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Abstract:

We provide an “executive-attention framework for organizing the cognitive neuroscience research on the
constructs of working-memory capacity (WMC), general fluid intelligence, and prefrontal cortex (PFC)
function. Rather than provide a novel theory of PFC function, we synthesize a wealth of single-cell, brain-
imaging, and neuropsychological research through the lens of our theory of normal individual differences in
WMC and attention control (Engle, Kane, & Tuholski, 1999; Engle, Tuholski, Laughlin, & Conway, 1999). Our
critical review confirms the prevalent view that dorsolateral PFC circuitry is critical to executive-attention
functions. Moreover, although the dorsolateral PFC is but one critical structure in a network of anterior and
posterior “attention control” areas, it does have a unique executive-attention role in actively maintaining access
to stimulus representations and goals in interference-rich contexts. Our review suggests the utility of an
executive-attention framework for guiding future re-search on both PFC function and cognitive control.

Article:
... the frontal lobes ... with their associated sensory centres, form the substrata of those psychical processes
which lie at the foundation of the higher intellectual operations. (Ferrier, 1886, p. 467)

Different individuals, under apparently the same conditions, show differences in the degree of attention.. . . [A]s
a suggestion of the meaning of these general, individual conditions, we might surmise such things as ... the
frontal lobes or some function thereof, “mental constitution” or organization; or “intellective energy.”
(Woodrow, 1916, p. 285)

Life definitely reveals two categories of people—artists and thinkers. . . . In the artist the activity of the cerebral
hemispheres flowing through the whole mass, involve least of all the frontal lobes, concentrating chiefly on the
remaining parts; in the thinkers, however, the converse is true. (Pavlov, 194 1, p. 113)

The frontal lobes reach their phylogenetic and ontogenetic peak in adult Homo sapiens, where they occupy
between 30% and 40% of the neocortical area (see, e.g., Brodmann, 1925; Damasio, 1991; Fuster, 1988;
Goldman-Rakic, 1987). Such evolutionary and physical prominence has led many theorists to assign the highest
of cognitive capabilities, and even the highest qualities of humanity itself, to the frontal cortex (e.g., Goldstein,
1936, 1944; Halstead, 1947; Rylander, 1939). However, early clinical research on patients with frontal lobe
damage indicated that such injury did not affect intelligence, at least as broadly defined by 1Q test batteries
(e.g., Ackerly, 1937; Hebb, 1939, 1945; Hebb & Penfield, 1940). Such null findings stand in stark contrast to
the everyday cognitive difficulties reported by many patients with frontal dam-age, particularly by those with
damage to the prefrontal cortex (PFC; see, e.g., J. M. Harlow, 1848; Lezak, 1983; Luria, 1966; Shallice &
Burgess, 19914, 1991b).

Indeed, a more recent body of clinical observations and experimental research suggests that PFC injury and
disease creates a formidable array of cognitive deficits. Such deficits include (but are not limited to) problems
of attention, motor control, spatial orientation, short-term memory, temporal and source memory, metamemory,
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associative learning, creativity, perseveration, and reasoning (for reviews, see Fuster, 1988; Goldman-Rakic,
1987; A. C. Roberts, Robbins, & Weiskrantz, 1998; Stuss & Benson, 1984; Wise, Murray, & Gerfen, 1996).

In the sections that follow, we will critically and comprehensively review evidence that general working-
memory (WM) and executive-attention functions are subserved by neural circuits centered in and passing
through the PFC. There is broad agreement in the literature that PFC circuits, and perhaps dorsolateral
prefrontal cortex (dPFC) cells in particular, are critical for WM functions. From our perspective, the role of
dPFC in WM is to maintain information in a highly active, easily accessible state. This maintenance is
particularly important in the presence of interference, and it may be crucial in blocking the effects of distraction.
Moreover, as we have argued elsewhere (e.g., Engle, 2001, 2002; Engle, Tuholski, Laughlin, & Conway, 1999),
we view WM capacity, or the capability for executive attention, as the psychological core of the statistical
construct of general fluid intelligence, or psychometric Gf. In this review, then, we will also evaluate evidence
suggesting the importance of the dPFC to general fluid ability. We will further speculate that, because dPFC is
critical to WM capacity and to Gf, normal individual differences in WM capacity and in Gf may be mediated by
normal individual differences in dPFC functioning (see also Engle, Kane, & Tuholski, 1999; Engle & Oransky,
1999).

As the quotes that began this paper may suggest, we do not claim to present a novel theory of PFC function, but
rather we present an organizing framework for reviewing prior research and suggesting fruitful avenues for
future work. Indeed, the lens through which we examine the literature has much in common with several
prominent views of dPFC function, particularly those of Baddeley (1996), Dempster (1991, 1992), Duncan
(1993, 1995), Fuster (1988, 1996), Goldman-Rakic (1987), Malmo (1942), E. K. Miller & Cohen (200 1), R. J.
Roberts and Penning-ton (1996), Shallice and Burgess (1991b), Shimamura (2000), Smith and Jonides (1997),
and Stuss, Shallice, Alexander, and Picton (1995). Our contribution here is novel, however, not just in the
comprehensiveness of the review, but also in providing a unified perspective on four broad, overlapping
constructs: WM capacity, attention control, fluid intelligence, and PFC function. Relations within only a subset
of these constructs have been explored in detail before—for example, among attention, intelligence, and PFC
(Dempster, 1991, 1992; Duncan, 1993, 1995). Moreover, although aspects of WM function have long been
linked to the PFC (see, e.g., Jacobsen, 1935, 1936), the individual-differences construct of WM capacity has not.

To summarize our view, the WM construct is assumed to be a hierarchical system involving short-term-memory
(STM) representational components plus a general, executive-attention component (see Baddeley & Hitch,
1974; Baddeley & Logie, 1999; Cowan, 1995, 1999). “Span” tasks that reflect WM capacity are thought to
reflect the contributions of both STM and executive-attention components (see, e.g., Daneman & Carpenter,
1980; Turner & Engle, 1989). However, the covariation among WM-span tasks and tasks of higher order
cognition reflects primarily the executive-attention component in the system, and less the STM components.
Normal individual differences in WM span are widely found to correlate with many facets of higher order
cognition, including language comprehension, reasoning, and Gf. We believe that these correlations are driven
by individual differences in executive attention. Thus, when we use the term “WM capacity,” which we do for
historical reasons, we are really referring to the capability of the executive-attention component of the WM
system.

By executive attention, we mean a capability whereby memory representations are maintained in a highly active
state in the presence of interference, and these representations may reflect action plans, goal states, or task-
relevant stimuli in the environment. Critical to our view is that, while the active maintenance of information can
be useful in many situations, it is most necessary under conditions of interference or response competition. This
is because in the absence of interference, task-relevant information, goals, or response plans may be easily
retrieved from long-term memory (LTM) as needed. Under interference-rich conditions, however, incorrect
information and response tendencies are likely to be retrieved. Such contexts therefore set the occasion for
relying on active maintenance of information.



We further suggest that individual differences in executive attention may also reflect the capability to pre-vent
attentional focus from being captured by mental or environmental distractors, and thus drawn away from the
actively maintained target information. In interference-rich contexts, a loss of focus on the representation of
target information will result in its returning to baseline activation levels and its being difficult to recover from
LTM. Thus, active maintenance and distractor blocking are interdependent features of executive attention that
we argue form the core of the WM capacity and Gf constructs. We also hope to persuade the reader that these
dual features of executive attention are dependent on dPFC structures.

We highlight here that our attentional view of WM capacity differs significantly from traditional notions of
STM or WM emphasizing how large WM capacity is, or how much WM can hold (see, e.g., Daneman &
Carpenter, 1980; G. A. Miller, 1956). The dependent measure in most WM-span tasks is, indeed, the amount of
information that can be recalled in a particular context. Nonetheless, we emphasize the importance of WM
capacity for maintaining access to even a single stimulus, goal, or response production in contexts providing
potent interference. As we hope to make evident below, WM theories that focus on the size of WM capacity do
not allow for the predictions or data that are accommodated by our framework.

Below, we will critically review the evidence linking WM capacity and executive attention to the dPFC. How-
ever, we will first summarize the recent behavioral research linking WM capacity, attention control, and fluid
ability that informs our framework. Subsequently, we will briefly review the difficulties in localizing WM
functions to PFC circuitry, including considerations of anatomy and physiology, empirical methods, and
individual differences.

INDIVIDUAL DIFFERENCES IN WORKING-MEMORY CAPACITY AND EXECUTIVE CONTROL
It is beyond the scope of this paper to review comprehensively the WM and intelligence literatures upon which
our framework is based (we refer the interested reader to Conway & Kane, 2001; Engle, 2001; Engle, Kane, &
Tuholski, 1999; Engle, Tuholski, et al., 1999). However, much of the research linking WM capacity, attention
control, and Gf is relatively recent, and so we will briefly elaborate on our framework by reviewing the
evidence linking these constructs.

Much of the relevant research has used span tasks as an index of WM capacity. WM-span tasks typically
require subjects to maintain short lists of items in memory while simultaneously processing other information,
such as reading sentences or solving equations (see, e.g., Dane-man & Carpenter, 1980; Turner & Engle, 1989).
Thus, the critical task—a memory-span test—is embedded within a secondary, processing task. Parametric and
psychometric research has demonstrated that WM-span tasks are reliable and valid measures of the WM
capacity construct (e.g., Engle, Tuholski, et al., 1999; Klein & Fiss, 1999). Moreover, individual differences in
knowledge, processing abilities, or strategies used during the span task do not impact the correlations between
span scores and complex cognitive measures (Conway & Engle, 1996; Engle, Cantor, & Carullo, 1992; Engle,
Nations, & Cantor, 1990).

Most importantly here, structural-equation-modeling studies show that latent variables representing the common
variance among WM-span tasks correlate between .60 and .80 with latent variables comprising reasoning and
Gf tasks (Conway, Cowan, Bunting, Therriault, & Minkoff, 2002; Engle, Tuholski, et al., 1999; Kail & Hall,
2001; Kyllonen & Christal, 1990; SuR, Oberauer, Wittman, Wilhelm, & Schulze, 2002). In contrast, consider
STM tasks such as word and digit span, which require immediate memory but do not include additional
processing. These STM tasks, despite their shared variance with and surface similarity to WM-span tasks, do
not demonstrate significant links to fluid ability after the contributions of WM are controlled for (Conway et al.,
2002; Engle, Tuholski, et al., 1999). Thus, a considerable body of research now shows that the skills and
strategies related to either simple processing or simple retention cannot account for the WM span X ability
relation.

We have therefore proposed that WM is a system consisting of STM and executive-attention components.
Moreover, only the general, executive-attention element of the WM system, the capability of which we call



“WM capacity,” drives the predictive power of WM-span tasks (Engle, 2001, 2002; Engle, Kane, & Tuholski,
1999; Engle, Tuholski, et al., 1999). In this view, WM-span tasks involve most of the processes required by
STM tasks, represented by the shared variance that is evident between WM and STM constructs.1 In addition,
WM tasks make greater demands on attention control than do STM tasks, because WM tasks present a
secondary task to interfere with the primary retention task. We therefore view information maintenance in the
presence of interference as the critical control function of WM capacity, and as the primary mechanism linking
WM capacity with higher order cognitive ability.

Quasi-experimental work has provided more direct evidence for an attentional mechanism of WM capacity, and
one that is particularly relevant to interference. Such research has typically examined differences in attention-
control capabilities between extreme groups of high- and low-WM-capacity subjects (or between individuals of
high and low intelligence). For example, individuals with low WM spans are more susceptible than those with
high spans to various forms of LTM interference, such as fan-effect, output, retroactive, and proactive
interference (Conway & Engle, 1994; Kane & Engle, 2000; Rosen & Engle, 1997, 1998). The same appears to
be true for Gf, at least with respect to proactive and output interference (Borkowski, 1965; Dempster & Corkill,
1999; E. Miller, 1984; Phillips, 1997, 1999).

Even outside of traditional memory-tasks contexts, low-span/low-ability individuals demonstrate greater
vulnerability to interference than do high-span/high-ability individuals in conditions that present potent
competition between task goals and habitual responses. For example, in dichotic-listening tasks, subjects must
shadow the message from one ear and ignore the message from the other ear. Here, low spans are over three
times as likely as high spans to notice their names in the distractor channel, with 65% versus 20% of low versus
high spans noticing, respectively (Conway, Cowan, & Bunting, 2001). Thus, high spans were better able than
low spans to resist the lure of the powerful orienting cue of their names being called, in the service of the novel
task goal. Significant span differences are also seen in the antisaccade task, which presents subjects with a
conflict between task goals and visual orienting cues (Kane, Bleckley, Conway, & Engle, 2001). In this task,
subjects saw an attention-capturing visual cue in the periphery and had to move their eyes and attention away
from the cue, in the opposite direction, in order to detect a target stimulus there. In comparison with high spans,
low spans erroneously made more eye movements toward the cue, corrected these errors more slowly, and were
slower to identify the target stimuli. As in dichotic listening, high spans outperformed low spans in a task in
which a novel goal had to be kept accessible in order to bias responding away from habit. However, high and
low spans performed identically in a prosaccade condition in which subjects could reflexively look toward the
cue to identify the target.2

When one considers tasks that demand novel responses in the presence of conflict, the Stroop task inevitably
comes to mind (see MacLeod, 199 1, for a review). In the Stroop task, subjects name the colors in which words
or word-like stimuli are presented. When the color and the word conflict, as in the case of the word RED
appearing in green, color naming is slowed (and more error prone) than when the word or word-like stimulus is
unrelated to the color (e.g., PIN, or XXX, in green), or when the color and word match (e.g., GREEN in green).
In fact, successful performance on the Stroop task correlates modestly with Gf measures (see, e.g., Dempster &
Corkill, 1999; Pati & Dash, 1990; Valentine, 1975) and varies significantly with WM span (Kane & Engle, in
press). With respect to Gf, Boone (1999) found that, after age was con-trolled for, full-scale 1Q accounted for
13% of Stroop variance. Kane, Sanchez, and Engle (1999) found that a single Gf measure correlated with
Stroop interference at r = —.49.

With respect to WM span, Kane and Engle (in press) predicted that it should best predict Stroop interference
when memory-maintenance demands were maximized. They did this by presenting high proportions of
congruent trials, in which the color and the word matched (e.g., RED presented in red). Kane and Engle (in
press) reasoned that Stroop tasks that include many congruent stimuli should put a premium on keeping the
novel task goal active and accessible in comparison with a task that presents only incongruent stimuli. This is
because, on congruent trials, the word dimension leads to the same response as the color dimension, and so
“accurate” responding can occur despite one’s acting according to habit and failing to act according to the goal.



In such contexts, responses on rare incongruent trials should be especially sensitive to successful goal
maintenance; if the goal is lost over many congruent trials, error will be likely on an incongruent trial. Indeed,
in two experiments, we found that when 75 % of trials were congruent, low spans committed 55 % and 100%
more word-naming errors on incongruent trials than did high spans.

Our findings from dichotic-listening, antisaccade, and Stroop tasks provide strong preliminary evidence for
span-related differences in goal neglect due to failed WM maintenance in the presence of interference. Perhaps
the best evidence for a similar link between fluid intelligence and failed goal maintenance comes from the work
of Dun-can and his colleagues (e.g., Duncan, Emslie, Williams, Johnson, & Freer, 1996; Duncan, Johnson,
Swales, & Freer, 1997). In Duncan’s “attention-switching” task, subjects monitor one of two stimulus streams
on a computer screen for the appearance of letters. Periodically, an abstract cue (a “+” or a “—) is presented
between the two streams, indicating that subjects should either continue monitoring the same stream or switch
to monitoring the other. Subjects who reliably switch their attention on cue tend to score substantially higher on
the Cattell Culture Fair Test of Gf (Institute for Personality and Ability Testing, 1973), with rs ranging from
approximately .40 to .65. In fact, whereas almost no individuals with Cattell scores above the population mean
fail to switch, nearly all individuals with scores below one standard deviation of the mean fail to switch (for
similar findings from related tasks, see Arthur, Barrett, & Doverspike, 1990; Kahneman, Ben-Ishai, & Lotan,
1973; McKenna, Duncan, & Brown, 1986). Thus, like WM capacity, Gf is a good predictor of the ability to
maintain stimulus or goal information in an accessible state, particularly in the presence of interference from
distractors or habit.

COMPLEXITIES OF MAPPING WORKING-MEMORY CAPACITY AND Gf ONTO THE PFC
Having briefly described the recent evidence linking WM capacity and executive attention to Gf, we now turn
to the significant difficulties that arise when an attempt is made to map such executive-attention functions onto
a particular brain structure. Perhaps the most obvious obstacle to applying localization-of-function research to
the PFC is that the PFC is a structurally and functionally heterogeneous brain region (see, e.g., Barbas &
Pandya, 1991; Fuster, 1980; Goldman-Rakic, 1987). Thus, we will hereafter focus our discussion on the
dorsolateral region of the PFC, which has been the region most strongly (but not uniquely) associated with
general cognitive functioning (see, e.g., Goldman-Rakic, 1987). The dorso-lateral region roughly surrounds the
principal sulcus, inferior convexity, and arcuate sulcus in the macaque monkey (Barbas & Pandya, 1991;
Goldman-Rakic, 1987). By most accounts, it occupies some combination of Brodmann’s areas and Walker’s
areas 46, 9, and 10, in humans and macaques, respectively (e.g., Goldman-Rakic, 1987; Pandya & Yeterian,
1999; Petrides & Pandya, 1994).

Limiting our focus to the dPFC does not solve our localization problem, however. This is because the dPFC is
massively interconnected with other cortical and subcortical brain areas, as is the PFC as a whole (see, e.g.,
Barbas & Mesulam, 1981, 1985; Chow & Cummings, 1999; Fuster, 1980, 1989; Goldman-Rakic, 1987; Nauta,
1964, 1972; Pandya & Yeterian , 1990). When considered in the context of human neuropsychology, these
bidirectional projections pose an obvious problem for localizing any singlefunction to one locus within the
circuit. That is, physical damage to any link in a series of neural connections may manifest itself similarly at a
behavioral level. Moreover, typical PFC damage in humans, whether from trauma or from disease, is rather
widespread at both cortical and subcortical levels (see Fuster, 1980; Petrides, 1989). More precise mapping of
cognitive functions to brain structure, however, is allowed by several in vivo methodologies, such as positron
emission tomography (PET) and functional magnetic resonance imaging (f MRI) (for reviews, see Posner &
Raichle, 1994; Raichle, 1994). These techniques, particularly advances in event-related fMRI, hold great
promise in revealing brain-behavior relations, but the results must still be interpreted with some caution,
particularly those from older studies (see Sarter, Bernston, & Cacioppo, 1996; Sergent, 1994; R. P. Woods,
1996).

In addition to recent imaging work, extensive research with macaques has helped isolate the necessary and
sufficient brain areas for some behavioral tasks. This work has allowed researchers either to preexperimentally
deactivate circumscribed brain sites through surgical lesions or to deactivate and reactivate these areas through



cooling methods, electrical stimulation, or by manipulating specific neurotransmitters (for a review, see
Goldman-Rakic, 19 87). Nevertheless, with regard to understanding human prefrontal function, the few
limitations to non-human research are serious ones. First, a relatively narrow breadth of tasks can reasonably be
explored with monkeys, and sample sizes are necessarily quite small. Second, monkeys require hundreds, if not
thousands, of trials to learn many of these tasks. It is therefore not clear whether the monkey brain that is
lesioned after learning is the same brain that existed before learning (O’Reilly, Braver, & Cohen, 1997).

The difficulties discussed above have been noted previously by other authors. However, our theoretical
framework also raises the important possibility, not considered before, that dPFC damage might have different
consequences depending upon premorbid individual differences in WM capacity and Gf. If WM capacity,
executive attention, and fluid intelligence all reflect a common mechanism, and if this mechanism is mediated
by the prefrontal cortex, then any study of prefrontal function will be complicated by the confluence of
individual differences and task demands. Thus, whether cognitive deficits on a task are observed after damage
to dPFC will depend on premorbid individual differences in WM capacity/Gf and on whether that task involves
sufficient interference to require, or be sensitive to, executive processing.

For example, in some tasks in which high-span individuals outperform low spans (e.g., in verbal fluency,
proactive interference, and visual selective-attention tasks), adding a secondary load task hurts the performance
of only the high spans, turning them into functional low spans. Counterintuitively, the performance of low spans
is unaffected by the secondary task (see, e.g., Bleckley, 2001; Kane & Engle, 2000; Rosen & Engle, 1997).
Such findings suggest that, in some contexts, high spans engage attentional processing to achieve their superior
performance, whereas low spans do not, and so only high spans suffer when attention is taxed by the secondary
task. Low spans, because of their limited executive-attention capabilities, tend to rely more on automatic
processing, whereas high spans rely more on attentional processing within the same task. We therefore propose
that in high-WM-capacity/Gf individuals, PFC damage, like an attentional load, will lead to greater behavioral
deficits than will similar damage in low-WM-capacity/Gf individuals. In effect, dPFC damage, like a secondary
attentional load, should make a former high-span individual perform like a low-span individual, whereas in
many cases low spans should be relatively unaffected.3

Despite the interpretive complexities outlined above, we are optimistic that the data from a convergence of
methods provide at least a crude framework for an understanding of the role of the dPFC in WM capacity,
executive attention, and Gf. We will attempt to specify this framework throughout by proposing that the
common variance among WM capacity/executive attention, Gf, and dPFC functioning is the degree to which a
task requires that a memory representation be maintained in a highly active state. Moreover, individual
differences in this common construct will most readily be observed in task situations involving interference and
distraction.

CONVERGING MODELS OF PFC INVOLVEMENT IN WORKING-MEMORY CAPACITY

Before beginning our review of the relevant empirical findings, we will highlight two recent views of PFC and
WM function that have had a major impact on our perspective. As discussed previously, Duncan and his
colleagues have argued that Gf reflects an executive attentional capability that, when deficient, may result in
“goal neglect” in some contexts (e.g., Duncan, 1990, 1993, 1995; Duncan et al., 1996). Similar to the
supervisory attention system of Shallice (1988; Norman & Shallice, 1986), this view holds that abstract
(hierarchical) goal representations guide behavior when the environment elicits no particular response or a
contextually inappropriate response. When goal states are neglected in these contexts, or, as we would argue,
when they are not actively maintained by WM, behavior will appear disorganized, perseverative, or otherwise
inappropriate. Critically, ac-cording to Duncan (1990, 1993, 1995), the attentional “goal-weighting” capability
that allows for coherent, goal-directed behavior is central to psychometric Gf and relies heavily on PFC circuits
for effective functioning.

We see an important parallel here between Duncan’s (1990, 1993, 1995) theory and the more formal model of
executive and PFC function proposed by Cohen and his colleagues (e.g., Braver & Cohen, 2000; Cohen &



Servan-Schreiber, 1992; E. K. Miller & Cohen, 2001; O’Reilly, Braver, & Cohen, 1999). Specifically, Cohen’s
model implements the control capabilities of the PFC as the ability to maintain context information (or task
demands) in an active state. Moreover, the active maintenance of task demands has the effect of reducing
competition from distractors through lateral inhibition. This is precisely the kind of maintenance function we
have emphasized as critical to understanding WM capacity and Gf (see also R. J. Roberts & Pennington, 1996).
Cohen and colleagues further suggest that the WM system is a distributed one, specifically involving PFC,
anterior cingulate, hippocampal complex, and posterior sensory and motor cortex. The PFC is the critical
component in active maintenance amid interference (Cohen, Braver, & O’Reilly, 1996, 1998; O’Reilly et al.,
1999).

According to the Cohen model, different cortical structures evolved complementary specialties in order that the
whole brain could best accommodate varied and dynamic processing demands. Posterior sensory and motor
cortex evolved to allow slow, integrative learning using widely distributed representations. In contrast, the
hippocampus and PFC developed to operate on more discrete representations. The hippocampus rapidly learns
arbitrary information and associations by episodically binding stimulus and context information. PFC
dynamically maintains and updates goal information to bias processing in networked areas and to retrieve goal-
relevant information from those areas as needed. Thus, “controlled” or executive processing emerges from the
interactions among these complementary brain regions.

Critically, from our perspective, the PFC is what allows for active maintenance and interference control in the
Cohen model (Cohen et al., 1998; E. K. Miller & Cohen, 2001; O’Reilly et al., 1999). Specifically, interference
control arises from the interaction of two separate mechanisms. First, PFC representations are strongly
interconnected and so recurrent excitation leads to their sustained activity (see also Dehaene & Changeux,
1989). Such recurrent excitation alone, however, would have the side effect of making PFC activity difficult to
rapidly shift and update, which is clearly not the case. Second, Cohen and colleagues therefore propose that
dopamine circuits between PFC and midbrain areas (e.g., ventral tegmental area, or VTA) also serve a “gating”
role (see Braver & Cohen, 2000). That is, descending fibers from the PFC may block task-irrelevant
representations from interfering with active maintenance. Given that the PFC controls the release of dopamine
from VTA, it can bias the signals from other brain areas back to itself. For example, the PFC may signal
dopamine release to increase the signal strength from other brain areas when updating is necessary (e.g., after
completion of a goal). Or, the PFC may signal dopamine release to increase activity in inhibitory loops when
updating is not necessary (e.g., before completion of a goal). Although this proposal is somewhat speculative at
this time, it provides a biologically plausible implementation of the maintenance and blocking/inhibition
functions of WM capacity that we review here (see also Kimberg, D’Esposito, & Farah, 1997; Luciana, Depue,
Arbisi, & Leon, 1992).

WORKING-MEMORY CAPACITY AND THE PREFRONTAL CORTEX

In this section, we comprehensively review the evidence that the dPFC is central to the executive-attention
processes of the WM system. Our discussion will first focus on findings from tasks in the traditional Baddeley
and Hitch (1974) approach to WM. In these executive-attention tasks, subjects must maintain information in
memory while simultaneously processing additional in-formation. We will then consider the research that has
isolated other executive functions, such as maintaining information while focusing and switching attention.
Finally, we will review evidence for dPFC involvement in the performance of psychometric tests that reflect Gf.

It is difficult to define an appropriate subject sample (or samples) with which to study dPFC function, and any
such decision is open to some criticism. Our own choices were influenced by two main goals: to provide a
rather complete review of the relevant empirical work, and also to keep the size of this potentially mammoth
literature manageable. In the sections that follow, then, we primarily review studies using the following subject
samples: (1) nonhuman primates with surgical brain lesions (or temporary deactivation of brain regions); (2)
adult humans with brain damage due to stroke, tumors or tumor resection, aneurysm repair surgery, or
penetrating head wounds; and, finally, (3) healthy adult humans studied with various brain-imaging techniques.
Although a review of related research with neuropsychiatric or developmental populations is clearly relevant to



present purposes, we must leave it to other authors (see, e.g., Diamond, 1990, 1991; Pennington, 1994; R. J.
Roberts & Pennington, 1996; West, 1996).

Working-Memory Capacity

A significant volume of research relevant to our conception of WM capacity has been conducted with non-
human primates as subjects, and so we begin our discussion there. Data have come primarily from three classes
of macaque subject groups. They are those with surgical lesions to circumscribed brain areas, those with
implants that temporarily deactivate brain areas through cooling or electrical current, and those with electrode
implants to allow for single-cell recordings. Following our review of this monkey research, we will discuss the
corresponding work with human patients and with healthy human adults.

Nonhuman Primate Research

The WM capacity of macaque monkeys is inferred from delay tasks, with “delay” referring to the interval
imposed between presentation of a stimulus and testing of a subject’s memory for it. Since Jacobsen’s (1935,
1936) demonstration that delay-task performance is highly sensitive to PFC damage, the delay tasks most
commonly employed in this research domain have been the delayed-response task, the delayed-alternation task,
the delayed matching-to-sample task, and the self/externally ordered memory task (for reviews, see Funahashi
& Kubota, 1994; Goldman-Rakic, 1987, 1995; Petrides, 1995). In each task, the subject must remember spatial
or object information across a delay and must update the memory representation of that information from trial
to trial, particularly because the same stimuli may repeat across trials.

More specifically, on each trial of the delayed-response task, the monkey views two or more possible spatial
locations while one is randomly “baited” or otherwise deemed relevant. After a delay, in which the locations are
typically removed from view, the monkey is rewarded for recalling the relevant location, evidenced either by
reaching or by an eye-movement response. In the delayed-alternation task, the monkey views two possible
spatial locations (or two objects), one of which is baited out of the monkey’s view; here, baiting is always
contingent upon the previously baited location or object. That is, if on one trial the monkey is rewarded for
selecting one location or object, on the next trial it will be rewarded for selecting the opposite location or object.
Critically, a delay is imposed between successive responses. In the delayed matching-to-sample task, the
monkey views a sample object that is then removed from view for some time. At test, the monkey views two
objects, one of which is the sample, and it is rewarded for responding to the sample. The delayed matching-to-
sample task is particularly interesting with respect to our executive-attention framework. It not only requires
monkeys to maintain information across a delay, but it also forces them to inhibit their natural tendency to
respond to novel stimuli in the environment. Finally, in the self/externally ordered memory task, the monkey
views series of sample objects, or series of sample locations, and must choose a sample on each trial that had
not yet been chosen on any previous trial. Here, then, monkeys must maintain and update a representation of
previously selected objects in order to avoid responding to them in the future.

These delay tasks may appear to have more in common with STM tasks than with WM-span tasks. That is, they
involve only information storage and do not additionally demand simultaneous processing of other information,
as do human WM-capacity tasks (although the delayed matching-to-sample task does additionally require
monkeys to withhold a prepotent response). Recall that, whereas WM-capacity tasks require people to study and
recall stimulus lists while processing unrelated information, STM tasks do not, and only WM-span tasks
consistently correlate with measures of complex cognitive ability (see, e.g., Daneman & Carpenter, 1980;

Engle, Tuholski, et al., 1999; Turner & Engle, 1989).

However, we note that in the delay tasks with monkeys, attentional focus is typically drawn away from the to-
be-recalled stimuli during the delay. This is done either by placing an opaque physical barrier between the
subject and the stimuli, thus requiring eye fixation on a nontarget location, or by requiring a maintained
reaching response to a nontarget location (see, e.g., Funahashi, Bruce, & Goldman-Rakic, 1989; H. F. Harlow,
Davis, Settlage, & Meyer, 1952; Niki, 1974b). Such distractions are not present in human STM tasks, such as
digit-span tasks, in which recall is tested immediately. Thus, delay tasks do seem analogous to human WM-



capacity tasks, in that successful performance on the task requires that information about the stimulus be
maintained for use in the presence of distracting elements in the environment, as well as in the presence of
interference from prior-trial information at retrieval.

When the opaque physical barrier is placed between the monkey and the stimuli, or when a maintained response
is required to a location other than that of the stimuli, the monkey is distracted by other elements in the
environment. That is, the monkey may simply “think” about something other than the stimuli. And, while
“thinking” about something else, the monkey loses the previously highly active representation of the target
stimulus. Indeed, in healthy monkeys, illuminating the testing chamber during the delay reduces memory
performance in comparison with darkened delays (see, e.g., D’Amato & O’Neill, 197 1; Harper & White, 1997,
Salmon & D’Amato, 1981; Worsham & D’Amato, 1973). This is presumably because illumination allows
visual distraction during the delay, whereas darkness minimizes it. Therefore, the presence of a distraction
during the delay, and the potential for retrieval interference from the repetition of stimuli and locations across
trials, make these delay tasks reasonable analogues of human WM-capacity tasks. We should also note, in this
regard, that the task demands required to tap a particular construct in adult humans (here, WM capacity) may be
quite different from those required to tap that construct in nonhuman primates, or even in human children (see
Engle, Kane, & Tuholski, 1999; Engle, Tuholski, et al., 1999).

To return to the PFC literature, dorsolateral prefrontal areas—particularly those anterior to the arcuate sulcus
and surrounding the principal sulcus—are critical to normal performance in all of the delay tasks described
above (see Goldman-Rakic, 1987; Rosenkilde, 1979). Accuracy drops to near-chance levels in monkeys with
lesions to Walker’s areas 9, 10, and 46, even with delays of mere seconds (see, e.g., Battig, Rosvold, &
Mishkin, 1960; Funahashi, Bruce, & Goldman-Rakic, 1993; Goldman & Rosvold, 1970; Goldman, Rosvold,
Vest, & Galkin, 1971; Mishkin & Pribram, 1955, 1956; Oscar-Berman, 1975; Pribram & Mishkin, 1956; W. A.
Wilson, 1962; but see Petrides, 1995). Similarly, macaques with temporary dorsolateral “lesions” brought about
by cortical cooling or electrical current show significant delay-task impairments (see, e.g., Bauer & Fuster,
1976; Fuster & Bauer, 1974; Quintana & Fuster, 1993; Shindy, Posley, & Fuster, 1994; Stamm, 1961; Stamm &
Rosen, 1973). However, lesions to many other brain areas, even in more ventral or superior PFC, often do not
produce such deficits (see, e.g., Goldman et al., 1971; Mishkin & Pribram, 1955, 1956; Oscar-Berman, 1975;
Pohl, 1973; but see, e.g., Battig et al., 1960; Rosvold & Delgado, 1956; Zola-Morgan & Squire, 1985).

Single-unit recordings from dPFC cells indicate significant neural populations whose firing is concomitant with
delay periods. That is, they begin firing when the cue information either appears or disappears, and they
continue firing during the delay until a response is initiated. Such cells seem to hold cue-related information “on
line” during the delay (see, e.g., Fuster, 1973; Fuster & Alexander, 1973; Fuster, Bauer, & Jervey, 1985;
Kikuchi-Yorioka & Sawaguchi, 2000; Kojima & Goldman-Rakic, 1982, 19 84; Kubota & Niki , 197 1; Kubota,
Tonoike, & Mikami , 1980; E. K. Miller, Erickson, & Desimone, 1996; Niki, 1974a, 1974b, 1974c; Niki &
Watanabe, 1976; Quintana, Yajeya, & Fuster, 1988; Romo, Brody, Hernandez, & Lemus, 1999; Rosenkilde,
Bauer, & Fuster, 198 1).

Moreover, at least for cells within the principal sulcus region of dPFC in the monkey, circumscribed “memory
fields” can be seen. Analogous to visual-system neurons with distinct receptive fields, many principal sulcus
cells respond preferentially to stimuli in specific regions of space. These cells are particularly active during the
encoding and delay-maintenance of stimuli in their preferred locations (see, e.g., Batuev, Shaefer, & Orlov,
1985; Funahashi et al., 1989; Funahashi, Bruce, & Goldman-Rakic, 1990; Rainer, Asaad, & Miller, 1998; F. A.
W. Wilson, O’Scalaidhe, & Goldman-Rakic, 1993). Delay-period specificity is not limited to the spatial
domain, however. Objects may also elicit selectivity in dPFC cells (Rainer et al., 1998): In a delayed matching-
to-sample task, monkeys responded when a specific sample object, appearing with two distractors, was repeated
in the same location. The sample stimulus was consistent across trials within a trial block, but it varied between
blocks. Thus, in a context in which both object and location in-formation was relevant to correct responding,
object-specific and location-specific maintenance cells were identified. (As we will discuss later, however, more
dPFC cells were identified as responding generally to both object and location dimensions than as responding



specifically to only the object or only the location dimension; see also Rao, Rainer, & Miller, 1997.)
Interestingly, object-specific cells fired above baseline even during the delays between trials, within a block,
suggesting that the object-specific cells were maintaining the identity of that trial block’s sample stimulus in
order to help guide attention to the sample among the distractors.

Our arguments about the WM-—as opposed to the STM—demands of these delay tasks is further supported by
an important experiment by Malmo (1942). Monkeys with large dorsolateral lesions performed at chance level
in the delayed-response task if a light was kept on during a 10-sec delay, as is typical. The lit conditions
presumably allowed subjects to attend to other objects in the environment. However, if the lights were turned
off during the delay, thus minimizing distraction from other visual stimuli, the PFC monkeys were virtually
unimpaired. These findings strongly suggest that the dPFC maintains memory representations in the presence of
environmental distractions that may switch focus away from the active maintenance of that representation.
When focus is briefly shifted, interference may make retrieval of recent stimuli or task demands much more
time-consuming and error prone.

Indeed, Bartus and LaVere (1977) also found that inter-stimulus delays are much less important to dPFC-related
memory deficits than is the presence of distraction during the delay. Monkeys with dPFC lesions were
compared with unoperated monkeys. On a traditional delayed-memory task, lesioned monkeys performed at
chance with a 10-sec delay, but normally with a 0-sec delay, replicating previous findings. Subjects were also
tested in a combined delayed-memory/delayed matching-to-sample task. Here, the monkeys viewed two stimuli
for 500 msec, one to the right and one to the left, each consisting of a pattern of three illuminated lights. Eight
patterns were arbitrarily but consistently defined as targets and eight were defined as distractors. On each trial,
the monkey was rewarded for pulling a lever on the same side as the target pattern and ignoring the lever on the
side of the distractor pattern.

When the target and distractor patterns were presented together for 1,000 msec, and until responding was
permitted, the lesioned and nonlesioned monkeys performed equally well, requiring an average of 60—70 trials
to reach a 90% accuracy criterion. The groups also performed equivalently when a 500-msec blank interval was
inserted between the target display and the response. The dPFC-lesioned monkeys were significantly impaired,
however, in a second condition that presented additional distractors during the delay. Here, the target and
distractor patterns appeared together for 500 msec, followed by a brief presentation of two distractor patterns.
Responses were not permitted until after the distractors appeared. In this condition, in which distractor patterns
intervened between stimulus and response, normal monkeys again took only about 60 trials to reach criterion.
Monkeys with dPFC lesions, in contrast, took an average of over 220 trials to do so. Consistent with Malmo’s
(1942) findings, then, monkeys with lesions to the dPFC were particularly impaired in remembering target
information when attention was drawn away from the target during even a very brief delay. Without the
maintained activation of target information, and with proactive interference from prior trials impairing LTM
retrieval, monkeys cannot perform delayed-memory tasks without intact dPFC.

Finally, we note that several brain areas that are anatomically networked with the dPFC also are important to
delay-task success. For example, lesions to nuclei of the basal ganglia and thalamus, to hippocampal regions, or
to some parietal and temporal cortex areas produce delay performance deficits; moreover, single-unit recordings
and imaging data from these structures indicate delay-period activity in a considerable number of cells (see,
e.g., Alexander & Fuster, 1973; Batuev et al., 1985; Baylis & Rolls, 1987; Friedman & Goldman Rakic, 1988;
Koch & Fuster, 1989; Shindy et al., 1994; Watanabe & Niki, 1985; Zola-Morgan & Squire, 1985). These
findings of posterior and subcortical participation in delay-task performance make good sense. First, these
various structures are neurally interconnected, and second, virtually no cognitive task is performed by a single
brain region. Complex tasks such as those tapping WM capacity appear to involve integrated circuits that work
in concert to solve behavioral problems involving immediate memory (see Goldman-Rakic, 1987).

However, we also emphasize that recent evidence suggests that, for cells in posterior areas, firing during the
delay is significantly disrupted if distractor stimuli are presented prior to the target (Constantinidis & Steinmetz,



1996; E. K. Miller & Desimone, 1994; E. K. Miller, Li, & Desimone, 1993). Such disruption is not seen in
delay-responsive dPFC cells (di Pellegrino & Wise, 1993a, 1993b; E. K. Miller et al., 1996). These data
suggest, again, that dPFC cells are uniquely critical to retaining information across delays when interference
and distraction are present (Bartus & LaVere, 1977; Malmo, 1942). Without dPFC activity, the presence of a
salient distractor causes target representations to be lost from active memory, and the buildup of proactive
interference across trials makes these representations more difficult to retrieve from LTM. Therefore, even
though posterior and subcortical brain areas are important to some aspects of delay-task performance, the
dorsolateral PFC appears to be special in its role of maintaining the activation of memory representations in the
presence of interference, when shifts of attention away from targets may lead to a loss of their rapid
accessibility.

Human Research

Memory-span tasks. As far as we know, only one case study and one experiment have tested human patients
with PFC damage on complex WM-span tests that re-quire subjects to remember words while also reading un-
related sentences (Daneman & Carpenter, 1980). Results were mixed. In the case report, a patient with a severe
head injury to the left frontal lobe was able to attain simple digit span scores of 4 and 5 (with visual and
auditory stimuli, respectively). However, the patient was unable to recall any of the smallest sets of two words
in the sentence span task (Van der Linden, Coyette, & Seron, 1992). Thus, the frontal damage appeared to
impair recall most severely in a WM task. Given that this was a case study, however, we have no premorbid
assessment or control condition with which to compare these STM and WM scores. A controlled experiment
comparing lobectomy patients with frontal cortex damage (n = 12) with those with temporal cortex damage (n =
50) and with healthy controls (n = 17) revealed no significant differences among groups on the sentence span
task (Frisk & Milner, 1990). How-ever, for the frontal patients, the rank—order correlation between extent of
damage and various scores from the span task ranged from r = .34 to r = .38, indicating that less frontal damage
was associated with higher span scores. Although these correlations were not significant (p < .05), perhaps due
to the small sample size, they are consistent with recent data collected from healthy adult volunteers (Raz,
Briggs, Marks, & Acker, 1999). In that study, a composite measure of WM span correlated modestly with
individuals’ dorsolateral PFC volume corrected for height, as measured by MRI (r =.29). WM span scores did
not correlate significantly with volume of fusiform gyrus (r = . 16), inferior temporal lobe (r = .06), or occipital
cortex (r = -. 13).

Delayed-memory tasks. Human patients with PFC damage also show clear deficits on delay tasks that are
similar to those exhibited by brain-lesioned macaques (Baldo & Shimamura, 2000; Bechara, Damasio, Tranel,
& Anderson, 1998; Chorover & Cole, 1966; Dubois et al., 1995; Freedman & Oscar-Berman, 1986; Ptito,
Crane, Leonard, Amsel, & Caramanos, 1995).4 For example, in computer-presented delayed-response and
delayed-alternation tasks with 15-sec delays, frontal patients with unilateral stroke damage showed significant
impairments compared with posterior-damaged and non-brain-damaged controls (Verin et al., 1993). In the
delayed-response task, no control patients made errors, only 2 of the 10 posterior patients made errors, yet 7 of
the 10 frontal patients made errors. Ferreira et al. (1998) tested mixed-etiology patients in a computerized
delayed-response task with 500-msec versus 10-sec delays. Eight patients with unilateral frontal lesions (most
including dPFC) and 10 patients with unilateral inferior temporal lesions were each compared with patients in
an age-matched, healthy control group. On each trial, 12 randomly arranged blue squares appeared, and then 2
to 5 of the squares turned red for 2-3.5 sec. These red squares were the targets for that trial. After the delay,
during which the screen was black, all 12 squares reappeared. The subjects then touched the target squares in
any order. All groups performed equivalently on the 500-msec delay trials. Although ceiling effects may have
limited the sensitivity of the test, only the frontal patients showed a significant decrease in memory on 1 0-sec
delay trials. Frontal patients appeared to have great difficulties recalling target sets larger than two items on
long-delay trials, whereas temporal patients were unimpaired across all set sizes.

Brain-imaging studies of healthy humans performing delay tasks have principally employed delayed matching-
to-sample tasks. However, they have provided less clear results than those described above for lesion studies
(for other reviews of this literature, see Haxby, Petit, Ungerleider, & Courtney, 2000; Jonides et al., 1996; Mc-



Carthy, 1995). On one hand, imaging studies with delayed matching-to-sample tasks using human faces as
stimuli have shown increasing dPFC activity across increasing delays (e.g., from 1 to 21 sec).5 Structural
equation modeling suggests that the loci of increased activity occur bilaterally, between dPFC (Brodmann 46)
and anterior cingulate (Brodmann 24) circuits, and between more ventral PFC (Brodmann 47) and posterior
areas 21 and 37 (Mclntosh, Grady, Haxby, Ungerleider, & Horwitz, 1996; see also Courtney, Ungerleider, Keil,
& Haxby, 1996, 1997; Grady et al., 1998; Haxby, Ungerleider, Horwitz, Rapoport, & Grady, 1995).

On the other hand, PET studies of delay tasks with object stimuli (primarily novel shapes) or with spatial
stimuli often show very little prefrontal activation. When PFC activation is seen at all, it is most often centered
in Broca’s area, more ventral PFC areas, and/or around pre-motor cortex and supplementary motor areas (see,
e.g., Awh et al., 1996; Dupont et al., 1993; Jonides et al., 1993; Rowe, Toni, Josephs, Frackowiak, &
Passingham, 2000;6 Smith, Jonides, & Koeppe, 1996; Smith et al., 1995).

We would explain such discrepant findings by noting that the delays in most of the “negative” studies were too
brief to necessitate dPFC involvement. Study—test intervals were typically as short as 3 sec or less. Although the
nonhuman primate literature suggests prefrontal involvement across very brief delays, humans may be able to
perform such brief-delay tasks with minimal use of executive attention—and thus of the dPFC—especially with
verbally codable stimuli (see Engle, Tuholski, et al., 1999). Indeed, in PET and fMRI studies of delayed-
response tasks using relatively long delays, dPFC activation does consistently occur (Baker, Frith, Frackowiak,
& Dolan, 1996; Barch et al., 1997; D’Esposito, Ballard, Zarahn, & Aguirre, 2000; Fiez et al., 1996; Goldberg,
Berman, Randolph, Gold, & Weinberger, 1996; Rypma & D’Esposito, 1999; Swartz, Halgren, Fuster, &
Mandelkern, 1994). Four studies showing significant dPFC activation, even with relatively short delays, have
used tasks that are more demanding. For example, delayed alternation and delayed response requirements were
combined into a single task (Gold, Berman, Randolph, Goldberg, & Weinberger, 1996), or subjects had to
maintain multiple stimuli at once (Prabhakaran, Narayanan, Zhao, & Gabrieli, 2000; Rypma, Prabhakaran,
Desmond, Glover, & Gabrieli, 1999; Stern et al., 2000).7

Furthermore, as we noted previously, most delayed-memory experiments with macaques present some kind of
distractor during the delay, and none of the “negative” human studies drew attention away from the target
stimuli between study and test. Given that subjects were neither distracted nor required to process new
information during the delay, these brief-delay tasks were closer to STM tasks than to WM-capacity tasks. That
is, these tasks may allow insight into the brain areas involved in the short-term storage component of the WM
system, such as those involving more ventral/ventrolateral PFC areas (see Owen, Evans, & Petrides, 1996;
Petrides, 1989). They probably do not provide much information about the circuits underlying WM capacity/
executive attention. Indeed, delay tasks that require manipulation of the tar-get information during the delay,
such as alphabetizing a group of random letters, demonstrate increased delay-period dPFC activity relative to
tasks not requiring such manipulation (D’Esposito, Postle, Ballard, & Lease, 1999; Postle & D’Esposito, 2000).
Moreover, the dPFC areas that are sensitive to manipulation requirements do not appear to be particularly
sensitive to changes in memory load, as indexed by delay-period activity across increasing sizes of memory sets
(Jha & McCarthy, 2000; Postle, Berger, & D’Esposito, 1999; but see Postle & D’Esposito, 2000).

n-Back tasks. Simultaneous storage and manipulation of information is clearly required by the emerging “gold-
standard” task in imaging studies of WM, the n-back task (Kirchner, 1958; Mackworth, 1959). Accordingly, the
n-back task consistently shows dPFC involvement. For example, in one PET study using the 3- back task,
subjects responded to each stimulus object in a continuous sequence only if it matched the item seen three items
ago (Smith et al., 19 96, Experiment 2). In another condition, subjects responded to the stimulus if it appeared in
a location that was occupied three items ago. Thus, in both conditions subjects had to selectively maintain
information about prior stimuli as they encoded each new stimulus. Dorsolateral areas 46 and 9 showed
increased bilateral activation in both object and spatial 3- back conditions compared with control conditions (for
similar PET results, see Petrides, Alivisatos, Meyer, & Evans, 1993; Schumacher et al., 1996).



Research using f MRI techniques has provided converging evidence of the activation of dPFC areas during n-
back performance. Cohen et al. (1994) presented subjects with a 2-back task with letter stimuli and a 1-sec
interstimulus interval (IS1). In comparison with a control task in which subjects responded any time they saw
the letter X, the 2-back task produced significant activation in PFC areas 46, 9, and 10 (and also in more inferior
areas 45 and 47, and in anterior cingulate). In two experiments, Braver et al. (1997) showed linearly increasing
activity in dorsolateral areas 9 and 46 as WM load in-creased from a 1-back, to a 2-back, to a 3-back task.
(Increased activity was also seen in PFC areas 44 and 45.) In their Experiment 2, which utilized whole-brain
scans, significant memory-related activity was additionally detected in posterior frontal (Brodmann 4 and 6) and
posterior parietal (Brodmann 40/7) cortices, and in the caudate nucleus of the basal ganglia. Thus, as expected,
dPFC and regions anatomically networked to it showed significant increases in activation as WM load increased
(see also Honey, Bullmore, & Sharma, 2000; Jonides et al., 1997; Martinkauppi, Rdm4, Aronen, Korvenoja, &
Carlson, 2000; Nystrom et al., 2000; Pfefferbaum et al., 2001; Seidman et al., 1998). Moreover, this dPFC
activation is maintained at a constant rate throughout ISIs between 10 and 20 sec (Cohen et al., 1997).

Many n-back studies elicit bilateral, and roughly sym-metrical, dPFC activation (e.g., Braver et al., 2001,
Braver et al., 1997; Cohen et al., 1994; Martinkauppi et al., 2000; Seidman et al., 1998; Smith et al., 1996).
However, McCarthy and colleagues have found that dPFC activation varies between object and spatial WM
tasks (Mc-Carthy et al., 1994; McCarthy et al., 1996).8 Here, when subjects monitored a stimulus stream for
repetitions of objects, both hemispheres showed significant dPFC activation, with higher levels in the left
hemisphere than in the right (but for the opposite result, see Callicott et al., 1999). When subjects monitored a
stimulus stream for repetitions of locations, only right-hemisphere dPFC activation was significant. Somewhat
consistent findings were reported from a multisite, multiscanner study in which a spatial 2-back task produced
slightly to substantially greater right than left hemisphere activity, depending upon how data were pooled
(Casey et al., 1998). Likewise, in a paced task resembling the n-back task, in which multiple stimulus locations
had to be continuously tracked, increasing memory load was associated with greater increases in right than in
left dPFC activity (Diwadkar, Carpenter, & Just, 2000).

Although the domain generality of dPFC activity in the n-back task remains controversial, recent work has
suggested that the inconsistent findings of lateralization in spatial versus object tasks may result largely from
normal individual differences. D’Esposito, Ballard, Aguirre, and Zarahn (1998) examined patterns of
lateralization in spatial versus object 2-back tasks across individual subjects. Half of the subjects showed either
bilateral dPFC activation during both tasks or matching unilateral dPFC activation in both tasks, consistent with
the prior findings of similar lateralization in object and spatial tasks. However, the other half of the subjects
showed bilateral activation in one of the tasks (most often the verbal task) and unilateral activation in the other,
which was somewhat more consistent with the McCarthy group’s findings (McCarthy et al., 1994; McCarthy et
al., 1996). We note, however, that no subjects showed uniquely right hemisphere activation in one task and
uniquely left hemisphere activation in the other. Similarly, Postle, Stern, Rosen, and Corkin (2000, Experiment
1) found that exactly half of their subjects showed greater dPFC activation in spatial than in object n-back tasks.
No evidence was found across their three experiments for systematic differences between spatial and object
tasks in the anatomical loci of dPFC activity.

Finally, in tasks combining location and identity retention, Jansma, Ramsey, Coppola, and Kahn (2000) in an n-
back task, and Postle and D’Esposito (1999) in a delayed-memory task, found load/delay-specific dorso-lateral
PFC activity in 83% and in 100% of their subjects, respectively. In the n-back study, three subjects showed left-
lateralized activity, three showed right-lateralized activity, and four showed bilateral activity. In the delayed-
memory study, four of five subjects showed bilateral activity for spatial delays and three of five showed
bilateral activity for object delays. In both studies, there was much greater variability between subjects within a
domain (object vs. spatial) than between domains within a subject. Indeed, a recent behavioral study found
performance on verbal, object, and location n-back tasks to correlate with rs between .50 and .80, indicating
considerable shared variance among these tasks (Hartley, Speer, Jonides, Reuter-Lorenz, & Smith, 2001).9 It
appears that further individual-differences work will be important to our future understanding of the laterality of



WNM-related brain activity during n-back and delayed-memory tasks (for more on this controversy, see
Goldman-Rakic, 2000; E. K. Miller, 2000; Postle & D’Esposito, 2000).

For now, however, our reading of the imaging work discussed thus far is that the preponderance of the evidence
supports some overlapping neural substrate for spatial and object WM capacity (see also the reviews by
D’Esposito, Aguirre, et al., 1998; Owen, 1997). As evidenced by delay tasks with brain-injured patients and by
imaging studies with healthy human subjects, the dorsolateral PFC is significantly involved in memory tasks
that require subjects to maintain information in memory in the presence of interference, especially if attentional
focus is temporarily drawn away from target information by distractors or by the processing / manipulation of
other targets.

Executive Attention Research

As summarized previously, individual differences in WM capacity among healthy adults reliably predict
individual differences in rather “molecular” executive-attention tasks such as Stroop, antisaccade, and dichotic
listening tasks (for reviews, see Conway & Kane, 2001; Engle, 2001; Engle, Kane, & Tuholski, 1999). Thus, we
consider the constructs of WM capacity and executive attention to be largely overlapping, if not isomorphic (see
also Baddeley, 1996; Engle, 1996). One might expect, then, that the brain structures that support WM capacity
should be similar or identical to those that support executive-attention capabilities. Faculties of WM capacity
appear to rely on the dPFC, as was described in the preceding sections, and so this brain region should be
important to executive attention. We will now review the empirical evidence supporting such a link between
executive attention and dPFC, specifically with respect to attentional focusing and switching in the presence of
interference.

Much of the relevant research on the neuroscience of attention was motivated by the work of Mesulam (198 1)
and Posner and colleagues (e.g., Posner, 1988; Posner & Peterson, 1990). Their theories, and others since,
argued that attention is not a unitary construct, but rather that it encompasses multiple processes subserved by
inter-dependent biological substrates. These include posterior parietal cortex, thalamus, anterior cingulate, and
PFC (for reviews, see Desimone & Duncan, 1995; Parasuraman, 1998; van Zomeren & Brouwer, 1994). We do
not attempt to argue here that all dimensions of attention are prefrontal, nor do we argue that all dimensions of
attention are related to WM capacity. This is clearly not the case. Rather, we suggest only that the aspects of
executive control that are the focus of this paper—namely, the ability to maintain focus on a representation or
goal and to block distraction, all in the presence of interference— is heavily reliant on dorsolateral prefrontal
structures.

The importance of the dPFC to such aspects of executive attention, and the relevant experimental findings
reviewed below, were anticipated by the research and case reports of Luria and his Soviet colleagues (e.g.,
Luria, 1966; Luria, Karpov, & Yarbuss, 1966; Luria, Pribram, & Homskaya, 1964). These works demonstrated
that patients with PFC damage had a number of attention-control deficits. They had difficulty maintaining a
preparatory set during a novel task, particularly if the task demands conflicted with habitual responses (e.g., tap-
ping a finger once when the experimenter tapped twice, and tapping a finger twice when the experimenter
tapped once). They also failed to disengage attention from previously relevant stimuli and responses (e.g., in
attempting to draw alternating circles and crosses, they often drew one circle followed by a sequence of crosses

only).

In the sections that follow, we will discuss in detail the executive-attention deficits that appear to accompany

dPFC damage. In addition, we will review neuroimaging data suggesting the importance of the dPFC to these
attention-control functions in normal, healthy subjects. Note, however, that in some of these research domains
there have been relatively few empirical investigations to date, and so some caution is required.

Dual-Task Interference
A small but growing body of studies has examined the role of the dPFC in divided attention—that is, in keeping
multiple task demands active simultaneously or in close alternation, and they have done so using a variety of



tasks. For example, in an fMRI study, 6 healthy right-handed subjects performed two different tasks, one verbal
and one spatial, either singly or simultaneously (D’Esposito et al., 1995). Performance of either task alone
activated only central and posterior cortex areas compared with a resting-state baseline. No dPFC activation was
evident, even when the spatial task was presented at a faster rate to increase its difficulty. When the two tasks
were performed simultaneously, however, dPFC areas (9/46) and anterior cingulate were significantly activated
(with 4 of 6 subjects showing primarily right PFC activation). Note that actual performance on the spatial task
in the dual-task condition matched that in the fast-rate, single-task condition, indicating that the dPFC activation
did not merely result from an increase in task difficulty.

Under PET, Corbetta, Miezin, Dobmeyer, Shulman, & Peterson (199 1) had subjects divide their attention
among multiple stimulus attributes in order to detect a change in one of the attributes. Right dPFC and anterior
cingulate areas were significantly activated above a resting-state baseline. Similar findings were reported by
Johannsen et al. (1997) with elderly adults. Right dPFC areas (but not anterior cingulate) showed increased
activity when the subjects simultaneously attended to both visual and tactile stimuli, compared with when they
focused attention to either visual or tactile stimuli. Parietal areas (Brodmann 40) showed less activation under
divided attention than under focused attention. Finally, lidaka, Anderson, Kapur, Cabeza, and Craik (2000)
examined PET activation during paired-associate learning and retrieval. At the same time, subjects performed
either a simple response-time task (pressing a key whenever they heard a tone) or a choice-response time task
(pressing one key for high tones and another for low tones). dPFC activity increased bilaterally when either
encoding or retrieval of the list was paired with the more complex secondary task compared with the simple
task. In contrast, ventrolateral PFC activity decreased under the demanding dual-task conditions.

Other imaging studies, however, have demonstrated reduced or unchanged dPFC activation under dual-task
versus single-task conditions. It appears that the essential variable here is whether or not the individual tasks
themselves rely heavily on dPFC. For example, Goldberg et al. (1998) presented subjects with the Wisconsin
Card Sorting Task (WCST) as the primary task, and a verbal shadowing task as the secondary task. The WCST,
as evidenced by imaging work, consistently activates dPFC bilaterally, along with various posterior brain areas
(e.g., Weinberger, Berman, & Zec, 1986; for a more detailed discussion of the WCST, see “Interference in
shifting attention and set,” below). Here, dual-task costs were evident in behavior and brain activity, with
slower and less accurate WCST performance and with less bilateral dPFC activation under divided- attention
conditions. Similar results were reported from a memory study in which subjects studied and recalled word lists
that varied (at three levels) in the degree of active organization required (Fletcher, Shallice, & Dolan, 1998).
Under PET, “Level 3” lists that required the most organization on the part of the subjects differed from Levels 2
and 1 in increasing the activation of only dPFC areas 9/46. When these lists were encoded simultaneously with
a demanding finger-tapping task, only Level 3 lists were significantly impaired relative to an easy finger-
tapping task. Moreover, only Level 3 lists showed a reduction in dPFC activation during demanding tapping
versus easy tapping. As a final example, when performing two delayed matching-to-sample tasks
simultaneously (one visual and one auditory), subjects demonstrated no increase in PFC activation compared
with performing each task individually, despite obvious behavioral effects (Klingberg, 1998). As would be
expected, however, the individual tasks demonstrated substantial dPFC activation compared with a control
condition.10

Thus, as a group, the imaging findings reviewed here indicate that, for component tasks making substantial
demands on dPFC, such as card sorting or delayed memory, dividing attention will lead to deficits in both
behavior and dPFC activation. In contrast, in tasks that individually make minimal demands on dPFC, such as
making simple decisions about stimulus attributes, dividing attention among the demands may call dPFC areas
into action. We see an interesting parallel here to our own individual-differences research with healthy adults. In
memory tasks that make substantial executive and PFC demands, such as verbal fluency and proactive
interference tasks (see below for a detailed discussion), subjects of high intelligence and high WM span out-
perform those of low intelligence and low WM span (Kane & Engle, 2000; E. Miller, 1984; Phillips, 1997,
1999; Rosen & Engle, 1997). When these attention-demanding tasks are combined with secondary tasks,
however, span and intelligence differences are reduced or eliminated, with only the high-span and high-



intelligence groups being hurt by the secondary task (Kane & Engle, 2000; Kane, Peterman, Bleckley, & Engle,
2002; Phillips, 1997; Rosen & Engle, 1997). Dividing attention functionally makes low spans out of high spans
during these already complex tasks, just as it reduces dPFC activity. The findings of increased dPFC activity
when simple tasks are combined suggest that performance of high- and low-span (and high- and low-
intelligence) subjects should diverge, rather than converge, when a nonfrontal secondary task is added to a
nonfrontal primary task. An obvious example of this idea is the WM- span task itself, in which the low-
executive STM demand is combined with a low-executive processing demand.

Not only do imaging studies suggest the role of dPFC regions in divided attention, but limited behavioral work
with patients also points to their importance. In one task that combined divided- and selective-attention
requirements, unilateral lobectomy patients with damage to dorsolateral PFC, to dorsomedial PFC, and/or to
anterior cingulate were markedly impaired (Richer et al., 1993). When these frontal patients had to search for
only one predetermined target amid distractors (e.g., “:d”’s among “d:’s, “.d”’s, and “d.”’s), they performed close
to normally. However, when they had to search for any of several targets (e.g., “:d”, “.d”, or “,d”) amid
distractors (“d:”, “d..”, “d ,”, “. . d”, “:: d”), and so had to retain a significant amount of information in WM
during search, they were significantly slower and more error prone than were the control subject groups.

Baddeley, Della Sala, Papagno, and Spinnler (1997) examined the dual-task performance of patients with PFC
damage of mixed etiology. By a median split (n = 24), half of the patients were characterized as displaying
marked “dysexecutive” behavior in their lives and in clinical interview, and half were not. The dysexecutive
patients’ behavior was characterized as having become more inert or more disinhibited after injury, as making a
clinical interview very difficult to complete, and/or as leading to significant difficulties in living autonomously.
Compared with the nondysexecutive patients, the dysexecutive patients had significantly more difficulties with
a dual-task paradigm involving digit span and visuomotor tracking tasks. The nondysexecutive patients showed
almost no dual-task cost when combining the tasks compared with when they performed them separately, and
the dysexecutive patients showed a dramatic dual-task cost. The dual-task measure turned out to be a much
more sensitive measure of dysexecutive behaviors than were several traditional “frontal tasks.”

Interference in Selective Attention, Memory Retrieval, and Switching Attention and Set

By our view of WM capacity and executive attention, actively maintaining task goals may serve to reduce
competition from external stimuli, information in long-term memory, and elicited or primed responses. Thus,
WM capacity may act in the service of selection attention amid distractors, retrieving information from memory
in the presence of interference, and of flexibly switching task sets in the presence of habitual responses and
ambiguous stimuli. In the sections that follow, we therefore review the relevant literature linking interference in
selection, retrieval, and set switching to the dPFC.

Interference in selective attention. Few experiments with monkeys have explicitly related selective-attention
functions to the dPFC. However, dPFC involvement in resisting distraction was seen in a simple conditional-
response task with irrelevant stimuli (Grueninger & Pribram, 1969). Here, rhesus monkeys with bilateral
resections of the dPFC viewed a 4 X 4 panel of illuminated squares. The monkeys were rewarded for pressing
the upper left square if and only if it was simultaneously lit with the bottom right square. Subjects first learned
the task to criterion with no distractors. These control trials were then interspersed with several distractor
conditions. On distractor trials, distractor squares brightened or a loud buzzer sounded simultaneously with the
lighting of the target squares. Monkeys with dPFC lesions were just as fast as control monkeys in the no-
distractor condition. However, in all of the distractor conditions, including the buzzer condition, the dPFC-
operated subjects were significantly slowed.

Although more studies have been done with human subjects, the results have not been consistent. For example,
in field-dependence tasks, in which subjects must ignore some environmental cues and attend to others, patients
with broad-spread frontal lobe damage are only sometimes impaired relative to patients with posterior cortical
damage. Frontal patients appear to be impaired only when they must overcome the distracting effect of their
own body orientation, but not when they must simply ignore irrelevant visual stimuli (Battersby, Krieger,



Pollack, & Bender, 1953; Teuber, Battersby, & Bender, 1951; Teuber & Mishkin, 1954; Teuber & Weinstein,
1956; but see Yacosynski & Davies, 1945). Moreover, in the Eriksen and Eriksen (1 974) flanker task, in which
to-be-identified target letters are flanked by distractor letters, patients with heterogeneous PFC damage showed
no more interference from the distractors than did nor-mal controls (Lee, Wild, Hollnagel, & Grafman, 1999;
Rafal et al., 1996). These findings may appear to be troubling from the perspective of our framework, but the
field-dependence results are also difficult to interpret. The subjects all had very large lesions due to battle
wounds or tumors, and damage was rarely confined to either the anterior or the posterior cortex. However, these
results, along with the flanker task data, do tentatively suggest that, relative to posterior lesions, frontal lobe
lesions in humans may only disrupt selective attention when the distractor stimuli are very highly salient, and/or
provoke a prepotent response. As in the human individual- differences work, WM-related effects are most
clearly seen in attentional tasks when a habitual response must be overcome for accurate responding.

In the Stroop (1935) task, the distractor stimulus provides a truly powerful competitor for the target, given that
subjects must name the color in which a conflicting color word is printed. According to our view, prefrontal
patients should show marked deficits in the Stroop task relative to healthy controls and posterior-lesioned
patients. They sometimes do (e.g., Richer et al., 1993). However, the reliability of dPFC-specific deficits may
depend upon specific task parameters. For example, Vendrell et al. (1995) compared patients with damage of
mixed etiology in various prefrontal areas (e.g., dorsolateral, medial, orbital, anterior cingulate) to age-matched
control patients on a discrete-trial computerized version of the Stroop task. Control and Stroop trials were
randomly intermixed, and response times and accuracy were measured for each stimulus. Patients with right
dorsolateral damage (n = 2), right anterior cingulate damage (n = 3), or both (n = 10) showed exaggerated
Stroop effects in error rates (as did low-WM-span subjects in our own work; see Kane & Engle, in press).
Concordant findings come from imaging studies with healthy adults in discrete-trial Stroop procedures. Here,
prefrontal and anterior cingulate areas were more active than they were on control trials in which subjects
named the colors of nonlinguistic stimuli (Banich et al., 2000; Bench et al., 1993; Pardo, Pardo, Janer, &
Raichle, 1990; Taylor, Kornblum, Lauber, Minoshima, & Koeppe, 1997; Zysset, Miller, Lohman, & von
Cramon, 2001).

Involvement of dPFC areas is less consistent, however, in tests using standardized neuropsychological Stroop
assessments that measure total response times over a long series of items presented on cards. On one hand,
Perret (1974) found that patients with circumscribed PFC lesions demonstrated larger Stroop-RT effects than
did control patients (see also Walker, Husain, Hodgson, Harrison, & Kennard, 1998). On the other hand, several
experiments and case studies have reported no dPFC-specific Stroop deficits (Ahola, Vilkki, & Servo, 1996;
Butters, Kaszniak, Glisky, Eslinger, & Schacter, 1994; Corcoran & Upton, 1993; Shallice & Burgess, 199 1 a;
Stuss, Floden, Alexander, Levine, & Katz, 2001; Vilkki, Holst, Ohman, Servo, & Heiskanen, 1992). We note
that healthy subjects’ performance on standard neuropsychological administrations of the Stroop test may be
uncorrelated with their performance on discrete-trial procedures (Kindt, Bierman, & Brosschot, 1996). We also
note that these standardized, blocked Stroop procedures may show inconsistent effects because they minimize
the WM demands of the task.

In discrete-trial versions, Stroop and control trials appear unpredictably, and they are often interleaved with
congruent trials in which the colors and words actually match (e.g., RED displayed in red). Thus, in discrete-
trial versions that include some nonconflicting, congruent stimuli, subjects should have more difficulty keeping
the unusual task requirements active and accessible in WM (e.g., Cohen, Dunbar, & McClelland, 1990; De
Jong, Berendsen, & Cools, 1999). Although the explicit task instructions and goals are the same when
congruent trials are intermixed with incongruent trials, the implicit procedures that subjects follow may be quite
different. When congruent trials are included in the mix, word information is unpredictably congruent or
incongruent with responses. Thus, actively maintaining the ignore-the-word demands in WM should be more
necessary (if not more difficult), and so lapses in goal maintenance should be more frequent.

Recall that Kane and Engle (in press) found that the relation between Stroop interference and WM capacity in
healthy adults is complicated by the presence or absence of congruent trials in the design. In particular, with



high proportions of congruent trials, individuals of lower WM capacity committed many more errors, by
reading the word instead of naming the color, than did individuals of high-WM capacity. Thus, individuals of
low WM were more likely than those of high WM to neglect the goal of the task, ignore the word, when
actively maintaining the goal was made difficult by the experimental context. Such findings suggest that active
goal maintenance in the presence of interference from LTM or habit, which is the essence of WM capacity,
drives individual differences in the ability to block or inhibit distraction, and so may be critical to finding dPFC-
related deficits in Stroop task performance.

Indeed, a recent ERP study with healthy adults found that errors in the Stroop task predictably followed a slow
wave originating in dPFC and/or polar PFC. That is, these slow waves, which began 400-800 msec before the
stimulus was presented, were more likely to precede trials on which subjects erred than to precede those on
which subjects were accurate (West & Alain, 2000b). In our view, the timing and location of this wave pattern
suggests that it reflected a transient loss of goal-state in-formation that had previously been maintained in dPFC,
and with the loss of this goal-state information came the likelihood of error. As further evidence of the validity
of this idea, West and Alain (2000b) found that the slow wave was specifically tied to errors in a Stroop task
with many congruent trials. It was not particularly associated with error trials in a Stroop task with few
congruent trials. Thus, just as in our individual-differences study, increasing the difficulty of maintaining goal
information was critical to making the Stroop measure sensitive to dPFC- and WM-related contributions to
interference susceptibility and control.

These conclusions are further bolstered by f MRI data obtained during a mixed-block Stroop task in which the
instructions to read the word or name the color were presented 11 sec before each stimulus appeared
(MacDonald, Cohen, Stenger, & Carter, 2000). Half of the trials were word-reading trials and half were color-
naming trials; within each trial type, half of the stimuli were incongruent and half were congruent. Over the 1 1
-sec delay, dPFC activity steadily increased on color-naming trials only. No increase was seen on the more
automatic word-reading trials. Moreover, the correlation between delay-period dPFC activity and Stroop
interference in color naming was substantial and negative (r = —.63). These data indicate that dPFC acts to
reduce Stroop interference by maintaining the name-the-color and/or ignore-the-word task demands in an active
state.11

ERP studies with more simple stimuli also confirm that damage to the dPFC can impair selective-attention
capabilities (for reviews, see Knight, 1991; Knight & Grabowecky, 1995; Knight, Staines, Swick, & Chao,
1999). For example, certain components of auditory- and somatosensory-evoked waveforms are greater in
magnitude for frontal-lesioned patients than for healthy controls or posterior-lesioned patients (Knight, Scabini,
& Woods, 1989; Yamaguchi & Knight, 1990). Such findings suggest that intact PFC areas normally inhibit, or
“gate,” the amplitude of these potentials from other cortical and subcortical areas (Skinner & Yingling, 1977;
Yingling & Skinner, 1977). Furthermore, in dichotic-listening tasks that present subjects with target and
distractor stimuli to different ears, patients with right-PFC damage show decreased target detection rates from
left channels. This behavioral deficit is concomitant with an absence of the Nd component of the ERP
waveform (Knight, Hillyard, Woods, & Neville, 1981), a component that normally corresponds to auditory
target detection under focused-attention conditions (see Knight, 199 1). Moreover, the presence of a distractor
stimulus in the “unattended” channel on trial n reduces the subsequent Nd to a target channel stimulus on trial n
+ 1. This occurs with both right- and left-hemisphere dPFC damage (Knight et al., 1981; D. L. Woods &
Knight, 1986). Therefore, patients with dPFC damage appear unable to maintain activation of target stimuli
and/or to block distractor stimuli from gaining access to WM, and so they have greater difficulty detecting
targets.

A particularly powerful demonstration of the gating function of the dPFC in a memory context was provided by
an ERP study by Chao and Knight (1998). Their study also made clear the link between the attentional and
immediate memory functions required by the delayed-memory tasks that we discussed earlier (e.g., Bartus &
LaVere, 1977; Malmo, 1942). Ten patients with unilateral dPFC lesions and 10 healthy age-matched controls
were tested in an auditory delayed matching-to-sample test with a 5,000-msec delay. The sample and test



stimuli consisted of real-world sounds such as coughing, dogs barking, piano notes, and dishwasher noise. In
addition, half of the trials included several auditory distractor “tone pips” (4000 Hz) between the offset of the
sample sound and the onset of the test sound. The PFC patients and the controls showed similar error rates on
no-distractor trials, but the PFC patients showed significantly more errors than did the controls on distractor
trials. Moreover, in comparison with the controls, the dPFC patients showed increased cortical responding to the
distractor tones and decreased cortical responding to the target stimuli. Damage to dPFC disrupted the blocking
of irrelevant distractors, thus impairing the ability to maintain memory for target stimuli across a delay. Or, the
failure to actively maintain target representations allowed for disruptions by distractor stimuli. Just as is
evidenced in delay tasks with nonhuman primates, then, the dPFC appears to be critical to selectively
maintaining target information across filled intervals. This is especially true when attentional focus may be
drawn away from the target by distraction, and interference from prior events impairs retrieval of the target
information from LTM.

Interference in memory retrieval. With respect to interference effects on memory, proactive interference tasks
require subjects to recall recently presented items while disregarding previously studied items. As more and
more lists are presented, there is greater competition from prior lists, and this is reflected in the tendency for
greater intrusions and fewer correctly recalled items on the subsequent lists. We have found that low-WM-span
subjects are more vulnerable to proactive interference than are high-span subjects, and, furthermore, that di-
viding the attention of high spans increases their interference effects to the level of those of low spans (Kane &
Engle, 2000).

Luria (1971) stressed the utility of such interference tests in assessing brain-injured patients, and in fact, sub-
sequent research with dPFC-lesioned subjects supports a connection between the dPFC and interference
resistance in memory. Case reports first indicated that stroke, aneurysm repair, or traumatic damage to various
PFC areas produced marked susceptibility to proactive interference. When these patients attempted to recall a
short word list following as few as one or two associatively related lists, recall dropped by 50% to 90% from
List 1 levels. Healthy control subjects showed recall decreases of only 15% to 30% with the same lists (Coslett,
Bowers, Verfaellie, & Heilman, 1991; Parkin, Leng, & Stanhope, 1988; Zatorre & McEntee, 1983; but see
Simkins-Bullock, Brown, Greiffenstein, Malik, & McGillicuddy, 1994). Volpe and Hirst (1983) also found that
prefrontal patients showed more intrusions of prior-list words into their recall of subsequent lists (14% of
responses) than did healthy controls (1% of responses).

In experimental work with larger groups of brain-lesioned subjects, frontal patients have proven highly
susceptible to proactive interference, regardless of lesion laterality (Freedman & Cermak, 1986; Jetter, Poser,
Freeman, & Markowitsch, 1986; Shimamura, Jurica, Mangels, Gershberg, & Knight, 1995; Van der Linden,
Bruyer, Roland, & Schils, 1993; but see Janowsky, Shimamura, Kritchevsky, & Squire, 1989). Even when these
frontal patients were matched on List 1 recall to patients with nonfrontal lesions (or to healthy controls), the
frontal patients had more difficulty recalling the later word lists. Interference-buildup tasks typically produce
highly variable data and require large samples to detect group interactions (see, e.g., Wickens, 1970). Thus,
these findings of significant frontal deficits with modest-sized patient groups are particularly noteworthy.

The few imaging studies with healthy subjects further support the idea that the dPFC is integral to combatting
proactive interference. As has been indicated by ERP, PET, and brain-SPECT data, dorsolateral and anterior
PFC areas are activated when subjects attempt to recall stimuli under high-interference conditions. However,
these areas are not active under low-interference conditions (Dolan & Fletcher, 1997; Uhl et al., 1990; Uhl,
Podreka, & Deecke, 1994). Furthermore, this interference-related prefrontal activity is actually stronger when
subjects are unsuccessful in recalling than when they are successful (Uhl et al., 1990). Prefrontal activity may
therefore represent the effort and executive attention involved in attempting to select among (and/or inhibit)
highly activated response candidates (for contributions of ventrolateral PFC to interference resistance, see
D’Esposito, Postle, Jonides, & Smith, 1999; Jonides, Marshuetz, Smith, Reuter-Lorenz, & Koeppe, 2000;
Jonides, Smith, Marshuetz, & Koeppe, 1998).



Retrieval-interference effects may also be inferred from verbal fluency tasks, in which subjects generate as
many exemplars as they can from a given category, such as animals or letters beginning with S, within some
time limit. Recall that low-WM-span and low-intelligence individuals show impaired fluency relative to high-
WM-span and high-intelligence individuals (see, e.g., Phillips, 1997; Rosen & Engle, 1997). We suggest that,
particularly across long recall periods, fluency may be enhanced by selectively directing attention away from, or
inhibiting, the high-probability words that were recalled earlier in the session. After a subject has exhausted the
first words that easily come to mind, executive attention should be necessary to maintain active search and
avoid repeating the recall of previously recalled, and therefore highly activated, exemplars (see Moscovitch,
1994; Per-ret, 1974; Rosen & Engle, 1997). Indeed, the length of the recall period may be critical to
understanding how PFC structures affect fluency.

One- and 2-min fluency tests that allow for responding primarily on automatically activated, high-probability
exemplars show only small differences, if any, among patients with left frontal, right frontal, nonfrontal, or dif-
fuse lesions (Ahola et al., 1996; Benton, 1968; Corcoran & Upton, 1993; Joanette & Goulet, 1986; Miceli,
Caltagirone, Gainotti, Masullo, & Silveri, 1981; Newcombe, 1969; Parkin, Bindschaedler, Harsent, & Metzler,
1996; Shallice & Burgess, 1991a; Upton & Corcoran, 1995; Vilkki et al., 1992; Walker et al., 1998; but see E.
Miller, 1984; Ramier & Hecaen, 1970). Often, though, patients with frontal damage do perform more poorly
than healthy control subjects on these brief recall tasks (Baldo & Shimamura, 1998; Butters et al., 1994;
Janowsky, Shimamura, Kritchevsky, & Squire, 1989; Laiacona et al., 1989; Owen, Downes, Sahakian, Polkey,
& Robbins, 1990; Paus et al., 199 1; Troyer, Moscovitch, Winocur, Alexander, & Stuss, 1998; Tucha, Smely, &
Lange, 1999).

Fewer studies have been done with longer recall periods. However, frontal patients, particularly those with left-
hemisphere damage, consistently perform significantly worse than do nonfrontal patients across 4- or 5-min
recall periods (Guitton, Buchtel, & Douglas, 1985; Jones-Gotman & Milner, 1977; Milner, 1964; Pendleton,
Heaton, Lehman, & Hulihan, 1982; Perret, 1974; but see Bolter, Long, & Wagner, 1983). These long-duration
fluency tasks should make considerable demands on selective attention and effortful memory search, as less
dominant exemplars must be retrieved amid increasing interference from the already recalled, dominant
exemplars.

Fluency results should be interpreted with some caution, for, as Reitan and Wolfson (1994) indicate, few studies
screen subjects for dysphasic symptoms, and so dysphasic disturbances may contribute to the left-hemisphere
deficits seen in the literature. However, 133Xe-inhalation, PET, and f MRI imaging data from healthy right-
handed subjects corroborate the neuropsychological findings. When recall periods exceed 2 min, or when
multiple recall periods are required with the same cues, both of which should increase potential for interference,
both left and right dPFC areas are activated over baseline (Cuenod et al., 1995; Frith, Friston, Liddle, &
Frackowiak, 1991; Parks et al., 1988; but see Warkentin, Nilsson, Risberg, & Karlson, 1989, for left PFC
activation only).12 Thus, on balance, the data from neuropsychological and neuroimaging studies suggest that
the dPFC is instrumental in fluency tasks that, we argue, require executive attention and memory-search
processes, primarily due to the presence of output interference.13

Interference in shifting attention and set. Set-shifting tasks represent a further class of interference task
wherein prepotent response tendencies must be overcome in order for the subject to act according to goals or
intentions. Here, executive attention may be required to allow rapid access to task-relevant memory
representations (or action productions, or goals) while shifts of attentional focus are made. That is, keeping
task-relevant information active in memory while focus is switched away and back should put a premium on
executive attention, Gf, and dPFC. In addition, goal states that drive subject-initiated shifts of attention may
often conflict with environmental cues or prior habit. For example, a stressed parent behind the wheel of a car
may intend to shift focus away from a screaming child in the back seat and toward the oncoming traffic on the
road. In such cases, optimal performance will depend on the parent’s actively maintaining the goal state in WM
and preventing its decay to baseline in the presence of powerful distraction. Thus, these shifts of focus should
put a premium on executive attention, fluid ability, and PFC.



One might expect relevant evidence here from the testing of brain-injured patients on the WCST (Berg, 1948;
Grant & Berg, 1948; Heaton, 1981). The WCST is a complex problem-solving and set-switching task adapted
from concept-formation tasks used with nonhuman primates (e.g., Zable & Harlow, 1946) and human
psychiatric patients (e.g., Weigl, 1941). Subjects in these early tasks learned to discriminate reinforced from
nonreinforced stimuli on the basis of some rule (e.g., the left object is always rewarded regardless of identity).
They then had to reverse the discrimination after reaching some learning criterion (e.g., the right object is now
rewarded). Macaques and other primates with full bilateral frontal ablations demonstrated marked difficulty in
reversing previously learned discriminations in comparison with posterior-lesioned and control monkeys (H. F.
Harlow & Dagnon, 1943; H. F. Harlow & Settlage, 1948). These frontal deficits were especially pronounced as
succeeding discriminations and reversals were tested (Settlage, Zable, & Harlow, 1948).

Clinical lore and early research (e.g., Milner, 1963) supported the use of the WCST as a diagnostic tool for
assessing PFC damage. However, more recent data now provide mixed support for an association between
WCST performance and dPFC structures (for reviews, see Mountain & Snow, 1993; Reitan & Wolfson, 1994).
For example, relative to patients with posterior damage, patients with PFC damage are sometimes unimpaired
on the WCST (see, e.g., Anderson, Damasio, Jones, & Tranel, 1991; Corcoran & Upton, 1993; Grafman, Jonas,
& Salazar, 1990) and are sometimes impaired (see, e.g., Drewe, 1974; Milner, 1963; Nelson, 1976). This lack of
specificity may not be surprising, given the obvious complexity of the WCST. There are many ways to pass (or
fail) this test, and so one might expect multiple processes and brain areas to be involved. Indeed, Dunbar and
Sussman (1995) presented a patient with damage to left temporoparietal cortex and impairment in articulatory
rehearsal who obtained zero categories and committed 94 perseverative errors on the WCST. Likewise, when
Dunbar and Sussman used a secondary task to prevent healthy adults from using articulatory rehearsal during
the WCST, category attainment dropped and perseverative errors increased substantially relative to baseline
WCST conditions.

Nonexecutive processes notwithstanding, a more prominent and specific role for the PFC in such a set-
switching task might be anticipated given the present theoretical framework. That is, WM capacity and PFC
circuits should be important to preventing perseveration, or interference from a prior task set. Indeed, in a
latent-variable, structural-equation modeling study with healthy undergraduates, Miyake, Friedman, Emerson,
Witzki, and Howerter (2000) found that WCST performance was predicted by a latent variable derived from
three simple set-switching tasks (path coefficient = .3 8; for more on such tasks, see below). Such findings
suggest that in normal subjects, individual differences in WCST performance are determined, at least in part, by
ability to switch task set. As further behavioral evidence of a connection between the WCST and the PFC
functions of concern in this review, Lehto (1996) found that among healthy adolescents, a composite measure of
WNM-span tasks correlated significantly with various WCST measures, such as categories achieved (r = .34),
trials to completion (r = —.45), and perseverative errors (r = —.35).

Moreover, in a recent neuropsychological study that improved upon the subject-selection criteria of many prior
studies, patients with focal lesions to dPFC and to superior medial frontal cortex demonstrated substantial
WCST deficits in comparison with patients with non-frontal lesions and healthy controls (Stuss et al., 2000). In
a subsequent version of the test, subjects were first told all the possible categories in the test, and in the final
version of the test subjects were explicitly told when to switch categories. The dPFC and medial—frontal
patients were significantly impaired in both of these WCST modifications. For example, even in the final
version, the dPFC and medial groups averaged between 9 and 17 perseverative errors in 64 trials, whereas the
nonfrontal groups averaged only between 1 and 3 such errors.

Neuroimaging studies, particularly those by Weinberger, Berman, and colleagues, have also indicated a
prominent role for dPFC in the WCST (Berman et al., 1995; Berman, Zec, & Weinberger, 1986; Esposito,
Kirkby, Van Horn, Ellmore, & Berman, 1999; Goldberg et al., 1998; Weinberger et al., 1986). Subjects were
scanned while performing the WCST and while performing a computerized control task, in which test cards
were to be sorted according to a consistent and concrete rule. That is, in the control task, the to-be-sorted test



cards each displayed a number from 1 to 4, and the four reference cards each displayed a number from 1 to 4.
Consistently across studies, the WCST evoked significant increases in bilateral blood flow to dorsolateral
regions of the prefrontal cortex in comparison with the control task. In addition, broad networks of medial
frontal and posterior brain areas were also activated, but somewhat less consistently across studies (see also
Nagahama et al., 1996; Nagahama et al., 1999; Nagahama et al., 1998).14

Set-shifting tasks that are similar to, but less complex than, the WCST also produce deficits that are specific to
dPFC damage, at least for certain kinds of shifts (see, e.g., Cicerone, Lazar, & Shapiro, 1983; Delis, Squire,
Bihrle, & Massman, 1992). That is, patients with damage to PFC are as able as healthy controls and patients
with posterior lesions to develop an attentional set in responding, and subsequently to apply that set to new
stimuli. For example, PFC patients can learn to respond according to shape with squares and triangles, and then
shift to respond according to shape with circles and rectangles. Thus, “intradimensional” set shifting does not
appear to rely on PFC. However, patients with PFC lesions are significantly impaired when they are required to
shift set to an entirely new dimension, such as color (Owen et al., 1993; Owen, Roberts, Polkey, Sahakian, &
Robbins, 1991). These “extradimensional” set shifts are particularly difficult for frontal patients when the
previously reinforced dimension becomes nonreinforced and the reinforced dimension is entirely new (e.g.,
respond to shape and ignore a superimposed line, and then switch to responding to color and ignoring shape;
Owen et al., 1993). Moreover, extradimensional set shifting appears to rely on dPFC structures in particular.
Studies of brain-lesioned marmosets (Dias, Robbins, & Roberts, 1996a, 1996b, 1997) and imaging studies with
humans (Rogers, Andrews, Grasby, Brooks, & Robbins, 2000) have indicated that areas 9/46 (and their
nonhuman analogues) are active during, and critical to, successful extradimensional shifting.15 Other kinds of
shifts appear to rely more on or-bitofrontal and medial frontal areas.

Thus, on balance, recent research with the WCST and its analogues indicates a strong link between shifting
attentional sets and the dPFC. Although the database is considerably smaller, evidence for dPFC involvement in
overcoming a previously established task set has also come from less conceptually driven tasks. These tasks
tend to require switching attention among spatial locations, but most importantly, they require switching focus
in opposition to interference from habit or from a powerful cue.

For example, in the antisaccade task, subjects see an abrupt-onset signal in one spatial location, and must direct
attention and eyes away from this cue to the opposite side of the screen (for a review, see Everling & Fischer,
1998). We found that successful performance on this task is linked with WM capacity, given that the goal to
respond in opposition to habit must be actively maintained in the presence of a powerful elicitor of the habit
(Kane et al., 2001). Antisaccade performance is likewise disrupted when WM is occupied by an attention-
demanding secondary task (R. J. Roberts, Hager, & Heron, 1994). As one might expect, then, patients with
dPFC damage are also impaired in the antisaccade task relative to normal controls, patients with Parkinson’s
disease, and patients with damage to posterior frontal and nonfrontal cortex (Fukushima, Fukushima, Miyasaka,
& Yamashita, 1994; Guitton et al., 1985; Pierrot-Deseilligny, Rivaud, Gaymard, & Agid, 1991). However,
dPFC damage does not affect performance in a prosaccade condition in which the location of the cue always
corresponds to the location of the upcoming target (similar to the case of our WM-capacity findings). PET
imaging has also indicated that antisaccade trials increase dPFC activation relative to prosaccade trials, along
with increases in some parietal, temporal, and midbrain areas (Sweeney et al., 1996). Relative to a fixation
condition, prosaccade trials provoke no increase in dPFC activity. Thus, dPFC damage impairs performance,
and dPFC areas are active, only when the cue always appears in a location that attracted focus away from the
upcoming target. Such contexts demand that responding be in accordance with activated task goals, not
environmental prompting.

In a particularly dramatic illustration of failed goal maintenance in the antisaccade task, Walker et al. (1998)
presented the case study of a 62-year-old patient with stroke damage to right lateral PFC (primarily
ventrolateral, but encroaching on dorsolateral areas). The patient was tested on four different occasions,
between 12 and 60 weeks postinsult, on several variations of the prosaccade and antisaccade tasks. The patient



made saccade errors on 100% of the antisaccade trials in every session, regardless of target hemifield, even
though he understood the task and could articulate the direction of the appropriate response for each trial.
Parallel findings come from the visual analogue of the dichotic-listening task (hereafter, the Duncan task), in
which subjects monitor one of two visual stimulus streams, on either the left or the right, for targets. On some
trials subjects unpredictably see an abstract cue (a “+” or “2”) that signals them to immediately switch their
attention to the other stimulus stream (see, e.g., Duncan et al., 1996). Thus, a habitual response must be
prevented, and a new task set must replace it. Moreover, because the cue is abstract, subjects must accurately
maintain its meaning, or the production to rapidly retrieve its meaning from LTM, in order to respond
accurately. Using this task, Duncan et al. (1996) found that, like healthy subjects of low fluid intelligence,
patients with frontal lobe damage were more impaired in switching attention away from one stimulus location to
another than were posterior-lesioned patients and healthy controls. These frontal patients actually showed no
difficulty in initially attending to targets on either the left or the right side of fixation. However, they failed as a
group to shift attention to the other side when they were cued by the abstract signal to do so. Ten of 19 normal
controls switched attention successfully on every trial block, and only 3 failed to switch on any block. Similarly,
3 of 8 posterior-damaged patients switched attention successfully on every block, and only 1 failed to switch on
any block. In contrast, only 1 of 10 frontal patients switched attention successfully on every block, and a full
seven patients failed to switch on any block. Statistically, the posterior patients performed identically to the
normal controls, whereas the frontal patients were significantly impaired relative to both other groups. Some
caution is advised in interpreting these data, however, because only 3 of the 10 frontal patients had exclusively
frontal dam-age, with the remaining 7 having widespread extrafrontal damage.16

Finally, set-shifting deficits in frontal patients were also seen in an analogue of the Stroop task. Dunbar and
Sussman (1995) studied patients with frontal damage due to closed-head injury (but they had probably sustained
extra-frontal damage as well). One of their experiments presented congruent, neutral, and incongruent trials in
pure blocks of a picture—word Stroop task. Here, the patients demonstrated interference comparable to that
found in published norms. However, another experiment presented a mixed block of picture-naming or word-
reading trials that were individually precued by a tone. Thus, on the basis of the tone, which was, as in the
Duncan task, an abstract task cue, the patients had to switch continually and unpredictably between task sets.
Here, the patients showed dramatic error rates on incongruent trials (between 40% and 50% errors) in both
picture naming and word reading.

Cognitive psychologists, outside the neuroscience do-main, demonstrate increasing interest in set shifting, or
“task switching,” as a means of exploring the executive control of behavior (e.g., Allport, Styles, & Hsieh,
1994; Gopher, Armony, & Greenshpan, 2000; Los, 1999; Mayr & Keele, 2000; Meiran, 1996). Following
Jersild (1927), their experiments identified switching “costs” by comparing conditions in which simple task
demands repeat with those in which they change across trials. For example, subjects may see a letter and a
number paired on each trial, and on some trials they must categorize the letter and on others the number (see,
e.g., Rogers & Monsell, 1995). When two consecutive trials require different kinds of responses (e.g.,
letter/number), response times and error rates are higher than when two such trials require the same kind of
response (e.g., number/number). This very task was presented to 12 patients with focal PFC damage and 14
control subjects matched for age and verbal intelligence (Rogers et al., 1998). PFC-related deficits were limited
to those subjects with left hemisphere damage and to conditions in which task set was cued by an abstract
signal. That is, in conditions presenting a concrete word cue for each trial, such as the word LETTER, above the
stimuli (e.g., LETTER: 4G —~ NUMBER: 6A), frontal patients showed switch costs as small as those of
controls. However, in conditions presenting an abstract cue for each trial, such as a red background for letter
trials and a green background for number trials, left PFC patients showed costs that were three to four times
larger than those for right PFC patients and controls. This abstract cuing effect is most interesting because tasks
switched predictably after every two trials, making the explicit cues redundant.

Unfortunately, the limited fMRI work that has been done with such switching tasks has produced equivocal
results. On one hand, in a task in which response mappings switched or repeated from trial to trial, response-
switching trials produced greater activation in bilateral PFC (areas 9, 6, 44, 45) than did response-repeat trials



(Dove, Pollmann, Schubert, Wiggins, & von Cramon, 2000). On the other hand, in a letter/number task similar
to that used by Rogers et al. (1998) with PFC patients, no prefrontal areas were more active during task-
switching trials than during task-repeat trials, despite large switch costs in the behavioral data (Kimberg,
Aguirre, & D’Esposito, 2000). Here, tasks switches were regular and predictable, just as in Rogers et al. (1998),
and the provided task cues were seemingly as abstract as those used by Rogers et al. (1998; they were cued by
the screen location of the stimuli). It is unclear to us how the lack of PFC activation here is to be accounted for.
In conclusion, the interference data from attention-switching tasks are something of a mixed bag with respect to
dPFC involvement. On the negative side, the “gold-standard” neuropsychological test reflecting failures to
switch, or perseveration—the WCST—nhas been argued to be no more selective for PFC damage than for non-
PFC damage. Moreover, of the two imaging studies examining task-switching paradigms from cognitive
psychology, one found no switch-related PFC activity. However, on the positive side, recent brain-lesion and
neuroimaging data from the WCST and WCST-like tasks offer fairly compelling evidence that dorsolateral PFC
Is active during, if not critical to, successful switches of set. Moreover, as evidenced by antisaccade and Duncan
tasks, dPFC areas support attentional switches in space that are made in opposition to interference from habit
and in concordance with an abstract cue. Finally, there is at least some preliminary evidence from task-
switching paradigms that PFC damage impairs switching set in response to abstract cues.

General Intelligence Research

As we have already mentioned, clinical and experimental reports indicate that PFC injury may have little effect
on intelligence as defined by broad psychometric test batteries (e.g., Ackerly, 1937; Eslinger & Damasio, 1985;
Hebb, 1939, 1945; Hebb & Penfield, 1940; Shallice & Burgess, 1991a; Warrington, James, & Maciejewski,
1986). According to Duncan (1995), however, this paradox may be resolved by considering more carefully what
1Q batteries such as the WAIS-R actually measure. Gf may contribute some variance to each of the various
subtests in the battery, but it certainly plays a greater role in some than in others. Whereas nonverbal, figural
reasoning tests such as Raven’s Progressive Matrices or the Cattell Culture Fair have very high Gf loadings,
WAIS-R sub-tests on vocabulary and information do not. The latter tests may more accurately reflect general
crystallized intelligence (Gc) or Gf at the time of learning but not necessarily at the time of testing. Averaging
across high-Gf and low-Gf subtests in 1Q batteries may thus dilute the real effect that PFC lesions have on Gf.

Duncan, Burgess, and Emslie (1995) tested three patients with frontal lobe lesions of mixed etiology. One had
bilateral damage from an open head wound, one had unilateral damage due to tumor resection, and one had
unilateral damage due to a white-matter infarction. These three frontal patients were matched to healthy controls
for age (range, 29-56 years) and for their overall WAIS or WAIS-R scores, with scores ranging from 126 to
130. All subjects then took the Cattell Culture Fair test as a measure of Gf. The “intelligence” of all the frontal
patients was dramatically lower—22-38 points—as indicated by their Cattell scores compared with their own
WAIS scores. In contrast, the controls all showed equivalent or higher scores on the Cattell test than on the
WALIS. Moreover, the frontal patients’ Culture Fair 1Qs were three standard deviations below those of their
WAIS-matched controls. A group of patients with parietal damage, and lower mean WALIS scores than the
frontal patients or controls, demonstrated no discrepancy between their WAIS and Cattell scores. Although
based on few subjects, the Duncan et al. (1995) findings suggest the useful research strategy of matching
subject groups on their conventional 1Q scores (or, even better, on Gc measures) and then testing for PFC-
related deficits that are specific to Gf-loaded tasks.

Waltz et al. (1999) took a different but equally interesting approach. They tested six patients with focal frontal
damage and six patients with focal temporal damage on different categories of problems adapted from Raven’s
test. All categories presented matrices with one piece missing. In the “Level 0” category, the missing piece was
identical to all the presented pieces. In the “Level 17 category, the missing piece represented a single feature
change along the horizontal or the vertical. For example, the top row showed two white squares, the bottom row
showed one black square, and so the missing piece should have been another black square. In the “Level 2”
category, the missing piece represented the integration of joint feature changes across the horizontal and the
vertical. For example, the top row showed a white square and a white triangle, the bottom row showed one
black square, and so the missing piece should have been a black triangle. PFC patients, temporal patients, and



healthy controls scored equally on Levels 0 and 1 problems (all between 80% and 100% correct). However, on
Level 2 problems, PFC patients scored below chance, at approximately 10% correct, whereas temporal patients
and controls performed equivalently, at approximately 90% correct. Thus, when relations among stimuli
demanded integration—perhaps accomplished through WM maintenance—PFC patients were markedly
impaired in a Gf-loaded task of induction. Indeed, a computational model of performance on such matrix-
reasoning tasks indicates that integration of multiple stimulus dimensions relies on WM capacity (Carpenter,
Just, & Shell, 1990).

The Duncan et al. (1995) and Waltz et al. (1999) findings are consistent with the few imaging studies that have
been conducted to examine the neural substrates of nonverbal, fluid reasoning in healthy adults. Early studies
measured regional cerebral blood flow (rCBF) during the performance of Raven’s matrices test (Risberg &
Ingvar, 1973; Risberg, Maximilian, & Prohovnik, 1977). Al-though these rCBF techniques had rather poor
spatial resolution, they indicated that performance of Raven’s test caused blood flow increases in frontal,
parietal, and occipital cortex as compared with a resting condition. More recently, an fMRI study examined
cortical activation patterns during the performance of different subtypes of Raven’s problems (Prabhakaran,
Smith, Desmond, Glover, & Gabrieli, 1997). Some problems required only visuo-spatial analysis, and others
additionally required non-spatial, abstract/analytical reasoning (see Carpenter et al., 1990). Relative to a no-
delay, matching-to-sample base-line, spatial reasoning activated right dorsolateral areas (Brodmann 9, 46) along
with other right hemisphere regions such as anterior cingulate (32), parietal areas (7, 40), and temporal areas
(37). Analytical reasoning versus baseline, however, elicited broader prefrontal activation bilaterally in
dorsolateral areas (9/10, 45, 46), as well as bilaterally in other PFC areas (6, 44), parietal areas (7, 39, 40),
temporal areas (37, 21, 19), and occipital areas (18, 19, 37). These findings indicate dPFC involvement in all
kinds of Raven’s items (along with PFC-networked regions posteriorly), but with greater bilateral dorsolateral
involvement when abstract, fluid reasoning is necessary for item solution.

Similar findings under PET were reported by Esposito et al. (1999) and Duncan et al. (2000). Esposito et al.
found bilateral dPFC activity (areas 9/46) during Raven’s problems compared with a no-delay, matching-to-
sample baseline, along with activity in anterior cingulate and some parietal, temporal, and occipital areas.
Duncan et al. (2000) tested subjects on figural and verbal tests with high Gf loadings versus low Gf loadings
(based on behavioral pilot testing). The figural tests were based on the Cattell test, and verbal tests were based
on the Letter Sets Test (Ekstrom, French, Harman, & Dermen, 1976). In comparison with the low-Gf tasks, the
high-Gf tasks activated dPFC area 46, the figural task eliciting bilateral activation and the verbal task activating
only left dPFC. (The figural task also demonstrated activation in anterior cingulate and in parietal and occipital
areas.) The bilateral dPFC activation found during figural reasoning is consistent with the studies reviewed
above. The more lateralized activation evidenced by the verbal task is intriguing and merits further
investigation.

The evidence discussed in this section is clearly limited by the small number of studies conducted, and by the
small samples in each. However, we are optimistic that further patient and imaging work with matrix-reasoning
tests, such as the Cattell test and Raven’s test, will confirm a prominent role for the dPFC in novel reasoning
that loads highly onto a psychometric Gf factor. Indeed, the limited neuropsychological and neuroimaging
research on other forms of g-loaded analytical reasoning, such as deductive reasoning, provides converging
evidence for an important role for WM and dPFC. For example, patients with focal PFC damage performed
worse than those with focal anterior temporal damage on deductive reasoning tasks that required integrating
information across statements (Waltz et al., 1999). When propositions were chained, such as Dave is taller than
Gary; Gary is taller than Bart; Is Dave taller than Bart?, patient groups and controls performed equivalently
(all group Ms > 86% correct). However, when propositions were scrambled and so required integration, such as
Mona is taller than Kim; Stef is taller than Mona; Is Stef taller than Kim?, PFC patients performed at chance
(M = 20% correct), whereas temporal patients and controls performed equivalently (Ms = 87% and 86%,
respectively). Thus, PFC damage severely limited patients’ ability to make transitive inferences when two
relations had to be simultaneously maintained and integrated for solution.



Imaging studies using PET and f MRI also suggest dPFC involvement in deductive, syllogistic reasoning (e.g.,
All men are mortal; Socrates is a man; therefore, Socrates is mortal.), also a highly Gf-loaded task (Car-roll,
1993; Snow, Kyllonen, & Marshalek, 1984). Left dPFC areas, along with left temporal and anterior cingulate
areas, are rather consistently active over baseline during syllogistic reasoning (Goel, Gold, Kapur, & Houle,
1997), even when the syllogisms involve spatial relations (e.g., Officers are standing next to generals; privates
are standing behind generals; Goel, Gold, Kapur, & Houle, 1998). Moreover, right dPFC regions appear to be
uniquely called upon when the contents of the syllogisms conflict with known facts (e.g., All pets are poodles;
all poodles are vicious), and between the presentations of propositions to be integrated when they are free of
real-world content (e.g., All B are K; all K are X; Goel, Buchel, Frith, & Dolan, 2000). Whereas left PFC
appears important for general reasoning (and integrative?) processes here, right PFC appears specialized for
blocking the effect of prior knowledge and maintaining abstract information.

As with the study of prototypical Gf tests involving inductive reasoning such as Raven’s and Cattell tests, then,
a small body of work on deductive reasoning indicates that dPFC regions are involved in, and may be critical to,
formal deduction. This is particularly true when propositions or arguments must be integrated in order to solve
the problem, suggesting that the dPFC contribution here may be in active memory maintenance (for related
imaging findings from a mathematical reasoning test, see Prabhakaran, Rypma, & Gabrieli, 2001).

Working Memory Functions and the Prefrontal Cortex: Conclusions and Criticisms

In our review of research on the dPFC and its WM-capacity/executive-attention functions, we have examined
empirical work with varied methodologies and subject populations, and we are encouraged by the tremendous
breadth and consistency of the evidence reviewed here. Clearly, more work is needed to understand some of the
behaviors we have emphasized—for example, the role of the dPFC in set switching, and the role of specific
dPFC areas in maintaining object versus spatial information and in different components of reasoning.
However, some consistent patterns are certainly observable across diverse subject populations and tasks. The
data are particularly clear regarding WM capacity. Damage to dPFC areas selectively reduces performance to
chance levels on memory tasks in which interference is high and some source of distraction challenges the
effective maintenance of the target information. Furthermore, dPFC areas, in conjunction with the posterior
areas to which they are networked, are highly active during the performance of these WM-capacity tasks.
Perhaps most importantly from our perspective, these dPFC cells, unlike the memory-relevant cells in posterior
brain areas, persist in firing across memory delays even when distracting events occur before responding is
permitted.

By generally linking WM/executive-attention processes to the PFC, however, we do not preclude the
involvement of PFC structures in other cognitive, or noncognitive, functions (see D’Esposito, Ballard, et al.,
1998). The PFC is a very large, anatomically complex area of the primate brain, and so it is likely to be
involved in additional aspects of information processing, motor performance, motivation, and/or emotional
regulation. Indeed, just within the cognitive domain, patients with PFC damage have difficulty learning new
associations, discriminating recent events from distant ones, and remembering the sources of learned
information, among other tasks (e.g., Janowsky, Shimamura, & Squire, 1989; Petrides, 1985, 1990; Petrides &
Milner, 1982; Shimamura, Janowsky, & Squire, 1990). These memory and timing functions may be influenced
by WM and attention-control processes, but they also may not be. For many of these behaviors, current models
are too underspecified to clearly implicate executive attention involvement (but see Kimberg & Farah, 1993;
Zakay & Block, 1997).

Because WM-capacity/executive-attention functions appear to map onto dPFC (and networked) structures, we
propose that normal individual differences in WM capacity are mediated by individual differences in dPFC
functioning. Of course, we recognize that the dPFC is not uniquely important to WM capacity or executive
control. The dPFC clearly supports WM functions but cannot embody them by itself. To restate this important
point, the dPFC is a necessary structure in executive-attention processes, but it is not a sufficient structure. As
we have emphasized in our own work (see Engle, 2001; Engle, Kane, & Tuholski, 1999; Engle, Tuholski, et al.,



1999), even simple cognitive tasks involve multiple processes. It is therefore likely that these various processes
map onto multiple functional mechanisms, which in turn map onto multiple biological structures.

However, with such caution in mind, we want to emphasize that PFC cells differ from memory-sensitive cells
outside of the PFC, in that only the PFC cells maintain their delay-period activity in the presence of a distractor
(di Pellegrino & Wise, 1993 a, 1993b; E. K. Miller et al., 1996). Similarly, patients with dPFC damage show
exaggerated brain potentials in auditory cortex to distractor tones presented during memory delays, suggesting
that intact dPFC is critical to blocking distraction in the service of memory maintenance (Chao & Knight, 1998;
see also Bartus & LaVere, 1977; Malmo, 1942). Together, these findings certainly suggest that the dPFC does
have a unigue function with respect to WM/executive-attention capabilities. More work is obviously needed,
but we would argue that this unique function is to sustain the activation of memory representations even when
attentional focus is drawn elsewhere due to distraction. This unique function will be particularly important in
contexts in which LTM retrieval is made difficult due to interference from competing events or habit.

GENERAL DISCUSSION

Arguments for a strong relationship, or even an isomorphism, among WM capacity, executive attention, and
fluid intelligence (see Engle, Kane, & Tuholski, 1999; Engle, Tuholski, et al., 1999) are strengthened by the
evidence that they also share a neurological substrate. Experimental work with brain-damaged primates (both
human and nonhuman), as well as imaging research with healthy humans, indicates that the PFC—and perhaps
the dorsolateral area in particular—is necessary for effective WM capacity and aspects of executive attention.
Monkeys and human patients with lesions to the dPFC exhibit marked impairments in WM tasks and in many
indices of focusing, dividing, and shifting attention. This should be particularly true, in our view, insofar as
these tasks require that information be maintained in memory in the presence of interference. Damage to
posterior and subcortical brain areas to which the dPFC is anatomically linked also impairs WM-
capacity/attention-control capabilities. Single-unit recording and brain-imaging techniques further suggest that
when healthy monkeys and humans engage in behaviors requiring WM capacity/ executive attention, they
selectively activate dPFC and dPFC-linked brain regions. Finally, limited evidence from human studies
suggests a corresponding reliance of psychometric Gf on the dPFC.

But how general are these WM-capacity/executive-attention capabilities? Do they really reflect a common
construct, or are there multiple WM “capacities” associated with different stimulus modalities or processing do-
mains? Of course, we do not suggest that all components of the WM system or all components of “attention”
are domain-free. Clearly, the STM components, or “slave systems,” of the WM system may be dissociated by
the stimuli and representations on which they operate (see Baddeley & Hitch, 1974; Baddeley & Logie, 1999).
We suggest here that an executive core of the WM system, which we label “WM capacity,” reflects a general
capability to control attention to maintain a limited amount of information in an active state, particularly in the
presence of interference. Moreover, this domain-free capability reflects the shared variance among WM-
capacity tests and tests of higher order cognition.

There is significant behavioral evidence for our position, reviewed in detail elsewhere (Conway & Kane, 2001,
Engle, 2001, 2002; Engle, Kane, & Tuholski, 1999). Briefly, we note here that WM-capacity measures,
requiring a variety of processing skills and presenting a variety of stimulus types, correlate substantially with
fluid ability tasks across verbal, mathematical, and spatial domains (see, e.g., Crawford & Stankov, 1983;
Daneman & Merikle, 1996; Engle et al., 1992; Kyllonen & Christal, 1990; Larson & Saccuzzo, 1989; Law,
Morrin, & Pellegrino, 1995; Stankov & Crawford, 1993; Turner & Engle, 1989). They also predict performance
in a variety of simple attentional tasks that make explicit demands neither on memory retrieval nor on one
particular domain of processing (Bleckley, 2001; Conway et al., 2001; Conway, Tuholski, Shisler, & Engle,
1999; Kane et al., 2001; Kane & Engle, in press; Tuholski, Engle, & Baylis, 2001).

Furthermore, in neuropsychological terms, dPFC injury or deactivation may impair recall equivalently on
object, spatial, haptic, and cross-modal delayed-memory tasks, suggesting generality across stimulus domains
(e.g., Bauer & Fuster, 1976; Fuster & Bauer, 1974; Quintana & Fuster, 1993; Verin et al., 1993). Moreover,



PET results suggest equivalent dPFC activation in n-back tasks using visual versus auditory stimuli
(Schumacher et al., 1996), and single-cell recordings indicate dPFC cells tuned to rule-dependent combinations
of stimulus modalities (Fuster, Bodner, & Kroger, 2000; White & Wise, 1999). Finally, several imaging studies
show similar bilateral dPFC activation patterns during both object and spatial WM task performance (e.g.,
Braver et al., 1997; Cohen et al., 1994; D’Esposito, Ballard, et al., 1998; Smith et al., 1996), and this conclusion
is supported by a recent meta-analysis (Owen, 1997, see also D’Esposito, Aguirre, et al., 1998).

However, some behavioral work does support the idea of multiple, domain-specific WM-capacity systems (e.g.,
Daneman & Merikle, 1996; Daneman & Tardif, 1987; Jurden, 1995; Shah & Miyake, 1996).17 Moreover, with
respect to neurology, the lateral PFC consists of several distinct subregions with different specialties: for
example, the principal sulcus and inferior convexity regions in the macaque. These dorsolateral and
ventrolateral subregions (i.e., areas 9/46 and 12, respectively) are anatomically networked to different posterior
regions. Principal sulcus neurons are primarily linked to posterior parietal cortex, and inferior convexity
neurons are linked to inferior temporal cortex. These two posterior areas are specialized for processing spatial
and object information, respectively (e.g., Mishkin, Ungerleider, & Macko, 1983; Pandya & Barnes, 1987).

Accordingly, delay tasks with spatial stimuli may rely more on principal sulcus neurons in the dPFC, and delay
tasks with object stimuli may rely more on inferior convexity cells (see, e.g., Mishkin & Manning, 1978;
Passingham, 1975; Rosenkilde, 1979; F. A. W. Wison et al., 1993; but see also Boussaoud & Wise, 1993), and
on more dorsal areas as well (Petrides, 1995). Moreover, in imaging studies, humans sometimes show different
lateralization patterns in PFC activation during spatial versus object memory tasks (Casey et al., 1998; Courtney
et al., 1998; D’Esposito, Ballard, et al., 1998; McCarthy et al., 1994; McCarthy et al., 1996). Here, then,
separate anatomical structures seem to subserve working memories that involve different stimulus domains (but
see D’Esposito, Aguirre, et al., 1998; D’Esposito, Postle, Ballard, & Lease, 1999; Owen, 1997).

Despite these inconsistencies, we believe that WM capacity/executive attention/Gf reflects an entirely domain-
free process or mechanism. At the same time, however, every task also involves the use of some domain-
specific stimuli, processing, and skill, and so every measure of WM capacity/executive attention/Gf reflects
both domain-free and domain-specific components. No individual test or small battery of tests will exclusively
tap the executive component of WM capacity. For example, contradictory imaging findings with respect to
dPFC laterality for spatial and object n-back tasks may reflect individual differences across the small samples of
subjects in each study (D’Esposito, Ballard, et al., 1998; Postle, Stern, et al., 2000). The individual differences
in these studies may represent the WM-capacity/executive-attention construct, or instead (or even also) may
represent idiosyncratic strategies or skills adopted by subjects.

We suggest that a hierarchical view of the WM system is most appropriate, by analogy to the intelligence
literature (e.g., Carroll, 1993, 1996; Kyllonen, 1993, 1996; Snow et al., 1984; see Engle, Kane, & Tuholski,
1999). A domain-free central-executive component (“WM capacity”), like the second-order Gf factor of
intelligence, works in concert with domain-specific storage and processing components, such as the first-order,
domain-specific factors of intelligence.

Indeed, we view the neuroanatomic evidence as supporting a hierarchical view of WM. The specific factors
correspond primarily to the domain or modality of to-be-stored information, and therefore to the action of more
posterior brain regions. The general factor transcends any specific domain or modality of processing, and
therefore corresponds to the action of dPFC. As noted above, different subregions of the lateral PFC are
generally networked to different posterior systems, and these separable pathways are suggestive of distinct WM
systems. How-ever, neural connections between these lateral PFC areas may allow them to coordinate their
activity (Barbas & Pandya, 199 1; Pandya & Barnes, 19 87).

Moreover, a minority of neurons in each of these PFC subregions responds to the domain or modality that is
typically reserved for the other subregion. That is, some principal sulcus neurons respond preferably to object,
as opposed to spatial, information, and some inferior convexity neurons respond to spatial, as opposed to object,



information (see, e.g., Boussaoud & Wise, 1993; Funahashi et al., 1989, 1990; Kubota et al., 1980; Rosenkilde
etal., 1981; F. A. W. Wilson et al., 1993; but see Niki, 1974b). Even within each specialized subregion, then,
cross-domain activity is measurable. This suggests that lateral subregions of PFC have domain-specific firing
preferences, or tuning curves, but they still contribute to WM performance in other nonpreferred domains or
modalities (see Erickson, 1974, for parallel arguments in the neurobiology of coordinative perceptual coding,
and see E. K. Miller, 2000, for evidence of similar tuning within the “what” and “where” visual pathways).

Even a single neuron may fire across delays in both spatial- and object-based discriminations within the very
same task. Rao et al. (1997) created an ingenious delayed matching-to- sample task requiring monkeys to retain
both object and spatial information across delays. The subject first viewed a sample object illustration in a
neutral location, and then, after a blank delay, saw two test illustrations (each appearing in one of four possible
test locations), one of which matched the sample. After another blank delay, the subject had to make an eye
movement to the location where the matching sample had previously appeared. Thus, in making a delayed
spatial response, object information also had to be maintained across delays. Seven percent of delay-sensitive
cells fired only during the first, “object/what” delay, and 41 % were uniquely tuned for the second,
“location/where” delay. However, a majority (52%) of delay neurons fired during both object- and location-
based delays, and these “what-and-where” cells were distributed equally between dorsolateral and ventrolateral
PFC areas. In similar studies, Rainer et al. (1998) found that 25% of dPFC delay cells were tuned to both object
and location information, and White and Wise (1999) demonstrated that delay-period cells in dorsolateral and
ventrolateral PFC were equally likely to be activated by cues for spatial or conditional (nonspatial) target-
detection rules. Moreover, in the White and Wise study, individual cells in both dorsal and ventral areas
changed preference for conditional versus spatial rules across different blocks of the task.

The generality of WM capacity is strongly supported by the human individual-differences research showing that
WNM-span measures predict performance in relatively low-level attention tasks bearing no surface similarity to
the span tasks themselves, or to other “memory” tasks (for reviews, see Conway & Kane, 2001; Engle, 2001,
2002; Engle, Kane, & Tuholski, 1999). Unlike WM-span tasks, these attention tasks, such as antisaccade and
Stroop, require no complex linguistic/arithmetic processing and no retention of stimulus lists. What they do
require is that a goal-state be actively maintained in order to control behavior despite strong interference from
habit and environmental events. They also appear to re-quire intact dPFC functioning. Thus, our findings that
low spans perform worse than do high spans on antisaccade tasks, Stroop tasks, dichotic-listening tasks, verbal-
fluency tasks, proactive-interference tasks, and Gf-loaded reasoning tasks strongly resemble the
neuropsychological findings discussed at length in this review. Healthy individuals with low WM capacities,
although obviously not as impaired as patients with dPFC damage, do show pat-terns of cognitive performance
similar to those of dPFC patients. Moreover, healthy high-span subjects engaged in executive-attention tasks
under a memory load come to resemble both low spans and dPFC patients in their performance (Bleckley, 2001;
Kane & Engle, 2000; Rosen & Engle, 1997).

A hierarchical organization of WM capabilities seems the best way to account for the apparent generality and
specificity in behavioral and neuroanatomical indices of WM capacity/executive attention. A general, domain-
free factor certainly accounts for too much performance variance to be ignored. There are simply too many
strong correlations among diverse WM-capacity tasks and diverse higher order tasks to deny that some general
mechanism is involved. Yet, with respect to WM-capacity and higher order tasks, there typically remains some
significant variance to be accounted for after the general-factor variance is removed (see, e.g., Daneman &
Merikle, 1996; Shah & Miyake, 1996). Similarly, the dPFC appears to be critical to executive-attention
capabilities across a variety of tasks and stimulus domains, and yet other posterior brain areas are variously and
variably important to some of these tasks and stimuli, as well.

According to our framework, then, individual differences in WM capacity should best predict other capabilities
when the WM-measure and the target-ability task both demand executive attention—that is, when neither task is
too demanding in terms of a specialized skill in a particular domain. The correlations between WM-capacity
and ability tasks will be highest when both tasks reflect the general WM-capacity factor (“Gwm”) and neither is



mediated too strongly by a specific lower level factor such as Baddeley’s phonological loop or visuospatial
sketchpad, or by other, more strategic mechanisms. Likewise, bilateral patterns of dPFC activation will be most
likely during memory tasks that make the highest demands on executive attention regardless of the task domain.
More differentiated activation patterns, and more variability in the participation of posterior brain areas, will be
likely to appear during the performance of memory tasks that make particular demands on specific skills.

CONCLUSIONS

By definition, subjects in complex WM-capacity tasks must do more than just passively store information.
These tasks make considerable demands on executive attention, we argue, by requiring that subjects maintain
some in-formation in an active state, and this is particularly critical under conditions of interference. The
presence of interference puts a premium on this active maintenance of information, because without
interference it is quite easy to retrieve inactive information from LTM. Not surprisingly, then, other cognitive
tasks that demand executive attention for focusing or switching in the face of interference are also well
predicted by individual differences in WM capacity. Moreover, performance on these executive-attention tasks
is severely disrupted by imposing a simultaneous WM load.

But what does this WM capacity/executive attention construct ultimately reflect? We propose that the common
factor among tasks that are sensitive to individual differences in WM capacity, tasks that are impacted by a
secondary load, tasks that load highly onto a Gf factor, and tasks that selectively require dPFC involvement is
the degree to which the tasks require executive attention. More specifically, the capability to maintain a memory
representation in an active state despite distractions, and in interference-rich contexts, is precisely the aspect of
executive attention that is critical to predicting general success across higher order cognitive domains, and that
is particularly reliant on cells of the dPFC.
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NOTES

1. For example, Engle, Tuholski, et al. (1999) found correlations among individual WM-span tasks ranging
between .32 and .51 (M = .43), and correlations between the STM and WM-span tasks ranging between . 31
and.43 (M =.35).

2. See Kane etal. (2001) for a brief discussion of two recent failures to find a relation between WM measures
and antisaccade performance (Larson & Perry, 1999; R. J. Roberts, Hager, & Heron, 1994).

3. We recognize that such a caveat may render some claims about PFC functioning unfalsifiable, at least on the
basis of data from brain - injured patients. However, because we do not present a formal theory here, we are less
concerned with testability than with raising potentially important interpretational issues.

4. Inseveral of Baldo and Shimamura’s (2000) experimental conditions, patients with PFC damage were
impaired relative to healthy controls even on no-delay versions of the tasks, and so it is difficult to infer
memory maintenance disturbances here.

5. In arecent delayed matching-to-sample study using faces as stimuli and delays of 15 and 24 sec, substantial
delay-period dPFC activity was found, but in both delay conditions the activation peaked 9 to 12 sec into the
delay (dropping to quite low levels by the 21 st second in the 24-sec delay condition; Jha & McCarthy, 2000).

6. In a spatial matching-to-sample task with a 9.5-18.5-sec delay, Rowe et al. (2000) reported delay-period
activity in PFC Brodmann area 8 and Petrides and Pandya’s (1994) area 9/46, but no delay activity in
Brodmann area 46 proper.

7. Sweeney et al. (1996) also showed significant dPFC activation during a delayed-memory task with a short
delay. Although their task was not obviously “complex” in terms of memory requirements, it did differ from



most other human imaging work in that it required a delayed eye-movement response to the peripheral location
that had previously contained the target stimulus.

8. Courtney, Petit, Maisog, Ungerleider, and Haxby (1998) reported a more posterior dorsal PFC region, just
anterior to frontal eye field (FEF) on the superior frontal sulcus, to be bilaterally active during memory delays,
but particularly during spatial delays. The relative position of this region compared with FEF was consistent
with the area in monkey cortex that may be especially active during spatial delayed-memory tasks (F. A.W.
Wilson et al., 1993). However, others have failed to replicate this result (Postle, Berger, Taich, & D’Esposito,
2000).

9. Because Hartley et al. (2001) did not report correlation coefficients, we estimated them from the factor
loadings of each n-back task onto the latent variable comprised of the three n-back tasks (loadings for verbal,
object, and location tasks were .97,.68, and .82, respectively).

10.  Benedict et al. (1998) also demonstrated no difference in PFC activation under PET between focused- and
divided-attention conditions during a continuous performance task. However, it is not clear from their report to
what extent the focused-attention condition recruited dPFC-areas in comparison with a control condition.
Because the focused-attention condition required ignoring potent distraction, we would expect that it evoked
substantial dPFC activity, and so the lack of difference between divided- and focused-attention conditions
seems to fit with our interpretation of the findings from other demanding tasks.

1. This study also addressed the role of the anterior cingulate in Stroop interference. Although many imaging
studies have indicated anterior cingulate activation in Stroop tasks (e.g., Bench et al., 1993; Pardo et al., 1990;
for a review, see MacLeod & MacDonald, 2000), here there was no anterior-cingulate-delay activity related to
task instructions. Instead, anterior cingulate was activated at the time of stimulus presentation, particularly for
incongruent stimuli. In contrast to correlations between dPFC activity and performance, however, anterior
cingulate activity at stimulus presentation was positively correlated with interference (r = .38). Thus, the more
interference subjects showed, the more anterior cingulate activity they showed. These findings indicate that
anterior cingulate may not play a role in combatting Stroop interference, but rather that it may merely signal or
recognize that conflict is present (see also West & Alain, 1999, 2000a).

12 Elfgren and Risberg (1998) found only left hemisphere dPFC blood flow increases in a letter-fluency task
in which subjects generated as many words as possible starting with each of eight different letters, for 1 min
each. However, they found bilateral dPFC increases in a figural fluency task in which subjects generated as
many unique, unnameable designs as possible in an 8-min period.

3. We note a recent finding that verbal fluency tasks did not differentially correlate with seemingly
“executive” compared with seemingly “nonexecutive” tasks in a population of traumatic brain injury patients
(Duncan et al., 1997). However, the degree to which active maintenance and interference contributed to
performance of the “executive” or “nonexecutive” tasks employed is not obvious to us.

14, Metz, Yasillo, and Cooper (1987) found that performance of a computerized WCST produced no more
frontal activation in PET than did performance of a computerized matching-to-sample “control” task. However,
their written report is too brief to allow a critical analysis of their methods and data. Note, however, that the
matching-to-sample “control” task that they used has been shown to rely on the PFC in humans and macaques
(Goldman-Rakic, 1987; Mclntosh et al., 1996; Verin et al., 1993). Thus, the lack of significant PFC activation
differences between this “control” task and the WCST is not too surprising.

Ragland et al. (1998) used PET to test activation patterns in the WCST in comparison with a resting-state
baseline. They found that healthy adults matched to schizophrenia patients on various variables showed
significant WCST-linked activation only in inferior PFC areas and not in dorsolateral areas. However,
dorsolateral, dorsomedial, and superior PFC activation was linked with some aspects of superior performance:



The number of categories attained was correlated with dorso-lateral PFC activity at r = .48, with dorsomedial
activity at r =.50, and with superior frontal activity at r = .69

15, But see Pollmann (2001) for evidence that frontopolar cortex is critically activated during
extradimensional set-switching.

16.  Duncan et al. (1997) failed to replicate these results in a study of patients with damage due to traumatic
brain injury. Here, patterns of goal neglect were no more highly correlated with extent of frontal lobe damage
by MRI (r = .25) than with parietal damage (r = .25) or with temporal damage (r = .36). However, most patients
in this study had rather diffuse damage, and so inferences regarding focal lesion effects here must be drawn
very tentatively.

17. We have technical concerns with some of this work. First, Jurden’s (1995) contention that verbal and
nonverbal working memory factors are separable depends largely on a reanalysis of Kyllonen and Christal’s
(1990, Experiment 1) data; however, Jurden’s Table 3 (p. 99) shows that he transposed Kyllonen and Christal’s
data incorrectly. This may simply reflect typographical errors in the table, but it instead might indicate that the
reanalyses were conducted on the wrong data. Second, in Daneman and Tardif (1987), ceiling effects in their
spatial-task data probably limited the possibility that this task would correlate with verbal measures (see Engle
et al., 1992). Finally, in Shah and Miyake’s (1996) study of verbal versus spatial WM (Experiment 1), subjects’
VSAT and QSAT scores were correlated at an unusually low r =.28. Perhaps with a wider range of ability (their
undergraduate subjects were recruited from Carnegie Mellon University and the University of Pittsburgh) and a
sample that showed more typically high correlations between VSAT and QSAT scores, Shah and Miyake would
have found less separability between verbal and spatial WM measures. The authors themselves note that . . .
the use of a cognitively restricted sample may have the advantage of revealing domain-specific effects more
clearly, which might otherwise be masked by general ability factors.” (p. 21, italics added). Of course, in our
view of WM capacity, such “general ability factors” are precisely what are most interesting.



