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Abstract - The dominant cognitive theory of working memory (WM) postulates a strict
architectural segregation between components responsible for the short-term active main-
tenance of information and those responsible for the control and coordination of that infor-
mation. Cognitive neuroscience research has provided strong evidence that the prefrontal
cortex (PFC) serves as an important neural substrate of WM. However, the literature is
mixed as to whether PFC should be considered a storage or control component. A theory
is presented that attempts to resolve this conflict by postulating that PFC represents and
actively maintains context information. These maintained representations provide a mech-
anism of control by serving as a top-down bias on the local competitive interactions that
occur during processing. As such, it is suggested that storage and control functions are inte-
grated within PFC. This theory is implemented as connectionist computational model. Sim-
ulation studies are described which demonstrate that the model can account for a wide
range of behavioral data associated with performance of a simple task paradigm that
probes both the storage and control functions of WM. Two neuroimaging studies are then
presented which directly test the predictions of the model regarding the role of PFC in con-
text processing. Taken together, the results provide new insights into the relationship
between storage and control in WM, and the role of PFC in subserving these functions.

Key words: neuroimaging, neural network, frontal lobes, executive control.

1. Introduction

~ Research on working memory (WM) is currently one of the most active topics
within cognitive psychology and cognitive neuroscience, as evidenced by the flurry
of books (Gathercole, 1996; Logie, 1995), edited volumes (Logie and Gilhooly,
1998; Miyake and Shah, 1999; Richardson er al., 1996), and special journal issues
on this topic (Memory and Cognition, 1993; Neuropsychology, 1994; Quarterly
Journal of Experimental Psychology, 1996). Much of the excitement regarding the
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study of WM can be traced to the contributions of Alan Baddeley, whose theoret-
ical and experimental work in this area has had a lasting and widespread influence
on the field (Baddeley and Della Sala, 1996; Baddeley, 1986; Baddeley and Hitch,
1974; Baddeley and Hitch, 1994). Baddeley and colleagues have put forth a theo-
retical account regarding the architecture of WM, which has come to be the dom-
inant model (Baddeley and Hitch, 1974). In this model, there are two domain-spe-
cific buffer systems — the phonological loop and the visuospatial scratchpad -
whose activity is coordinated by a central control structure termed the “central
executive”. The key aspect of this model is that both storage and control processes
are included under the heading of WM, but that these processes are architec-
turally distinct and segregated. These theoretical distinctions between WM com-
ponents within the Baddeley model have attracted cognitive psychologists, who
were encouraged to study the properties of, and functional dissociations between
the more tractable buffer systems, without feeling the need to first fully under-
stand the characteristics of the more vaguely described central executive. In par-
allel, cognitive neuroscientists have been attracted by the prospects of discovering
the neural substrates of each component within the model.

In cognitive neuroscience studies of WM, the prefrontal cortex (PFC) has been
a particular area of focus. Studies of neuropsychological patients have long pointed
to this brain region as being involved with behavioral and cognitive regulation
(Damasio, 1985; Hecaen and Albert, 1978; Stuss and Benson, 1986). Thus, it is not
surprising that many researchers have identified the PFC with the central execu-
tive component of Baddeley’s model. Indeed, a prominent neuropsychological
theory, put forward by Shallice and colleagues, has specifically described the PFC
as a Supervisory Attentional System that performs the control functions com-
monly attributed to the central executive (Norman and Shallice, 1986: Shallice,
1982; Shallice, 1988). Baddeley himself has incorporated SAS theory into his own
model (Baddeley, 1986), thus reinforcing this linkage between PFC and the central
executive component of WM. However, this neuropsychological perspective
stands in stark contrast with studies arising out of the animal literature on PFC
function. In this literature, PFC has been found to be critically involved in short-
term active maintenance of information (Fuster, 1989; Goldman-Rakic, 1987).
Goldman-Rakic, who has been one of the most active researchers in this area. has
argued that sustained neuronal activity in PFC serves as the “cellular basis™ of
WM (Goldman-Rakic, 1995). Yet the functions ascribed to PFC by Goldman-
Rakic seem to align more closely with the buffer system component of WM rather
than the control system. Thus, the search for the neural substrates of WM have
led to considerable controversy within cognitive neuroscience. Specifically, does
the PFC subserve the storage or control functions of WM? Recently there has
been an attempt to resolve this controversy using the newly developed techniques
of functional neuroimaging. A number of investigators, arguing from meta-analy-
ses of neuroimaging studies of WM, have suggested that there is an anatomical
segregation within lateral PFC. In particular, it has been suggested that while ven-
tral PFC regions may be involved directly with active maintenance functions,
dorsal PFC regions are instead involved with the control aspects of WM rather
than storage directly (D’Esposito et al., 1998; Owen, 1997; Smith and Jonides, 1999).
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In the current paper, we argue for a different, potentially more radical, resolu-
tion to this controversy. In particular, we take the perspective that the strict dis-
tinction between storage and control advocated by Baddeley does not map cleanly
onto the architecture of the brain, in which processing and memory functions are
typically distributed within, and performed by the same neural substrate (Rumel-
hart and McClelland, 1986). Specifically. we make the suggestion that PFC might
subserve specific control functions precisely through active maintenance of certain
types of information in WM. Our perspective on the role of PFC in WM is devel-
oped through a computational, mechanistically-explicit approach, relying on prin-
ciples of neural information processing associated with the “connectionist™ or
neural network framework. We develop a model in which PFC subserves a spe-
cific computational function, that of representing and actively maintaining context
information. We describe computer simulations which demonstrate how this
model might provide an account of the role of PFC in a specific behavioral task
known as the AX-CPT, which probes both the storage and control functions of
WM. We then present two new functional neuroimaging studies which directly test
this aspect of the model. The results of these studies provide support for the claim
that dorsolateral PFC is involved with actively maintaining context information in
WM, and that this information is critical for the control of behavior.

2. A theory of cognitive control
2.1. Context and cognitive control

We begin with a discussion of how the control of cognition might be exerted.
We note that one of the most basic and fundamental cognitive control functions is
the ability to flexibly adapt behavior to the demands of particular tasks, by facili-
tating processing of task-relevant information over other sources of competing
information, and by inhibiting habitual, or otherwise prepotent responses which
are inappropriate to the task. Because this control function is such a fundamental
one, it occurs in even very simple task situations. As a specific example, take a sit-
uation where a speeded response is required to a particular stimulus, but only in a
particular context (e.g., respond to the letter “X” only if immediately following the
letter ‘A’). If the context-stimulus pairing occurs frequently, the cognitive system
should begin to exploit the contextual information to prime or facilitate process-
ing of the subsequent stimulus. In contrast, in the rare situations where the stimu-
lus occurs in a different context (e.g., X following the letter ‘B’), the system must
rely upon the information provided by the context in order to inhibit the tendency
to respond. As this example makes clear, the cognitive system needs some mech-
anism which can exploit task-relevant context in order to properly control pro-
cessing and response selection.

In the current paper, we focus on this mechanism of cognitive control. In par-
ticular, we derive a theory that describes this mechanism in terms of both its com-
putational properties and underlying neural substrates. The theory is composed of
three central hypotheses: 1) PFC is specialized for the representation and mainte-
nance of context information; 2) context representations act to mediate control by
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modulating information flow along the pathways required to support performance
of a task; and 3) context information is maintained in PFC as a stable and self-sus-
taining pattern of neural activity. All three hypotheses presented above focus on
internal representations of context information. We define context as any task-rel-
evant information that is internally represented in such a form that it can bias
processing in the pathways responsible for task performance. Goal representa-
tions are one form of such information, which have their influence on planning
and overt behavior. However, we use the more general term context to include
representations that may have their effect earlier in the processing stream, on
interpretive or attentional processes. For example, in the Stroop task, the context
provided by the task instructions must be actively represented and maintained to
bias attentional allocation and response selection towards the ink color dimension
of a visually presented word. Thus, context representations may include a specific
prior stimulus, or the result of processing a sequence of stimuli, as well as task
instructions or a particular intended action. Representations of context are partic-
ularly important for situations in which there is strong competition for response
selection. These situations may arise when the appropriate response is one that is
relatively infrequent, or when the inappropriate response is dominant and must be
inhibited (such as the word name in the Stroop task). Importantly, context repre-
sentations are maintained on-line, in an active state, such that they are continually
accessible and available to influence processing. Thus, context can be thought of
as a component of WM. Specifically, context can be viewed as the subset of rep-
resentations within WM which govern how other representations are used. In this
manner, context representations simultaneously subserve both storage and control
functions. As described above, this aspect of the model differentiates it from Bad-
deley’s model of WM (e.g.. Baddeley, 1986; Baddeley, 1993), which postulates a
strict separation of representations for storage versus control.

2.2. A computational model of PFC function in WM and cognitive control

The theory of PFC involvement in context processing described above was
developed within the connectionist, or parallel distributed processing framework
(McClelland, 1993; Rumelhart and McClelland, 1986). The connectionist frame-
work is a natural one for concomitantly studying the neural and psychological
mechanisms of cognitive control, since it provides a computational architecture
that is specified in neurobiological terms, and can be used to quantitatively simu-
late performance in cognitive tasks. In this framework, information is represented
as graded patterns of activity over populations of simple units, processing takes
place as the flow of activity from one set of units to another, and learning occurs
through the modification of the connection strengths between these. From one
perspective, connectionist models are highly simplified, capturing brain-style com-
putation, without necessarily committing to the details of any particular neural
system or sub-system. However, with appropriate refinement, such models offer
the opportunity to build bridges between our understanding of the low-level prop-
erties of neural systems, and their participation in higher level (system) behavior.
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The theory of cognitive control we put forward here can be schematize(_i in_ the
form of a simple canonical model, in \'vhlch a context module serves as an indirect

hway that modulates processing in a direct stimulus-response pathway (see
pat e 1). This context processing module represents the functions of PFC. There
aﬁ;g::wo <;ritical features of this module that provide it with the capacity for control
over processing. The first is that there is strong recurrent connectivity within the
context layer, which allows for the active mamteqapce of_mfom_latmn. Thus, 1npﬁ1t
to the context layer can be sustained through activity rec1r:culat1(_m along mutually
excitatory connections, even when the external source c_if input is no longer pres-
ent. The second critical feature of the context pathway is :‘ts fceflbgck connection
to the direct pathway. This provides a means for activity within the context
module to provide an additional source olf input, to the direct pathway which can
modulate the flow of processing. In particular, feec[b'ack from t}}e con_te;_(t layer
serves to bias the local competition for representation thaF exists w1th1_n each
module, favoring one activation pathway or set of representations over their com-
petitors. This biasing action of the context module can produce :nh:bltpry effects
on processing, by allowing a weak pathway to 1ph1b1t the more dominant one.
Below, we review evidence regarding PFC function that supports these mecha-

nisms of control in the model.

Active Memory

Bias
Context (PFCN

Response

\

Associations

Input

Fig. 1. Diagram of canonical model. Key computational principles of context processing mechanism are
shown: 1) active memory through recurrent connections; and 2) top-down bias through feedback con-
nections.
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2.3. PFC and cognitive control

A critical component of our theory of cognitive control is that context repre-
sentations are actively sustained over short periods of time within PFC. As men-
tioned above, the evidence that PFC is involved in WM has primarily come from
both neurophysiological studies in non-human primates and more recently, from
neuroimaging findings in humans. Primate studies have typically examined active
maintenance in PFC through delayed-response paradigms, in which the animal
must maintain a representation of a cue stimulus over some delay, in order to
respond appropriately at a later point. It is now well-established that during per-
formance of these tasks, populations of PFC neurons exhibit sustained, stimulus-
specific activity during the delay period (e.g., Fuster and Alexander, 1971; Kubota
and Niki, 1971). The mnemonic properties of these neurons have been demon-
strated by showing that both local and reversible lesions to PFC impair perform-
ance on these tasks, and that performance errors in intact animals are correlated
with reduced delay-period activity (Bauer and Fuster. 1976; Funahashi, Bruce and
Goldman-Rakic, 1993; Fuster, 1973). Neuroimaging studies have begun to corrob-
orate these findings in humans, by demonstrating that PFC activity is both modu-
lated by active memory load (Braver er al., 1997), and sustained throughout the
period over which information must be maintained (Cohen er al., 1997: Courtney,
Ungerleider, Keil and Haxby, 1997).

In our theory, cognitive control emerges through the biasing influence of context
representations that interact with task-specific processing. In particular, the theory
suggests that context can exert both inhibitory and facilitory effects on processing,
The facilitory effect of PFC activity has been directly observed in single-cell record-
ing studies of primates. For example, Miller and colleagues found enhanced activity
in cortical association areas (i.c., inferotemporal cortex) during the delay period of
a delayed-response task which appeared to be dependent on representations of the
cue maintained in PFC (Miller and Desimone, 1994; Miller, Erickson and Desi-
mone, 1996). In the behavioral literature, it is well-accepted that PFC exerts an
inhibitory influence over processing. Indeed, some theorists have postulated that it
is the primary functions of this brain region (Dempster, 1992; Diamond, 1990:
Fuster, 1989). In terms of cognitive performance, almost all tasks which have been
shown to be sensitive to PFC function involve a response competition component.
As Roberts er al. (1994) have noted, “a consistent feature of the prefrontal task is
that it puts a prepotent tendency in competition with an alternative response (p.
375)”. Examples of these types of tasks include: the Wisconsin Card Sort, the
Stroop task, the A-not-B, and delayed alternation. In all of these tasks, patients
with frontal damage show evidence of a failure to inhibit the prepotent response,
even when the alternative is the appropriate one (Diamond and Goldman-Rakic.
1989; Freedman and Oscar-Berman, 1986: Milner, 1963; Perret, 1974).

Taken together, the empirical literature is very consistent with the idea that:
1) PFC plays a critical role in the active maintenance of information; and 2) infor-
mation maintained in PFC acts to mediate control by biasing the processing of
task-relevant information. However. stronger tests of this hypothesis could be
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g ore focused studies that are directly motivated by the theory.
Wﬁv?d eﬁ;gﬁgighave conducted simulation studies of the model to examine in
Fm.tmjiaﬂ th:e mechanisms by which PFC might perform context processing
o during cognitive task performance. A task that we have used to _demon—
ﬁmcnor;s e context processing effects is a simple but informative‘ paradigm — a
strat-e e; the classic Continuous Performance Test (Rosvold, Mirsky. Sarason,
B e and Beck, 1956). known as the AX-CPT (Cohen, Barch, C_arter and
BransonSIShreiber 1999b: Servan-Schreiber, Cohen and Steingard, 1_996}. In‘ the
S'erval? section; we describe our previous work in testing the predictions of our
foﬂ;:lut]]frough sil;lulation and behavioral_ studies 01f AX-CPT performance._ T_hen
4 resent two new neuroimaging studies that directly test model predictions
r:gagding the role of PFC in context processing functions.

3, Simulation and behavioral studies

3.1. The AX-CPT paradigm

A primary feature of the AX-CPT is that it enables selective examination of
the role of context processing in WM. In this tas_k, sequences of letters are pre-
sented one at a time, as a series of cue-probe pairs (see figure 2). The _object of
the task is to make a target response to an X.(the probe) but only when it follows
an A (the cue), and a nontarget response in all other cases (l_lence the name
“AX”-CPT). Performance in this task relies on the representation and mainte-
nance of context information within WM, insofar as_the correct response to X
depends upon maintaining information from t‘he previously pregented cue stimu-
lus (A or not-A). In our model, PFC is specialized for representing and maintain-
ing the context provided by the cue stimulus.

Q
PROBE '_‘r g
CUE G F
/B“(Trial
Am

AY Trial

Time

Target

CUE Response

4 rial

Fig. 2. Schematic of AX-CPT paradigm. Single letters are visually _displayed as a scric‘:s (.J.f cue-probe
pairs. A target is defined as the occurrence of an “X” probe immediately following an “A LiLIE:.ThF.‘l't
are three types of nontarget trials: BX, AY and BY (where “B” refers to any non-A cue, and “Y" refers
to any non-X probe).
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Importantly, the AX-CPT also provides behavioral measures for examining dif-
ferent aspects of context processing. In particular, within the AX-CPT. context
information serves inhibitory, attentional, and WM functions. In the task, target
(AX) trials occur with high frequency (70%). This induces two types of biases in
subjects. The first is a bias to make a target response to the occurrence of an X
probe. On those trials in which a target response should not be made to the X
probe (i.e.. “BX" trials, where B refers to any non-A cue), context information
must be used in an inhibitory fashion to override the tendency to false alarm. The
second bias that occurs in the AX-CPT is an €Xpectancy to make a target response
following the occurrence of an A cue. In this case, the context provided by the cue
serves a predictive function which directs attention to a particular response (i.e.,
attention-to-action; Allport, 1989: Norman and Shallice, 1986). On those trials in
which the cue is an invalid predictor of the response (ie.. “AY” trials, where Y
refers to any non-X probe), this attentional function of context creates the tendency
to false alarm. This type of cue validity effect is similar to others that have been
well studied in the attentional literature (e.g., Posner, 1980). Thus, the integrity of
context processing can be examined not only through performance on AX target
trials, but also through an examination of performance on nontarget trials.

A key element of our theory is that both attentional and inhibitory functions in
the AX-CPT should be subserved by a single underlying mechanism — the internal
representation of context information within PFC. This assumption can be tested
by examining the relationship of AY to BX performance. Note that on BX trials,
the internal representation of context should improve performance, by inhibiting
an inappropriate response bias. However. on AY trials, representation of context
should impair performance, by creating an inappropriate expectancy bias. Thus, if
context representations are intact, AY performance should be worse than BX per-
formance (in terms of both errors and RT). Conversely, if context representations
are impaired, BX performance should be worse than AY performance. Perfor-
mance on AX target trials should also be poorer if context processing is impaired,
since determination of targets is dependent upon the context provided by the cue.
However, AX performance should not be as impaired as BX performance, since
on AX trials, the response bias works in subjects’ favor, by increasing the ten-
dency to make the correct target response. Finally, a third type of nontarget trial,
BY, provides a useful internal control, since in this condition the influence of con-
text on performance should be relatively small (given that both the cue and the
probe always map to a nontarget response).

The AX-CPT paradigm also provides a means for examining the mnemonic
role of context information through the cue-probe delay duration. Specifically,
under conditions in which there is a long cue-probe delay (e.g., 5-10 seconds), con-
text information must be actively maintained within WM. Our theory suggests that
context information is both represented and actively maintained within PFC.
Thus, the same context processing mechanism that subserves inhibitory and atten-
tional functions also subserves WM functions. Consequently, a strong prediction
of the theory is that the effect of delay will interact with performance on AY and
BX trials. If context maintenance is intact, then the strength of context represen-
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should either hold constant or increase with delay (i.e., if it takes some
-||l-l.‘; .

. 4 of time for context representations to reach full at':tivation strength). (]:‘.on—
s rformance should remain constant or improve at long delays,
ge‘quentl}', ey nce should remain constant or worsen with Qelay. Conversely,
e A perff)rma nce is impaired, then context representations should lose
- mgttﬁn n:*a;?t:fena"f‘his should lead to a worsening of BX performance with a
stren ove .

delay, but an improvement in AY performance.

3.2. Simulations and behavioral performance

i d our computational model of cognitive con-
B e torocce o tho AX.CPT sk (Braves, Barch and Cohen, 1999;
o d Servan-Schreiber, 1995; Cohen, Braver and O’Reilly, 1996). B_y
Braver Co.hen . erformance in the task, we were able to directly and quanti-
e'xthly Snm:llr&:]?hgerinodel with actual human behavior. Specifically, in comparing
tanvelgdcfi\r?g empirical data collected from a normative study of over 200 young
ﬂwullt]1 wz found that the model was able to successfuli_y capture detailed as;pcv:ts],3 c;i"
e, ral performance. The model captured the relationship bglween _AY and
]?ehawﬂ I:: (i.e.. AY > BX, for both errors and RT), and the interaction of these
png::tsrm\s:]t; cu;e-;>robe delay duration (i.e., AY performance worsens with delagr,
. hile BX performance slightly improves). Moreover, the model also captures sub-
:l?er effects in the data, such as the relationship between accuracy and resp(iplse
speed. Finally, it is important to note that tl_le mode_l not ‘only capt_ured ;he qLéla ?:be)l
tive patterns in the data, but also quantitative relatlonghlps (§ee flgull;e ,:)?HCPT ‘;é

An advantage of having implemented a computer smlu_lat]on of the -C -
that it can be used to explore the effects of impairments in context ;;lt:)ccss(linlg >
model performance. We conducted such simulallo.ns with our AX-C ! mode i][a}_{
disrupting processing of the context module_. This was done throug bmar:}pnits
tions of a specific model parameter, gain, which governs the_ responm;gy 31 x L
to incoming input. By reducing gain in the model, context units showg L: : fhjs
initial representation of context information, as well as a greater ten ep;y ore e
information to decay over time (see figure 4). When we examined th{e “-1. l1.1‘?;111(: i
context processing disruptions in the AX-CPT task, we found substantia (l,l angn.r
in the behavior of the model. For example, the model proc_luces more BX than
errors, and this effect becomes amplified with delay (see figure 3c). A s‘zr_mla'r pat}
tern occurs for RTs (i.e., more slowing of BX than A.Y RT? and an ar_nphflcat]c(ln:jvo‘
this effect with delay). In contrast, BY performance is similar in the intact and dis-
turbed model.

Because our theory postulates that the context module of the m{oﬁlel c-:[)rlrl;:
sponds to the functions of PFC in WM and cognitive control, the behavior o _f_t,
model when context processing functions are impalred can be treated as SpEClllC
predictions regarding the effects of PFC dysfunction on AX—‘CPT p;rformance. r;
recent work, we have tested these predictions somewhat Hldll"E:Clly ina numbgr 0
ways. First, we have examined AX-CPT performance in two different populations
thought to suffer from disturbances in PFC — older adults and patients with schiz-
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Fig. 3. Simulation and behavioral performance data from the AX-CPT. A. Simulation data from the
intact computational model showing performance in each the 3 nontarget trial-types (AY, BX, and
BY) under short (dark bars) and long delay conditions (light bars). B. Behavioral data obtained from
a normative sample of over 200 healthy young adults performing the AX-CPT under standard condi-

Behavioral data from young adults performing the AX-CPT under interference conditions, All data
are taken from Braver er al, ( 1999).

ophrenia. In both populations, we found that participant performance was highly
consistent with the predictions of the model (Braver et al., 1999; Braver et al., in
press; Cohen, Barch, Carter and Servan-Schreiber, 1999a). An important aspect of
the findings is that we confirmed a highly counter-intuitive prediction of the model,
that we would observe not only performance impairments in these populations on
the AX-CPT, but also relative performance improvements (ie., on AY trials).
Second, we additionally tested the predictions of the model in healthy young sub-
jects, through the use of an experimental manipulation designed to disrupt context
processing. Specifically, we had participants perform the AX-CPT under interfer-
ence conditions, in which irrelevant distractor letters were presented during the
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# i hypothesized that this manipula-
gehy _per::;irng;: :’: zzrhﬁiolri?sgér"fwoimgce similar'to that obse_rved in
Enrc:ld?:epopulations suffering from physiologi:fal dlsturl\):;ncfeosu:lr:] I:[I:;S
; i ct of interference. We
-t wfh o r?g::nrzsc:u(g? h?aglflgfesubjects looked similar to that pro-
i de gﬁn model. For example, performance on BX trials wors-
?l.e_redu]i; gerformancte: on AY trials improved, and these effects were
i’d:tlg: T:mgecﬁelay condition there were more BX than AY errors (see

: arize i i X-CPT provided support
summarize, our computer simulations of the A ) _

pothesis th,at contextp processing within PFC might provide a rnech.am_sm
# ez and control in WM. We found that the norqlally functioning
ﬁ'sii;;?lg to capture detailed aspects of behavioral data in h;atllt]hy y;agli;%
wh ile di i ing in the model captured the sp
‘while disruptions of context processi € ool sapjursd £1 o
of ance change seen both in populations ght : :
e per:fgrz?)lder adults and schizophrenia patients), and in sub]e<_:ts per
th a:X-CPT under interference conditions. In the folIOW}ng section, we
.i;xéeresults of two neuroimaging studies designed to more directly examine
of PFC in context processing during WM.
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- Fig. 4. Plot of average activity level in context units during the course of an AX-CPT trial 31‘:1[}:; :11'1?3?
‘and reduced-gain models. Note that context activity is attenuated in the reduced-gain mo
- ther decays with delay.
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4. Neuroimaging studies

The results of the computer simulations and behavioral studies provide an
important measure of support for our hypothesis regarding the role of context
processing in WM. Specifically, the computational mechanisms postulated (o
underlie successful control over behavior in the AX-CPT — namely, the represen-
tation and active maintenance of context — were explicitly implemented in com-
puter simulations and found to successfully account for and predict detailed
aspects of behavioral performance in different populations during performance of
the task. However, the model also makes claims about the neural substrates of

these claims directly using functional neuroimaging methods, which provide a
means of examining brain activity during task performance.

Previous neuroimaging findings have already reliably demonstrated PFC acti-
vation during the performance of WM tasks and other tasks involving cognitive
control (Cabeza and Nyberg, 2000). Typically, this activation has been located in
dorsolateral regions of PFC (in the standard terminology of Brodmann'’s Areas
(BA), in regions 46 and 9). There has been some indication that dorsolateral PEC
activity is specifically related to the active maintenance of information within WM
(Barch et al., 1997: Cohen er al., 1997; Courtney et al., 1997; Fiez et al., 1996). These
findings are consistent with the data coming from the animal literature, in which
the dorsolateral PFC region appear to be most critical for active maintenance
functions (Butters, Pandya, Sanders and Dye, 1971; Fuster. 1989; Goldman and
Rosvold, 1970: Goldman-Rakic, 1987). However, claims regarding the role of
human dorsolateral PFC in active maintenance are not uncontroversial. Indeed.
several recent meta-analyses of neuroimaging data have suggested that dorsolat-
eral PFC regions are not engaged by the simple requirement for active mainte-
nance, but rather only in conditions in which information in WM must also be
manipulated or monitored in a specific fashion (D’Esposito et al., 1998: Owen,
1997; Smith and Jonides, 1999). As mentioned above, one interpretation of these
findings is that activity in dorsolateral PFC regions may correspond to “central
executive-like functions that do not directly involve storage. However, we take
the position that the dorsolateral PFC s involved in active maintenance, but

demand on context representation and maintenance.

The present studies addressed this issue directly, by using functional neu-
roimaging methods to monitor brain activity while subjects performed different
conditions of the AX-CPT. Two different studies were conducted, with separate
groups of subjects. In Study 1, subjects performed the AX-CPT under short and
long delay conditions. Because task requirements in the AX-CPT are identical in
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- Participants ; ded individuals (13 males and 10
- : ically normal right-handed i : 1

- Swmdy 1. 2h3 nriir;ioagglgaofy 23.32 (SD = 9.27, Range 18 to 51 years). iSrSu)d}"v ft-hza

i‘mmi1,:;,@3“1-063)’Wlltl zormal right-handed individuals (11 males and 10 feitnal'lzci1n01'm:::l

- log;cgf 2462 (SD = 5.08, Range 20 to 37 years). All oy o St

‘mean ag ; gy ative English speakers.

s -to- I vision and were native English )

. M m;{:t::ﬁgdt ?nngt?cr;a;d‘;nce with the institutional review board, and a cash pay

was ob!

“ment was given in return for participation.

E “trial” isted of a
¢ Participants performed trials of the AX-‘CPT tasl_c. Eachf ;11;':1)111 ?I?I;S;zijedolﬂanw
»-probe sequence. These were presented in a CDntl‘nuouSO a s 1 poesiloran:
gwp;rder such that target (AX) trials occurred w3tl.1 70% frejque A{/ ks
| 0"n::t trials occurred with 30% frequency (evenly divided between tra.n “:ith :
t]?.a:{gtﬁals). Letters were presented on a visual dlspla_y, occurrmgd c;nainstya il
duration of 500 msecs, in 24 point uppercase He!vetlca f(:jnt,hre 1ettge sile
background. The letter A was used as the valid cue, an t ealid R v e
target probe. The remaining letters of the alphabet served ;s_ 1;1\: SEsgane pon-
target probes, with the exception of the letters K anE:l Y, whic ‘Eed s e
to their similarity in appearance to the letter X. Subjects respgn ey
ulus (both cue and probe), pressing one button for targets an SeaS il i
nontargets (cues were always considered non-targffts). Resp&n e i v
a hand-held response box with fiber-optic connections to a acl;1 e g e
the scanner control room running PsyScope spftware ((_Johen, e fing:e a
and Provost, 1993). Responses were made with the m¥ddlf an ;el el oF
the right hand. Participants had 1.3 seconds from stimulus on
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respond (regardless of interstimulus or intertrial interval). Responses that were
slower than this limit were not recorded. Tasks were run on Apple Macintosh

computers, using PsyScope software for stimulus presentation and data collection
(Cohen er al., 1993).

Study 1. Participants performed the standard AX-CPT under short and long
delay conditions. The short delay lasted 1 sec and the long delay was 8 sec. Delay
and ITI were counterbalanced across the two conditions, and cue and probe dura-
tions were 500 msec. Thus, total trial duration was 10 sec in both conditions.
Eleven participants performed only these two primary delay conditions and the
other 12 participants also performed a third delay condition, termed “extra-long™.
In the extra-long delay condition both the delay and ITI lasted 9.5 sec, yielding a
total trial duration of 20 sec. The extra-long condition provided a means by which
to dissociate cue-related activity from probe-related activity, discussed further
below. Trials were blocked by delay condition. and an equal number of blocks
were run in each of the conditions, Scanning occurred during performance of all
blocks. For the 12 participants performing all 3 delay conditions, block duration
was 4 minutes, and 4 blocks of each condition were performed. In the short and
long delay conditions, each block contained 24 trials, while in the “extra long”
delay condition each block contained 12 trials. For the other 11 participants, 6
blocks of each condition were performed, in 2 minute blocks containing 12 trials.
Blocks were run in a pseudorandom order, such that all conditions were sampled
once before starting the next cycle.

Study 2. Participants performed the “extra-long” delay condition of the AX-
CPT with the same duration parameters were as in Study 1 (500 msec stimulus
duration, 9.5 sec delay and ITI). The task was performed under both standard and
interference conditions. In the interference condition, a total of 8 distractors (let-
ters appearing in a different color) were presented during each trial, 4 during the
delay period and 4 during the ITI. Distractors were presented in a sequential
manner, for the same duration as cue and probe stimuli (i.e., 500 msec), with a
1500 msec ISI (regardiess of whether the next stimulus was another distractor, a
cue, or a probe). Thirteen participants performed 5 blocks each of the standard
and interference conditions, and the remaining 8 participants performed 8 blocks
of each of the two conditions. Blocks were run in a pseudorandom order, such
that each condition was sampled once before starting the next cycle. Each block
contained 10 trials, and scanning occurred during performance of each trial.

MRI scanning procedures

Images were acquired with a 1.5T GE Signa whole body scanner. Axial slices
were acquired (3.75 mm® isotropic voxels) parallel to the AC-PC line. A spiral-
scan pulse sequence was used, in which volume scans were acquired every 2.5s.
Scans were synchronized to the start of every trial, in order to enable event-
related analyses to be conducted Prior to functional imaging, anatomical scans
were acquired at the same locations as the functional images, using a standard T1-
weighted pulse sequence.
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Study 1. A 4-interleave spiral-scan pulse sequence (TR = _64(} ms.g'gE = SSuilésd.
FOV = 24 cm, flip = 40°) (Noll, Cohen, Meyer and Sl::hmm.‘ltj‘~ 1995) wa ans: "
which allowed 8 slices to be acquired during every 2.5s scan period. Fgulr sccondi_
8 slice locations were acquired during each 10s trial (short ar?dl longt -el(a:;f o
tions), and 8 scans of these locations acqulvred on every 20s tr‘la Eeic) rz:l firs% .
condition). In order to scan the whole bram‘ volur_‘ne (24 slices total), e
8 locations was scanned for three consecutive trials, followed 1?)’ tw_o additiona
setg of 8 different locations, each scanned during three consecutive tnaés. I;?lﬂ?nw
ing this change of location, a fourth trial was presented in lhe_: ‘a.bsenc’e of sc cedui
in order to allow the MRI signal to achieve steady state. This scanr?lnfg pro .
. 0til d 3 scans of all 24 slice locations to be acquired every 12_tr1als._ The order
. h?ch slice I;Jcations were acquired was counterbalanced within subjects across
lbr}o\a::’ks. as well as across subjects. This same scanning technique has hcszn us;esczi
previous studies (e.g., Cohen et al., 1997), to track the temporal dynamics o

vation within each task trial.

i i TR = 1250 ms, TE = 35 ms,
dy 2. A 2-interleave spiral-scan pulse sequence ( ) m:
FOffmz )54 cm, flip = 60°) was used in order to simplify tl_le acquisition pr{_)cedurel,{
The sequencc'enabled the acquisition of 8 scans at 16 slice locations during eac

20s trial.

Image analysis procedures . . ) -
Images were co-registered and pooled across subjects using agg;oc% h\_lre s:)r:c_
lar to one used in PET studies (Woods, Mazzmtta and C_herry. _1 ) 1ts Ertical
dure has been used successfully in previous fMRI stud1§s to mcre};ibe s acfwit
power and permit direct quantitative identification of reglons.. tha]t1 c ange{ a1997)y
reliably across subjects (Barch er al., 19?7: Braver et al., 195‘37‘ Cf) en et aa.;] amo;
Participants’ structural images were aligned t_o a reference brain using o autee
mated algorithm (Woods, Cherry and Mazziotta, 1992). All functlonah ff%cl
were corrected for movement and scaled to a common mean (to red_uce t ; g .
of scanner drift or instability). The functional images were then reglstgre : to the
reference brain using the alignment parameters de_rwed for the struclur?f sct:an;,t1
and smoothed using an 8 mm FWHM Gaussian filter (to reduce the effects

anatomic variability across subjects).

Study 1. The imaging data, pooled across subjects,‘ were analyzed mla \:ox;:l:
wise manner with paired t-tests testing for greater activity in the long delay re E
tive to the short. The statistical map generated by this procedure was then thre§ -
olded for significance using a cluster-size algorithm (Forman et al., .1995). which
takes account of the spatial extent of activation to corre_ct for multiple compa{r-‘
isons. A cluster-size threshold of 8 voxels and a per-pixel alpha of 0.005 was
chosen, thus ensuring that the image-wise false positiv_e rate was 0.005. The
anatomical location of each active region was then deterrnme_d b_y_reference_: to the
Talairach atlas (Talairach and Tournoux, 1988). Figa]ly, 51gn1f_1cant reglor;s 0;
interest (ROI) were subjected to an ANOVA analysis to examine event-relate
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activity. The time course of activation was analyzed statistically by examining the
effect of scan-within-trial (1-4 or 1-8).

Study 2. Analyses were conducted in a confirmatory manner. using the ROIs
derived from Study 1. The confirmatory analysis was carried out by co-registering
the subjects of Study 2 to those of Study 1. The ROIs were then laid over each
brain. The voxels corresponding to each ROI were averaged together and ana-
lyzed as a composite. ROI data were analyzed through an ANOVA with task con-
dition (standard vs. interference) and scan-within-trial (scans 1-8) as factors. The

primary effect of interest was the presence of a task x scan interaction. For ROIs

4.2. STUDY 1 RESULTS

Delay effects. Only three brain regions showed significantly greater activation
in the long delay relative to the short delay condition. All of these regions were

located within PFC: left midd]e frontal gyrus, right middle frontal gyrus, and left

this group (Barch et al., 1997).! Together, the results support the hypothesis that
PFC is involved in actively maintaining context information provided by the cue
during the delay period.

Time Course Effects. We next examined whether the delay effects observed in
PFC were modulated during the time course of the trial. An ANOVA conducted
on these 3 regions-of-interest (ROISs) revealed that none showed any interaction
between delay and scan-within-trial (all ps > .1: see figure 5), suggesting that the
delay effect was sustained across the entire trial. A similar analysis was also con-
ducted on the subset of subjects who performed the extra-long condition, in order

' In contrast to the findings with PFC, an additional delay effect that was previously observed in
parietal cortex failed to replicate. However, in the original observation, the delay effect was found to
interact with scan-within-trial. Thus, it may be the case that the parietal region was either less reliably
affected by the delay manipulation or functionally dissociable from the PFC regions.

2 The coding of scans corresponding to delay and IT] periods was shifted forward by 1 scan, in
order to take into account the approximately 3 second hemodynamic lag present in the fMR] response
(Kwong er al., 1992: Savoy er al., 1995).
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Table 1. Study 6: Significant activation as a function of delay.
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Fig. 6. Study 1: The time course of event-related activity in the PFC regions (the dorsolateral PFC
regions are averaged together) in the extra-long delay condition. Note that the DLPFC regions show a
sustained increase in activity during the cue-probe delay period that is greater than that seen during
the ITL The left inferior cortex region does not show this pattern.

(F (3,33) =0.05, p>.1). The main effect findings were further examined by com-
puting “area under the curve” measures for each of the two events (i.e., the sum-
med increase in signal across the 4 scans). This analysis revealed significantly greater
area under the curve for delay-related vs. ITI-related activity (F (1,11) = 5.09, p < .05).
The Broca’s area ROI did not show the same pattern. Delay-related activity was
not significantly greater than ITI-related activity (F (1,11) =135, p>.1), and the
interaction with scan was marginally significant (F (3,33) = 2.33, p = .09).

4.3. STUDY 2 RESULTS

In the standard condition, all three PFC ROIs showed highly significant main
effects of scan (all ps <.001), suggesting that these regions were sensitive to task
events. When comparing the standard and interference conditions, a significant
task x scan interaction was observed for the left DLPFC region (F (7,133) = 2.19,
p <.05). This interaction was not significant for either the right DLPFC region
(F (7,133) = 1.62, p > .1) or the left inferior region (F (7,133) = 0.847, p > .1). Interest-
ingly, however, the left inferior region did show a main effect of task, with greater
activity under interference (F (1,19) = 4.53, p <.05). Neither of the two DLPFC
regions showed such effects (both ps > .1). The task x scan interaction in the left
DLPFC was also followed up by post-hoc voxelwise analyses. These revealed that
the effect was highly consistent, with 8 of the 9 voxels showing interactions signif-
icant at the p <.10 level. The nature of this interaction can be seen in figure 7,
which shows the pattern of activity dynamics in both task conditions for the two
most significant voxels (averaged together).
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ig. 7. Study 2: The time course of event-related activity in the left dorsolateral PFC :'cgior} (f:xlra—l(érig
Id:::%:.ay 'condili;;'l) in both the standard and interference conditions. Activity decays more rapidly under

the interference condition.

4.4, DISCUSSION

These neuroimaging studies were conducted to directly test predictions of th?
model regarding the role of PFC in the representation and maintenance of cm;te;c
information. Using fMRI, we examined PFC activity during performance of the
AX-CPT, which is postulated to rely on actively maintained context. Man}_! p{}ew};
ous neuroimaging studies have already demo_nstrate‘d PFC involvement in l(ljt
CPT tasks and others which rely upon the active maintenance of context (Co e{n
et al., 1997; Cohen et al., 1987; Courtney et al., 1997; Fiez et al., ]996:_Seidman et aa,
1998; Smith, Jonides and Koeppe, 1996). However, the curre:'ltbfmdmgs go t?eyon
these, by establishing the specific characteristics o‘f PFC activity during task per-
formance. First, we established that PFC activity increases when the duration of
active maintenance increases. By comparing activity between short delay and long
delay trials, we were able to hold all aspects of task processing constant ofx'cep; If:c:JCr
the proportion of time over which context must pe mamtal_ncd. We identified -
regions whose activity reliably and significantly mcreaseq in the long delay condi-
tion relative to the short. Second, we established that maintenance-related activity
was selective to PFC. In the comparison of short and‘long dp!ay performance
across 23 subjects, only 3 regions were found whos_;e activity s;gmﬁcantl_y mcrea;sed
with delay. These 3 regions were all located within PFC — bllgterally in dorsolat-
eral PFC, and in left inferior frontal cortex. Third, we determined that activity in
the dorsolateral PFC (but not in left inferior frontal cortex) was s_electwely
increased during the delay period relative to the ITI. Fourth, we established that
the dynamics of PFC activity were consistent with a sustained increase in activity
across the entire delay interval. The effect of delay was _f_ound to be constant
across the entire trial when comparing the long delay condition against the short,
and across the entire delay period when comparing delay against ITI. Fifth, we
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round that the pattern of activity in the left dorsolateral PFC region showed dis-
ruption under conditions of interference. Specifically, under interference the
event-related response to the cue appeared to decay more rapidly during the
delay period. Thus, taken as a whole, the findings from this study strongly support
the hypothesis that context information is selectively represented within PFC and
is actively maintained there over delay periods.

The regions of PFC that satisfied all of the criteria for active maintenance of

range of stimuli including, faces (Courtney, Ungerleider, Keil and Haxby, 1996),
letters (Cohen er al., 1994), digits (Grasby et al., 1994; Petrides, Alivisatos, Meyer
and Evans, 1993b), locations (McCarthy et al.. 1994), and abstract shapes (Petrides,
Alivisatos, Evans and Meyer, 1993a; Swartz er al., 1995). More recently, a few neu-
roimaging studies which have attempted to isolate the maintenance component of
working memory have also demonstrated activity in BA 46/9 (Cohen et al., 1997
Courtney et al., 1997: Fiez et al., 1996). As such, the current results are consistent
with previous findings, and provide more specific support for the hypothesis that
dorsolateral PFC is responsible for actively maintaining representations of context
information through sustained patterns of neural activity.

Nevertheless, the claim that dorsolateral PFC directly subserves active mainte-
nance functions is not uncontroversial, as mentioned above. Recent reviews of the
neuroimaging literature have led a number of investigators to suggest that dorso-
lateral PFC Mmay not engaged by active maintenance itself, but rather the execu-
tive-control functions such as manipulation and/or monitoring that must occur in
parallel with active maintenance in certain WM tasks (D’Esposito et al., 1998:
Owen, 1997; Smith and Jonides, 1999). The current findings have the potential to
resolve this controversy. Specifically, we suggest that tasks which engage dorsolat-
eral PFC are those which specifically require the maintenance of context informa-

may be that maintenance of context information is qualitatively different from the
more domain-specific “buffer-type” of maintenance typically discussed in standard
theories of working memory (Baddeley, 1992). For example, in traditional verbal
working memory tasks (e.g.. immediate serial recall), it may be sufficient to main-
tain stimulus information as an articulatory or phonologically-based representa-
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Sl-lStiflﬂeq . hl%l ceir olateral PFC has also been observed by Ulht_er m?festlgalor?
e an! ?5596) Many other studies have observed left mfeno_r front?
t(:zft;xi‘zt};v?tigﬁ' during: language and verbal working memﬂlrggtfs*‘k; ([1;11::(: e;tlfci:
1996; Frackowiak, 1994; Zatorre, MeyeF. G]eglde and Edvans.reﬂecti.ng stEralitory
ies a;ctivity in this region has been typlc_ally interprete 'ask T i
plz;nning and rehearsal (e.g., Paulesu, Frith and Frack(_)wla t ié : la.usible ihat B
tation would also be consistent with our delay effec‘ta. itr:i:ﬁtlenanie ok b el
ticipants engaged in rehearsal of the cue to 1m1;)rl(;v0bscwe S oteaited et
However, if this were _the_ case we would e:jxpecl s siopeichoatal s stsannibll
B dynamics in the B\’Eﬂt-bﬂseh a{ili:lr}ljd }t is possible that the minimal
= rcpetitive proc_ei;s. OI‘} thle ?étt?:l;)« did not require rehearsal to occur
load imposed by the cue (i.c., a single le o aier ettt it fhe
throughout the delay period. This latter mlerprf_:l‘c} 10 rral e b
Qo the o-back e lﬂ‘\’\fthh = ic elsor_ the 1-back condition
somewhat transient pattern of activity dynamics during
(which also only required maintenance of a single letter).
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The results of the Study 2 provide further support for the predictions of the
model regarding the role of dorsolateral PFC in context processing functions. The
model suggested that under interference conditions the representation and main-
tenance of context would be weakened. and that this would be reflected in terms
of a decay in PFC activity during the delay period of the AX-CPT. The use of a
confirmatory analysis approach provided the strongest test of this hypotheses,
both anatomically and conceptually, by forcing us to demonstrate that the dorso-
lateral PFC regions identified in Study 1 would: a) replicate the pattern of activity
dynamics observed in the standard AX-CPT in a completely different group of
participants; and b) also show effects of interference which were indicative of a
delay-related decay in activity. These hypotheses were both confirmed by the data.
We observed a significant task condition x scan interaction in the left DLPFC
region. As figure 7 shows, the activity dynamics in the standard condition are sim-
ilar to that observed in the extra-long condition of Study 1 (cf. figure 6). However,
under interference, the cue-related activity decayed more rapidly during the delay
period. As such, the results are fully consistent with the simulations performed
under conditions when context representation and maintenance is disturbed. In
those simulations, context-related activity was also found to decay over the delay
period (see figure 4).

It is important to note that without benefit of the model, one might have pre-
dicted that the interference condition would have a different effect on PFC actiy-
ity. For example, one plausible hypothesis is that under interference the PFC
response would be one of enhancement rather decay. The logic of this hypothesis
is that the interference condition increases active memory load, and that the
fesponse to this increased load would be increased PFC activity, as has been
observed in other working memory tasks, such as the n-back (Braver et al., 1997:
Jonides er al., 1997). The model makes clear that interference does not increase
memory load per se, because no more information must be maintained as context.
Rather, the model suggests that the presence of interfering items should serve to
weaken the representation and maintenance of context, and that this effect should
accumulate over the delay period.

As noted above, the current results are consistent with the model predictions
that DLPFC should be decreased, rather than enhanced under interference. Nev-
ertheless, the results do not rule out the possibility that compensatory strategies
are employed by subjects to counteract the effects of interference. Indeed. the
data provide some tantalizing hints in this regard. First. in the left DLPFC region
it is interesting to note that although activity following the cue decays more
quickly under interference, it rises more quickly as well. In particular, at scan 2 the
cue-related response appears to be greater under interference than in the standard
condition, although this effect was not statistically significant. One intriguing
hypothesis is that under interference, the initial representation of context is ampli-
fied, possibly due to enhanced attentional allocation. This early enhancement may
help to counteract the disruption and decay of context representation due to the
subsequent presentation of distractor stimuli. A second indication of potential
compensatory strategies in play during interference is the finding of increased
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activity in the left inferior frontal C(d)ne; If aftlt\]i::;yiI:Er;l;:igéefézsi:‘f?::(?;?[j;:;ﬁ
presence of articulatory plannmg and rcheassal, ’ St.rate : du}ing e iler
ference could reflect the increased use of this processing i g3 Sunng e e
ference condition. Indeed, _it _is Wel]—documeqteti}ltl-lfat Sl:)fjiftzr]t:le[ence e
primary strategy for maintaining 1nf0rmal‘10n int e%‘ti.?;lcesomewhat Seh o
deley, 1986). However, these interpretations a1l'e s : patanie o
¢ i weren't the primary focus of this experim )
F}T:Halsasmtrt?éygggnm?l: tt:];tfgr the need forpa more systetrsla;is study of the relation-
6 b jects’ ies ain activity patterns.
Shli?&?litl‘l‘;:ﬂszﬁ?f:::itlftflitgrgllge?sdl%i ll);::k of a tagkpx scan interaction in t.he right
DLPFC region. In Study 1, this regifon h;d sihgw]gfplﬁtge::gicgneff;;:lsje\gilgh :lv;;ﬁ
identical to that observed for the le ion. VL,
?;l:;::ctti:)c:inthey appeared to be located in homglogous regions‘ osf Z(;{;?C}EHH(I;
ever, in study 2, these two rcgifl)rs sho_we[d vtefy c!;fkfl{:r];rleppsg?;n;&lfStaﬂda“};and
activity dynamics looked virtua ly equivalent in ri e e
i conditions, suggesting that the lack of a task x scan 1nterac. :
?(:fgf;;?;ilue to a lack ofgs%atistical power. Although we %1av.e Eto 'exgi??{?&f}?
this lack of an effect, it does suggest that thfe two regions mlgd 1qn i
tionally dissociable. Obviously, futherlworkhls net‘adte?hgc: Eg;*:) nf.; t;gﬁgn .
i the results do make clear the point th: :
;f;asgilﬁf;lgzi\::ffn very similar cortical regions may require the use of systematic
i s e task manipulations. ‘ . ‘ ‘
teSUTl}lgea;C:l;ltle t:)f this studypalso have interest_ing implicauong for neu‘rmmggnnt%
studies of patients suffering from PFC d}’Sanctlon, such as sc‘h}zopl}rcl:l.ta;itcpi—
or older adults. We have suggested that the 1nlerferepce condition o t} e/ aly
produces disturbances in the representation and maintenance of context in e
tion. This disturbance is reflected both in terms of behavioral perf(:mancczorm-
PFC activity dynamics. As discussed above, we have’also §uggested that p;erl e
ing the AX-CPT under interference puts healthy sub]ef:ts in an cxperxmel; a e
that is somewhat analogous to that experienced by patients with PFC dysfunc B A
Thus, based on the current results, the model mak‘es strong prefhctlons gbou; :he
pattern of brain activity that would be expected in neuroimaging ‘studlef; 0 the
AX-CPT conducted in populations suffering from PFC dysfunctm.n.. F:fst,PFg
model predicts that patients should show reduced dela)./-related actllwty mh e
during AX-CPT performance. Second, the model predlcts t.h.at pafle?llts S c:hat
show a pattern of PFC activity dynamics (in the basey{le condit}on) similar to sl
observed in healthy subjects in the interference condition; that is, activation w dlli;_
appears to decay over the delay period. We t}ave now begun to test thniset}:re e
tions empirically. In a study with schizop}_)r_emta patients we found exactﬁ Z g ©
dicted pattern — reduced left DLPFC activity in patients whtch. further s o‘w
interaction with scan-within-trial such that the activity reducno;} was grea_tes& at
the end of the delay period (Barch ez al., 2001). _Future work w1_£l be requlred :0
determine whether similar patterns are observed in other populations suspected to
suffer from PFC dysfunction, such as older adults.
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5. General discussion

The studies presented in this paper have provided support for a theory regard-
ing the relationship between storage and control in WM. Specifically, we have pro-
posed that the PFC subserves both storage and control functions, by representing
and maintaining prior context information, We suggested that context representa-
tions subserve control functions by biasing local competitive activity within task-
specific pathways, but also subserve storage functions in WM, since they represent
task-relevant information that is actively maintained over time. These storage and
control functions were studied in the context of performance in the AX-CPT, a
simple but informative task paradigm. Furthermore, the theory was implemented
as an explicit model developed within the connectionist framework, such that sim-
ulations of task performance could be conducted. The findings from these studies
demonstrate that the theory and model can account for performance data in the
AX-CPT under a variety of conditions and in different populations. Moreover, we
presented neuroimaging evidence that the directly supports two key claims of the
model: 1) that context information is actively maintained in PFC; and 2) that this
information is relevant for control over behavior. As such, we believe that the
theory presented here provides new insights into the relationship between WM
and cognitive control, and the role of PFC in subserving these functions. Below,
we discuss the implications of the model in greater detail.

3.1. Cognitive control

A primary component of the theory is that control is exerted by activation of a
mechanism which serves to bias on-going processing by both facilitating task-
appropriate information and responses, and by inhibiting competing information
and responses which are task-inappropriate. In this respect, the theory makes
claims similar to that of Posner and Snyder (1975) and Shiffrin and Schneider
(1977), who also argue that the conscious control of cognition results in both costs
and benefits in task performance. However, the mechanisms by which these costs
and benefits accrue are largely left unspecified in traditional theories. In the
theory presented here, the mechanism of control is that of biasing activation states
through sustained representations of context. This mechanism is in agreement
with Norman and Shallice (1986), who argue that the SAS mediates control in a
purely modulatory fashion, that is “neither sufficient nor necessary to cause selec-
tion (p. 8)”.

The current theory shares many other commonalities with the Norman and
Shallice model, including a focus on response competition and selection and the
assignment of control functions to PFC. However, this account goes beyond
Norman and Shallice, by additionally beginning to specify the properties of PFC
representations, and by implementing these ideas within simulation models. In par-
ticular, we have argued that PFC representations encode context information,
which can be in a abstract form, such as that provided by task instructions, but may
also be much more specific, such as that provided by prior stimuli (as in the AX-
CPT). Furthermore, we have suggested that a critical property of PFC representa-
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tions is that they can be actively maintained for s_horl—periods of_ time, which
enables them to modulate processing of subsequent inputs or selection of subsie-
quent responses. Most importantly, throu_gh computer §1mulat10ns. we have exghc-
itly demonstrated that these ideas regarding PFC function can account for detailed
aspects of behavioral and neuroimaging data from botl_l healthy 1nd‘1wduals gnd
those with disorders affecting PFC (i.e., older adults, patients with schizophrenia).

6.1. Working memory

The theory presented in this paper providc;s new insights regarding the 'rela-
tionship between cognitive control and working memory. The most prominent
model of working memory in the cognitive psychology literature has been the one
put forward by Baddeley (1986). In Bad_deley's_f}-amework. working memory is a
triarchic system composed of two domain-specific buffers, the phonological loo_p
and the visuospatial scratchpad, and a central executive that oversees apd coordi-
nates their operation. However, in Baddeley’s model, the central executive Ia_rgely
serves as a catch-all designation for a number of control functions that remain for
the most part undifferentiated in terms of their underlying mechanisms (but for
recent progress in this area, see Baddeley, 1996). In contrast, the account th'aF we
have put forward has focused on a critical control function, the ability to fac1ht:ate
task-relevant information and responses while inhibiting competing information
and responses. In the studies presented, we have attempted to specify the nature
and mechanisms of this function in terms of the: a) the task situations in which it
is most critical (e.g., when context is frequently updated and is critical for over-
riding dominant response tendencies); b) its neural substrate (e.g., dorsolateral
PFC) and c) the causes and consequences of its breakdown (e.g., the effects of
interference manipulations). N

Additionally, we have argued that a fundamental mechanism of cognitive con-
trol is the active maintenance of a particular type of task-relevant information,
which we’ve referred to as context. Moreover, because context is actively main-
tained, it can act to influence how incoming information is represented and
processed. In many ways, this account is consistent with the common definition of
working memory as a system that involves both the temporary storage and manip-
ulation of task-relevant information (Baddeley, 1986: Just and Carpenter, 1992).
However, at least in the formulation of working memory advocated by Baddeley,
storage and control are strictly segregated, with storage occurring only in the two
buffers, and control operating through the central executive. The account we have
Proposed rejects the strong form of this distinction, by suggesting that storage and
control can be intrinsically related. In particular, a primary feature of the model
which provides the capacity for cognitive control is the active maintenance of con-
text representations. Furthermore, active maintenance is a central aspect of con-
trol function, in that it allows a means for task-relevant information to be utilized
in a manner that allows it to directly bias on-going processing. Indeed, this feature
of the model leads to a number of new predictions regarding working memory.
For example, the theory suggests that storage in working memory does not neces-
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sarily require the operation of the two buffer systems. In particular, the studies we
have presented in this paper argue that maintenance of cue-related information in
the AX-CPT occurs within a context-processing module, which in Baddeley's ter-
minology, could be thought of as a component of the central executive. Moreover,
in healthy individuals under normal task conditions, we observed that mainte-
nance was not subject to decay (at least over the delay intervals tested). In the
model, this characteristic is due to the strong recurrent connectivity within the
context layer that enables representations to be self-sustaining and robust to
normal levels of noise. This property of context maintenance may differentiate it
from maintenance within the two buffer systems. Specifically, it has been argued
that information within the phonological loop decays in about 2 seconds, if not
actively refreshed by a rehearsal process (Baddeley, Thomson and Buchanan. 1975).

6.2. PFC function

A central premise of the cognitive control model is that context information is
represented and maintained within PFC. This idea is consistent with a wide range
of data from neurophysiology, neuropsychology, and most recently, neuroimaging.
Moreover, the model provides a reinterpretation of the literature on active
memory in PFC. Goldman-Rakic (1987) has argued that PFC is specialized for
actively maintaining sensory information in working memory, by demonstrating
that neuronal activity in PFC shows sensitivity to specific sensory features, and
that impairing this activity (e.g., through lesions or pharmacological manipula-
tions) produces selective impairments in the maintenance of this information. The
theory presented here is consistent with these findings, but further suggests that in
at least dorsolateral PFC, active maintenance occurs for particular type of infor-
mation, namely, context representations. Because only the behaviorally relevant
aspects of prior information are stored in context representations, active mainte-
nance in dorsolateral PFC is not likely to be equivalent to a short-term memory
trace. As such, the representations may be insensitive to certain featural or
response distinctions. Moreover, because context may be represented as a goal
state or the end result of integrating a series of inputs, actively maintained repre-
sentations in PFC might be very complex and not easily analyzed by the standard
methods of sensory physiology (i.e., receptive fields mapping, post-stimulus his-
tograms). Indeed, initial support for these hypotheses comes from the recent work
of Miller and colleagues, who have demonstrated that neuronal activity in PFC:
a) is responsive to only the behaviorally-relevant subset of information in a visual
cluttered array (Rao, Rainer and Miller, 1997b); b) is insensitive to intervening,
but irrelevant inputs, presented during the delay period between cue and probe
(Miller et al., 1996); and c) represents both spatial and object identity information
in an integrated form when task demands require that both domains of informa-
tion be maintained to respond appropriately (Rao, Rainer and Miller, 1997a).
Future studies along these lines will help to shed more light on the specific char-
acteristics of active memory as it occurs in PFC.
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. Other brain systems
An i issue that has not been addressed by the current model is the
.Anct:l%lﬂrgxzen context representations ir_1 PFC and other brain systems spe-
lized for memory. In particular, it seems likely thqt there are neural systems
are particularly specialized for the short-term maintenance of both temporal
d spatial relationships. These systems may c_orrespor_id to the STM buffers fre-
described in both the verbal and spatial working memory llteratures.' In
ar, inferior parietal cortex has often been associated with phonqlogwal
€ v;hile superior parietal cortex is thought to play a role in visuospatial pro-
s (Logie, 1995; Vallar and Shallice, 1990). Additionally, it is known that
: -. at least two neural systems responsible for malnFalmng mforrnauon_ over
term periods. One system is specialized for the rapld_ formation of arb1t1jary
ry traces, and appears to be located within the hippocampal formation,
the other is slower, more structured, and involves the neocortex (McClel-
. McNaughton and O'Reilly, 1995). _ ‘
would seem that the coordination of these systems in a t_ask-z_ippropnat_e
jer is a control function that is necessary in many behavioral situations, jcmd is
that has been noted by a number of investigators (Baddeley, 19965 Ericsson
Kintsch, 1995; Gupta and MacWhinney, 1997; Shallice, 1988). This type of
ition and organization of other brain systems may occur through the sus-
influence of context representations. In short-term memory systems, it
that representations decay quickly if not continually re_actwated. Main-
representations of context within PFC may serve this function, by providing
ed source of top-down input based on the current behavioral goal. More-
or both short and long-term memories, context representations may provide
hanism for search and retrieval of particular subsets of information. How-
the computational dynamics of these processes have not yet been well-
d out (Burgess and Hitch, 1992; Houghton, 1990; Kawamoto and Anderson,
Nevertheless, relevant data on all of these issues can already be found in the
ging literature. Specifically, both verbal and spatial working memory tasks
involve the coactivation of PFC with other brain regions thought to be
for verbal or spatial STM (inferior and superior parietal cortex, e.g.,
et al., 1996). Additionally, PFC activation is now a robust finding in tasks
. search and retrieval from episodic memory (Buckner and Koutsaal,
ore detailed information on the relationship between PFC and these other
could be obtained from future studies which make use of time-course
onal information about activation patterns between brain regions.
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