to activation of a more ventral region of the prefrontal
cortex (showing retrieval-related activation that was
independent of task instructions), the activation of this
dorsal region (BA 46) was associated with increased
contextual monitoring requirements.

In our study, activation of BA 9/46 could also reflect
the monitoring process in episodic memory because this
region appeared activated only in the retrieval of the
contextual bound information that required more ver-
ification of what was retrieved. As emphasised in be-
havioural results, BA 9/46 should also be involved in a
general strategy used to recognise contextual and unre-
lated distractors and to monitor responses. For in-
stance, Tulving et al. [63] observed that the medial

frontal gyrus (BA 9) was involved in detection of
novelty. Unfortunately, neither our design nor the
analyses enabled us to specify the brain regions acti-
vated when hits or false alarms were produced. More-
over, given the high levels of false alarms during
bound-feature recognition, one could suspect that sub-
jects’ performance was partly due to guessing. Indeed,
our PET design did not permit to include guessing
measures or confidence judgements. However, although
bilateral frontal activations (BA 9/46) have been previ-
ously reported in guessing tasks [16], this interpretation
does not fit our results, since the activation of the left
frontal region appeared only when accuracy score (hits
minus false alarms) or false alarm rates were taken as
confounding covariables. Because the influence of the
recognition accuracy performance was neutralised in
the analyses, one could also reject the hypothesis of a
greater frontal activation in bound-feature than in
word-only recognition related to increased retrieval
difficulties. This confirmed our suggestion concerning a
more general role of this left frontal region in a mem-
ory search process of the contextual link, independently
of retrieval success.

Secondly, a parietal activation was observed when
recognition of incidentally bound features was com-
pared to items-alone recognition (under the incidentally
encoded colour condition). This observation suggests
the involvement of a fronto-parietal network for select-
ing candidates to-be-recognised in memory. The pari-
etal activation described in the retrieval of the
contextual link in memory is in agreement with some
studies also demonstrating such parietal activations in
spatial retrieval [32,42,53] and temporal-order retrieval
[18]. Our results are in line with the suggestion of
Cabeza and Nyberg [7,8] concerning a general role of
the parietal regions in context memory. It must be
noted, however, that in our study, this parietal activa-
tion appeared only in the bound-feature recognition
following incidental colour encoding, but not following
an intentional one. Our suggestion is that subjects
perhaps did not need the activation of the parietal
region in the recognition test in the intentional binding
condition because of the strategies they could have
elaborated during encoding and used during retrieval.
Thus, in the intentional binding condition, reinstating
the strategies used during encoding was probably the
best way to recognise properly words bound to colours,
and this process might have been performed exclusively
by prefrontal areas. On the contrary, parietal activation
might have been observed as a support to prefrontal
activation involved in recognising bound words and
colours when the link had been created incidentally. In
this case, strategies used at encoding focused on the
words and did not include the colours. These strategies
were not relevant when it came to recognise the link
between words and colours. This suggestion has to be
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clarified and further studies are needed for a better
understanding of the precise role of parietal regions in
incidental contextual memory.

Apart from those prefrontal and parietal activations,
we expected to observe hippocampal involvement dur-
ing recognition of bound features. Firstly, according to
theoretical accounts [31,40], hippocampal structures
should be involved not only in creating and consolidat-
ing a link between features associated in a particular
event, but also in reactivating this link when the subject
is re-presented with the features. In this respect, consol-
idation and retrieval of bound-feature traces are basi-
cally the same process and should equally involve
hippocampal structures. Secondly, in a working mem-
ory task, Mitchell et al. [41] observed left anterior
hippocampal activation in recognition of bound objects
and locations. However, our results did not highlight
activation of the hippocampus in binding recognition
compared to word-only recognition. This lack of spe-
cific hippocampal activation could be explained by the
fact that recognising words only (words independently
of their context) also relies on the retrieval of bound
features. Indeed, to decide accurately that a word has
already been seen in a preceding phase of the experi-
ment, it is necessary to reactivate the link between this
item and the encoding situation (temporal characteris-
tics, mood, semantic associations made at that time, all
potentially cueing the recognition). Thus, even if the
particular link between word and colour is neglected,
there are enough features in the event to require the
activation of hippocampal structures (even if the judge-
ment is made on a simple familiarity feeling). Several
studies have demonstrated that hippocampal activation
already occurs in item retrieval [49,58]. A positive cor-
relation between retrieval success and cerebral activity
was shown in the hippocampal region [48], but our
study was not designed to create a high level of retrieval
success. In both word-only and bound-feature retrieval,
there was a low density of target words compared to
distractors (10/30 target stimuli).

4.3. Differential effects of the encoding mode

We were interested in regions activated during bind-
ing recognition following an incidental or intentional
encoding of contextual colours. We observed an activa-
tion of the left middle frontal gyrus (BA 46) and left
superior parietal lobule (BA 7) in the incidental binding
condition. On the contrary, the right superior frontal
gyrus (BA 9) was activated together with the left middle
frontal gyrus (BA 9/46) in the intentional binding condi-
tion. However, this left frontal activation appeared only
when performance were taken as a covariable. These
results are consistent with the CARA hypothesis [46],
which postulates a prefrontal cortical asymmetry as a
function of the complexity of episodic retrieval pro-

cesses. In fact, previous behavioural studies together
with our behavioural data suggest that contextual
colour information is best processed intentionally
rather than incidentally. Therefore, brain activity
should reflect this facilitation of intentional colour en-
coding on bound-feature recognition. Our results sup-
port this hypothesis. Right PFC was activated during
recognition following the preferred colour encoding
mode. It is reasonable to assume that the discrimination
of targets W 4+ C 4+ from distractors W + C — involved
only heuristic (rapid) evaluation processes in the inten-
tional binding condition. On the contrary, target/dis-
tractor discrimination in the incidental binding
condition probably involved more strategic verification
processes, such as generating cues about the encoding
situation to retrieve the colour of the word, or compar-
ing the presented word-to-colour combination with the
episodic representation of the word in which colour was
not included. This makes even more sense when consid-
ering that in the intentional binding condition, the left
prefrontal activation only appeared when performance
was a covariable. Thus, a very promising perspective is
to investigate a comparable asymmetry for another type
of contextual information that is best processed inci-
dentally rather than intentionally, such as spatial loca-
tions or temporal order.

5. Conclusion

The present study demonstrated the intervention of
different cerebral areas in episodic retrieval according
to the mode of contextual encoding. This result sup-
ports the hypothesis of a cortical asymmetry for reflec-
tive activity (CARA). Moreover, our study isolated the
dorsal prefrontal cortex and parietal regions in the
retrieval of contextual (colour) bound information,
which supports, on the one hand, the monitoring hy-
pothesis and, on the other, the role of the parietal
region in contextual retrieval.
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