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ABSTRACT

Neuroimaging studies exploring the neural substrafexecutive functioning have only rarely invgated
whether the non-executive characteristics of theEarmental executive tasks could contribute toabserved
brain activations. The aim of this study was teed®ine cerebral activity in three different taskgalving the
updating executive function. The experimental uppdgtasks required subjects to process stringeofs
(respectively letters, words, and sounds) of unkm@emgths, and then to recall or identify a speaiimber of
presented items. Conjunction and functional conviégtinalyses demonstrated that the cerebral aaetsated
by all three experimental tasks are the left frpotar cortex, bilateral dorsolateral prefrontal gmemotor
cortex, bilateral intraparietal sulcus, right inéerparietal lobule and cerebellum. Some regionhisf network
appear to be more specific to each updating tas&sé results clearly indicate that the neural satest
underlying a specific executive process (in thisecaipdating) are modulated by the exact requiresdrihe
task (such as the material to process or the Kimdsponse) and the specific cognitive processascited with
updating.
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INTRODUCTION

Updating of working memory representations is feagly postulated to be an important executive fiomct
(e.g., Miyake et al., 2000; Shimamura, 2000). Thigtion is often defined as a modification of tmntent of
working memory by deleting no longer relevant imfiation and incorporating more relevant data. Thibtg to
update the content of working memory is requirethamy everyday activities and job environmentseeisgly
those involving multitasking such as cooking a imgith meal or controlling air traffic (Bjork, 19Y.8A series
of data indicate that the updating function is diedissociable from other executive processesngytitent
variable analysis, Miyake et al. (2000) showed thatupdating function could be considered as sdy@from
shifting between mental sets or tasks and inhibitibprepotent responses, although there are some
commonalities between these three processes. RikBlaarp (2004) explored the effect of age on dikexu
functioning and obtained a factor structure thas gi@bally consistent with that found by Miyakeagt(2000),
and in particular with the identification of an @tithg factor that is relatively independent of thather
executive factors (inhibition, shifting, and acces$ong-term memory). More recently, a dissociatietween
intact updating function and impaired manipulatidinformation in working memory (i.e., transforngithe
content of the information to be recalled) was o=@ in persons with Parkinson's disease (Gilltemt.e2005),
while a reverse dissociation was obtained in tWfedint samples of healthy elderly (Belleville & 4998; Van
der Linden et al., 1999b). Information concerning status of the updating function as a relatiirslfgpendent
executive process has also been obtained by erglisi neural substrates. We recently conductensdrpn
emission tomography (PET) study to examine thelratareas associated with updating, shifting ahdbition
using conjunction and interaction analyses (Cdalettal., 2005). A global conjunction analysis dastmated
foci of activation common to all executive taskspecially in the right intraparietal sulcus and léfé superior
parietal gyrus, supporting the hypothesis thatvr@gous executive processes share some commondeatu
Interaction analyses also revealed that specifiebral areas are associated with each executiegspand
more specifically that the left frontopolar gyri&A 10) is associated with updating but not with tive other
executive functions.
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More generally, a wide range of neuroimaging staithi@ve explored the neural substrates of updaisigg the
running memory task and the n-back task. The rghymiemory task (initially used by Pollack et al.529
requires participants to attend to a series ofiddal items (e.g., consonants) and retain the stmezent
presented, for subsequent serial recall. Becagsertbet of the recall cue is unpredictable, subjeate to
update their memory set with the presentation ohegw item. Thus, this task requires a progressiife of
attention from internally represented informatitime(items maintained in working memory) to extelsnal
presented information. Morris and Jones (1990) gbtiat the running memory task requires two inddpat
working memory mechanisms: the phonological loopictv is involved in the serial recall componentio#
task, and the central executive, which is involirethe updating process. In the n-back task, itdetsers,
spatial positions, or patterns) are sequentiad®gented and participants have to evaluate whetivdriteem is
similar to the one presented n items previouslysTithe n-back task is similar to the running sjaak, with the
additional requirement that subjects must resporehth new item by evaluating it against the "dldiésm in
the memory set.

The first neuroimaging studies to explore the niesuiastrates of the updating process used the kithak. In a
review of these studies (Collette and Van der Lm@&®02), we noticed that performance on that teesk
associated with cerebral activity not only in thefpontal dorsolateral cortex (BA 9/46), inferioofital cortex
(BA 44), premotor cortex and anterior cingulatet, &lso in posterior cerebral areas, such as thersuwmnd
posterior parietal cortex (BA 40/7) (see, for exéanBraver et al., 1997; Cohen et al., 1994, 19@nides et al,
1997; Schumacher et al., 1996; Smith et al., 1996)vever, when rehearsal processes were contraltiyjty
in the language areas (BA 44 and premotor cortisgpgeared (Awh et al., 1996). Moreover, the latezsion
of this task was associated with left (or bilatgeaitivations, whereas spatial or object versiensléd to activate
right-hemisphere regions (Owen et al., 1998; Seiithl, 1996). One limitation on these studies comséhe
control tasks used. Indeed, memory load was equiatede control and experimental (updating) coindi by
requiring participants to detect, in the contralkiaa number of target items similar to that whield to be
maintained in working memory. However, a differebetween the two conditions is that the n-back task
requires one to update throughout the task thergetb be maintained in working memory while, ia tontrol
condition, the same items were maintained for thelaitask. Thus, it could be argued that the coiask
became more automatic or that participants usegtierm memory to perform it, while the experimerngek
required a continuous activation of the phonolddmap. Consequently, some increases in activityeobed
during the n-back task might not be due to the tipgarocesper sebut rather to greater involvement of the
phonological loop [as already observed by Awh ef196) concerning the articulatory rehearsal esst

In order to more accurately dissociate the respectntributions of the phonological loop and tpeating
function and to allow a correct matching of the meyrload in the control and experimental taskscaeducted
a PET study to compare changes in cerebral mesabaluring performance on a phonological short-term
memory task and the running memory task (Salmah £1996). In the phonological task, participamntse
instructed to rehearse serially series of six coaats so that they could detect whether a targetarant,
presented after a delay, was present in the tighd updating condition, lists of 8, 9 and 10 coats were
presented and participants were not informed ofahgth of the lists. They were asked to rehealsntly and
to remember serially only the six last items inesrtb decide whether a target consonant, preseiftexda delay,
was present in the six last consonants for thisquéar list. When working memory updating was camgd to
phonological short-term memory, increases of agtieccurred in the right mid-dorsal prefrontal exr{BA 9),
the left middle frontal regions (BA 46 and possiBix 10) and the right frontal pole (BA 10). Incredsregional
cerebral blood flow (rCBF) was also found in a lot@aea of the right inferior parietal and angular §BA
40/39), and in the left supramarginal gyrus (BA.40wever, a problem with this study was that scisjeised a
combination of phonological and visuospatial sgage to perform the running span task. As a resatfe of
the observed activation (e.g., parietal and oaipittivation) might be related to the generatiod short-term
storage of visuospatial images rather than to akekecutive functioning. Moreover, the memory laddix
items may have induced executive processes (fangbea by grouping items into higher-level unitsaln the
control storage tasks as well. Consequently, weezhout a second PET experiment (Van der Lindeal.gt
1999a) to re-examine the brain regions involvedidmking memory updating by using a serial recadiqedure
instead of a recognition procedure and by usingpaspan (four-item) memory load, which is presumadss
dependent upon the central executive of working oxgm~Nhen working memory updating was compared to
phonological short-term memory, the most signifidanrease in activity occurred in the left frontdgr cortex
(BA 10). Activation spread to the left middle frahtortex (BA 46) and was also observed in thetrigh
frontopolar cortex. Using a similar task with fMMpstle et al. (2001) argued that the discardiry an
repositioning operations assumed to be requireddarpdating task are not fundamentally differeoirfthe
encoding- and maintenance-related processes thahgaged by all working memory tasks, since aaimi
network of cerebral regions (prefrontal cortex,exigr frontal areas, anterior cingulate cortex,teaner parietal
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cortex, inferior temporal cortex, and occipitalteas) was found for updating and non-updating iteRsally,
Cornette et al. (2001) showed that when the runmegiory task was performed with visual materia, th
updating process was associated mainly with inexkastivity in the superior frontal sulcus regi®@h\(6/8) but
not in the frontopolar cortex.

Another problem with these neuroimaging studighésuse of task-specific analyses (or a subtractesign),
where the specificity of activeersushaseline differences for the cognitive function enstudy is often
guestionable (Friston et al., 1996; Sidtis et099). Indeed, a running memory task that mainpyetes on the
updating function probably also involves other exg@ processes to some extent, such as inhibjtion
resistance to interference; see De Beni and Pata@004) and shifting. This multi-compound aspeatls to
major difficulties in finding an experimental tagiat enables one to isolate the specific procespadéting, and
developing a control task that suppresses theeinfla of both 'out-of-interest’ executive processes
nonexecutive processes simultaneously.

OBJECTIVES

Since previous studies showed great variabilittheaneural substrates associated with updating;hwdould be
related to methodological limitations listed abotes aim of the present study was to explore thigy amd
diversity of the neural substrate associated vhith process. More specifically, we were interested
determining whether certain cerebral areas are ammimseveral tasks requiring updating, whatever th
idiosyncratic characteristics of the tasks admémext (such as the kind of stimuli to be processateresponse
modality). We capitalised on a cognitive study biyake et al. (2000) that used latent variable asialio
determine to what extent different executive fumesi can be considered to be unitary (in the sévedttey are
a reflection of the same underlying mechanism ditgbor nonunitary. These authors used a setiioé n
executive tasks to explore the separability ofattenctions often described as executive: updashifting and
inhibition. The results indicated that these tHreetions were clearly separable at a cognitivellezithough
they did share some features in common. In a pusvétudy (Collette et al, 2005), the tasks useMliyake et
al. (2000) were adapted to the PET methodologyeterdhine the cerebral areas associated with these t
executive processes. In the present study, weasyeed these neuroimaging data by focusing onatblest
associated with the updating factor. A conjuncoalysis was used to isolate common cerebral actasted
by all three updating tasks.

Moreover, each updating task was compared to itshrad control task to highlight the brain regions
specifically associated with tasks requiring sligldifferent updating processes. The simultane@esaf
conjunction and subtraction statistical designaikhallow for a better characterisation of the beatareas that
are both common to different tasks consideredfteatthe same cognitive process, namely updating,
specific to each one. In addition to exploring toenmonality and specificity of cerebral activitpkied to
various updating tasks, we were also interestekbiarmining the functional connectivity between tieéwork
of cerebral areas associated with updating. Fumaticonnectivity refers to correlations betweenatm
neurophysiological events. Such an analysis hagetdbeen performed with updating tasks and thstence of
covariance between specific cerebral areas shdlold as to better understand the functional rol¢hefse areas
in the context of updating. In our previous studiyexecutive functioning (Collette et al., 2005), dve not
tackle the question of the influence of the idiagwtic characteristics of the tasks on the runwifgxecutive
processes (in this case, updating), or the expdoratf functional connectivity. So, the data ob&adnn the
present study should improve our understanding@fieural substrates of the updating process.

MATERIAL AND METHODS
Subjects
Twelve right-handed European volunteers (6 malesGafemales, age range from 19 to 25 years) gaaie th

written informed consent to take part in this studiiich was approved by the University of Liegei&sh
Committee. None had any past medical history od ass medication.

Cognitive Tasks

The experimental design comprised three conditieash one consisting of an experimental updatisigaad a
matched control task. The tasks used were adagiedthe study by Miyake et al. (2000). The experitak
updating tasks required subjects to process stahigems of unknown lengths, and then to recaltentify a
specific number of the most recently presentedstebontrol tasks only required the temporary stemgtems,
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without any need to update the presented informafibe memory load was similar for the control and
experimental task in each condition. In the fimtdition, subjects had to store and update listabonants. In
the second condition, words were presented thatdhbd semantically processed, and in the thirdlitiam,
subjects had to process sounds with different pich

Fig. 1 - Schematic illustration of cognitive component®ingd in consonants updating: (a) control task, (b)
experimental updating task.

(A) Control task (B) Updating task

Correct response: X VR L Correct response SRTD

Fig. 2 - Schematic illustration of cognitive componentgived in words updating: (a) control task, (b)
experimental updating task.
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Consonant Condition

The material consisted of the 19 French monosyllabhsonants. These consonants were presented @ane a
time on a visual display (120-point Arial Narrownfp and subjects responded aloud.

In thecontrol working-memory taskandomised sequences of four consonants were gisptan the computer
screen at a rate of one every two seconds. Subjectsinstructed to rehearse the stimuli silentigt to
remember them serially in order to repeat the sezpialoud after presentation of each list (theande list
being indicated by a question mark). The respanse allowed was 5,000 millisec (Figure la). In thedating
working-memory tastadapted from Morris and Jones, 1990; see alsodéahinden et al., 1994), lists of 4, 6,
8, and 10 consonants were presented at a rateeafwary two seconds. Subjects were not informeHeofength
of each list before presentation. They were as@edhearse silently and to remember serially omylast four
items. They had to repeat those four items alotet #ie presentation of each list (the end of igtebking
indicated by a question mark). The response tihogvad was 5,000 millisec (Figure Ib).

Sequences that sounded like words or abbreviatiens avoided. For the updating task, the variais lvere
presented in a randomised order, with the restridfiat no more than two lists of the same lengthew
presented in succession. Subjects' responses a@aled on tape. The control and experimental temksisted
of six sequences, with each task lasting 135 seorder to match the number of visual presentati@te/een
the two tasks, sharps (#) were inserted betweals in the control task that subjects did not haverocess.
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Word Condition

The second condition involved the storage and upglatf semantic information. The material consisié86
French mono-, bi- and trisyllabic words. These wdrdlonged to six different semantic categorieshéfs, birds,
vegetables, fruits, clothes and tools). The setewigrds were not prototypes of their semantic aaieg and the
frequency of occurrence of the words was similarafbsix semantic categories [F (5, 30) = 1.48, A]. Words
were presented one at a time on a visual displeyp8nt Arial Narrow font) while the names of thensantic
categories used were displayed throughout the 8i#bjects responded aloud.

In thecontrol working memory taskxemplars of different semantic categories wersgnted at a rate of one
every two seconds and the participants memorissdtioa exemplars belonging to a specified semamatiegory
(this category was displayed at the top of theestduring the whole trial). They had to freely fettzose items
aloud after presentation of each list (the endheflist being indicated by a question mark). Thepomse time
allowed was 5,000 millisec. The length of the semeewas unknown (from 7 to 11 words) and the nurober
exemplars to be memorised by trial was three ar {Bigure 2a). In theipdating working memory task,
exemplars belonging to three or four different seticacategories were sequentially presented atesofeone
every two seconds while the names of the categmieained at the top of the screen. Participardsda
remember only the last exemplar presented in eatelgory in order to recall them freely at the efithe series
(which was indicated by a question mark). The raspdime allowed was 5,000 millisec. The lengtthef
sequence was unknown (from 7 to 11 words) and dineber of exemplars to be memorised per trial weeseth
or four (Figure 2b).

For the control and experimental tasks, the liftsadious lengths were presented in a randomisddrowith
the restriction that no more than two lists of hene length were presented successively. Subjgmimees
were recorded on tape. The control and experiméssas consisted of four sequences, with eachliaaskg
153 sec. In order to match the number of visuadgmtations between the two tasks, sharps (#) weested
between trials in the control task that subjectsrdit have to process.

Fig. 3- Schematic illustration of cognitive component®lngd in sounds updating: (a) control task, (b)
experimental updating task.
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Sound Condition

Three kinds of sounds were created using the Br8d.1 software (Boersma and Weenink, 2003): Itdahp
(880 Hz), middle-pitch (440 Hz) and high-pitch (238) tones. These sounds were presented to sulljectgh
earphones. The task was composed of three triéls each trial corresponding to the random prediamtaf 21
sounds. Each sound was presented for 500 millgigle,an interstimulus interval of 1,500 millisec.

In thecontrol working memory taskubjects had to press a response key to signalosacinrence of a
predetermined sequence of three sounds (e.g., 44R28 Hz, 880 Hz), which corresponded to a mernaag

of three items. A target sequence was presentedebfe onset of each trial (Figure 3a). Tipelating working
memory taskonsisted of detecting the fourth occurrence ohddwd of tone. This required subjects to update,
throughout the task, the number of times the lamedium- and high-pitched tones had been presehtgdré
3b).
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The experimental task lasted 146 sec and the nuaflmerrect detections of the fourth occurrenceaxh kind
of tone was recorded. With regard to the contrsi,téhe duration was 165 sec (due to the supplement
presentation of the target sequence) and the nuofilberrect key-presses following the presentatibthe
target sequence was recorded.

Subjects were trained five or six days before tB& Bession. Three minutes before each acquisitien,
instructions were rehearsed. After the scanningisegost hoaquestioning of the subjects indicated that they
had perfectly complied with the task instructioBach of the six tasks was performed twice durirgsthssion;
tasks were counterbalanced between subjects tootémt order effects.

PET data were acquired on a Siemens CTI 951 R K&/&iner in 3D mode. The subject's head was stedbili
by a thermoplastic facemask secured to the heatkhfTruScan Imaging, Annapolis, MD, USA), and ames
catheter was inserted in a left antebrachial véirst, a 20-minute transmission scan was acquivedttenuation
correction using three rotating sources of 68GenT hegional cerebral blood flow, taken as a maokéocal
neuronal activity (Jueptner and Weiller, 1998), wasmated during 12 emission scans. Each scarsten®f
two frames: a 30-sec background frame and a 9@amaisition frame. The slow intravenous wate;'{8)
infusion began 10 sec before the second framem8iix(222 MBq) were injected for each scan, in Saline,
over a period of 20 sec. The infusion was totallipanated in order to avoid disturbing the subjectrd) the
scanning period. Data were reconstructed usingranidg filter (cut-off frequency: 0.5 cycles/pixelhd
corrected for attenuation and background activitye cognitive tasks were randomly distributed betwe
subjects, with the exception that no cognitive tasls administered twice in succession and that o ithan
two experimental or control tasks were administénesliccession.

Data Analysis

The PET data were analysed using Statistical Parenhvapping (SPM99; Wellcome Department of Cogrti
Neurology, Institute of Neurology, London, UK: hifsww.fil.ion.ucl.ac.uk/spm) implemented in MATLAB
(MathWorks Inc, Natick, MA, USA). For each subjeaif, scans were realigned together, then normatised
standard PET template using the same transfornsaffenackowiak et al., 1997). Finally, PET imageseve
smoothed using a Gaussian kernel of 16 mm fulllwathalf maximum to accommodate intersubject
differences in gyral and functional anatomy anduppress high-frequency noise in the images. Such
transformations of the data allow for voxel-by-vbageraging of data across subjects and for dowxds-
reference to the anatomical features in the stanstareotactic atlas (Talairach and Tournoux, 1988)

Differences in global activity within and betwearmbfects were removed by analysis of covariance woxal-
by-voxel basis with global count as covariate aglanal activity across subjects for each taskesgment
(Friston et al., 1990). The condition and subjétigk) effects were estimated according to the g@rimear
model at each voxel, using a random effect modebRM99, the random effect model is a two-step gutace
applied to accommodate intra-individual and inténidual variability of PET data, thus explicithizeounting
for subject-by-condition interaction effects. Iretfirst step, fixed-effects analyses were perforaetthe within-
subject level using linear contrasts of conditistireates. For each individual, subtraction contrastre
computed separately (p < .001, uncorrected). Thgtirg estimates (i.e., individual contrast imgdéted the
within-subject component of variance. In the secsetdof analyses, the residual between-subjecavesi was
assessed comparing individual estimates creatie ditst level. The resulting set of voxel valdeseach
contrast constituted a map of the t statistic [SHjvthresholded at p < .001 (T < 2.61). Statidtingerences
were then obtained at the voxel level (in termpedk height at p < .05), corrected for multiple pansons.
SPM was thresholded to p < .001 (uncorrected fdtiphe comparisons) in the subtraction and funcion
connectivity analysis, when looking for activationa region predicted by the conjunction analyisirder to
determine which cerebral areas were common tdhifee tupdating tasks, a conjunction analysis wa®peed
in which the changes in cerebral activity commothcomparison of the updating and control tafks (
consonants, words and sounds) were assessed. Morsalstraction analysis between the updating antral
tasks was also performed for the three conditiepsusately. This was done to determine the cereeals
specific to the updating process for consonantsgsvand sounds.

Finally, the relationships between the cerebradsimmmonly involved in the updating process wesessed
using functional connectivity in a fixed-effect &ss. The design matrix included the same scamesasribed
above (namely, the three updating conditions aedhtee control conditions in our twelve subjedi&)w the
analysis looked for brain regions that experieresgynificant difference in reciprocal modulatiorthdifrom the
cortical regions associated to the three updaéieigst It included the most significant peaks oft@alifferent
Brodmann areas (voxel level corrected p < .05)inbthfrom the conjunction analysis and assessed the
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difference in modulation of every of the 10 voxéépending on the condition (updating or controlje Tesults
were considered significant at the voxel level, &1, uncorrected for multiple comparisons when
corresponding to cerebral areas evidenced by thgiiection analysis.

RESULTS

Neur opsychological Performance

The number of correct responses for the controleaperimental tasks in each condition (in percemwan +
standard deviation) was analysed using a Friedroarparametric analyses of variance with repeategsores
(see Table I). The results showed that the respatsgracies for the three updating tasks were iffereint [F

(2, 11) = 2.67, p > .1] and that performance wateben the control tasks than the updating taskegonants: F
(1, 11) = 47.1, p < .0001; words: F (1, 11) = 16®.& .0001; sounds: F (1, 11) = 26.9, p < .605]

TABLE | - Neuropsychological performance

Subjects' cognitive performance in the three coorkit

Consonants Words Sounds
Updating task 79 + 18 76.3+11 66.3 £ 23
Control task 98.7 +3 99.6 +2 87.4+17

Note.Percentage of correct responses (mean * standeéatide) in the three conditions.

Imaging Data
Conjunction Analysis

In order to determine which cerebral areas werelired in the three updating tasks, a conjuncticadyesis was
performed in which changes in cerebral activity cmon to the comparison of updating tasks to corstaiage
tasks (for consonants, words and sounds togettes assessed. This analysis showed increasesvityagt <
.05, corrected) in the left frontopolar cortex (BB), in the left (BA 9) and right middle frontal s (BA 9/46)
and bilaterally in the superior frontal sulcus (BA Foci of cerebral activation were also foundhe left
inferior frontal (BA 44) and right lateral orbitafntal (BA 11) areas. Increased cerebral activitg alao found
bilaterally in the intraparietal sulcus (BA 7) aincthe right inferior parietal gyrus (BA 40). Fihglfoci of
increased cerebral activity were found in the mieati@ right cerebellum (Table Il and Figure 4).

Subtraction Analysis

The comparison of the updating and storage tastteigonsonant condition demonstrated increaseb adr
activity in the left frontopolar cortex (BA 10) .05, corrected). Additional foci of activation €p.001,
uncorrected) were also found in several areasdyrielentified by the conjunction analysis: the tighiddle
frontal gyrus (BA 9/46), the left superior frongalicus (BA 6), the right inferior parietal regiddA 40) and the
medial cerebellum (Table Il1).

With regard to the word condition, there were digant foci of activation (p < .001, uncorrected)d series of
regions displayed in the conjunction analysis:|#fiefrontopolar cortex (BA 10), the middle fron@gyrus
bilaterally (BA 9/46), the left superior frontallsus (BA 6), as well as the right intraparietalcsid (BA 7), the
right inferior (BA 40) parietal gyrus, and the deeum bilaterally (Table 1V).

Finally, when the sound updating working memorktass compared to the control storage task, amaserin
cerebral activity was found in the left middle ftalhgyrus (BA 9) (p < .05, corrected). Supplemenfaci of
activation (p < .001, uncorrected) also existethanright middle frontal area (BA 46), the rightarior parietal
area (BA 40) and left intraparietal sulcus (BA&@d finally the medial and right cerebellum (Ta)e

L In order to assess the influence of task difficoltycerebral activity, the different conditions eelso compared, with individual
performance as the confounding covariate. Thisyaisyielded similar results to those reported abl€s |1-1V.
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TABLE Il - Regions with significant regional cerebral bloftolv (rCBF) changes in the comparison of the
three updating tasks to the three control taskaj{oection analysis)

Cerebral areas Stereotactic co-ordinates Z score
X y z
Voxel p-value < .05, corrected for multiple comgaris
L frontopolar cortex (BA 10) -30 49 1 7.80
-32 49 10 6.69
-34 39 11 5.45
L inferior frontal sulcus (BA 9) -40 22 21 5.51
-53 17 27 5.94
R middle frontal gyrus (BA 9/46) 48 42 20 5.51
48 34 22 5.60
L and R superior frontal sulcus (BA 6) -26 7 53 5.28
32 -1 50 5.26
L inferior frontal gyrus (BA 44/45) -61 17 19 5.06
R lateral orbitofrontal cortex (B A 11/10) 42 56 -16 5.25
L and R intraparietal sulcus (BA 7) -26 -58 47 5.82
48 -59 55 5.89
R inferior parietal gyrus (BA 40) 55 -37 42 6.68
Medial cerebellum 2 -71 -30 5.86
2 -61 -21 5.98
4 -63 -12 6.02
R cerebellum 51 -50 -27 5.31
18 -67 -19 5.36

Note.Coordinates and Z-scores for voxels in which tlvegee significant activation foci when the updattagks were compared to the
control tasks. L = left hemisphere; R = right hgshisre x, y, z(in mm) refer to coordinates in the Talairach sp@edairach and Tournoux,
1988).

TABLE Il - Regions with significant regional cerebral blotbaw (rCBF) changes in the comparison of the
consonant running span task to the matched cotdsi (subtraction analysis)

Brain areas Stereotactic co-ordinates Z score

X y z

Voxel p-value < .05, corrected for multiple comgaris

L frontopolar cortex (BA 10) -30 49 1 5.44
Voxel p-value < .001, uncorrected for multiple caripons

R middle frontal gyrus (BA 9/46) 46 46 18 3.43

44 40 27 3.94
L superior frontal sulcus (BA 6) -30 3 53 3.75
L inferior frontal gyrus (BA 44/45) -61 18 18 4.03
R inferior parietal gyrus (BA 40) 55 -37 46 4.77
Medial cerebellum 2 -61 -7 3.58

Note.Coordinates and Z-scores for voxels in which thregee significant activation foci when the consongmdating task was compared to
the matched control task. L = left hemisphere; gkt hemispherex, y, z(in mm) refer to coordinates in the Talairach sp@@gairach and
Tournoux, 1988).
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Fig. 4 - Brain activation observed in the conjunction aséybetween the three updating tasks (in comparison
to their respective control tasks). Co-ordinateslbsignificant regions are given in Table Il. Bnaareas are
rendered on a standard brain conforming to steretitaspace in SPM99 (corrected p value < .05).

TABLE IV - Regions with significant regional cerebral bloftolw (rCBF) changes in the comparison of the
word running span task to the matched control {asktraction analysis)

Brain areas Stereotactic co-ordinates Z score
X y z
Voxel p-value < .001, uncorrected for multiple caripons
L frontopolar cortex (BA 10) -30 49 1 4.66
L and R middle frontal gyrus (BA 9/46) -50 21 27 3.98
.34 44 18 3.36
50 36 18 3.22
L superior frontal sulcus (BA 6) -24 12 51 3.35
R intraparietal sulcus (BA 7) 44 -59 56 4.14
R inferior parietal gyrus (BA 40) 55 -37 41 3.35
L and R cerebellum -42 -61 -19 3.62
12 -71 24 4,71

Note.Coordinates and Z-scores for voxels in which tlvezee significant activation foci when the word ufdg task was compared to the
matched control task. L = left hemisphere; R =triggmispherex, y, z(in mm) refer to coordinates in the Talairach sp@@airach and
Tournoux, 1988).

TABLE V - Regions with significant regional cerebral blodo\i (rCBF) changes in the comparison of the
sound running span task to the control task (sudtioa analysis)

Cerebral areas Stereotactic co-ordinates Z score

X y z

Voxel p-value < .05, corrected for multiple comparnis

L middle frontal gyrus (BA9) -46 23 32 4.96
Voxel p-value < .001, uncorrected for multiple caripons

R middle frontal gyrus (BA 46) 46 46 18 4.48

R inferior parietal gyrus (BA 40) 50 -60 53 4.19

L intraparietal sulcus (BA 7) -28 -60 51 3.71

Medial cerebellum 8 -75 -23 4.46

R cerebellum 59 -50 26 3.80

Note.Coordinates and Z-scores for voxels in which thvegee significant activation foci when the sound afity task was compared to the
matched control task. L = left hemisphere; R =triiggmispherex, y, z(in mm) refer to coordinates in the Talairach sp@@airach and
Tournoux, 1988).
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Functional connectivity (Friston and Price, 200&een the cerebral areas commonly associatedivétthree
updating tasks and the whole brain metabolism \Wssassessed (see Table VI and Figure 5). Thiysisal
demonstrated correlations between remote cerefwas dhat existed in the three updating tasks dtuinrthe
three control tasks. First, functional connectiafyfrontal areas was assessed. The left frontopoidex (BA
10) showed a preferential connectivity in updatiagks over storage tasks with the right inferionfal gyrus (B
A 44) and right inferior parietal area (BA 40). Tleé middle frontal gyrus (BA 9) was functionakkpnnected
to the right middle frontal gyrus (BA 9/46), as s the left superior frontal sulcus (BA 6) and tight
inferior frontal gyrus (BA 45). The right middlecintal gyrus (BA 9/46) was connected to the lefhfopolar
(BA 10) and middle frontal gyrus (BA 9), bilateratib another area of the middle frontal gyrus (BA&hd to
the left intraparietal sulcus (BA 7) and right inée parietal (BA 40) gyrus, as well as to the naderebellum.
Finally, the left inferior frontal gyrus (BA 44) etwved connectivity with the right frontopolar cortéA 10).
With regard to parietal areas, the left intrapatistilicus (BA 7) showed functional connectivity witvo left-
hemisphere areas: the lateral orbitofrontal gyBA {0) and the superior frontal sulcus (BA 6). Tight
intraparietal sulcus (BA 7) was also correlatechwito left-hemisphere areas - the frontopolar cofA 10)
and the middle frontal gyrus (BA 46) - as well agwthe right cerebellum. Finally, the right inferiparietal
area (BA40) showed functional correlations with tigit inferior frontal (BA 44) and the right inparietal
sulcus (BA 7). The medial cerebellum was functibnked to the left and right inferior frontal gys
(respectively, BA 44 and 45). Functional connetyiwas demonstrated between the right cerebellun an
bilateral middle frontal areas (left BA 46 and tigdA 6).

Fig. 5 - Schematic illustration of the functional conneityibetween cerebral areas found in the conjunction
analysis and the whole brain metabolism.
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TABLE VI - Regions demonstrating functional connectivitthwirebral areas evidenced in the conjunction
analysis

Cerebral areas Stereotactic co-ordinates Z score

X y z

Voxel p-value < .001, uncorrected for multiple caripons
Connectivity with the left frontopolar cortex

R inferior frontal gyrus (BA 44) 63 13 27 3.51
R inferior parietal gyrus (BA 40) 63 -43 39 4.18
Connectivity with the left inferior frontal sulcyBA 9)
R middle frontal gyrus (BA 9/46) 46 48 23 3.50
L superior frontal sulcus (BA 6) -24 8 53 4.09
R inferior frontal gyrus (BA 45) 63 22 15 3.93
Connectivity with the right middle frontal gyrus AB/46)

L frontopolar cortex (BA 10) -26 58 4 3.21
L middle frontal gyrus (BA 9) -46 23 27 3.45
L and R middle frontal gyrus (BA 6) -38 8 49 3.45

26 -3 54 3.33
L intraparietal sulcus (BA 7) -40 -61 56 3.39
R inferior parietal gyrus (BA 40) 50 -54 56 3.56
R cerebellum 18 -69 -20 3.63

Connectivity with the left inferior frontal gyru84 44)
R frontopolar cortex (BA 10) 30 55 5 3.14
Connectivity with the left intraparietal sulcus
L lateral orbitofrontal gyrus (BA 10) -42 46 -10 3.53
L superior frontal sulcus (BA 6) -30 5 59 3.25
Connectivity with the right intraparietal sulcus

L frontopolar cortex (BA 10) -30 51 1 3.16
L middle frontal gyrus (BA 46) -46 32 17 3.17
R cerebellum 53 -69 -23 3.53

20 -61 -15 3.33

Connectivity with the right supramarginal gyrus (B8)

R inferior frontal gyrus (BA 44) 53 16 12 3.54
R intraparietal sulcus (BA 7) 38 -52 52 3.29
Connectivity with the medial cerebellum
L inferior frontal gyrus (BA 44) -59 17 23 3.16
R inferior frontal gyrus (BA 45) 65 20 12 3.21
Connectivity with the right cerebellum
L middle frontal gyrus (BA 46) -48 41 9 3.83
R middle frontal gyrus (BA 6) 30 -3 48 3.25

Note.Coordinates and Z-scores for voxels in which thegee significant activation foci when functionalnoectivity with areas found in
the conjunction analysis was assessed. L = lefispmare; R = right hemisphere.y, z(in mm) refer to coordinates in the Talairach space
(Talairach and Tournoux, 1988).

DI1scUSSION

The results obtained in this study can be sumnthasdollows. First, our conjunction and subtragsi@analyses
demonstrated that there is a network of cerebeslsacommon to the three updating tasks, althougle soeas
appear more specific to each task. More specificalbilateral network of prefrontal, parietal azetebellar
regions subserved performance on all three upd&sig while, within this network, some areas apmbanore
engaged by one updating task or another; thertaftdpolar (BA 10) for consonant updating and #ferhiddle
frontal gyrus (BA 9) for sound updating and, abwaeér statistical threshold, the left frontopoladaight
cerebellum for word updating. Finally, functionalnnectivity analyses demonstrated a large number of
interrelationships between the different cerebrada involved in the updating function.
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Since the cerebral network common to the threetimgltasks was evidenced with a conjunction anajybiese
areas should be relatively independent of the extaantacteristics of the tasks to be performed, bt
requirement to update the presented informatiomduhe task. However, the large number of ceredmeds
associated with the updating function leads orgutestion the unitary nature of this process. I, fas
suggested by Miyake et al. (2000), the identifmatdf target executive functions such as updashdting, or
inhibition constitutes a useful level of analysig these functions can also be decomposed into basie
component processes. In particular, besides engadid maintenance processes, the updating fund¢ipends
on a series of processes such as shifting frommiatéo external information, discarding irrelevéeins,
tracking serial order, and repositioning items.

Among the different areas demonstrating an actimatbmmon to all three updating tasks, the fronfapoortex
has previously been found to be associated witftopeance on the running span task (Salmon et @961Van
der Linden et al., 1999a). It has been proposedhigregion supports the processing of interngéiperated or
stimulus-independent thought, and thus that ittva in situations involving the evaluation andeston of
internally generated information (Christoff and @aly, 2000; Christoff et al., 2001, 2003; McGugtal.,
1996). Another account of frontopolar functionhattthis region is involved in a so-called 'branghicognitive
process, consisting of carrying out a secondalywdsle holding a primary task in working memorydé&chlin
et al., 1999). Both of these functions could adyua¢ combined in a recent proposal by Burgess ¢2@05),
which suggests that the frontopolar region plagsl@in co-ordinating attention between internaipresented
and externally presented information, without baiirgctly responsible for information transformatéo(the
‘gateway hypothesis'). The updating memory taskasee required subjects to maintain an internal
representation in the absence of external cuesi(ther of items already presented), while simelbarsly
processing externally presented stimuli (the camtirs presentation of new items).

Many functions have been attributed to the middfefior lateral prefrontal cortex: manipulationioformation
(Collette et al., 1999; D'Esposito et al., 1999thoet al., 1999), dual task co-ordination (D'Esoet al.,
1995), shifting processes (Rogers et al., 200@) iambition (Chee et al., 2000; Collette et aDP2). Owen et
al. (2000) proposed that a general role for tharetateral frontal cortex in working memory would o trigger
active low-level encoding strategies (such as tlhmgaved in the forward span task, requiring atiekely
straightforward mapping of stimulus to response)dntrast, the dorsolateral frontal cortex wodaletivated
in memory situations that require subjects to nwnieésponses made and information assimilatedeeanlithe
trial (such as free recall or backward digit spaigwever, Raye et al. (2002) proposed that activithe
dorsolateral prefrontal cortex (BA 9) is recruitedorolong (or increase) the activation of représtons, or
resuscitate those with sufficient levels of acyivii 'refreshing' process). Both these interpratati{ monitoring
and refreshing) appear valuable in the contexpadfting and further studies will be necessary terigne the
exact function of the dorsolateral prefrontal ced@ring running span tasks.

We also observed increased cerebral activity irepErareas during updating. Such activity hadaalyebeen
described in previous studies (e.g., Braver eflB;7) and was most frequently explained in terfrtarage
function (e.g., Honey et al., 2000). However, ised cerebral activity was found in the left pastgrarietal
region (more specifically, in the intraparietal@uig), close to the area described by Marshuetz @0D0) as
underlying ordination processes. Tracking of serder and repositioning items in working memorg ar
considered to be two major updating processes|@Peistl., 2001). Other regions associated witlinattbn
processes are the superior frontal areas and dlerab@lenson et al., 2000). It must, however, bteddhat
bilateral activity in the intraparietal sulcus, falin a study by LaBar et al. (1999), was commoa terbal
working memory task and a spatial attention tasie &uthors proposed that this neuroanatomic oveelapes
to the shifting of an attentional focus, irrespeetdf whether the shifts occur over space, timeognitive
domain. Finally, we have no clear interpretationhaf role of the right lateral orbitofrontal corté&A 11/10) at
present, but this region has been associated mhthitory processes (for a review, see Collette \dad der
Linden, 2002).

Functional connectivity analyses were also perfafoedetermine the cerebral areas whose activitared
with regions evidenced by the conjunction analySesne of these interrelationships are consistetit @ur
hypotheses concerning the functional role of theg@ns. In particular, they fit the interpretatisuggesting
that the frontopolar cortex acts as a gateway kmtwiee processing of internal representations atedraally
presented stimuli, directing the flow of informatibetween regions where transformations are rea{Bergess
et al., 2005). Indeed, we found that activity ie téft frontopolar cortex was associated with fgatrmiddle and
inferior frontal gyrus. According to Owen (200M)etinferior frontal gyrus may be associated with th
processing of externally presented informationdgithis area is involved in low-level encoding &gées) and
the middle frontal gyrus with the processimg internal representations (i.e., monitorirignformation
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presented earlier). In that context, the role efftontopolar cortex would be to hedge the roteasbal of
information (a low-level encoding strategy devatedhe inferior frontal gyrus) and to reorganisis th
information following the presentation of newemiie (a monitoring function devoted to the middlenfed
gyrus). Similarly, we observed functional conneityibetween the intraparietal sulcus, the cerebebund the
superior frontal sulcus. These areas have beem&thio be responsible for serial order processvayghuetz et
al., 2000; Henson et al., 2000), and more spetlifidiie continuous repositioning of items in worgimemory
(Postle et al., 2001). Interestingly, these regiwagse also recruited for updating of visuospati&bimation
(Cornette et al., 2001). Finally, we also obserfigtttional connectivity between the prefrontal gadietal
areas. Although further studies are necessaryrbroothis hypothesis, one might propose that, miyri
updating, the prefrontal areas send a signal tpahnietal regions (typically regarded as a 'storagea ; e.g.,
Honey et al., 2000) in order to access and edittineent memory representation Due to the PET naetlogy
(which generates a small number of functional imgglata per subject and condition), these functiona
connectivity analyses were performed on all thnegating tasks simultaneously, and connectivity sjpeto
each updating task was not assessed. Moreoveg, dnedyses showed cerebral areas where activigriesvbut
did not allow us to determine which of the aredsienced the functional response of the otherh# tontext,
it would be particularly fruitful to pursue thesevestigations using fMRI, which would allow onedontrast the
functional connectivity specific to each task, atgb to explore the modulation of the network entll here
with regard to the subject's performance or, irepthords, to determine whether some cerebral anedsilate
the functional responses of others depending oprib@uction of correct or erroneous responses.

Finally, it must be emphasised that the comparefaach updating task to the matched control thekved the
most significant activity in various areas of thaneral common network. These results are in aaceeiwith
the view that, within this general network, someagrare more involved in one task than in anofiffes.reasons
for the differences in cerebral activity betweeskiconsidered as mainly reflecting an updatingitglaire not
really clear, and we cannot totally reject the hipsis that some of these results are undermineliffieyences
across conditions in task demands (e.g., memoud; ldifferences in task parameters, etc.) althowgttrol tasks
were cautiously selected to remove such influendesvever, the following interpretations may be &tively
proposed. The region most associated with consammt#ting is the left frontopolar cortex, considkas a
gateway between the processing of internal reptaens and externally presented stimuli (Burgesd.e
2005), a key process for updating. Thus, consomaaiating would be primarily characterised by thisgess,
and repositioning of items or inhibition would es$ involved in this task. Otherwise, although Mg at al.
(2000) demonstrated that the word running spanitaslearly associated with an updating factorspecific
cerebral area was found to be particularly assediaifth this task at a corrected statistical thoéckhHowever,
some processes related to updating already exiseinontrol task. Indeed, this task requires pigdits to
maintain in memory only exemplars belonging to ecsfed semantic category. This means they mudébiinh
the encoding of exemplars from other semantic caiteg and compare the presented information taoriate
semantic representations, two processes thatemdychssociated with updating. Thus, the use cif sucontrol
task could have masked cerebral activity speaifisegmantic updating. It should also be noted thiattask,
considered as requiring updating, is also chariaeigiby task-switching, because participants mespkrack of
four category representations at once, and switehtigon between them. Finally, sound updating mamly
associated with the left middle frontal gyrus (BA B comparison to the control task, sound updatéquires
subjects to keep track of the number of times aiipesound is presented. This induces a suppleangnt
memory load, counting processes and manipulationfofmation without any need to reorganise it ¢cary to
the two previous updating tasks). In support of thipothesis, the left middle frontal gyrus hadvimesly been
found to be associated with the manipulation adinfation in working memory (Collette et al., 1999)
refreshing just-presented information (Raye et24102).

In conclusion, the results obtained with a conjiomcainalysis clearly demonstrate that there isralwal
network associated with the updating function, what task is administered. Moreover, the existeice
connections between cerebral areas within this extallowed to confirm the functional role attriledtto these
regions. So connections between the left frontapmatex and middle and inferior frontal gyrus are
agreement with the "gateway" function attributedhis region by Burgess et al. (2005). Network®aisded
with serial order processing and, more tentativeith the editing of memory representations wess éolated.
Finally, the results of subtraction analyses shothetithe degree of activation of these areas dkpen the
specific characteristics of the updating task,(tlee extent to which the task requires specifacpsses such as
co-ordinating attention between internally représdrand externally presented information, processerial
order, inhibiting irrelevant information, manipuftag information, etc.) but also on the cognitiveqesses
elicited by the matched control task. More gengra#isults obtained this study provide some infdaromeabout
the nature of executive functioning. In a previstigly, Collette et al. (2005) demonstrated thadeélmocesses
are characterised by unity and diversity at a neairtevel [see Miyake et al. (2000) for similaralat a
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cognitive level], since some cerebral areas arenoomto the executive processes of updating, sbitiimd
inhibition while other areas appear specific tohepmcess. With regard to the updating functionolvserved a
common network for the three tasks, but the usbeterebral areas making up this network seerns to
modulated depending on the exact characteristitiseotfasks. These data could indicate that thetiqapa
process is characterised more by unity than byrsiityeof processes. However, this pattern was bseoved for
all executive functions: tasks identified by Miyadteal. (2000) as loading on a shifting factor iegdistinct
cerebral areas, rather than a few common regicals(® et al., 2006); this finding is consistenthniiie
conceptualisation of shifting as requiring mainlgiigersity of process. Although further studiesl i
necessary to corroborate these hypotheses, it dbairthe cognitive functions grouped togethereaetutive”
can be characterized by both unity and diversitfjun€tioning, and that the proportion of these twade of
functioning varies between executive processes.
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