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bstract

Cognitive control mechanisms permit memory to be accessed strategically, and so aid in bringing knowledge to mind that is relevant to current
oals and actions. In this review, we consider the contribution of left ventrolateral prefrontal cortex (VLPFC) to the cognitive control of memory.
eviewed evidence supports a two-process model of mnemonic control, supported by a double dissociation among rostral regions of left VLPFC.
pecifically, anterior VLPFC (∼BA 47; inferior frontal gyrus pars orbitalis) supports controlled access to stored conceptual representations, whereas
id-VLPFC (∼BA 45; inferior frontal gyrus pars triangularis) supports a domain-general selection process that operates post-retrieval to resolve
ompetition among active representations. We discuss the contribution of these control mechanisms across a range of mnemonic domains, including
emantic retrieval, recollection of contextual details about past events, resolution of proactive interference in working memory, and task switching.
inally, we consider open directions for future research into left VLPFC function and the cognitive control of memory.
2007 Elsevier Ltd. All rights reserved.
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. Introduction
Whether determining the appropriate utensil to use at a formal
inner, how much money is necessary for a trip on the subway,
r the right words to use when greeting a long absent friend,
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emory informs our behavior. Sometimes knowledge relevant to
ur goals comes to mind automatically, in a bottom-up fashion,
imply by processing cues in our environment. Often, however,
elevant experiences from the past or facts about the world do
ot readily come to mind. In these instances, we must search
emory strategically and focus attention on relevant retrieved

nformation. Cognitive control mechanisms, supported by the
refrontal cortex (PFC), allow us to be strategic in making mem-
ry subject to our intents and needs. Hence, the cognitive control
f memory is fundamental to flexible, goal-directed behavior.

In this review, we focus on the contribution of left ventro-
ateral prefrontal cortex (VLPFC) to the control of memory.
LPFC encompasses the inferior frontal gyrus anterior to pre-
otor cortex (Brodmann’s area [BA] 6) and posterior to the

rontal pole (BA 10), and consists of three gross anatomical sub-
ivisions: pars opercularis, pars triangularis, and pars orbitalis.
espectively, these subdivisions correspond approximately to
A 44, BA 45, and the portion of BA 47 along the inferior

rontal gyrus, not including caudal orbital frontal cortex. This
atter subdivision maps to what Petrides and Pandya (2002b)
erm area 47/12, noting the homology between area 47 in the
uman and area 12 in the macaque monkey (Fig. 1).

Functional examination of left VLPFC holds a promi-
ent place in the history of neuropsychology, dating back
o Paul Broca’s work on non-fluent aphasia (Broca, 1861).

ore recently, convergent data from a variety of methodologies
ave highlighted a broader role for VLPFC beyond strict lan-
uage production (Badre & Wagner, 2002; Buckner, Raichle, &
etersen, 1995; Gabrieli, Poldrack, & Desmond, 1998; Petersen,

ox, Posner, Mintun, & Raichle, 1988; Petrides, 2000; Poldrack

Wagner, 2004; Thompson-Schill, 2003; Thompson-Schill,
edny, & Goldberg, 2005; Wagner, 1999). In particular, neu-

opsychological and neuroimaging data have linked left VLPFC

m
r
c
m

ig. 1. Anatomical divisions of VLPFC. (A) Schematic representation of the divisio
etrides & Pandya, 2002b). Labels highlight the opercularis, triangularis, and orbital
4), mid (∼BA 45), and anterior VLPFC, respectively. Importantly, the portion of B
2002b) as area 47/12, as it was homologous to monkey area 12 and was distinct from
erm “mid-VLPFC” to refer to both area 47/12 and area 45. This broader region of VL
ellow outline. Because our aim is to consider functional distinctions between 47/12 a
nly for the latter. (B) Coronal slices from the MNI canonical brain depict the anatom
id-VLPFC lie ventral to the (1) inferior frontal sulcus. In caudal slices, mid-VLPFC

orizontal ramus of the lateral fissure. Anterior VLPFC is bounded ventrally and med
hologia 45 (2007) 2883–2901

ith the cognitive control of memory (Badre, Poldrack, Paré-
lagoev, Insler, & Wagner, 2005; Buckner, 1996; Gabrieli et al.,
998; Petrides, 2002; Thompson-Schill, D’Esposito, Aguirre, &
arah, 1997; Wagner, Paré-Blagoev, Clark, & Poldrack, 2001).
nitial evidence pointed to a fractionation within VLPFC accord-
ng to representational content (i.e., the semantic-phonological
ypothesis; e.g., Buckner et al., 1995; Fiez, 1997; Poldrack et
l., 1999; Price, Wise, & Frackowiak, 1996). However, as evi-
ence has accumulated, it has become increasingly apparent that
natomically distinct subcomponents of left VLPFC also can be
istinguished based on their association with distinct forms of
ognitive control. In this review, we consider this more recent
vidence for dissociable control processes within left VLPFC,
nd illustrate how these processes impact behavior across a range
f different task domains in which access to memory is critical.

. Left VLPFC and semantic retrieval

Semantic memory consists of long-term knowledge of facts,
ord meanings, and object properties (Tulving, 1972). Semantic
nowledge is represented in a distributed manner (McClelland

Rogers, 2003), and its storage and retrieval partially depend
n inferior and lateral temporal cortical regions (Damasio, 1990;
amasio, Tranel, Grabowski, Adolphs, & Damasio, 2004; Farah
McClelland, 1991; Gorno-Tempini et al., 2004; Martin &

hao, 2001; Nobre, Allison, & McCarthy, 1994; Thompson-
chill, 2003). Retrieval from semantic memory can occur
utomatically, being triggered by a cue that serves to activate
ssociated concepts. Under such conditions, semantic infor-

ation may be retrieved via bottom-up inputs that activate

epresentations in temporal cortex, independent of control pro-
esses subserved by PFC. While relatively rapid and requiring
inimal attention, automatic retrieval is obligatory and non-

ns of the prefrontal cortex with cytoarchitectonic areas labeled (adapted from
is subdivisions of the inferior frontal gyrus that correspond to posterior (∼BA
A 47 that we label anterior VLPFC was distinguished by Petrides and Pandya
caudal orbital frontal cortex. Moreover, Petrides and colleagues have used the

PFC referred to as “mid-VLPFC” by Petrides and colleagues is highlighted by a
nd 45 we have adopted “anterior VLPFC” for the former and use “mid-VLPFC”
ical boundaries that define mid-VLPFC and anterior VLPFC. Both anterior and

is bounded ventrally by the (2) insular sulcus, and in rostral slices by the (3)
ially by the (4) orbital gyrus.
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trategic (Neely, 1991). Hence, exclusive reliance on automatic
etrieval may mean that goal-relevant information is not retrieved
r suffers from interference due to other retrieved but irrelevant
nformation. Accordingly, cognitive control is often critical for
ffective use of relevant semantic knowledge.

Left VLPFC has been implicated in cognitive control pro-
esses that guide access to relevant information from semantic
emory, a role enabled by direct connections from VLPFC

o inferior and lateral temporal regions (Croxson et al., 2005;
etrides & Pandya, 2002a; Petrides & Pandya, 2002b). Func-

ional imaging evidence indicates that left VLPFC is more active
uring conditions requiring goal-directed access to semantic
nowledge (Gabrieli et al., 1998; Poldrack et al., 1999), includ-
ng comparisons of semantic decisions versus word reading
Davis & Johnsrude, 2003; Davis, Meunier, & Marslen-Wilson,
004; Petersen et al., 1988; Tyler, Bright, Fletcher, & Stamatakis,
004), semantic versus non-semantic classification of stim-
li (Devlin, Matthews, & Rushworth, 2003; Gabrieli et al.,
996; Gold & Buckner, 2002; Kapur et al., 1994; McDermott,
etersen, Watson, & Ojemann, 2003; Noesselt, Shah, & Jancke,
003; Noppeney, Phillips, & Price, 2004; Otten & Rugg,
001; Price et al., 1996; Roskies, Fiez, Balota, Raichle, &
etersen, 2001; Ruschemeyer, Fiebach, Kempe, & Friederici,
005; Scott, Leff, & Wise, 2003; Vandenberghe, Price, Wise,
osephs, & Frackowiak, 1996; Wagner, 1999; Wig, Grafton,
emos, & Kelley, 2005; Wig, Miller, Kingstone, & Kelley,
004), strategically mediated lexical priming versus automatic
exical priming (Giesbrecht, Camblin, & Swaab, 2004; Gold
t al., 2006), and even planning semantically guided gestures
i.e., tool use motions) versus control gestures (Johnson-Frey,
ewman-Norlund, & Grafton, 2005). Importantly, left VLPFC

ppears to make necessary contributions to controlled seman-
ic processing, as performance on a variety of semantic tasks is
isrupted by damage to left VLPFC (Martin & Cheng, 2006;
etzler, 2001; Thompson-Schill et al., 1998), by intraoperative

timulation of left VLPFC (Klein et al., 1997), and by applica-
ion of transcranial magnetic stimulation (TMS) over anterior
LPFC (Devlin et al., 2003; Gough, Nobre, & Devlin, 2005;

or related findings, see Kohler, Paus, Buckner, & Milner, 2004;
ig et al., 2005).

.1. A two-process account of rostral left VLPFC
unctional organization

Building on the observations of others, as well as recent
ata emerging from our lab, we recently proposed a two-
rocess account of left VLPFC contributions to controlled
emantic processing (Badre et al., 2005). This hypothesis dis-
inguishes between a controlled retrieval process that activates
oal-relevant knowledge in a top-down manner, and a post-
etrieval selection process that resolves competition between
imultaneously active representations (irrespective of whether
hese representations were activated in an automatic or con-

rolled manner).

Controlled retrieval is necessary to the extent that semantic
nformation relevant to current retrieval goals is not automat-
cally activated during a retrieval attempt (Badre & Wagner,

t
A
r

ologia 45 (2007) 2883–2901 2885

002; Wagner et al., 2001). Under such circumstances, a control
rocess that maintains relevant cues or retrieval plans may pro-
ide a top-down bias favoring retrieval of relevant knowledge
Johnson & Hirst, 1993; Neely, 1991; Norman & Bobrow, 1979;
aaijmakers & Shiffrin, 1981). Accordingly, when bottom-up
ues are insufficient to elicit activation of target knowledge (i.e.,
utomatic retrieval), demands on controlled retrieval increase
Tomita, Ohbayashi, Nakahara, Hasegawa, & Miyashita, 1999).
otably, as controlled retrieval directly affects activation of

ong-term memory representations, activity in temporal corti-
al regions that store semantic knowledge should be impacted
y the action of controlled retrieval.

Automatic and controlled retrieval processes can result in
he recovery of multiple representations. Indeed, it is likely not
ften the case that the right conjunction of cues is present to
nsure that only goal-relevant associated knowledge is activated
rom memory. Rather, it is inherent to the associative struc-
ure of memory that calls to memory will often result in the
etrieval of more associated information than is relevant to the
urrent task (Anderson & Spellman, 1995; Badre et al., 2005).
mportantly, when multiple representations are activated, post-
etrieval selection is needed to resolve competition among the
ultiple retrieved representations, allowing the relevant repre-

entation(s) to drive decision and action (Fletcher, Shallice, &
olan, 2000; Moss et al., 2005). Consistent with this perspec-

ive, formal models of retrieval often include a second retrieval
tep that recovers activated information en route to generating
response (Raaijmakers & Shiffrin, 1981). Accordingly, and

n contrast to controlled retrieval, selection is required under
onditions of competition from among retrieved representations
Badre et al., 2005; Badre & Wagner, 2002; Fletcher et al., 2000;
hang, Feng, Fox, Gao, & Tan, 2004).

Operationally, selection demands can be manipulated by
ncreasing the number or strength of active competitors.

echanistically, selection requires the maintenance of goal
nformation in order to bias activation of relevant representa-
ions over competing irrelevant representations (Cohen, Dunbar,

McClelland, 1990; Miller & Cohen, 2001; Thompson-Schill
t al., 1997). As such, selection may even be critical during calls
o memory with minimal controlled retrieval demands, such
s object naming when multiple candidate lexemes are asso-
iated with an object (Kan & Thompson-Schill, 2004; Levelt,
999; Moss et al., 2005). Moreover, because selection is posited
o operate post-retrieval, selection demands can increase inde-
endent of semantic retrieval. In this sense, selection may not
perate directly on long-term semantic representations stored in
ateral temporal cortex, but rather on mediating tokens or lex-
cal representations that bridge stored knowledge and action.
ccordingly, it should be possible to functionally dissociate

he neural correlates of post-retrieval selection from activity
arking retrieval from long-term memory stores, such as in lat-

ral temporal cortical regions (Thompson-Schill, D’Esposito, &
an, 1999).

To be explicit, the two-process account of left VLPFC func-

ion makes three key claims and associated predictions. (1)
utomatic retrieval can occur via processing in posterior cortical

egions, independent of PFC-mediated cognitive control. Under
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Table 1
Summary of the two-process model of left VLPFC control of memory

Controlled retrieval Selection

Operation Pre/during retrieval Post-retrieval
Locus of control Long-term semantic representations stored in

lateral temporal cortex
Retrieved tokens or lexical representations

Domain of control Semantic General (semantic, phonological, or perceptual)
Control demand Failure to retrieve goal-relevant knowledge from

memory
Conflict between relevant and irrelevant retrieved knowledge

Experimental manipulation Inversely related to the strength of association
between cues and target knowledge

Increases with the number or potency of retrieved competitors
OR increases with specificity of retrieval goals

PFC focus Anterior VLPFC Mid-VLPFC
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o-varies with lateral temporal cortex Yes

uch conditions, retrieval-related activity should be present in
osterior structures, but need not be reflected in PFC. (2) Con-
rolled retrieval of conceptual knowledge depends on a distinct
eft VLPFC mechanism that directly influences activation in
onceptual stores, such as lateral temporal cortex, and thus
hould functionally couple with activity in temporal cortex.
emands on this mechanism will be inversely associated with

he degree to which bottom-up cues are effective at activat-
ng relevant conceptual knowledge. (3) Selection is engaged
ost-retrieval and depends on a distinct left VLPFC mecha-
ism that operates on simultaneously active representations,
rrespective of whether these representations were retrieved in an
utomatic or controlled manner. Because this mechanism does
ot directly activate long-term representations, the left VLPFC
egion mediating post-retrieval selection need not functionally
ouple with lateral temporal cortex. Demands on this mechanism
ill increase when multiple representations compete and when

he level of competition from irrelevant representations is high.
he distinguishing features of controlled retrieval and selection
long with the key predictions of the two-process model are
ummarized in Table 1.

.2. Evidence for the two-process account of left VLPFC
unction

Badre et al. (2005) and Gold et al. (2006) have recently
rovided evidence in support of the two-process model of left
LPFC function. In both papers, a series of fMRI experiments

evealed that controlled retrieval and selection are dissociable
ontrol mechanisms supported by separable subdivisions of left
LPFC. As detailed below, controlled retrieval was associated
ith activity in a ventral and rostral portion of left VLPFC. This

ubregion, which we term anterior VLPFC, corresponds approx-
mately to the portion of BA 47 that includes the pars orbitalis
ubdivision of the inferior frontal gyrus and appears to map to
etrides and Pandya (2002b) area 47/12 (Fig. 1). By contrast,
election was associated with the portion of VLPFC that approx-
mately corresponds to the pars triangularis subdivision of the

nferior frontal gyrus (∼BA 45). We refer to this subdivision
s mid-VLPFC to distinguish it from anterior VLPFC (Fig. 1),
hough we emphasize that this region lies not only caudal but
lso dorsal to anterior VLPFC. It is important to note that the

e
w
i
t

No

erm “mid-VLPFC” has been used by Petrides and colleagues
c.f., Petrides, 2002) to refer to both BA 45 (triangularis) and
rea 47/12 (orbitalis) so as to distinguish these rostral VLPFC
ubregions from caudal VLPFC (BA 44) and frontal pole (BA
0). Because the present review explicitly considers how BA 45
unctionally dissociates from area 47/12, we use mid-VLPFC
o refer only to the dorsocaudal portion of the region labeled as
uch by Petrides and Pandya (2002b; i.e., BA 45).

Turning to the study by Badre et al. (2005), subjects were
resented word cues and had to decide which target from a
et of two- or four-target words is semantically related to each
ue (Fig. 2). By manipulating the task requirements and the
ature of the stimuli, demands on selection and on controlled
etrieval were systematically varied. First, selection demands
ere manipulated by varying the specificity of the semantic

udgment, with participants making either a global relatedness
udgment (i.e., which of the targets is most globally related to the
ue) or a feature similarity judgment (i.e., which of the targets
s most similar to the cue with respect to a particular feature,
uch as color) (Fig. 2A; Table 2). Because the feature judgment
ntails focusing on a specific goal-relevant subset of retrieved
nowledge, namely the instructed feature (e.g., color), fea-
ure judgments demand increased selection (Thompson-Schill
t al., 1997). fMRI revealed that performance of feature (high
election) versus relatedness (low selection) judgments elicited
reater activation in left VLPFC inclusive of mid-VLPFC (∼BA
5; pars triangularis), whereas this manipulation did not affect
ctivation levels in left anterior VLPFC (∼BA 47; pars orbitalis)
or in left middle temporal cortex (∼BA 21) (Fig. 2A) (see also,
hompson-Schill et al., 1997).

Second, within the feature judgment task, a congruency
anipulation further taxed selection demands by varying
hether automatically retrieved knowledge was relevant or irrel-

vant (Fig. 2B; Table 2). On incongruent feature trials the
istractor was a pre-experimental associate of the cue, but not
long the relevant dimension, whereas on congruent trials the
re-experimental associate was the target. Hence, on incon-
ruent trials, the association between the cue and distractor

licited automatic retrieval of information irrelevant to the task,
hich in turn resulted in increased selection demands due to the

ncreased competition between simultaneously active represen-
ations. fMRI revealed that incongruent versus congruent trials



D. Badre, A.D. Wagner / Neuropsychologia 45 (2007) 2883–2901 2887

Fig. 2. Results from four manipulations of control during semantic retrieval provide evidence for the two-process model (adapted from Badre et al., 2005). On each
trial, subject chose one of two- or four-target words presented beneath a cue word. Schematics depict examples from conditions of (A) Judgment Specificity, (B)
Congruency, (C) Associative Strength, and (D) Number of Targets manipulations, with circles indicating the correct target. Graphs in A–D plot integrated percent
signal change (iPSC) during each condition from left anterior VLPFC (−54 27 −9), mid-VLPFC (−51 15 33), and posterior middle temporal gyrus (−48 −48 3).
Renderings on an inflated MNI canonical depict (E) selective activation in anterior VLPFC from the contrast of weak, two-target versus strong, four-target trials
across Badre et al. (2005) and Wagner et al. (2001), and (F) selective activation in mid-VLPFC associated with a meta-variable indexing behavioral variance across
the selection manipulations in Badre et al. (2005). (G) A cross-over interaction (i.e., double dissociation) was observed between anterior and mid-VLPFC: the former
region showed a greater difference in percent signal change between weak, two-target vs. strong, four-target trials, whereas the latter region showed a greater signal
difference between incongruent vs. congruent trials.
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Table 2
Summary of stereotaxic coordinates in anterior and mid-VLPFC

Study Experimental manipulation Control demand Anterior VLPFC Mid-VLPFC

Badre et al. (2005) Judgment specificity Selection XXXX −45 27 15, −42 33 9
Congruency Selection XXXX −48 18 18, −54 30 12
Associative strength Selection and controlled retrieval −51 27 −3, −48 30 −12 −48 15 24, −51 21 21, −45 27 15, −48 30 12
Number of targets Selection XXXX −51 27 15
Weak, two-target > strong, four-target Controlled retrieval −45 27 −15 XXXX
PCA selection component Selection XXXX −54 21 12

Gold et al. (2006) Neutral > related Controlled retrieval −46 33 −3 XXXX
Unrelated > neutral Selection XXXX −49 27 24

Dobbins and Wagner (2005) Conceptual > perceptual sourcea Controlled retrieval −48 33 −9, −54 30 3, −45 27 0 XXXX
Conceptual and perceptual source > novelty
detectionb

Selection −54 24 −3c −51 18 6, −51 24 15

Fernandes et al. (2005) Semantic decision during episodic
retrieval > digit decision during episodic
retrieval

Selection XXXX −50 28 19

Badre and Wagner (2005) Negative recent > non-recent and positive
recent > non-recent

Selection XXXX −51 21 6

Badre and Wagner (2006) Task switch > task repeat (short CSI) Selection XXXX −51 27 6
Task switch > task repeat Selection XXXX −54 33 18

Average (S.D.) −48(3) 30(3) −6(6) −50(3) 25(5) 14(6)

a Masked by contrast of pleasant/unpleasant > living/non-living.
b Conjunction of conceptual source > novelty and perceptual source > novelty.
c Conceptual > perceptual per overlap with −45 27 0; excluded from average anterior VLPFC coordinates.
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licited greater activation in left mid-VLPFC, whereas again
here was no effect in left anterior VLPFC nor in middle tem-
oral cortex. These data suggest that lateral temporal cortical
egions that store semantic knowledge are insensitive to compe-
ition, a pattern consistent with the characterization of selection
s operating post-retrieval.

Third, controlled retrieval demands were manipulated by
arying the strength of association between the cue and the
orrect target during global relatedness judgments (Fig. 2C).
reater controlled retrieval is necessary under conditions of
eak cue-target associative strength because of diminished
ottom-up activation of relevant knowledge (Bunge, Wendelken,
adre, & Wagner, 2005; Wagner et al., 2001). However, vary-

ng cue-target associative strength may also increase selection
emands because (1) increases in retrieval can result in greater
ctivation of both relevant and irrelevant information from mem-
ry, and (2) the weak activation of relevant target knowledge may
ender this information less competitively viable (Thompson-
chill & Botvinick, 2006). Consistent with this possibility, when
ue-target associative strength was weak relative to strong, fMRI
evealed greater activation in left VLPFC, inclusive of mid-
LPFC (Fig. 2C; Table 2). Importantly, however, activation was

lso greater on weak associative strength trials in left anterior
LPFC and posterior middle temporal cortex (Fig. 2C; Table 2),

wo regions that were insensitive to the selection manipulations
i.e., judgment specificity and congruency). These latter find-
ngs suggest that left anterior VLPFC may specifically mediate
ontrolled semantic retrieval by modulating processing in lat-
ral temporal cortex (Bokde, Tagamets, Friedman, & Horwitz,
001).

Finally, Badre et al. (2005) observed that left middle tem-
oral cortex and mid-VLPFC, but not anterior VLPFC, were
ore active during trials that contained four versus two targets

Fig. 2D; Table 2). The presence of more targets should result in
reater semantic retrieval and thus greater competition, though
ncreasing the amount of knowledge retrieved need not be associ-
ted with increased controlled retrieval demands. Indeed, when
ontrolled retrieval was pitted against the amount of semantic
nowledge retrieved – contrasting weak, two-target trials (high
ontrolled retrieval/low overall retrieval) with strong, four-target
rials (low controlled retrieval/high overall retrieval) – activation
as evident only in left anterior VLPFC, with this activation
verlapping with that seen in an earlier study using this same
ontrast (Wagner et al., 2001) (Fig. 2E). Critically, when consid-
red together with the differential sensitivity of mid-VLPFC to
he selection manipulations (e.g., congruency), the differential
ensitivity of anterior VLPFC to this contrast provides the sec-
nd half of a double dissociation (Fig. 2G), which was confirmed
y a region × effect interaction (F(1, 10) = 10.7, p < .01).

Collectively, the findings of Badre et al. (2005) support the
wo-process model of left VLPFC function during strategic
ccess to memory. Specifically, when relevant semantic infor-
ation is not automatically activated, anterior VLPFC provides

top-down influence on posterior cortical regions, facilitating

he retrieval of relevant knowledge. By contrast, mid-VLPFC
s differentially engaged when competition among retrieved
epresentations necessitates the selection of goal-relevant repre-
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entations from amidst active competitors. As such, selection is
ikely a general process that may be important during many calls
o memory. Consistent with this possibility, a factor analysis
evealed a meta-variable that accounted for common behav-
oral variance across the selection conditions in the Badre et al.
2005) study. Strikingly, left mid-VLPFC was the only region
ensitive to all of the factor manipulations that varied selection
emands (Fig. 2A–D), and left mid-VLPFC was the only region
n which the behaviourally derived meta-variable accounted
or functional variance in the BOLD response (Fig. 2F;
able 2).

Recently, Gold et al. (2006) reported that the functional
ouble dissociation between left anterior and mid-VLPFC is
eplicable and generalizes to other task domains that require
ontrolled retrieval and selection. Specifically, Gold et al. (2006)
onducted a series of fMRI studies where demands on auto-
atic retrieval, controlled retrieval, and interference resolution
ere varied during a lexical decision task. During the key lex-

cal decision trials, participants were presented with a prime
ord followed by a target letter string, with a 1 s stimulus onset

synchrony (SOA); subjects classified each target as a word
r non-word. Target words were either preceded by a related
rime (e.g., “Fork” followed by “Spoon”), an unrelated prime
ord (e.g., “Coat” followed by “Spoon”), or a neutral prime

e.g., “Blank” followed by “Spoon”). Importantly, given the
ong SOA on these trials, subjects have an opportunity to strate-
ically engage controlled retrieval processes to guide retrieval
f prime-associated information in anticipation of the target
Neely, 1991). Accordingly, relative to the neutral prime, for
hich there was no expectancy about the subsequent target, the

elated target elicited behavioral facilitation. By contrast, the
nrelated prime resulted in interference relative to neutral, as the
xpectancy elicited by the prime guided retrieval of irrelevant
nformation from memory. Selecting the relevant information
pon presentation of the target was thus more demand-
ng due to this competition (Neely, 1991; Neely, Keefe, &
oss, 1989).

With respect to the present discussion, Gold et al. (2006)
bserved four important fMRI effects (Fig. 3; Table 2). (1) Facil-
tative priming effects were evident selectively in left anterior
LPFC (related < neutral), and these effects were present only
hen controlled retrieval was possible (i.e., at long, but not

t short, SOAs). This facilitation effect in anterior VLPFC on
elated relative to neutral trials is consistent with a reduction in
he need for controlled retrieval after presentation of the target,
ue to prior strategic search and priming. (2) Competitive inter-
erence effects (unrelated > neutral) were evident selectively in
eft mid-VLPFC, and are consistent with the increase in irrel-
vant competitors due to the unrelated cue that is not present
n neutral or related trials. (3) Middle temporal cortex activa-
ion mirrored the facilitative priming effects evident in anterior
LPFC, but not the interference pattern in mid-VLPFC. (4) In

ontrast to anterior VLPFC, middle temporal cortex demon-

trated facilitative priming effects even at short SOAs, when
he influence of controlled retrieval was minimal. Hence, as in
adre et al. (2005), middle temporal cortex was distinguished

rom anterior VLPFC by its association with automatic retrieval,
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Fig. 3. Double dissociation within left VLPFC from the study of lexical deci-
sion by Gold et al. (2006). The left-most graphs plot MR signal from (A)
mid-VLPFC (−54 18 17), (B) anterior VLPFC (−49 38 −2), and (C) poste-
rior middle temporal cortex (−54 −44 −2) across related, neutral, and unrelated
priming conditions. Facilitative priming (purple) and competitive interference
(blue) effects are rendered on a canonical brain, and the corresponding differ-
ences in MR signal are plotted in the right-most graphs. Facilitative priming
was indexed based on the difference between neutral and related conditions,
and was observed in anterior VLPFC (corresponding to the anterior left inferior
prefrontal cortex [aLIPC] designation by Gold et al.) and posterior middle tem-
poral cortex. Competitive interference was computed based on the difference
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subjects had to remember a perceptual attribute about previ-
etween unrelated and neutral conditions, and was observed in mid-VLPFC
corresponding to the posterior LIPC designation by Gold et al.)

ut activation in this region also tracked the sensitivity of ante-
ior VLPFC to increased controlled retrieval. Moreover, both left
nterior VLPFC and middle temporal cortex dissociated from
eft mid-VLPFC, in that the latter selectively tracked the level
f competition between active representations.

The results reviewed here suggest that at least two control
echanisms – controlled retrieval and post-retrieval selection
can operate on semantic representations. Importantly, the

bserved dissociations suggest that left VLPFC control pro-
esses cannot be differentiated simply by their sensitivity to
onflict (Thompson-Schill & Botvinick, 2006) or other single
imensions, such as cue ambiguity (e.g., Petrides, 2002). For
xample, consider that both controlled retrieval and selection
ould be conceptualized within the bias competition framework,
n that both likely bias relevant over competing representations.
ndeed, conceptualized in this way, both controlled retrieval and
election could theoretically reduce to a common mechanism,
s we have previously speculated (Badre & Wagner, 2002) and
s has been more formally considered by others (Thompson-
chill & Botvinick, 2006). However, the dissociation within

eft VLPFC, taken together with the pattern of activation in
eft middle temporal cortex, demands an account that would
ppear incompatible with a single process model. Hence, we
ropose that left anterior and mid-VLPFC are distinguished on
he basis of the representations on which they operate. More
pecifically, anterior VLPFC appears critical in biasing repre-

entations stored in temporal cortical regions, particularly in the
exical/semantic domain (Bokde et al., 2001). Mid-VLPFC, by
ontrast, appears sensitive to conflict among already retrieved

o
l
D
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epresentations, though at present it is unclear where these rep-
esentations reside. Moreover, as we will see in the following
ection, this mid-VLPFC selection process appears to be broadly
pplicable, generalizing to representations beyond the semantic
omain.

. VLPFC and episodic retrieval

Episodic memory supports conscious remembrance of life
vents, providing a record of past experiences that, when
etrieved, can inform current decision and action (Tulving, 1972,
002). Broadly defined, episodic memory allows an organism
o discriminate between familiar (encountered) and novel stim-
li, and to recollect specific event details surrounding a prior
ncounter with a stimulus (Cohen, Eichenbaum, & Poldrack,
997; Squire, 1992). Of particular interest for present purposes
s recollection, which is thought to occur when a component of
stored episodic representation serves to cue pattern comple-

ion, wherein other associated components (items or features)
rom the encoded event are reinstated (Marr, 1971; McClelland,

cNaughton, & O’Reilly, 1995; O’Reilly & Norman, 2002).
ultiple forms of cognitive control impact episodic recollection

Moscovitch & Winocur, 2002; Shimamura, 1995), including
rocesses subserved by VLPFC (Buckner, 2002; Fletcher &
enson, 2001; Wagner, 1999).

.1. Controlled retrieval and domain-sensitive episodic
emembering

Controlled retrieval mechanisms may influence episodic
emembering by biasing retrieval of information in particular
nowledge domains, providing control over the cues that serve
o trigger pattern-completion (Polyn, Natu, Cohen, & Norman,
005) and event reconstruction (Addis, Wong, & Schacter,
007). Broadly consistent with this hypothesis, fMRI data indi-
ate that VLPFC supports domain-sensitive control processes
hat contribute to episodic remembering, with activation lateral-
zed based on the nature of the retrieval probes (e.g., verbal
ersus visuo-object; Lee, Robbins, Pickard, & Owen, 2000;
agner et al., 1998; for a related result, see also Kostopoulos &

etrides, 2003).
Extending earlier findings, Dobbins and Wagner (2005)

ecently examined whether the neural correlates of episodic
ecollection differ depending on whether subjects are asked
o recollect conceptual or perceptual details about previously
ncountered objects. A critical component of the task design was
hat the retrieval probes were held constant across conditions,
ith only the nature of the to-be-recollected details differ-

ng. Specifically, during conceptual recollection, subjects had
o remember how they had previously conceptually classified
bjects (having made a pleasant/unpleasant or a living/non-
iving judgment at encoding). During perceptual recollection,
usly classified objects (whether the object had appeared in a
arge or small size at encoding; see also Ranganath, Johnson, &
’Esposito, 2000).
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Fig. 4. Activation in VLPFC during episodic recollection of source information (adapated from Dobbins & Wagner, 2005). Graphs plot percent signal change with time
(TR units) across conceptual source (blue) and perceptual source (red) decisions. (A) Left anterior VLPFC (−48 33 −9) and left middle temporal cortex (−60 −39 0)
were selectively engaged during attempts to recollect conceptual source details. (B) Right VLPFC (54 15 15) and right inferior temporal cortex (57 −60 −12) were
differentially engaged during attempts to recollect perceptual source details. (C) Left mid-VLPFC (−51 18 6) was engaged to an equivalent extent during conceptual
and perceptual source decisions, with these activation levels being significantly greater than that during item recognition (corresponding data function not shown;
see Dobbins & Wagner, 2005 Fig. 2A). (D) The contrast of perceptual and conceptual source decisions relative to simple item recognition is rendered in white on
a a con
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n inflated canonical surface. The colored voxels corresponds to those showing
id-VLPFC focus associated with post-retrieval selection in Badre et al. (2005

Comparison of trials that required conceptual versus per-
eptual episodic recollection revealed a functional double
issociation (Fig. 4A and B; Table 2). (1) Attempts to recol-
ect conceptual details about a past episode elicited activation in
eft anterior VLPFC and left posterior middle temporal cortex,
ith the anterior VLPFC focus converging with that associated
ith controlled semantic retrieval by Badre et al. (2005). (2)
cross-subjects, the magnitude of differential activation in left

nterior VLPFC during conceptual versus perceptual recollec-
ion correlated with that in left posterior middle temporal cortex,
evealing a functional coupling between these structures. (3) By
ontrast, attempts to recollect visual perceptual details about a

ast episode with an object elicited activation in right VLPFC
nd bilateral lateral occipitotemporal cortex. Respectively, these
egions have been implicated in mediating attention to visuo-
bject representations (Courtney, Ungerleider, Keil, & Haxby,

t
a
i
d

junction between this domain-general source recollection contrast and the left
ig. 2F).

996; Kelley et al., 1998; Prabhakaran, Narayanan, Zhao, &
abrieli, 2000; Sala, Rama, & Courtney, 2003) and object
erception and recognition (Bar, 2003; Bar et al., 2001; Grill-
pector, Kourtzi, & Kanwisher, 2001). (4) Across-subjects, the
agnitude of differential activation in right VLPFC during per-

eptual versus conceptual recollection correlated with that in
ilateral occipitotemporal cortex, revealing a functional cou-
ling between these structures. When considered with respect
o the two-process model described above, these results suggest
hat the controlled retrieval processes mediated by left ante-
ior VLPFC, and also right VLPFC, impact episodic retrieval
y biasing processing in distinct representational domains. In

his manner, these control processes may specify, elaborate,
nd/or refine the cues used to probe memory, thereby favor-
ng remembering of event details from goal-relevant knowledge
omains.



2 psyc

3
e

o
c
i
o
e
b
w
t
r
o
H
1
c
r
r
(
w
t
d

o
t
m
d
s
d
d
i
A
t
s
d
e
s
2
f
s
n
s
o
o
r
a
t
v
g
A
N
v

(
V
d

g
p
t
t
i
a
t
d
n
t
d
o
s
V
a
t
G
V
d
o

l
c
g
o
(
e
r
d
&
t
t
c
e
V
r
h
e
t
a
i
F
P

i
g
r
o
c
o
m
s
o

892 D. Badre, A.D. Wagner / Neuro

.2. Post-retrieval selection and the competitive nature of
pisodic remembering

While successful episodic retrieval often entails the rec-
llection of multiple details about a past event, under many
ircumstances the mnemonic objective is very specific. That
s, satisfying one’s present goal may require decisions based
n a particular subset of episodic details. For example, upon
ncountering a familiar individual, one may need to remem-
er the last place in which the person was encountered, or
hat the person was previously wearing, or what conversa-

ion occurred during the earlier meeting. In such instances,
emembering a particular encoded detail (termed the ‘source’
r ‘criterial’ detail) guides decisions on how to act (Dodson,
olland, & Shimamura, 1998; Johnson, Hashtroudi, & Lindsay,
993; Yonelinas, 2002). Characterized in these terms, it becomes
lear that many acts of episodic retrieval likely depend on post-
etrieval selection (Buckner, 2002). That is, to the extent that
ecollection results in the retrieval of multiple event details
Eldridge, Engel, Zeineh, Bookheimer, & Knowlton, 2005),
hen only a subset of these details is relevant to one’s goal, selec-

ion processes must overcome competition from the irrelevant
etails to favor the goal-relevant subset.

One test of this hypothesis would be to compare source rec-
llection decisions with item recognition decisions. In contrast
o source decisions, item recognition can be based on assess-

ents of item familiarity and/or on the recollection of episodic
etails. With respect to recollection-based decisions, whereas
ource decisions require information about a particular episodic
etail, it is often the case that any and all recollected details are
iagnostic of past encounter with an item and thus all recollected
nformation is relevant to making an item recognition decision.
ccordingly, during item recognition, there is typically no need

o favor any subset of retrieved information and so post-retrieval
election demands are minimal. Operationally, this logic pre-
icts that post-retrieval selection should be engaged to a lesser
xtent during item recognition relative to source memory deci-
ions (Buckner, 2002; Dobbins & Wagner, 2005; Velanova et al.,
003). To be clear, this prediction does not follow from a dif-
erence in the contribution of recollection versus familiarity to
ource and item recognition judgments. Even when item recog-
ition is based on recollection of event details (such as when
ubjects report “remembering” having encountered an item as
pposed to “knowing” they have seen it based on a general sense
f familiarity), source decisions should still require more post-
etrieval selection because only a subset of recollected details
re relevant to the source decision. Though this latter predic-
ion awaits empirical support, fMRI studies comparing source
ersus item recognition decisions have consistently revealed
reater activation in left mid-VLPFC (Cabeza, Locantore, &
nderson, 2003; Dobbins, Rice, Wagner, & Schacter, 2003;
olde, Johnson, & D’Esposito, 1998), though differential acti-
ation has also been observed in other left PFC subregions.
Building on these earlier observations, Dobbins and Wagner
2005) recently reported evidence indicating that left mid-
LPFC (Table 2), in particular, mediates post-retrieval selection
uring source recollection, and that this process is domain-

t
a
f
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eneral. In their experiment, the above-discussed conceptual and
erceptual recollection trials were compared to item recognition
rials (discriminating novel from familiar objects). With respect
o the two-process model of left VLPFC function, this compar-
son yielded four key findings. (1) Left mid-VLPFC was more
ctive during conceptual source recollection and during percep-
ual source recollection decisions relative to item recognition
ecisions. (2) The magnitude of left mid-VLPFC activation did
ot reliably differ between the conceptual and perceptual source
rials, suggesting that post-retrieval selection operates in a more
omain-general manner (Fig. 4C and D) (for a related finding
f domain-generality in mid-VLPFC during episodic retrieval,
ee Sohn et al., 2005). (3) The pattern of activation in left mid-
LPFC dissociated from that in the adjacent, but rostral left

nterior VLPFC region, replicating the dissociations between
hese left VLPFC regions observed by Badre et al. (2005) and
old et al. (2006). (4) The pattern of activation in left mid-
LPFC also dissociated from that in the right VLPFC regions
ifferentially associated with perceptual versus conceptual rec-
llection attempts.

Convergent evidence regarding the potential importance of
eft mid-VLPFC selection mechanisms during episodic retrieval
omes from recent studies of divided attention at retrieval. In
eneral, dividing attention at retrieval has less of an impact
n memory performance than dividing attention at encoding
Craik, Govoni, Naveh-Benjamin, & Anderson, 1996). How-
ver, if the secondary task, meant to divide attention, involves
epresentations that overlap with those to be retrieved, then
ivided attention does impair retrieval substantially (Fernandes

Moscovitch, 2000). From a post-retrieval selection perspec-
ive, dividing attention will interfere with retrieval to the extent
hat performing a secondary task activates representations that
ompete for processing with to-be-remembered materials. To the
xtent that representations from the two tasks overlap, left mid-
LPFC may be critical in selecting the subset of representations

elevant to the episodic memory decision. Consistent with this
ypothesis, episodic retrieval of words was disrupted to a greater
xtent when attention at retrieval was divided using a secondary
ask that also involved processing word representations (making
nimacy judgments) relative to a task the involved process-
ng digit representations (making odd/even number judgments;
ernandes, Moscovitch, Ziegler, & Grady, 2005; Fernandes,
acurar, Moscovitch, & Grady, 2006; Table 2).

Collectively, these neuroimaging studies of episodic retrieval
ndicate that activation in left mid-VLPFC tracks domain-
eneral selection demands that are required during source
ecollection attempts or during attempts to retrieve in the face
f interference from other competing active representations. By
ontrast, activation in left anterior VLPFC tracks demands to rec-
llect conceptual episodic details. Accordingly, the two-process
odel of left VLPFC function – which initially emerged from

tudies of semantic memory – also garners support from studies
f episodic retrieval. As we discuss in the following two sec-

ions, the selection process subserved by left mid-VLPFC also
ppears central in overcoming mnemonic obstacles to success-
ul performance under conditions that require working memory
nd task switching.
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. Post-retrieval selection and proactive interference in
orking memory

Post-retrieval selection is critical when competition is present
ue to simultaneously active representations. One fundamen-
al form of competition in memory is proactive interference
PI), wherein previous processing (and concomitant representa-
ions) negatively influence subsequent processing. Behaviorally,
I leads to slowing and can cause forgetting over long and short

ntervals (e.g., Anderson & Neely, 1996; Brown, 1958; Keppel
Underwood, 1962; Mensink & Raaijmakers, 1988). At least

ome forms of PI resemble the type of competition that would
equire a post-retrieval selection process to be resolved. For
xample, previous pairing of a cue with a given context may give
ise to retrieval of this contextual information upon re-encounter
f the cue. If the retrieved contextual details are irrelevant or
isleading with respect to the present retrieval goal, then a post-

etrieval selection process is necessary to focus attention on
he relevant information. Moreover, release from PI, an effect
n which a distinguishing change in learned materials results
n a rebounding of memory performance (Gardiner, Craik, &
irtwistle, 1972; Wickens, 1970), may depend on cognitive con-

rol mechanisms as this effect is extinguished in patients with
eft PFC lesions (Moscovitch, 1982; Moscovitch, Fernandes, &
royer, 2001).

The significance of interference for mnemonic performance,
r indeed, any sequential or routine behavior, is striking when
ne considers that PI can occur over very short intervals and
ollowing even single exposures to competitor associates. One
aradigm demonstrating the cost of PI has been developed within
he domain of working memory (Jonides & Nee, 2006; Monsell,
978). In this paradigm, PI is elicited during short-term item
ecognition by arranging overlap among consecutive trials of
he task. In the traditional item recognition paradigm (Sternberg,
969), participants are required to maintain a memory set (typi-
ally a group of letters) over a delay of a few seconds, and then
ndicate whether a probe matches (positive) or mismatches (neg-
tive) any of the items in the memory set. In the PI-variant of this
aradigm, trials are sequenced such that some negative probes
while not present in the current memory set – will have been

resent in the previous trial’s memory set. When this occurs, it
akes participants longer to reject such negative recent probes
elative to rejecting negative non-recent probes (i.e., items not
resent in the current nor in the previous trial’s memory set;
onides & Nee, 2006; Monsell, 1978). Importantly, at the neu-
al level: (1) left mid-VLPFC is more active when subjects
eject negative recent probes versus negative non-recent probes
D’Esposito, Postle, Jonides, & Smith, 1999; Jonides, Smith,

arshuetz, Koeppe, & Reuter-Lorenz, 1998; Postle, Brush, &
ick, 2004); (2) across-subjects, the behavioral measure of PI

negative recent RT—negative non-recent RT) correlates with
he magnitude of differential activation in left mid-VLPFC
Badre & Wagner, 2005; Bunge, Ochsner, Desmond, Glover, &

abrieli, 2001); (3) the ability to reject negative recent probes

ritically depends on left mid-VLPFC, as prefrontal damage
nclusive of left inferior frontal gyrus pars triangularis (BA 45)
r TMS disruption of this region results in compromised perfor-

W

s
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ance (Feredoes, Tononi, & Postle, 2006; Thompson-Schill et
l., 2002).

How might left mid-VLPFC contribute to interference res-
lution during working memory? More specifically, given the
wo-process model of left VLPFC function, can a post-retrieval

echanism that selects from among retrieved contextual details
ccount for the role of mid-VLPFC in resolving short-term PI?
lthough a number of mechanistic accounts have been con-

idered for this mid-VLPFC effect (Jonides & Nee, 2006), we
ecently proposed that the same post-retrieval selection mecha-
ism that is sensitive to competition during source recollection
Dobbins & Wagner, 2005) and semantic retrieval (Badre et al.,
005; Gold et al., 2006; Thompson-Schill et al., 1997) is also
ngaged to resolve PI in working memory (Badre & Wagner,
005).

In the short-term item recognition task, presentation of a
ecent negative probe may result in relatively automatic retrieval
f a number of contextual details associated with encountering
hat item in the immediately preceding trial. Such contextual
etails could include the other items in the previous trial’s mem-
ry set, attributes about the subject’s internal state or about
he external environment, etc. These activated representations
resumably join the active elements that constitute the contex-
ual details surrounding the current trial. As such, automatically
etrieved contextual details from the previous trial serve to
ompete with the details from the current trail. Given this com-
etition, a mechanism is required to select from amongst the
ultiple active representations so as to arrive at the correct

ource attribution for why the negative recent probe seems
amiliar. That is, as with source memory judgments following
ong-term retention intervals, left mid-VLPFC may be impor-
ant to bias selection of relevant representations that permit an
ccurate source decision over the short-term.

An implication of this theoretical perspective is that positive
ecent probes – items present in both the current and the pre-
eding memory sets – should also elicit competition and place
ncreased demands on post-retrieval selection. That is, while
he presence of the probe in the current memory set confers
ome advantage for the relevant contextual details, nevertheless
he automatic retrieval of contextual details from the preceding
rial should result in some competition. Accordingly, the post-
etrieval selection account predicts that positive recent probes
hould be associated with increased left mid-VLPFC activation
elative to positive non-recent probes. Consistent with this pre-
iction, Badre and Wagner (2005) demonstrated that: (1) positive
ecent versus positive non-recent probes elicit greater activation
n left mid-VLPFC, paralleling that seen in the negative recent
ersus negative non-recent contrast but to a lesser extent (Fig. 5;
able 2); (2) greater activation was also observed during both
ositive and negative recent probes relative to non-recent probes
n left frontopolar cortex; (3) these left mid-VLPFC and left
rontopolar PI effects overlapped with those showing a domain-
eneral source recollection effect in the study by Dobbins and

agner (2005).
It is worth noting, however, that while the positive recent ver-

us non-recent effect on left mid-VLPFC activation is uniquely
redicted by the post-retrieval selection account, there is a
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ig. 5. Activation in left mid-VLPFC is associated with the resolution of PI in w
−33 45 −9) show greater activity for non-recent (solid) than recent (striped)
005).

ivergence between this neural response and subject behavior.
pecifically, in an insightful review of this literature, Jonides and
ee (2006) noted that despite the increase in left mid-VLPFC
n positive recent trials, the behavioral data sometimes show an
pparent facilitative effect: RTs for positive recent probes are
ometimes faster than for positive non-recent. Thus, whereas
here is a correlation between the behavioral expression of PI
nd the increase in left mid-VLPFC activation during negative
ecent probes (Badre & Wagner, 2005; Bunge et al., 2001), no
uch behavioral/neural correlation is present for positive recent
robes.

The divergence of the behavioral and imaging consequences
f positive recent probes suggests the contribution of multi-
le mechanisms to the ultimate behavioral outcome. Such a
ivergence has precedence elsewhere in the cognitive control
iterature (Milham et al., 2002; Thompson-Schill et al., 1999).
or example, congruent trials during the Stroop task, when

he color word and the word’s color agree, produce a facil-
tated behavioral response relative to neutral trials. However,
hereas DLPFC shows a corresponding decrease in activation
n congruent relative to neutral trials (Carter, Mintun, & Cohen,
995), VLPFC shows an increased response on congruent rela-
ive to neutral trials, paralleling that seen on incongruent trials
Milham et al., 2002). Similarly, within the context of a semantic
eneration paradigm, Thompson-Schill et al. (1999) observed
behavioral/neural dissociation. In their study, subjects were

aster to generate a second feature associated with a concept
e.g., generating an action word associated with a noun after hav-
ng previously generated a color word associated with the noun)
elative to when they generated a first feature associated with a
oncept. This behavioral priming effect, however, was accom-
anied by increased activation in left posterior-to-mid-VLPFC
hen subjects were generating a second feature relative to gen-

rating a first feature. Thompson-Schill et al. (1999) argued that
his activation increase reflects the greater selection demands
n the former condition due to between-feature competition, and

hat such competition can occur together with facilitative effects
n semantic or perceptual layers that result in overall response
peeding. We posit that the neural/behavioral divergence on pos-
tive recent trials during the PI-variant of the short-term item

a
g

s

ng memory. Plots of percent signal change in mid-VLPFC (−51 21 6) and FPC
th negative (white) and positive (grey) trials (adapted from Badre & Wagner,

ecognition paradigm may reflect a similar distinction, wherein
ncreased competition is present together with facilitation at
ther levels of stimulus processing. As such, the increase in
eft mid-VLPFC activation during both negative and positive
ecent trials, relative to non-recent trials, is consistent with the
peration of a post-retrieval selection mechanism that resolves
ompetition between simultaneously active representations.

. Task-switching, proactive interference, and
ost-retrieval selection

The ability to strategically access memory is critical for flex-
ble behavior. For example, consider being interrupted, while
riting a manuscript, by a phone call from a friend who wants

o meet you for dinner in the evening. Previously relevant infor-
ation, such as what references to include in your introduction,
ust now give way to a new set of relevant information, such as

ood restaurants that are close to your friend’s home. Given that
his newly relevant information must be retrieved, and that its
election may suffer interference from information that had been
etrieved to satisfy the earlier goal, then acts of task switching
ay be understood as controlled acts of memory.
In the laboratory, task switching is studied by comparing

pisodes during which a task repeats to episodes during which
task changes. Relative to task repeats, task switches result

n a behavioral switch cost—an increase in RT and error rates
Logan, 2003; Monsell, 2003). Though a number of theoreti-
al accounts have been proposed to account for this behavioral
witch cost, one class of theories suggests that the switch cost
ay reflect PI due to recent performance of a competing task

Allport & Wylie, 2000; Waszak, Hommel, & Allport, 2003).
ore specifically, performance of a given task strengthens asso-

iations among current task representations. Subsequently, any
ommon cues or responses encountered during performance of
competing task can elicit facilitated retrieval of these strength-
ned but now irrelevant associates. This results in competition

mong relevant and irrelevant retrieved representations, and
ives rise to a PI-induced switch cost.

Resolving PI during task switching may require post-retrieval
election. Partially consistent with this perspective, damage to



psych

l
C
a
h
&
2
P
&
t
i
o
s
2

d
s
t
t
t
t
i
b

F
l
P
r
(
T
e
o

D. Badre, A.D. Wagner / Neuro

eft PFC impairs task-switching performance (Mecklinger, von
ramon, Springer, & Matthes-von Cramon, 1999; Rogers et
l., 1998), and a number of fMRI studies of task switching
ave observed switch-related activation in left VLPFC (Brass

von Cramon, 2002, 2004; Braver, Reynolds, & Donaldson,
003; Crone, Wendelken, Donohue, & Bunge, 2006; Dove,
ollmann, Schubert, Wiggins, & von Cramon, 2000; Dreher

Grafman 2003). Recently, we used a combined computa-
ional modeling and fMRI approach to test whether activation

n left mid-VLPFC during task switching reflects the role
f post-retrieval selection in resolving competition between
imultaneously active representations (Badre & Wagner,
006).

i
t
(
1

ig. 6. Activation in left mid-VLPFC is associated with the resolution of PI during tas
ayers of units representing task, conceptual, and response level representations. Reci
I due to feedback activation of irrelevant nodes. PI is reduced through top-down infl
epeat trials at a short CSI, when conflict is maximal, is rendered on an inflated canoni
left plot; −51 27 6) the difference in activation between switch and repeat trials wa
he contrast of switch with repeat across all CSI conditions is rendered on an inflat
xplained by the model estimate of conceptual conflict (red line). Activation in inferi
f response conflict (blue line). By contrast, anterior (left bottom; −54 27 −9) and po
ologia 45 (2007) 2883–2901 2895

To generate predictions for fMRI, a connectionist model was
eveloped in which a switch cost arises due to PI during a task
witch (Gilbert & Shallice, 2002). Given the model’s architec-
ure (Fig. 6A), which consists of three representational layers –
ask, concept, and response – the switch cost could be reduced
hrough the action of a preparatory control process that increased
he bias of the task layer on the conceptual layer. Critically,
n the model, the conflict that produces the switch cost arises
ecause units within a given layer compete through mutually

nhibitory interactions. This conflict within each representa-
ional layer was quantified using a Hopfield energy computation
Botvinick, Braver, Barch, Carter, & Cohen, 2001; Hopfield,
982), with energy being quantified for different levels of task

k switching. (A) Schematic of task-switching connectionist model depicts three
procal connections between layers permit activation of a task set, but also elicit
uence of the task layer on the conceptual layer. (B) The contrast of switch with
cal brain. In contrast to posterior VLPFC (right plot; −45 6 27), in mid-VLPFC
s accounted for by the model’s estimate of conceptual conflict (red line). (C)
ed canonical brain. Activation in mid-VLPFC (left top; −54 33 18) was again
or parietal cortex (right top; −51 −33 48) was explained by the model estimate
sterior (right bottom; −45 9 27) VLPFC showed no reliable sensitivity to CSI.
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reparation (manipulated by varying the cue-to-stimulus inter-
al [CSI] or number of cycles in the model). These measures
f conflict were taken as quantitative estimates of the amount
f simultaneously active representations in the conceptual and
esponse layers of the model, with an estimate of conflict being
omputed for each layer at each CSI. We used these measures
s predictors for the corresponding fMRI study, where sub-
ects performed the same task used to develop and validate the

odel.
The central observation from the fMRI study was that the

odel’s index of conflict among active conceptual representa-
ions explained the level of activity in left mid-VLPFC (Fig. 6B
nd C; Table 2).1 The greater the magnitude of conceptual con-
ict on switch versus repeat trials, the greater the differential
ngagement of left mid-VLPFC. Importantly, this correlation
as specific to mid-VLPFC, as no other cortical or subcortical

tructures reliably tracked the magnitude of conceptual conflict
cross CSIs. Moreover, the conceptual conflict associated with
ctivation in left mid-VLPFC dissociated this region from pos-
erior parietal cortex, which more closely mirrored the model’s
ndex of response conflict, thus specifying the level of repre-
entation at which PI was being resolved. Finally, in contrast to
eft mid-VLPFC, when the consequences of switch-related con-
ict were assessed in left anterior VLPFC (based on the region
ssociated with controlled semantic retrieval), there was no rela-
ionship between the model’s estimates of competition and left
nterior VLPFC function (Fig. 6C).

Building on a rich behavioral literature (Allport, Styles, &
sieh, 1994; Allport & Wylie, 2000; Gilbert & Shallice, 2002;
aszak et al., 2003; Wylie & Allport, 2000), this combined

omputational-imaging study indicates that task switching is
ften an act of interference resolution, wherein selection of rele-
ant representations from other active but irrelevant competitors
s required for successful performance. Moreover, the fMRI data
rovide additional support for a functional dissociation between
eft mid-VLPFC and anterior VLPFC, a dissociation that appears
obust across a range of cognitive domains and task paradigms.

. Beyond retrieval and selection

Though we view the two-process model to be a parsimonious
ccount of the role of left anterior and mid-VLPFC across a range
f tasks requiring the cognitive control of memory, considerable
ork remains to formally specify these neural mechanisms and

o more fully comprehend their broader role in cognition. In this

nal section, we consider how the two-process model relates

o other accounts of left VLPFC function, and highlight open
venues for future research.

1 It is notable that the mid-VLPFC focus from the contrast of switch vs. repeat
t the shortest CSI (Fig. 6B), when competition is at its highest, corresponds
recisely to the mid-VLPFC foci highlighted in other studies throughout this
eview. However, the mid-VLPFC activation from the contrast of switch versus
epeat across CSI (Fig. 6C) is somewhat distinct. This focus is more anterior
nd dorsal, lying partially in the inferior frontal sulcus. Whether this difference
imply arises from anatomical variance within a larger mid-VLPFC subregion
r reflects a qualitative processing distinction remains unclear.
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.1. Relation to the semantic-phonological hypothesis

A predecessor to the present retrieval/selection parsing of
eft VLPFC is a proposed distinction between the controlled
rocessing of semantic versus phonological information (Fiez,
997; Gough et al., 2005; Poldrack & Wagner, 2004; Poldrack
t al., 1999; Price et al., 1996). This semantic-phonological
ypothesis emphasizes a content-based dissociation between left
nterior and posterior VLPFC function. The position of mid-
LPFC in this anterior–posterior division has been variable,
ith researchers sometimes grouping mid-VLPFC with ante-

ior VLPFC and sometimes with posterior VLPFC. Of these two
rouping, it has been more common to use posterior VLPFC (or,
lternatively, posterior left inferior prefrontal cortex; pLIPC) to
efer to the caudal portion of inferior frontal cortex, falling pos-
erior and dorsal to mid-VLPFC, and corresponding to inferior
rontal gyrus pars opercularis and portions of premotor cortex
∼BA 44/6; see Fig. 1). This region is among those commonly
amaged in non-fluent aphasias that are characterized by produc-
ion, as opposed to comprehension, deficits (Dick et al., 2001;
orno-Tempini et al., 2004). By contrast, anterior VLPFC (or,

lternatively, anterior left inferior prefrontal cortex; aLIPC) has
een more commonly used to refer to the rostral two subregions
f the inferior frontal cortex (inferior frontal gyrus pars orbitalis
nd pars triangularis), which correspond to the anterior and mid-
LPFC subregions highlighted in this review. We believe that

he evidence reviewed here, together with the dissociative evi-
ence brought to bear in support of the semantic-phonological
ypothesis, argue for functional distinctions between the three
ubdivisions of inferior frontal gyrus (pars opercularis, triangu-
aris, and orbitalis). For example, left mid-VLPFC functionally
issociates from both anterior and posterior VLPFC within the
ontext of task switching (Fig. 6B and C). Moreover, while it is
resently unclear whether there are also meaningful functional
istinctions even within each of these subdivisions, considera-
ion of this more precise anatomical delineation, along with the

echanistic distinctions derived from the two-process model,
ay offer some reconciliation of results thought to be incon-

istent with the semantic-phonological hypothesis (Clark &
agner, 2003; Gold & Buckner, 2002).

.2. Hierarchy and left VLPFC

At a broader level, the retrieval/selection and seman-
ic/phonological distinctions may reflect a general organizing
rinciple of the PFC. In particular, at a coarser level of granu-
arity, it has been proposed that the rostro-caudal axis of PFC
eflects a processing hierarchy en route to action (Badre &
’Esposito, submitted for publication; Buckner, 2003; Bunge,
004; Fuster, 1997, 2004; Koechlin & Jubault, 2006; Koechlin,
dy, & Kouneiher, 2003; O’Reilly, Noelle, Braver, & Cohen,
002; Petrides, 2005). For example, within VLPFC itself, ini-
ial fMRI evidence points to a hierarchical relationship between
id-VLPFC, posterior VLPFC, and premotor cortical function
Koechlin & Jubault, 2006). From this hierarchical perspec-
ive, rostral regions of PFC control selection of more abstract
ction-relevant representations, whereas caudal regions control
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election of representations more concretely tied to an overt
esponse.

The semantic/phonological distinction within left VLPFC
eadily fits with this rostro-caudal organizing principle, as
honology constrains articulation, and thus may be closer to
esponse-level representations relative to semantic information.
ndeed, the role of left posterior VLPFC in phonological pro-
essing may reflect its proximity to potential articulatory actions,
nd such a perspective would appear consistent with single-unit
ata associating the macaque homologue of BA 44 (opercu-
aris) with orofacial muscle movements, potentially analogous
o processes critical for human language production (Petrides,
adoret, & Mackey, 2005).

When considering the viability of a putative rostro-caudal
radient of abstraction along VLPFC (Buckner, 2003), there
emains the question of how to incorporate the present two-
rocess model of left VLPFC function, which might suggest a
ierarchal gradient along the rostro-caudal axis. Specifically, as
mphasized in this review, the two-process model proposes an
nterior to mid-VLPFC flow of information processing, which
s compatible with a hierarchical system: anterior VLPFC mech-
nisms bias retrieval of representations generally in advance of
he downstream selection mechanisms mediated by mid-VLPFC
hat distinguish specific representations for further processing.
owever, this temporal relationship and potential gradient does
ot require a hierarchical relationship, and indeed, the distin-
uishing characteristics of controlled retrieval and selection are
ot easily described as sub- or superordinate to each other; these
eing the defining attributes of a hierarchy. Future research may
erve to clarify the relationship between the process distinc-
ions captured by the two-process model and broader hierarchy
rameworks of the PFC.

.3. VLPFC and rule-guided behavior

A theme introduced in the above discussion of hierarchy is
hat VLPFC supports storage or retrieval of stimulus–response
ontingencies, often termed rules (Bunge, 2004; Passingham,
oni, & Rushworth, 2000). In non-human primates, neuro-
hysiological studies have documented cells in VLPFC, as
ell as in dorsolateral PFC, that fire in response to particular

ules (Wallis & Miller, 2003; White & Wise, 1999). Likewise,
esions to monkey VLPFC, inclusive of orbital frontal cortex,
ot only impair the ability of animals to behave on the basis
f stimulus–response contingencies learned preoperatively, but
lso impair the acquisition of novel stimulus-response relation-
hips (Bussey, Wise, & Murray, 2001; Murray, Bussey, & Wise,
000). This learning at least partially depends on an interaction
f VLPFC with inferotemporal cortex (Bussey, Wise, & Murray,
002).

Human neuroimaging studies also support a role for
LPFC in rule processing (Brass, Derrfuss, Forstmann, & von
ramon, 2005; Bunge, 2004; Donohue, Wendelken, Crone, &

unge, 2005; Sakai & Passingham, 2003; Toni, Rushworth,
Passingham, 2001). In one such experiment (Bunge, Kahn,
allis, Miller, & Wagner, 2003), a complex rule, defined as a

et of stimulus-based contingencies that determined a response,

l
t
o
m
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as compared to a simple rule in which only one contingency
etermined the response. Comparison of complex and simple
ules resulted in greater activation in left VLPFC, and subse-
uent work has suggested that VLPFC activation may reflect
etrieval of rules from long-term stores in lateral temporal cortex
Donohue et al., 2005).

There are two important points to make regarding rule-guided
ehavior in VLPFC. First, it is not clear that all studies locating
ule-based effects in VLPFC are studying the anterior portions
f VLPFC that are being highlighted in this review. These dis-
inct posterior portions of VLPFC may be more proximate to
remotor cortex and so be more related to the emission of a
esponse than the control of memory (see Petrides, 2005). It
s also important to note that, while the relationship between
timuli and responses may be described in terms of rules, this
eed not require that the representations processed by VLPFC
re necessarily sensory-motor associations. Rather, rostral por-
ions of VLPFC may be generally involved in retrieving and
electing more abstract information from memory rather than
pecific response contingencies, irrespective of whether this
nformation specifies a response or other mnemonic or percep-
ual representations. From this perspective, rule representations

ay not hold a privileged status with respect to VLPFC, but
ather VLPFC may be more broadly involved in the retrieval
nd selection of representations that help to guide and constrain
ction through stored knowledge (Badre, in press; Petrides,
005).

. Conclusion

The cognitive control of memory permits an organism to
trategically bring knowledge to bear on behavior, enabling
exible cognition and action. In this review, we have con-
idered evidence for two cognitive control mechanisms –
ontrolled retrieval and post-retrieval selection – that are sup-
orted by left anterior and mid-VLPFC, respectively. These
echanisms appear critical for mnemonic control across several

ask domains.
While we believe that the two-process model constitutes

eaningful progress in delineating left VLPFC function, it is
lear that many important open questions remain. For exam-
le, whereas the VLPFC mechanisms discussed here were
ypically left lateralized, a parallel literature has strongly impli-
ated right VLPFC in response selection and inhibition (Aron,
letcher, Bullmore, Sahakian, & Robbins, 2003; Aron, Robbins,
Poldrack, 2004; see also Badre & Wagner, 2004). The relation

etween response inhibition and the mnemonic control mech-
nisms discussed here remains unclear, particularly in light of
he domain-sensitive effects observed in left and right VLPFC
uring episodic source recollection (Fig. 4). We are optimistic
hat, as neurophysiological, neuroimaging, and neuropsycho-
eft VLPFC function, so will we gain additional insight into
hese and other fundamental questions about the function and
rganization of PFC, including how PFC mediates control over
emory.
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d’une observation d’aphémie. Bulletin de la Société Anatomique de Paris,
2, 300–357.

rown, J. (1958). Some tests of the decay theory of immediate memory. Quar-
terly Journal of Experimental Psychology, 10, 12–21.

uckner, R. L. (1996). Beyond HERA: Contributions of specific prefrontal brain
areas to long-term memory retrieval. Psychonomic Bulletin and Review, 3,
149–158.

uckner, R. L. (2002). Frontally mediated control processes contribute to source
memory retrieval. Neuron, 35(5), 817–818.

uckner, R. L. (2003). Functional-anatomic correlates of control processes in
memory. Journal of Neuroscience, 23(10), 3999–4004.

uckner, R. L., Raichle, M. E., & Petersen, S. E. (1995). Dissociation of human
prefrontal cortical areas across different speech production tasks and gender
groups. Journal of Neurophysiology, 74(5), 2163–2173.

unge, S. A. (2004). How we use rules to select actions: A review of evidence
from cognitive neuroscience. Cognitive, Affective & Behavioral Neuro-
science, 4(4), 564–579.

unge, S. A., Kahn, I., Wallis, J. D., Miller, E. K., & Wagner, A. D. (2003).
Neural circuits subserving the retrieval and maintenance of abstract rules.
Journal of Neurophysiology, 90, 3419–3428.

unge, S. A., Ochsner, K. N., Desmond, J. E., Glover, G. H., & Gabrieli, J.
D. (2001). Prefrontal regions involved in keeping information in and out of
mind. Brain, 124(Pt 10), 2074–2086.

unge, S. A., Wendelken, C., Badre, D., & Wagner, A. D. (2005). Analogi-
cal reasoning and prefrontal cortex: Evidence for separable retrieval and
integration mechanisms. Cerebral Cortex, 15, 239–249.

ussey, T. J., Wise, S. P., & Murray, E. A. (2001). The role of ventral and
orbital prefrontal cortex in conditional visuomotor learning and strategy
use in rhesus monkeys (Macaca mulatta). Behavioral Neuroscience, 115(5),
971–982.

ussey, T. J., Wise, S. P., & Murray, E. A. (2002). Interaction of ventral and
orbital prefrontal cortex with inferotemporal cortex in conditional visuomo-
tor learning. Behavioral Neuroscience, 116(4), 703–715.

abeza, R., Locantore, J. K., & Anderson, N. D. (2003). Lateralization
of prefrontal activity during episodic memory retrieval: Evidence for
the production-monitoring hypothesis. Journal of Cognitive Neuroscience,
15(2), 249–259.

arter, C. S., Mintun, M., & Cohen, J. D. (1995). Interference and facilita-
tion effects during selective attention: An H215O PET study of Stroop task
performance. Neuroimage, 2(4), 264–272.

lark, D., & Wagner, A. D. (2003). Assembling and encoding word represen-
tations: fMRI subsequent memory effects implicate a role for phonological
control. Neuropsychologia, 41(3), 304–317.

ohen, J. D., Dunbar, K., & McClelland, J. L. (1990). On the control of automatic
processes: A parallel distributed processing account of the Stroop effect.
Psychological Review, 97, 332–361.

ohen, N. J., Eichenbaum, H., & Poldrack, R. A. (1997). Memory for items
and memory for relations in the procedural/declarative memory framework.
Memory, 5, 131–178.

ourtney, S. M., Ungerleider, L. G., Keil, K., & Haxby, J. V. (1996). Object and
spatial visual working memory activate separate neural systems in human
cortex. Cerebral Cortex, 6(1), 39–49.

raik, F. I., Govoni, R., Naveh-Benjamin, M., & Anderson, N. D. (1996).
The effects of divided attention on encoding and retrieval processes in

human memory. Journal of Experimental Psychology: General, 125(2), 159–
180.

rone, E. A., Wendelken, C., Donohue, S. E., & Bunge, S. A. (2006). Neural
evidence for dissociable components of task-switching. Cerebral Cortex,
16(4), 475–486.



psych

C

D

D

D

D

D

D

D

D

D

D

D

D

D

E

F

F

F

F

F

F

F

F

F

F

G

G

G

G

G

G

G

G

G

G

H

J

J

J

J

J

K

K

D. Badre, A.D. Wagner / Neuro

roxson, P. L., Johansen-Berg, H., Behrens, T. E., Robson, M. D., Pinsk, M. A.,
Gross, C. G., et al. (2005). Quantitative investigation of connections of the
prefrontal cortex in the human and macaque using probabilistic diffusion
tractography. Journal of Neuroscience, 25(39), 8854–8866.

’Esposito, M., Postle, B. R., Jonides, J., & Smith, E. E. (1999). The neural
substrate and temporal dynamics of interference effects in working memory
as revealed by event-related functional MRI. Proceedings of the National
Academy of Sciences of United States of America, 96(13), 7514–7519.

amasio, A. R. (1990). Category-related recognition deficits as a clue to the
neural substrates of knowledge. Trends in Neuroscience, 13, 95–98.

amasio, H., Tranel, D., Grabowski, T., Adolphs, R., & Damasio, A. (2004).
Neural systems behind word and concept retrieval. Cognition, 92(1–2),
179–229.

avis, M. H., & Johnsrude, I. S. (2003). Hierarchical processing in spoken
language comprehension. Journal of Neuroscience, 23(8), 3423–3431.

avis, M. H., Meunier, F., & Marslen-Wilson, W. D. (2004). Neural responses
to morphological, syntactic, and semantic properties of single words: An
fMRI study. Brain and Language, 89(3), 439–449.

evlin, J. T., Matthews, P. M., & Rushworth, M. F. (2003). Semantic process-
ing in the left inferior prefrontal cortex: A combined functional magnetic
resonance imaging and transcranial magnetic stimulation study. Journal of
Cognitive Neuroscience, 15(1), 71–84.

ick, F., Bates, E., Wulfeck, B., Utman, J. A., Dronkers, N., & Gernsbacher,
M. A. (2001). Language deficits, localization, and grammar: Evidence for a
distributive model of language breakdown in aphasic patients and neurolog-
ically intact individuals. Psychological Review, 108(4), 759–788.

obbins, I. G., Rice, H. J., Wagner, A. D., & Schacter, D. L. (2003). Memory
orientation and success: Separable neurocognitive components underlying
episodic recognition. Neuropsychologia, 41(3), 318–333.

obbins, I. G., & Wagner, A. D. (2005). Domain-general and domain-sensitive
prefrontal mechanisms for recollecting events and detecting novelty. Cere-
bral Cortex, 15(11), 1768–1778.

odson, C. S., Holland, P. W., & Shimamura, A. P. (1998). On the recollec-
tion of specific- and partial-source information. Journal of Experimental
Psychology. Learning, Memory, and Cognition, 24(5), 1121–1136.

onohue, S. E., Wendelken, C., Crone, E. A., & Bunge, S. A. (2005). Retriev-
ing rules for behavior from long-term memory. Neuroimage, 26(4), 1140–
1149.

ove, A., Pollmann, S., Schubert, T., Wiggins, C. J., & von Cramon, D. Y. (2000).
Prefrontal cortex activation in task switching: An event-related fMRI study.
Brain Research. Cognitive Brain Research, 9(1), 103–109.

reher, J.-C., & Grafman, J. (2003). Dissociating the roles of the rostral ante-
rior cingulate and the lateral prefrontal cortices in performing two tasks
simultaneously or successively. Cerebral Cortex, 13, 329–339.

ldridge, L. L., Engel, S. A., Zeineh, M. M., Bookheimer, S. Y., & Knowlton, B.
J. (2005). A dissociation of encoding and retrieval processes in the human
hippocampus. Journal of Neuroscience, 25(13), 3280–3286.

arah, M. J., & McClelland, J. L. (1991). A computational model of semantic
memory impairment: Modality specificity and emergent category specificity.
Journal of Experimental Psychology: General, 120(4), 339–357.

eredoes, E., Tononi, G., & Postle, B. R. (2006). Direct evidence for a prefrontal
contribution to the control of proactive interference in verbal working mem-
ory. Proceedings of the National Academy of Sciences of United States of
America, 103(51), 19530–19534.

ernandes, M. A., & Moscovitch, M. (2000). Divided attention and memory:
Evidence of substantial interference effects at retrieval and encoding. Journal
of Experimental Psychology: General, 129(2), 155–176.

ernandes, M. A., Moscovitch, M., Ziegler, M., & Grady, C. (2005). Brain
regions associated with successful and unsuccessful retrieval of verbal
episodic memory as revealed by divided attention. Neuropsychologia, 43(8),
1115–1127.

ernandes, M. A., Pacurar, A., Moscovitch, M., & Grady, C. (2006). Neural
correlates of auditory recognition under full and divided attention in younger

and older adults. Neuropsychologia, 44(12), 2452–2464.

iez, J. A. (1997). Phonology, semantics, and the role of the left inferior pre-
frontal cortex. Human Brain Mapping, 5(2), 79–83.

letcher, P. C., & Henson, R. N. (2001). Frontal lobes and human memory:
Insights from functional neuroimaging. Brain, 124(Pt 5), 849–881.

K

ologia 45 (2007) 2883–2901 2899

letcher, P. C., Shallice, T., & Dolan, R. J. (2000). Sculpting the response
space—An account of left prefrontal activation at encoding. Neuroimage,
12(4), 404–417.

uster, J. M. (1997). The prefrontal cortex: Anatomy, physiology and neuropsy-
chology of the frontal lobe (3rd ed.). Philadelphia, PA: Lippincott-Raven
Publishers.

uster, J. M. (2004). Upper processing stages of the perception–action cycle.
Trends in Cognitive Sciences, 8(4), 143–145.

abrieli, J. D., Poldrack, R. A., & Desmond, J. E. (1998). The role of left
prefrontal cortex in language and memory. Proceedings of the National
Academy of Sciences of United States of America, 95(3), 906–913.

abrieli, J. D. E., Desmond, J. E., Demb, J. B., Wagner, A. D., Stone, M.
V., Vaidya, C. J., et al. (1996). Functional magnetic resonance imaging of
semantic memory processes in the frontal lobes. Psychological Science, 7(5),
278–283.

ardiner, J. M., Craik, F. I. M., & Birtwistle, J. (1972). Retrieval cues and release
from proactive inhibition. Journal of Verbal Learning and Verbal Behavior,
11, 778–783.

iesbrecht, B., Camblin, C. C., & Swaab, T. Y. (2004). Separable effects of
semantic priming and imageability on word processing in human cortex.
Cerebral Cortex, 14(5), 521–529.

ilbert, S. J., & Shallice, T. (2002). Task switching: A PDP model. Cognitive
Psychology, 44(3), 297–337.

old, B. T., Balota, D. A., Jones, S. J., Powell, D. K., Smith, C. D., & Ander-
sen, A. H. (2006). Dissociation of automatic and strategic lexical-semantics:
Functional magnetic resonance imaging evidence for differing roles of
multiple frontotemporal regions. Journal of Neuroscience, 26(24), 6523–
6532.

old, B. T., & Buckner, R. L. (2002). Common prefrontal regions coactivate with
dissociable posterior regions during controlled semantic and phonological
tasks. Neuron, 35(4), 803–812.

orno-Tempini, M. L., Dronkers, N. F., Rankin, K. P., Ogar, J. M., Phengrasamy,
L., Rosen, H. J., et al. (2004). Cognition and anatomy in three variants of
primary progressive aphasia. Annals of Neurology, 55(3), 335–346.

ough, P. M., Nobre, A. C., & Devlin, J. T. (2005). Dissociating linguis-
tic processes in the left inferior frontal cortex with transcranial magnetic
stimulation. Journal of Neuroscience, 25(35), 8010–8016.

rill-Spector, K., Kourtzi, Z., & Kanwisher, N. (2001). The lateral occipital
complex and its role in object recognition. Vision Research, 41(10–11),
1409–1422.

opfield, J. J. (1982). Neural networks and physical systems with emergent
collective computational abilities. Proceedings of the National Academy of
Sciences of United States of America, 79, 2554–2558.

ohnson, M. K., Hashtroudi, S., & Lindsay, D. S. (1993). Source monitoring.
Psychological Bulletin, 114(1), 3–28.

ohnson, M. K., & Hirst, W. (1993). MEM: Memory subsystems as processes.
In S. Gathercole, A. Collins, M. A. Conway, & P. E. Morris (Eds.), Theories
of memory (pp. 241–286). Brighton: Lawrence Erlbaum Associates.

ohnson-Frey, S. H., Newman-Norlund, R., & Grafton, S. T. (2005). A distributed
left hemisphere network active during planning of everyday tool use skills.
Cerebral Cortex, 15(6), 681–695.

onides, J., & Nee, D. E. (2006). Brain mechanisms of proactive interference in
working memory. Neuroscience, 139(1), 181–193.

onides, J., Smith, E. E., Marshuetz, C., Koeppe, R. A., & Reuter-Lorenz, P.
A. (1998). Inhibition in verbal working memory revealed by brain activa-
tion. Proceedings of the National Academy of Sciences of United States of
America, 95(14), 8410–8413.

an, I. P., & Thompson-Schill, S. L. (2004). Effect of name agreement on pre-
frontal activity during overt and covert picture naming. Cognitive, Affective
& Behavioral Neuroscience, 4(1), 43–57.

apur, S., Rose, R., Liddle, P. F., Zipursky, R. B., Brown, G. M., Stuss,
D., et al. (1994). The role of the left prefrontal cortex in verbal pro-
cessing: Semantic processing or willed action? Neuroreport, 5(16), 2193–

2196.

elley, W. M., Miezin, F. M., McDermott, K. B., Buckner, R. L., Raichle, M.
E., Cohen, N. J., et al. (1998). Hemispheric specialization in human dorsal
frontal cortex and medial temporal lobe for verbal and nonverbal memory
encoding. Neuron, 20(5), 927–936.



2 psyc

K

K

K

K

K

K

L

L

L

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

N

N

N

N

N

N

N

O

O

O

P

P

P

P

P

P

P

P

900 D. Badre, A.D. Wagner / Neuro

eppel, G., & Underwood, B. J. (1962). Proactive inhibition in short-term reten-
tion of single items. Journal of Verbal Learning and Verbal Behavior, 1,
153–161.

lein, D., Olivier, A., Milner, B., Zatorre, R. J., Johnsrude, I., Meyer, E., et al.
(1997). Obligatory role of the LIFG in synonym generation: Evidence from
PET and cortical stimulation. Neuroreport, 8(15), 3275–3279.

oechlin, E., & Jubault, T. (2006). Broca’s area and the hierarchical organization
of human behavior. Neuron, 50(6), 963–974.

oechlin, E., Ody, C., & Kouneiher, F. (2003). The architecture of cognitive
control in the human prefrontal cortex. Science, 302, 1181–1185.

ohler, S., Paus, T., Buckner, R. L., & Milner, B. (2004). Effects of left inferior
prefrontal stimulation on episodic memory formation: A two-stage fMRI-
rTMS study. Journal of Cognitive Neuroscience, 16(2), 178–188.

ostopoulos, P., & Petrides, M. (2003). The mid-ventrolateral prefrontal cortex:
Insights into its role in memory retrieval. European Journal of Neuroscience,
17(7), 1489–1497.

ee, A. C., Robbins, T. W., Pickard, J. D., & Owen, A. M. (2000). Asymmetric
frontal activation during episodic memory: The effects of stimulus type on
encoding and retrieval. Neuropsychologia, 38(5), 677–692.

evelt, W. J. (1999). Models of word production. Trends in Cognitive Sciences,
3(6), 223–232.

ogan, G. D. (2003). Executive control of thought and action: In search of
the wild homunculus. Current Directions in Psychological Science, 12(2),
45–48.

arr, D. (1971). Simple memory—Theory for archicortex. Philosophical Trans-
actions of the Royal Society of London Series B-Biological Sciences,
262(841), 23–81.

artin, A., & Chao, L. L. (2001). Semantic memory and the brain: Structure
and processes. Current Opinion in Neurobiology, 11(2), 194–201.

artin, R. C., & Cheng, Y. (2006). Selection demands versus association strength
in the verb generation task. Psychonomic Bulletin & Review, 13(3), 396–
401.

cClelland, J. L., McNaughton, B. L., & O’Reilly, R. C. (1995). Why there
are complementary learning systems in the hippocampus and neocortex:
Insights from the successes and failures of connectionist models of learning
and memory. Psychological Review, 102(3), 419–457.

cClelland, J. L., & Rogers, T. T. (2003). The parallel distributed process-
ing approach to semantic cognition. Nature Reviews. Neuroscience, 4(4),
310–322.

cDermott, K. B., Petersen, S. E., Watson, J. M., & Ojemann, J. G. (2003).
A procedure for identifying regions preferentially activated by attention to
semantic and phonological relations using functional magnetic resonance
imaging. Neuropsychologia, 41(3), 293–303.

ecklinger, A. D., von Cramon, D. Y., Springer, A., & Matthes-von Cramon, G.
(1999). Executive control functions in task switching: Evidence from brain
injured patients. Journal of Clinical and Experimental Neuropsychology,
21(5), 606–619.

ensink, G.-J., & Raaijmakers, J. G. W. (1988). A model for interference and
forgetting. Psychological Review, 95(4), 434–455.

etzler, C. (2001). Effects of left frontal lesions on the selection of context-
appropriate meanings. Neuropsychology, 15(3), 315–328.

ilham, M. P., Erickson, K. I., Banich, M. T., Kramer, A. F., Webb, A., Wszalek,
T., et al. (2002). Attentional control in the aging brain: Insights from an fMRI
study of the Stroop task. Brain and Cognition, 49, 167–202.

iller, E. K., & Cohen, J. D. (2001). An integrative theory of prefrontal cortex
function. Annual Review of Neuroscience, 24, 167–202.

onsell, S. (1978). Recency, immediate recognition memory, and reaction time.
Cognitive Psychology, 10, 465–501.

onsell, S. (2003). Task switching. Trends in Cognitive Sciences, 7(3), 134–
140.

oscovitch, M. (1982). Multiple dissociation of function in the amnesic syn-
drome. In L. S. Cermak (Ed.), Human memory and amnesia (pp. 337–370).
Hillsdale, NJ: Erlbaum Associates.
oscovitch, M., Fernandes, M. A., & Troyer, A. (2001). Working-with-memory
and cognitive resources: A component-process account of divided attention
and memory. In M. Naveh-Benjamin, M. Moscovitch, & H. L. Roediger
(Eds.), Perspectives on human memory and cognitive aging: Essays in honor
of Fergus Craik (pp. 171–192). New York: Psychology Press.

P

hologia 45 (2007) 2883–2901

oscovitch, M., & Winocur, G. (2002). The frontal cortex and working with
memory. In D. Stuss & R. T. Knight (Eds.), Principles of frontal lobe function
(pp. 188–209). Oxford: Oxford University Press.

oss, H. E., Abdallah, S., Fletcher, P., Bright, P., Pilgrim, L., Acres, K., et al.
(2005). Selecting among competing alternatives: Selection and retrieval in
the left inferior frontal gyrus. Cerebral Cortex, 15(11), 1723–1735.

urray, E. A., Bussey, T. J., & Wise, S. P. (2000). Role of prefrontal cortex in
a network for arbitrary visuomotor mapping. Experimental Brain Research,
133(1), 114–129.

eely, J. H. (1991). Semantic priming effects in visual word recognition: A
selective review of current findings and theories. In D. Besner & G. W.
Humphreys (Eds.), Basic processing in reading: Visual word recognition
(pp. 264–336). Hillsdale, NJ: Lawrence Erlbaum Associates.

eely, J. H., Keefe, D. E., & Ross, K. L. (1989). Semantic priming in the lexical
decision task: Roles of prospective prime-generated expectancies and retro-
spective semantic matching. Journal of Experimental Psychology: Learning,
Memory, and Cognition, 15, 1003–1019.

obre, A. C., Allison, T., & McCarthy, G. (1994). Word recognition in the human
inferior temporal lobe. Nature, 372(6503), 260–263.

oesselt, T., Shah, N. J., & Jancke, L. (2003). Top-down and bottom-up mod-
ulation of language related areas—An fMRI study. BMC Neuroscience, 4,
13.

olde, S. F., Johnson, M. K., & D’Esposito, M. (1998). Left prefrontal activation
during episodic remembering: An event-related fMRI study. Neuroreport,
9(15), 3509–3514.

oppeney, U., Phillips, J., & Price, C. (2004). The neural areas that control the
retrieval and selection of semantics. Neuropsychologia, 42(9), 1269–1280.

orman, D. A., & Bobrow, D. G. (1979). Descriptions—Intermediate stage in
memory retrieval. Cognitive Psychology, 11(1), 107–123.

’Reilly, R. C., Noelle, D. C., Braver, T. S., & Cohen, J. D. (2002). Prefrontal
cortex and dynamic categorization tasks: Representational organization and
neuromodulatory control. Cerebral Cortex, 12(3), 246–257.

’Reilly, R. C., & Norman, K. A. (2002). Hippocampal and neocortical con-
tributions to memory: Advances in the complementary learning systems
framework. Trends in Cognitive Sciences, 6(12), 505–510.

tten, L. J., & Rugg, M. D. (2001). Task-dependency of the neural corre-
lates of episodic encoding as measured by fMRI. Cerebral Cortex, 11(12),
1150–1160.

assingham, R. E., Toni, I., & Rushworth, M. F. (2000). Specialisation within
the prefrontal cortex: The ventral prefrontal cortex and associative learning.
Experimental Brain Research, 133(1), 103–113.

etersen, S. E., Fox, P. T., Posner, M. I., Mintun, M., & Raichle, M. E. (1988).
Positron emission tomographic studies of the cortical anatomy of single-
word processing. Nature, 331(6157), 585–589.

etrides, M. (2000). Dissociable roles of mid-dorsolateral prefrontal and anterior
inferotemporal cortex in visual working memory. Journal of Neuroscience,
20, 7496–7503.

etrides, M. (2002). The mid-ventrolateral prefrontal cortex and active
mnemonic retrieval. Neurobiology of Learning and Memory, 78(3),
528–538.

etrides, M. (2005). The rostral-caudal axis of cognitive control within the lateral
frontal cortex. In S. Dehaene, J.-R. Duhamel, M. C. Hauser, & G. Rizzolatti
(Eds.), From monkey brain to human brain. A Fyssen foundation symposium
(pp. 293–314). Cambridge, MA: The MIT Press.

etrides, M., Cadoret, G., & Mackey, S. (2005). Orofacial somatomotor
responses in the macaque monkey homologue of Broca’s area. Nature,
435(7046), 1235–1238.

etrides, M., & Pandya, D. N. (2002a). Association pathways of the prefrontal
cortex and functional observations. In D. T. Stuss & R. T. Knight (Eds.),
Principles of frontal lobe function (pp. 31–50). New York: Oxford University
Press.

etrides, M., & Pandya, D. N. (2002b). Comparative cytoarchitectonic analysis
of the human and the macaque ventrolateral prefrontal cortex and corticocor-

tical connection patterns in the monkey. European Journal of Neuroscience,
16(2), 291–310.

oldrack, R. A., & Wagner, A. D. (2004). What can neuroimaging tell us about
the mind? Insights from prefrontal cortex. Current Directions in Psycholog-
ical Science, 13(5), 177–181.



psych

P

P

P

P

P

R

R

R

R

R

S

S

S

S

S

S

S

T

T

T

T

T

T

T

T

T

T

T

T

V

V

W

W

W

W

W

W

W

W

W

W

D. Badre, A.D. Wagner / Neuro

oldrack, R. A., Wagner, A. D., Prull, M. W., Desmond, J. E., Glover, G. H.,
& Gabrieli, J. D. (1999). Functional specialization for semantic and phono-
logical processing in the left inferior prefrontal cortex. Neuroimage, 10(1),
15–35.

olyn, S. M., Natu, V. S., Cohen, J. D., & Norman, K. A. (2005). Category-
specific cortical activity precedes retrieval during memory search. Science,
310(5756), 1963–1966.

ostle, B. R., Brush, L. N., & Nick, A. M. (2004). Prefrontal cortex and the
mediation of proactive interference in working memory. Cognitive, Affective
& Behavioral Neuroscience, 4(4), 600–608.

rabhakaran, V., Narayanan, K., Zhao, Z., & Gabrieli, J. D. (2000). Integration
of diverse information in working memory within the frontal lobe. Nature
Neuroscience, 3(1), 85–90.

rice, C. J., Wise, R. J., & Frackowiak, R. S. (1996). Demonstrating the implicit
processing of visually presented words and pseudowords. Cerebral Cortex,
6(1), 62–70.

aaijmakers, J. G. W., & Shiffrin, R. M. (1981). Search of associative memory.
Psychological Review, 88(2), 93–134.

anganath, C., Johnson, M. K., & D’Esposito, M. (2000). Left anterior prefrontal
activation increases with demands to recall specific perceptual information.
Journal of Neuroscience, 20(22), RC108.

ogers, R. D., Sahakian, B. J., Hodges, J. R., Polkey, C. E., Kennard, C., &
Robbins, T. W. (1998). Dissociating executive mechanisms of task control
following frontal lobe damage and Parkinson’s disease. Brain, 121(Pt 5),
815–842.

oskies, A. L., Fiez, J. A., Balota, D. A., Raichle, M. E., & Petersen, S. E.
(2001). Task-dependent modulation of regions of the left inferior frontal cor-
tex during semantic processing. Journal of Cognitive Neuroscience, 13(6),
829–843.

uschemeyer, S. A., Fiebach, C. J., Kempe, V., & Friederici, A. D. (2005).
Processing lexical semantic and syntactic information in first and second
language: fMRI evidence from German and Russian. Human Brain Mapping,
25(2), 266–286.

akai, K., & Passingham, R. E. (2003). Prefrontal interactions reflect future task
operations. Nature Neuroscience, 6(1), 75–81.

ala, J. B., Rama, P., & Courtney, S. M. (2003). Functional topography of a
distributed neural system for spatial and nonspatial information maintenance
in working memory. Neuropsychologia, 41(3), 341–356.

cott, S. K., Leff, A. P., & Wise, R. J. (2003). Going beyond the informa-
tion given: A neural system supporting semantic interpretation. Neuroimage,
19(3), 870–876.

himamura, A. P. (1995). Memory and frontal lobe function. In M. S. Gazzaniga
(Ed.), The cognitive neurosciences (pp. 803–813). Cambridge, MA: MIT
Press.

ohn, M. H., Goode, A., Stenger, V. A., Jung, K. J., Carter, C. S., & Anderson,
J. R. (2005). An information-processing model of three cortical regions:
Evidence in episodic memory retrieval. Neuroimage, 25(1), 21–33.

quire, L. R. (1992). Memory and the hippocampus: A synthesis from find-
ings with rats, monkeys, and humans. Psychological Review, 99(2), 195–
231.

ternberg, S. (1969). The discovery of processing stages: Extensions of Donders’
method. Acta Psychologica, 30, 276–315.

hompson-Schill, S. L. (2003). Neuroimaging studies of semantic mem-
ory: Inferring “how” from “where”. Neuropsychologia, 41(3), 280–
292.

hompson-Schill, S. L., Bedny, M., & Goldberg, R. F. (2005). The frontal lobes
and the regulation of mental activity. Current Opinion in Neurobiology,
15(2), 219–224.

hompson-Schill, S. L., & Botvinick, M. M. (2006). Resolving conflict: A
response to Martin and Cheng (2006). Psychonomic Bulletin & Review,

13(3), 402–408, discussion 409–411.

hompson-Schill, S. L., D’Esposito, M., Aguirre, G. K., & Farah, M. J. (1997).
Role of left inferior prefrontal cortex in retrieval of semantic knowledge: A
reevaluation. Proceedings of the National Academy of Sciences of United
States of America, 94(26), 14792–14797.

Y

Z

ologia 45 (2007) 2883–2901 2901

hompson-Schill, S. L., D’Esposito, M., & Kan, I. P. (1999). Effects of repetition
and competition on activity in left prefrontal cortex during word generation.
Neuron, 23(3), 513–522.

hompson-Schill, S. L., Jonides, J., Marshuetz, C., Smith, E. E., D’Esposito, M.,
Kan, I. P., et al. (2002). Effects of frontal lobe damage on interference effects
in working memory. Cognitive, Affective & Behavioral Neuroscience, 2(2),
109–120.

hompson-Schill, S. L., Swick, D., Farah, M. J., D’Esposito, M., Kan, I. P.,
& Knight, R. T. (1998). Verb generation in patients with focal frontal
lesions: A neuropsychological test of neuroimaging findings. Proceedings
of the National Academy of Sciences of United States of America, 95(26),
15855–15860.

omita, H., Ohbayashi, M., Nakahara, K., Hasegawa, I., & Miyashita, Y. (1999).
Top-down signal from prefrontal cortex in executive control of memory
retrieval. Nature, 401(6754), 699–703.

oni, I., Rushworth, M. F., & Passingham, R. E. (2001). Neural correlates of
visuomotor associations. Spatial rules compared with arbitrary rules. Exper-
imental Brain Research, 141(3), 359–369.

ulving, E. (1972). Episodic and semantic memory. In E. Tulving & W. Donald-
son (Eds.), Organization of memory (pp. 382–403). New York: Academic
Press.

ulving, E. (2002). Episodic memory: From mind to brain. Annual Review of
Psychology, 53, 1–25.

yler, L. K., Bright, P., Fletcher, P., & Stamatakis, E. A. (2004). Neural
processing of nouns and verbs: The role of inflectional morphology. Neu-
ropsychologia, 42(4), 512–523.

andenberghe, R., Price, C., Wise, R., Josephs, O., & Frackowiak, R. S. (1996).
Functional anatomy of a common semantic system for words and pictures.
Nature, 383(6597), 254–256.

elanova, K., Jacoby, L. L., Wheeler, M. E., McAvoy, M. P., Petersen, S. E., &
Buckner, R. L. (2003). Functional-anatomic correlates of sustained and tran-
sient processing components engaged during controlled retrieval. Journal of
Neuroscience, 23(24), 8460–8470.

agner, A. D. (1999). Working memory contributions to human learning and
remembering. Neuron, 22, 19–22.
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