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Abstract

Prefrontal cortex provides both inhibitory and excitatory input to distributed neural cir-

cuits required to support performance in diverse tasks. Neurological patients with prefrontal

damage are impaired in their ability to inhibit task-irrelevant information during behavioral

tasks requiring performance over a delay. The observed enhancements of primary auditory

and somatosensory cortical responses to task-irrelevant distractors suggest that prefrontal

damage disrupts inhibitory modulation of inputs to primary sensory cortex, perhaps through

abnormalities in a prefrontal-thalamic sensory gating system. Failure to suppress irrelevant

sensory information results in increased neural noise, contributing to the de®cits in decision

making routinely observed in these patients. In addition to a critical role in inhibitory control

of sensory ¯ow to primary cortical regions, and tertiary prefrontal cortex also exerts excitatory

input to activity in multiple sub-regions of secondary association cortex. Unilateral prefrontal

damage results in multi-modal decreases in neural activity in posterior association cortex in

the hemisphere ipsilateral to damage. This excitatory modulation is necessary to sustain neural

activity during working memory. Thus, prefrontal cortex is able to sculpt behavior through

parallel inhibitory and excitatory regulation of neural activity in distributed neural net-

works. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

In 1935 Jacobsen reported that monkeys with bilateral frontal lesions involving
the sulcus principalis, a putative analogue of human dorsolateral prefrontal cortex
(Brodmann areas 9 and 46: Rajkowska & Goldman-Rakic, 1995a,b; see Fig. 1), were
severely impaired at delayed response tasks (Jacobsen, 1935). In delayed response
tasks, subjects are initially presented with information necessary to perform a speci®c
task. The experimenter then interposes a delay period before the animal or human is
allowed to perform the task. Thus, for successful performance, the information must
be reliably held in a working memory bu�er during the delay period. Jacobsen re-
ported that monkeys with prefrontal lesions involving the sulcus principalis were
unable to remember the location of a baited well at short retention intervals. The
Jacobsen ®nding provided a landmark observation for insight into the role of pre-
frontal cortex in organized behavior (Jacobsen, 1935). Subsequent research has
shown that prefrontal spatial memory de®cits are apparent at delays as short as 1 s
(Funahashi, Bruce & Goldman-Rakic, 1993).

Fig. 1. This ®gure shows the location of the sulcus principalis area in monkeys considered to be the

analogue of areas 9 and 46 in humans. The Bordmann classi®cation and a more recent cytoarchitectonic

post-mortem de®nition of areas 9 and 46 in humans are also shown (see Brodmann, 1909; Goldman-

Rakic, 1987; Rajkowska & Goldman-Rakic, 1995a,b). The cytoarchitectonic de®nitions of Rajkowska and

Goldman-Rakic are shown on the Talairach coordinate system. The maps represent the region of cyto-

architectonic overlap of areas 9 and 46 averaged from from ®ve subjects.
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The delayed response de®cit was initially interpreted to re¯ect a simple memory
problem. However, animal research in the 1940Õs revealed that a problem with the
inhibition of extraneous inputs was a major contributor to the delayed response
de®cit. These ®ndings led to the formulation of the distractibility hypothesis of
prefrontal function (Malmo, 1942; Bartus & Levere, 1977). The distractibility theory
postulates that prefrontal patients are unable to suppress responses to irrelevant
stimuli in a range of sensory motor and cognitive processes. Impairments in inhib-
itory control to sensory inputs are found in neurological patients with dorsolateral
prefrontal damage and in schizophrenic patients with prefrontal hypometabolism on
PET scanning, providing support for the prefrontal-distractibility hypothesis.
However, successful performance on the delayed response task requires more than
inhibitory control. Subjects must also selectively engage and integrate activity in
di�erent brain regions depending on task speci®c parameters. Single unit data in
monkeys (Funahashi et al., 1993), electrophysiological data in normal controls and
prefrontal lesioned patients (Chao & Knight, 1998), cerebral blood ¯ow data in
normal controls (Jonides, Smith, Koeppe, Mioshima & Mintun, 1993), and neural
modelling (Cohen, Braver & O'Reilly, 1996) having shown that combined prefron-
tal-posterior association cortex activation is required to perform any task requiring a
delay. Data from neurological patients has revealed that dorsolateral prefrontal
cortex modulates excitatory pathways projecting into subregions of visual and au-
ditory association cortex. Thus, it appears that prefrontal cortex exerts selective and
parallel inhibitory and excitatory control to remote brain regions during a variety of
behaviors. The net result of parallel and interactive prefrontal modulated neuronal
activity results in the higher level functions attributed to prefrontal cortex.

In humans, dorsolateral prefrontal cortex is engaged in diverse cognitive processes
including language, motor control, attention, and executive functions. Delayed re-
sponse paradigms have elements in common with classic working memory tasks
(Baddeley, 1992a,b). The main parallel between delayed response and working
memory is the necessity to hold information in a temporary bu�er. Working memory
is well known to be dependent on prefrontal cortex (Petrides, Alivasatos, Meyer &
Evans, 1993a,b; Jonides et al., 1993; Knight, 1994). Although the prefrontal cortex is
critical for integrative cognitive functions requiring working memory, it is unlikely
that this capacity resides in specialized modules in prefrontal regions. More likely,
the spectrum of cognitive capacities involving prefrontal cortex is supported by in-
teractions in the extensive bi-directional connections between prefrontal cortex and
numerous cortical, limbic, and subcortical regions (Goldman-Rakic, Selemon &
Schwartz, 1984; Friedman & Goldman-Rakic, 1994).

Prefrontal cortex (particularly Brodmann areas 9 and 46) is well known to be
involved in both sustained and phasic attention to environmental events (Stuss &
Benson, 1986). Sustained attention and phasic orienting capacity have been exam-
ined in neurological patients with focal prefrontal lesions using behavioral and
event-related potential (ERP) recording techniques. Neurophysiological impair-
ments in these patients include problems with inhibitory control of sensory inputs
(Knight, Scabini & Woods, 1989a; Knight, Scabini, Woods & Clayworth, 1989b;
Yamaguchi & Knight, 1990, 1991), de®cits in selective and sustained attention
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(Knight, Hillyard, Woods & Neville, 1981; Woods & Knight, 1986; Knight, 1991),
and abnormalities in the detection of novel events (Knight, 1984, 1996, 1997). The
inability to inhibit irrelevant inputs and sustain attention, coupled with de®cits in
novelty detection, impairs the coding and the processing of discrete external events
and may underlay the temporal order (Shimamura, Janowsky & Squire, 1990) and
decision making impairments observed subsequent to prefrontal damage (Shim-
amura, 1995a; Shimamura, Jurica, Mangels, Gershberg & Knight, 1995b). Similar to
the role prefrontal cortex plays in regulating the interaction with the external world,
this region is crucial for attention to and inhibitory control of internal mental rep-
resentations engaged during working memory, employment of strategies, planning
and decision-making (Janowsky, Shimamura, Kritchevsky & Squire, 1989a;
Janowsky, Shimamura & Squire, 1989b; Shimamura et al., 1995b; Knight &
Grabowecky, 1995; Stuss & Benson, 1984, 1986) The inability to inhibit internal
representations of previous responses which are no longer correct contributes to
poor performance on the Wisconsin card sorting task (WCST) and the Stroop task
(Shimamura, 1995a; Shimamura et al., 1995b; Vendrell et al., 1995). In the WCST
task subjects are required to change their criteria for sorting a deck of cards varying
in shape or color. Patients with prefrontal damage are impaired at switching to a new
sorting criteria and continue to incorrectly sort by the prior rule. This tendency to
preseverate is viewed by cognitive theorists as a failure in inhibitory control of prior
mental sets. Damage in prefrontal cortex also results in a failure in inhibition of
re¯exive saccadic eye movements (Guitton, Buchtel & Douglas, 1985; Pierrot-De-
seilligny, Rivaud, Gaymard & Agid, 1991). The animal and human data supporting
these contentions will be discussed.

2. Inhibition in animals

Inhibition of neural activity under prefrontal control has been reported in a va-
riety of mammalian preparations. Net prefrontal inhibitory control of both sub-
cortical (Edinger, Siegel & Troiano, 1975) and cortical regions has been documented
(Alexander, Newman & Symmes, 1976; Skinner & Yingling, 1977). Galambos (1956)
provided the ®rst physiological evidence of an inhibitory auditory pathway in
mammals with the description of the brainstem olivo-cochlear bundle. The olivo-
cochlear bundle projects from the olivary nucleus to the cochleus in the inner ear.
Stimulation of this bundle results in inhibition of transmission from the cochlea to
the brainstem cochlear nucleus as measured by reductions in evoked responses in the
auditory nerve. This pathway provides a system for early sensory suppression in the
auditory system. The evidence for sensory ®ltering at the cochlear or brainstem level
in humans is controversial, with most laboratories ®nding no evidence of attention-
related manipulation of the brainstem auditory evoked response (Woods & Hillyard,
1978; Woldor� & Hillyard, 1991).

Subsequent research in the 1970Õs reported evidence of a multi-modal prefrontal-
thalamic inhibitory system in cats that regulates sensory ¯ow to primary cortical
regions. Reversible suppression of prefrontal cortex by cooling of cat prefrontal
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cortex (crygenic blockade) increased the amplitudes of evoked responses recorded in
primary sensory cortex evoked responses (Skinner & Yingling, 1977; Yingling &
Skinner, 1977). Conversely, stimulation of the thalamic region (nucleus reticularis
thalami) surrounding the sensory relay nuclei resulted in modality speci®c suppres-
sion of activity in primary sensory cortex. These data provided the ®rst physiological
evidence of a prefrontal inhibitory pathway regulating sensory transmission through
thalamic relay nuclei. This prefrontal-thalamic inhibitory system provides a mech-
anism for intermodality suppression of irrelevant inputs at an early stage of sensory
processing. The system is modulated by an excitatory prefrontal projection to the
nucleus reticularis thalami. The nucleus reticularis thalami in turn sends inhibitory
GABA-ergic projections to sensory relay nuclei, providing a neural substrate for
selective sensory suppression (Guillery, Feig & Lozsadi, 1998).

3. Inhibition in humans

The attention de®cits and perseveration observed behaviorally in frontal patients
have been linked to problems with inhibitory control of posterior sensory and per-
ceptual mechanisms (Lhermitte, 1986; Lhermitte, Pillon & Serdaru, 1986). Early
sensory gating de®cits (20±50 ms), sustained attention problems (100±500 ms) and
abnormalities in the phasic detection of novel events (250±500 ms) are all observed
after prefrontal damage. ERPs are brain potentials that are time-locked to the oc-
currence of sensory, motor, or cognitive events and extracted from the ongoing EEG
by signal averaging techniques (Hillyard & Picton, 1987). Because of their excellent
temporal resolution, ERPs index the timing of both sensory and cognitive processing
in humans that complements both the behavioral measures of cognitive psychology
and the spatial resolution advantage of functional neuroimaging techniques.

Task irrelevant auditory and somatosensory stimuli (monaural clicks or brief
electric shocks to the median nerve) were presented to patients with comparably
sized lesions in dorsolateral prefrontal cortex, the temporal-parietal junction, or
lateral parietal cortex. Evoked responses from primary auditory (Kraus, Ozdamar &
Stein, 1982) and somatosensory (Leuders, Leser, Harn, Dinner & Klem, 1983;
Sutherling et al., 1988; Wood et al., 1988) cortices were recorded from these patients
and age-matched controls (Fig. 2). Damage to primary auditory or somatosensory
cortex reduced the early latency (20±40 ms) evoked responses generated in these
regions. Posterior association cortex lesions that spared the primary sensory regions
had no e�ect on early sensory potentials and served as a brain-lesioned control
group. Prefrontal damage produced disinhibition of both the primary auditory and
somatosensory evoked responses (Knight et al., 1989a; Yamaguchi & Knight, 1990).
Spinal cord and brainstem potentials were not a�ected by prefrontal damage, sug-
gesting that the amplitude enhancement was due to abnormalities in either a pre-
frontal-thalamic or a prefrontal-sensory cortex mechanism.

Chronic disinhibition of sensory inputs likely contributes to some of the behav-
ioral sequelae noted after prefrontal damage. For instance, decision con®dence
would be decremented in a noisy internal milieu. As discussed, distractibility has

R.T. Knight et al. / Acta Psychologica 101 (1999) 159±178 163



been proposed to a major component of the delayed response de®cit in animals with
prefrontal lesions (Malmo, 1942; Brutkowski, 1965; Bartus & Levere, 1977). This
inability to suppress irrelevant information is associated with di�culties in target

Fig. 2. Primary cortical auditory (AEPs) and somatosensory evoked potentials (SEPs) are shown for

controls (solid line) and patients (dashed line) with focal damage in the lateral parietal cortex (top, n� 8),

temporal-parietal junction (middle, n� 13) or dorsolateral prefrontal cortex (bottom, n� 13). Recon-

structions of the center of damage in each patient group are shown on the left. Somatosensory evoked

responses were recorded from area 3b (N20; N for negative, 20 ms post-stimulation) and areas 1 and 2 on

the crown of the post-central gyrus (P26; P for positive, 26 ms post-stimulation). Stimuli were square-wave

pulses of 0.15 ms duration delivered to the median nerve at the wrist. Stimulus intensity was set at 10%

above opponents twitch threshold and stimuli were delivered at a rate of 3/s. Damage in posterior cortical

regions sparing primary somatosensory cortex had no e�ect on the N20 or earlier spinal cord potentials.

Prefrontal damage resulted in a selective increase in the amplitude of the P26 response (hatched area).

Auditory stimuli were clicks delivered at a rate of 13/s at intensity levels of 50 dB HL. Unilateral damage in

the temporal-parietal junction extending into primary auditory cortex reduces P30 responses. Lateral

parietal damage sparing primary auditory has no e�ect on P30 responses. Dorsolateral prefrontal damage

results in normal inferior collicular potentials (wave V) but an enhanced P30 primary cortical response

(hatched area). The shaded area in each modality indicates the area of evoked potential amplitude en-

hancement (adapted from Knight, 1994).
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detection and match-to-sample paradigms. For example, patients with frontal re-
sections are impaired at detecting multiple visual targets embedded among dis-
tractors (Richer et al., 1993). Likewise, patients with lesions con®ned to dorsolateral
prefrontal cortex are impaired in a delay task requiring the matching of two envi-
ronmental sounds only when distractors intervened between cue and target (Chao &
Knight, 1995; Chao & Knight, 1998).

There is extensive literature supporting an abnormality in prefrontal function in
schizophrenics. Findings of altered dorsolateral prefrontal function include evidence
from both cerebral blood ¯ow (Weinberg, Berman & Zec, 1986; Weinberg, Berman,
Suddath & Torrey, 1992) and post-mortem studies (Akbarian et al., 1995, 1996).
Thus, schizophrenia may represent a ``non-lesion'' model of prefrontal dysfunction
in humans. Schizophrenics are also reported to have a de®cit in inhibitory control of
auditory processing. Freedman and colleagues developed and ERP auditory gating
paradigm to study inhibitory control in schizophrenics. In normals, presentation of a
pair of clicks results in a decrease in amplitude of the evoked response to the second
stimulus in the pair. This response suppression occurs in a latency range of 30±65
msec and has been referred to as the P50 gating paradigm in the schizophrenia lit-
erature. This ®nding has been disputed by some authors (Kathman & Engel, 1990),
but this may be due in part to di�erences in recording parameters and state of
alertness (Boutros, Zouridakis & Overall, 1991a; Boutros, Overall & Zouridakis,
1991b; Smith, Boutros & Schwarzkopf, 1994; Gri�th, Ho�er, Adler & Zerbe, 1995).
Freedman, Adler, Waldo, Pachtman and Franks (1983) reported that the second
stimulus in a pair of auditory pulses did not habituate in schizophrenics. This
electrophysiological ®ndings supported the longstanding proposal that schizo-
phrenics fail to properly ®lter extraneous inputs (McGhie & Chapman, 1961; Ven-
ables, 1964).

This auditory gating de®cit is reliably seen in a signi®cant percentage of non-
psychotic relatives of schizophrenics and has been proposed to be a neurophysiol-
ogicl trait for schizophrenia. Phenotypic segregation of schizophrenics and ®rst order
relatives using the auditory gating paradigm has been employed in recent genetic
studies. This research has isolated a putative schizophrenia gene localized to a region
of chromosome 15q 13±14 which controls alpha 7 nicotinic receptor expression
(Freedman et al., 1997). Thus, the neural network controlling the P50 gating de®cit is
of both theoretical and clinical relevance. We examined auditory gating in patients
with dorsolateral prefrontal damage and in age-matched controls (see Fig. 3). An
initial study has shown that controls have normal suppression of the second stimulus
in an auditory pulse pair. Prefrontal patients showed evidence of an inhibitory
failure in the auditory gating paradigm in both ears. As can be seen in Fig. 3, pre-
frontal patients showed problems with suppression of the second stimulus in both
ears with the defect more apparent in the ear contralateral to prefrontal damage
(Knight, Finkbeiner & Lawler, in preparation). This failure to suppress is observed
for both an early latency component generated in auditory cortex (P35) and a later
component (P50) thought to arise in the thalamus. The data suggests that prefrontal
cortex dysfunction may underlie or contribute to the auditory gating de®cit in
schizophrenics.
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4. Motor control and inhibition

Inhibitory modulation of sensory input is also important in motor control.
Transmission through somatosensory a�erents in under constant modulation. The
predominant e�ect is inhibition of the ascending sensory paths. Gating of sensory
inputs is reported at all levels of the neuraxis, from the segmental re¯ex to the pri-
mary cortical receptive zones (Mackay & Crammond, 1989; Shin & Chapin,
1990a, b). There are two mechanisms for the control of this sensory input during
movement. Firstly, projections from speci®c supraspinal structures can centrifugally

Fig. 3. ERPs from control and prefrontal patients in an auditory gating paradigm. The probe-target in-

terstimulus intervals was 500 ms, with an intertrial interval of 10 s. Click trains were presented randomly

between the two ears to subjects watching silent movies. EEG (3±100 Hz; 2048 Hz digitization rate) was

recorded from Fz, Cz, Pz Additional electro-oculography (EOG) electrodes were placed vertical and

horizontal to the eye. All electrodes were referred to a balanced mastoid reference. There were seven left

and two right stroke patients with unilateral damage in the dorsolateral prefrontal cortex (61.7 years, three

females). Controls were matched for mean age (59.2, four females). Controls and patients were free of

psychiatric disease and had no family history of schizophrenia or major a�ective disease. The center of

lesion overlap for the frontal patients is shown. The data for the left or right ear of controls and the ear

ipsilateral or contrateral to prefrontal damage are shown. There is no evidence of gating of either the P35

or P50 component of the ERP.
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through ascending paths can be altered by a�erent volleys arising from peripheral
receptor discharge, termed centripetal modulation.

In primates, the prefrontal cortex has direct reciprocal connections with the pa-
rietal cortex, including the primary sensory region (Mountcastle, 1984; Pandya &
Barnes, 1987). A net inhibitory in¯uence of the prefrontal cortex onto both cortical
and subcortical structures has been shown to act at the dorsal column nuclei (Co-
ulter, 1974; Ghez & Pisa, 1972), the thalamus (Tsumoto, Nakamura & Iwama, 1975),
and at the primary somatosensory cortex (Yamamoto, Samejima & Oka, 1988;
Chapin & Woodward, 1981). In the somatosensory system. Yamaguchi and Knight
(1990, 1991) demonstrated that patients with damage to the prefrontal cortex cen-
tered in areas 9 and 46 exhibited enhanced somatosensory evoked potentials (SEPs)
to median nerve stimulation. Selective enhancement of the P26 component of the
SEP which is known to arise in the crown of the post-central gyrus (Sutherling et al.,
1988) was proposed to arise from loss of inhibition of activity in the primary sensory
cortex.

In addition to prefrontal cortex, other areas such as the somatosensory cortex,
cerebellum, and basal ganglia, may be involved in the modulation of sensory input
during movement. Corticothalamic in¯uences from the primary and secondary so-
matosensory areas modulate the transmission of tactile inputs through the thalamus
in the cat (Gosh, Murray, Turman & Rowe, 1994). These e�ects could be facilitory
via direct connections to thalamic relay nuclei or inhibitory through local inhibitory
interneurons and the nucleus reticularis thalami, thus complementing the prefrontal-
thalamic sensory control mechanism discussed above. The cerebellum receives
convergent cutaneous and proprioceptive inputs and has also been implicated in the
gating of these inputs (Apps, Atkins & Garwicz, 1997). In addition, the basal ganglia
appears to be involved in the gating of noxious somatosensory stimuli (Chudler &
Dong, 1995). Thus, through its intricate connections with higher motor areas via the
thalamus, the basal ganglia may also contribute the gating of somatosensory inputs.
The functional implications of these sensory gating mechanisms remains to be es-
tablished for normal motor control.

5. Selective attention and prefrontal cortex

In a seminal report, Hillyard, Hink, Schwent and Picton (1973) found that fo-
cussed attention to tones in one ear resulted in a systematic negative enhancement of
evoked potentials to all stimuli in that ear. This enhancement onsets at about 50 ms
post-stimulation and was shown to be sustained for at least 200 and 500 ms (Hansen
& Hillyard, 1980). These electrophysiological results were critical to attention the-
orists. First, stimulus discriminability was shown to be dependent on the degree of
attention related evoked potential enhancement, providing a link between physiol-
ogy and attention in humans. Second, the early onset of the attention modulation
provided clear evidence of an early sensory ®ltering mechanism in humans, ad-
dressing the long-standing early vs. late selection controversy (Broadbent, 1958;
Treisman, 1960; Kahneman & Treisman, 1984). Subsequent work has shown that the
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e�ects of attention can onset as early as 25 ms after stimulation, indicating that
humans are able to exert attention e�ects on inputs to the primary auditory cortex
(McCallum, Curry, Cooper, Pocock & Papakostopoulos, 1983; Woldor� & Hillyard,
1991; Woldor� et al., 1993). Early onset selective attention e�ects have also been
reported in the visual and somatosensory modalities (Desmedt, Hut & Bourguet,
1983; Woods, 1990). In the visual modality attention may not modulate primary
sensory activity in calcarine cortex but instead acts on subsequent stages of pro-
cessing in visual association cortices (Gomez-Gonzalez, Clark, Fan, Luck & Hill-
yard, 1994; Mangun, 1995).

Normal subjects generate comparable selective attention e�ects for left or right
ear stimulation. Left prefrontal patients have an intact pattern but reduced in am-
plitude attention e�ect in both ears. A di�erent pattern is observed after right pre-
frontal damage. Right prefrontal patients show electrophysiological and behavioral
evidence of a dense hemi-inattention to left ear stimuli (Knight et al., 1981). This
parallels the human hemi-neglect syndrome which is more common after right
hemisphere lesions in prefrontal or temporal-parietal cortex. Hemi-neglect is a
dramatic syndrome consisting of a failure to attend or orient to stimuli in the
hemispace contralateral to right hemisphere damage (Mesulam, 1981; Kertesz &
Dobrolowski, 1981; Hier, Mondlock & Caplan, 1983; Stein & Volpe, 1983). Patients
are often unaware of their de®cit and deny there is anything wrong despite obvious
weakness on the left side of the body. One popular theory states that the contra-
lateral neglect after temporal-parietal or prefrontal right hemisphere damage is due
to innate hemispheric attention asymmetries. The left frontal lobe is proposed to be
capable of allocating attention only to the contralateral right hemispace, whereas the
right frontal lobe can allocate attention to both the contralateral and ipsilateral
hemispace. Thus, neglect is mild or not apparent after left hemisphere lesions since
the intact right hemisphere is capable of allocating attention to both hemi-spaces.
Dense contralateral neglect is seen after right hemisphere damage since the left
hemisphere is incapable of allocating attention to the left hemi-space.

The right frontal lobe is larger than the left in humans, and this asymmetry may
provide the underlying anatomical substrate or the hemi-inattention syndrome in
humans (Wada, Clarke & Hamm, 1975; Weinberger, Luchins, Morisha & Wyatt,
1982). Posterior association cortex lesions in the temporal-parietal junction have
comparable attention de®cits for left and right sided lesions indicating that these
areas are not asymmetrically organized for auditory selective attention (Woods,
Knight & Scabini, 1993). This suggests that some aspects of the hemi-neglect syn-
drome subsequent to temporal-parietal damage may be due to remote e�ects of
disconnection from asymmetrically organized prefrontal regions.

Attention allocation is better at short versus long interstimulus intervals in pre-
frontal lesioned patients. This could be due to either a problem with temporal
bridging or to a distractibility de®cit. Prefrontal cortex is necessary for bridging
temporal discontinuities (Fuster, 1989), and attention de®cits at longer interstimulus
intervals might be due to temporal bridging problems. However, at longer inter-
stimulus intervals prefrontal subjects are also more likely to encounter intervening
irrelevant stimuli. ERP-behavioral experiments provide evidence supporting the
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distractibility hypothesis. In normal subjects, delivery of an irrelevant stimulus in the
non-attended ear during a dichotic experiment has no e�ect on attention e�ects to a
subsequent stimulus in the attended ear unless the stimulus is highly deviant (Woods
& Knight, 1996; Woods et al., 1993). However, presentation of an irrelevant stimulus
reduces attention to a subsequent stimulus in prefrontal patients. This e�ect is
particularly pronounced in the ear contralateral to a prefrontal lesion at long in-
terstimulus intervals. Since attention performance is improved in prefrontal patients
if no irrelevant stimuli are present, the results favor distractibility due to a failure in
inhibition as a major contributor to prefrontal attention de®cits (Woods & Knight,
1986).

Behavioral and electrophysiological experiments have also documented as im-
portant role for prefrontal cortex in inhibiting response to irrelevant sensory in-
formation in delay tasks (Chao & Knight, 1995, 1998). Prefrontal patients were
tested on an auditory delayed-match-to-sample task. Subjects reported whether a cue
(S1) and a subsequent target (S2) sound were identical. On some trials, S1 and S2
were separated by a silent period of 5 s. On other trials, the 5 s delay between S1 and
S2 was ®lled with irrelevant tone pips. Frontal patients were impaired behaviorally
when distractor stimuli were presented in the interstimulus interval. Electrophysio-
logically, prefrontal patients generated enhanced primary auditory cortex evoked
responses to the distractor tone pips presented in the delay window. The early la-
tency Na component generated in primary auditory cortex was enhanced and the
degree of enhancement of the subsequent Pa component correlated with the number
of delay errors in the prefrontal patients. This supports a failure in inhibitory control
of irrelevant sensory inputs during the delay window (Chao & Knight, 1998).

6. Prefrontal cortex and excitatory control

In addition to suppressing response to irrelevant stimuli, subjects must sustain
neural activity in distributed brain regions in order to perform delay and work-
ing memory tasks. There is evidence of failure in excitatory control in patients with
prefrontal damage. Prefrontal lesioned patients were tested on an auditory delayed-
match-to-sample task. As noted above, prefrontal patients were behaviorally
impaired by distractors and generated enhanced primary auditory cortex evoked
responses to these tones. In addition to this inhibitory failure, prefrontal
patients had problems in excitatory modulation of activity in posterior association
cortex.

Visual stimuli elicit a prominent, attention-sensitive N170 (N1) scalp potential
that is maximal over temporal-occipital sites (Mangun & Hillyard, 1988; Luck,
Heinze, Mangun & Hillyard, 1990; Mangun, 1995). Topographic and dipole mod-
eling studies have suggested an N170 source in extrastraite cortex (Gomez-Gonzalez
et al., 1994). The in¯uence of prefrontal cortex on the visual N170 has been exam-
ined in both non-linguistic and linguistic tasks. In one non-linguistic experiment,
controls and frontal patients performed a visual detection task requiring detection of
a infrequent target imbedded in a series of irrelevant background and novel stimuli
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(Knight, 1997). Dorsolateral prefrontal damage decreased visual N170 amplitude for
all stimuli in the lesioned hemisphere. N170 was normal in the non-lesioned hemi-
sphere. Maximal reductions were seen at posterior temporal sites over extrastriate
cortex (Fig. 4a,b). Performance was slow but accurate. This may be due to the fact
that the subjects could make the discrimination (inverted from upright triangles)
with visual information from only one hemi-®eld.

N170 reductions in frontal patients were also observed in tasks using verbal
stimuli (Swick & Knight, 1996, in press; Swick, in press). In two di�erent experi-
ments, subjects read centrally presented words and pronounceable nonwords and
performed lexical decision or recognition memory tasks. In controls, both stimulus
types elicited an N170 that was maximal at posterior temporal and occipital elec-
trodes. In controls, N170 was signi®cantly larger over the left hemisphere in both
tasks, similar to previous studies with words (Neville, Kutas, Chesney & Schmidt,
1986; Curran, Tucker, Kutas & Posner, 1993). N170 amplitude over extrastriate
recording sites was markedly reduced in frontal patients ipsilateral to damage, but
peak latency was una�ected (see Fig. 5). These visual experiments indicate that
dorsolateral prefrontal cortex provides an ipsilateral facilitory input to neural pro-
cessing in extrastriate cortex, enhancing neural activity within 120 ms post-stimulus
(Raines, Azaad & Miller, 1998). Further support for prefrontal modulation of vi-
sual processing in extrastriate areas during sustained attention and spatial memory
performance comes from blood ¯ow data in humans (Roland, 1982), networks an-
alyses of PET and fMRI results (McIntosh, Grady, Ungerleider, Haxby, Rapoport
& Horwitz, 1994; Buchtel & Friston, 1997), and single unit and lesion data
in monkeys (Fuster, 1985; Funahashi et al., 1993). Projections from prefrontal areas
45 and 8 to higher order visual association areas TE and TEO in the inferior tem-
poral cortex have been demonstrated in monkeys (Webster, Bachevalier & Ungerl-
eider, 1994). This anatomical connection provides a pathway by which prefrontal
cortex could exert a facilitory in¯uence on activity in posterior visual association
cortex.

Similar e�ects of an ipsilateral reduction of neural activity in auditory association
cortex have been observed after prefrontal damage (Knight, 1997; Swick & Knight,
1996; Swick, in press). Both the S1 and S2 stimuli generate a prominent N100 ERP
response which measures neural activity in auditory association cortex (Woods,
1990). Prefrontal lesions markedly reduced the N100 component generated to both
the S1 and S2 stimuli throughout the hemisphere ipsilateral to damage (Fig. 4c,d;
Chao & Knight, 1998; Knight, 1997). Additional intrahemispheric reductions of
longer latency attention-related prefrontal activity were also observed. There are well
described prefrontal projections to auditory cortex in the superior temporal plane
which may subserve this excitatory input (Alexander et al., 1976). Together, these
®ndings provide evidence that dorsolateral prefrontal cortex is crucial for inhibiting
distracting information as well as maintaining distributed intrahemispheric neural
activity during auditory working memory. This result is also in accord with ®ndings
that patients with prefrontal lesions are impaired in their ability to focus attention on
task-relevant stimuli (Fuster, 1989; Knight et al., 1981; Damasio, 1985; Woods &
Knight, 1986).
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Fig. 4. Topographic maps display the scalp voltage distribution of the N170 generated to targets in a

visual detection task for controls and prefrontal patients. The extrastriate focus of the N170 is reduced

ipsilateral to prefrontal damage. The shaded area on the brain shows the area of lesion overlap, while the

star indicates a putative generator location of the N170 is extrastriate corex (a). On the bottom are group

averaged ERPs for target stimuli in controls and prefrontal patients (n� 11; (b)). Waveforms are from

posterior temporal electrodes (T5/T6 in controls), and ipsilateral (ipsi) or contralateral (contra) to lesion.

Fig. 4c,d. Similar format to Fig. 4a,b. Topographic maps and wavefroms are shown from an auditory

delayed match to sample paradigm in controls and frontals (n� 10). There is a prominent intrahemispheric

decrease in the N100 auditory evoked potential.
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7. Conclusions

The accumulated evidence from behavioral, electrophysiological and blood ¯ow
techniques supports the long held clinical view that prefrontal cortex is crucial for
integrative behavior. The data has revealed the existence of both inhibitory and
excitatory prefrontal control of distributed neural activity in posterior brain regions.
The unique capacity of prefrontal cortex to simulataneouly modulate activity in
multiple brain regions is paralleled by the enormous evolution of prefrontal cortex in
humans. This neuroanatomical and regulatory capacity makes prefrontal cortex
ideally suited to subserve human cognition.

Fig. 5. ERPs recorded from left and right parietal, Posterior temporal, and occipital electrodes in controls

and patients with damage to dorsolateral prefrontal cortex. These ERPs were elicited by visually presented

words in a lexical decision task. The left lateralized N170 component was reduced by left prefrontal lesions

(adapted from Swick, in press).
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