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Single neuron, evoked potential and metabolic techniques show that attention influences visual pro-
cessing in extrastriate cortex. We provide anatomical, electrophysiological and behavioral evidence
that prefrontal cortex regulates neuronal activity in extrastriate cortex during visual discrimination.
Event-related potentials (ERPs) were recorded during a visual detection task in patients with
damage in dorsolateral prefrontal cortex. Prefrontal damage reduced neuronal activity in
extrastriate cortex of the lesioned hemisphere. These electrophysiological abnormalities, beginning
125 ms after stimulation and lasting for another 500 ms, were accompanied by behavioral deficits in
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detection ability in the contralesional hemifield. The results provide evidence for intrahemispheric

prefrontal modulation of visual processing.

Attention allows us to deal efficiently with the myriad of closely
spaced and timed environmental events. Visual attention involves
modulation of the excitability of extrastriate neurons through
descending projections from hierarchically ordered brain struc-
tures'-!!. Single-cell recordings'?-'4, lesion studies'>!® (Rossi et
al., Soc. Neurosci. Abstr., 25, 6.1, 1999) and blood-flow data!”-24
indicate that prefrontal cortex modulates extrastriate processing.
Neuroimaging studies provide spatial information regarding
brain regions engaged during visual processing, but the temporal
dynamics of prefrontal-extrastriate interactions are not well
defined in humans!'7-2°.

Noninvasive scalp recordings of event-related potentials are
extensively used to investigate modulation of activity of visual
pathways in humans'-°. Attended visual stimuli evoke distinct
ERP signatures. Attention enhances amplitudes of early positive
P1 (110-160 ms) and negative N1 (125-225 ms) brain poten-
tials, which originate from ventral and dorsal extrastriate path-
ways®2>28, Homologs of these early human ERP components are
linked to increased firing of V4 neurons in monkeys®2>-?%, In con-
trast, a negative N2 (250—450 ms) potential, which is maximal
over posterior inferior temporal scalp, is evoked only by detect-
ed targets in a stream of attended visual stimuli and is related to
post-discrimination processes®»>*. Dipole source analyses pro-
pose N2 generators in the inferior temporal cortex>3.

Here we assessed ERPs and behavioral performance in patients
with prefrontal damage engaged in a difficult bi-field visual-dis-
crimination task. ERPs were recorded from ten patients with uni-
lateral focal lesions in the dorsolateral prefrontal cortex and ten
age-matched controls. Subjects detected inverted triangles (tar-
gets) embedded in rapid trains of upright triangles (standards)
randomly presented to the ipsilesional and contralesional visu-
al fields. Prefrontal damage decreased neural responses record-
ed from ipsilesional extrastriate cortex for both visual standards
and targets. Electrophysiological deficits consisted of diminished
early extrastriate responses to all stimuli (125 ms) together with

nature neuroscience * volume 3 no 4 * april 2000

prominent reductions of post-selection target-related neuronal
activity (200—-650 ms) in inferior temporal areas of the lesioned
hemisphere. These electrophysiological deficits in extrastriate
processing were accompanied by deficits in detection in the con-
tralesional visual field.

REsSULTS

Behavior

Controls correctly reported 93.9% of targets as compared with
an overall 82.3% correct rate in patients (F) s = 7.5, p < 0.02).
There was an interaction between group and field of presenta-
tion, with prefrontal patients showing a target detection deficit
in the contralesional field (for miss rate, F| ;3 = 7.6, p < 0.01;
Fig. 1a). Overall mean response times were not slower in patients
versus controls, although a trend was observed (579 + 61 ms and
531 + 49 ms, respectively; F, ;5 = 3.65, p < 0.07). An interaction
between group and visual field revealed that the patients’ reac-
tion times were prolonged to contralesional as compared with
ipsilesional targets (F, ;s = 42.1, p < 0.0001; Fig. 1a).

Electrophysiology

Prefrontal patients (Fig. 1b) and controls showed the normal
pattern of larger early ERPs over temporo-occipital regions con-
tralateral to the visual field of stimulation (across groups,
F\ 15= 8.9, p <0.01 for the P1 responses at contralateral versus
ipsilateral temporo-occipital sites; F, ; = 45.7, p < 0.0001 for the
N1 response). However, P1 responses to standard stimuli were
reduced in patients as compared with controls, but only in the
hemisphere ipsilateral to prefrontal damage (p < 0.05 for con-
tralesional standards at Pi; p < 0.01 for both contra- and ipsile-
sional standards at TOj; Fig. 2a and 3a). Contralesional targets
also evoked reduced P1 responses at the ipsilesional temporo-
occipital areas of patients (p < 0.01; data not shown). P1 latencies
were shortened at the temporo-occipital electrode ipsilateral to
prefrontal damage (p < 0.005; 125 ms for patients; 145 ms for
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Fig. 1. Visual attention deficits and pre-
frontal lesions. (a) Behavioral indices of
attention. Miss rate (left) and reaction
times (right) for patients and controls as a
function of the visual field of target pre-
sentation (Contra, contralesional field for
patients, right field for controls; Ipsi,
ipsilesional field for patients, left field for
controls). A ‘miss’ was defined as a failure
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to respond 300-800 ms following a target.

Contra The interaction between group and visual
field was significant for both measures.
Vertical bars indicate s.e. (b) Group-aver-
Controls aged reconstruction of the extent of pre-
frontal damage. Both left and right

Frontals

prefrontal lesions are reflected onto the
left side for averaging. Maximal lesion
overlap (>67%) was observed in
Brodmann areas 6, 8, 9 and 46 and encom-
passed portions of the middle and supe-
rior frontal gyri. The average tissue loss
was 41.4 cm3 per patient. Software per-
mitted reconstruction of the lateral per-
spective of lesions, determination of
lesion volumes and putative cytoarchitec-
tonic areas damaged.

controls). N1 amplitude and latency did not differ between
groups at TOi (205 ms for patients; 203 ms for controls). Pre-
frontal lesions abolished the N2 component and reduced the P3b
response to target stimuli generated in the ipsilesional extrastri-
ate cortex (F, 3 = 15.1, p < 0.001 for N2 at TOi; F, ;3 = 7.5,
p <0.02 for P3b at TOi; Figs. 2b and 3d and e).

Difference waveforms associated with target-discrimination
processes were computed by subtracting ERPs for the standard from
the target ERPs>30-32, This differential activation encompassed an
early negativity (peak latency, 203 ms at T5; Fig. 2b) and the N2
(peak latency, 365 ms at T5) as well as subsequent target-related P3b
activity (peak latency, 580 ms at Pz). The scalp topography of the
early negativity was similar to that of the N1 response, with a max-
imum at temporo-occipital sites contralateral to stimulation (com-
pare scalp topography of N1 versus early target-related negativity;
Fig. 3b and c). To assess prefrontal contributions to this post-dis-
crimination activation, we measured difference-ERP amplitudes in
consecutive 50-ms windows from 0 to 700 ms post-stimulus. Grand
means from three representative time windows are shown
(Fig. 3c—e). Significant interactions were observed among group,
hemisphere and field of stimulation starting 200 ms post-stimulus,
with the topography of these effects changing rapidly over time.
Frontal patients showed reduced difference-wave amplitudes
200-250 ms after stimulation at the ipsilesional temporo-occipital
area (p < 0.05; Fig. 3c). This ipsilesional reduction in amplitude was
significant only when stimuli were presented to the contralesional
visual field (F, ;s = 5.96, p < 0.03; Fig. 3c). Patients had a prominent
N2 (365 ms) amplitude reduction over central, temporo-occipital,
parietal and occipital areas of the lesioned hemisphere (p < 0.001;
Figs. 2b and 3d). N2-amplitude effects were independent of the visu-
al field of display, occurring for stimuli presented either ipsilateral
or contralateral to prefrontal damage. This effect was supported by
a significant main interaction between group and hemisphere, but
not field of stimulation from 350—450 ms after stimulus delivery
(Fy15 = 9.96, p < 0.006; Fig, 3d).

Topographical analyses of normalized ERP amplitudes con-
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firmed that different scalp voltage distributions accompanied the
early and late difference-wave effects®. In both groups, voltage
distribution of difference waves for the earliest target selection
effects (200—-250 ms post-stimulus) were strongly lateralized, with
maximal intensity occurring at the temporo-occipital electrode
contralateral to stimulation (F, ;5 = 28.9; p < 0.001 for the linear
trend; Fig. 3¢). A change in topography of the scalp voltage dis-
tribution occurred from 350 to 450 ms after stimulation, result-
ing a U-shaped distribution with maximal amplitudes over
temporo-occipital sites contralateral to stimulation (F, s = 47.2,
P <0.001 for the quadratic trend; Fig. 2b). The initially con-
tralateral N2 became progressively bilaterally distributed
(Fig. 3d). Frontal patients also showed reduced P3b responses
over ipsilesional temporo-occipital areas (F, | = 4.8, p < 0.05;
Figs. 2b and 3e), but not over midparietal regions. This effect
could not be attributed to group differences in P3b peak latency
at Pz (controls, 580 ms; prefrontal-lesioned, 570 ms; p = 0.8).

DiscussioN

Unilateral prefrontal lesions impaired the ability to detect visual
targets presented rapidly in the visual field contralateral to dam-
age. This behavioral deficit was accompanied by reduced early
(125 ms) and longer-latency (200—-650 ms) neuronal activity gen-
erated in extrastriate regions of the lesioned hemisphere. The
results provide information about the nature and timing of dis-
rupted extrastriate processing after prefrontal damage.

Three distinct neural mechanisms seem compromised by pre-
frontal damage in this difficult bi-field discrimination task. First,
prefrontal damage reduced stimulus-evoked P1 activity to standards
and targets alike over ipsilesional parietal and temporo-occipital
areas. The P1 peak measures neural activity in the dorsal and ven-
tral divisions of extrastriate cortex®2>-2834, These early P1 differences
suggest a deficit in tonic prefrontal modulation of attention to the
contralateral visual field. Our protocol required simultaneous atten-
tion to both fields. Thus, we cannot distinguish whether the P1
reduction subsequent to prefrontal damage may be further frac-
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Fig. 2. Early and late ERPs and voltage maps. (a) Group-averaged ERPs
to contralesion standards as recorded from the ipsilesional temporo-
occipital electrode (TOi for patients, T5 for controls), and ERPs to
ipsilesion standards as recorded from the contralesional electrode (TOc
for patients, T6 for controls). Voltage maps show the distribution of the
Pl peak to contralesional standards (that is, right standards for con-
trols). The Pl peak reached a maximum over the T5 electrode in the
control group, but was significantly reduced in the patients. (b) Group
averages of the difference waveforms (targets minus standards) evoked
by contralesional stimulation at the ipsilesional temporo-occipital elec-
trode (TOi for patients, T5 for controls), and evoked by ipsilesional
stimuli at the contralesional temporo-occipital electrode (TOc for
patients, T6 for controls). Voltage maps show the difference wave aver-
aged over 350—450 ms poststimulation (N2). The N2 response to con-
tralateral targets observed in controls was absent over the ipsilesional
extrastriate area of frontal patients. The subsequent P3b was reduced at
TOi. Asterisks indicate significant group differences in amplitude: *p <
0.05; ¥%p < 0.01; ***p < 0.001.

tionated into pre-stimulus (tonic) versus stimulus-locked (phasic)
attention-specific components®!8-20:2634 Tn contrast with the deficit
in P1 modulation for all contralesional stimuli, target-specific activ-
ity recorded from extrastriate cortex within the first 200 ms did not
differ between patients and controls (Fig. 2b). These results are com-
patible with the notion that the post-selection analysis of target fea-
tures may not have initiated at this early processing stage.

Second, with further analysis of target features, we observed a
deficit in ERP responses to contralesional targets over ipsilesion-
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al temporo-occipital areas that lasted from 200 to 300 ms after
the stimulus. This time window encompassed an early negativity
starting at the N1 peak and lasting to N2 onset (Figs. 2b and 3c).
Early target-specific activity (200—-250 ms) had a scalp distribu-
tion similar to that for the N1 response, and may reflect a nor-
mal enhancement of the N1 generator that is reduced in prefrontal
patients. The findings indicate that prefrontal lesions disrupted
the activation of neural populations in ipsilesional inferior tem-
poral cortex that are specialized in the early analysis of object fea-
tures®”%27. The temporal parameters of this target-specific
modulation are in accord with single-neuron recordings in mon-
keys revealing enhanced prefrontal target-related activity 140 ms
after stimulus onset!® and top-down activation of inferior tem-
poral neurons 178-300 ms after target detection'!, providing some
convergence between the monkey single-neuron and human ERP
data.

Third, unilateral prefrontal lesions abolished N2 (350-450
ms) and P3 (450-650 ms)activity at ipsilesional inferior tempo-
ral areas in response to targets presented both contra- and ipsile-
sionally. In controls, the N2 was initially contralateral, with
maximal amplitude occurring in inferior temporo-occipital
areas™®. The N2 response became progressively evident at tem-
poro-occipital sites in both hemispheres, regardless of the visual
field of stimulation'>1%3, Because N2 is triggered after target
selection, it is proposed to measure post-selection target-feature
analysis within inferior temporo-occipital cortex that requires
bilateral hemispheric interaction>®2430, Impairments in this
longer-latency interhemispheric interaction may contribute to
some of the more global processing deficits frequently observed
following prefrontal damage.

In monkeys, prefrontal cortex projects to inferior temporal cor-
tex”1011, Single-cell studies show that prefrontal neurons discharge
tonically even in the absence of stimulation, possibly reflecting
active maintenance of an attention template in working memo-
ry”121335. A deficit in this tonic maintenance capacity may be
reflected initially by lowered ipsilesional extrastriate P1 responses
to all stimuli. It is possible that target matching to a tonically main-
tained extrastriate template could trigger later ERP components.
However, given evidence obtained in monkeys performing detec-
tion tasks'!, a phasic facilitory input from prefrontal cortex is prob-
ably involved in triggering post-selection activity in the ensuing
200-650 ms after target detection. Prefrontal lesions may disrupt
this later phasic intrahemispheric re-entrant feedback mechanism
between prefrontal and extrastriate cortex. This signal would pro-
vide the neural enhancement required for a full post-selection
analysis of object features in extrastriate cortex®. Our evidence for
task-specific intrahemispheric control of visual processing is in
accord with other lesion data supporting intrahemispheric pre-
frontal control of auditory?® and motor processing®.

Visual attention involves the tonic activation of a template or
representation of the sought-after stimulus that can be used to
guide top-down selection of object features and spatial locations’.
Single-cell recordings in animals'!-43* and neuroimaging stud-
ies in humans'7-212? provide evidence that dorsolateral prefrontal
cortex is important for holding these temporary representations
in working memory. Within this framework, we propose that
damage in a prefrontal—extrastriate intrahemispheric network
disrupts early activation and subsequent post-perceptual match-
ing of templates held in working memory with incoming senso-
ry information. Evidence from lesions, although clearly
implicating dorsolateral prefrontal cortex in extrastriate pro-
cessing, does not permit a more fine-grained neuroanatomical
analysis of the prefrontal subregions involved in tonic versus pha-
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Fig. 3. Scalp topography of early and late extrastriate responses. Scalp
distribution of grand mean ERP amplitudes for prefrontal patients and
controls at ipsilesional and contralesional temporo-occipital (TOi/TOc),
parietal (Pi/Pc) and midparietal (Pz) areas, plotted as a function of the field
of stimulus presentation. (a, b) Mean amplitudes of early Pl and NI
responses to standards. (c—e) Mean difference waves (target minus stan-
dard) from three time-windows after stimulation. Changes from 0 uV
reflect differential ERP responses to targets as compared with standards.
Note the different voltage scales for different ERP measures. Asterisks
indicate significant group differences: *p < 0.05; **p < 0.01; ***p < 0.001.

sic extrastriate processing. Damage was maximal in areas 6, 8, 9
and 46 of the middle and superior prefrontal gyrus and extend-
ed into other prefrontal fields in individual patients.

In summary, neuroimaging studies implicate prefrontal cor-
tex in the modulation of extrastriate responses to attended sen-
sory events!’-2123, ‘We used the temporal resolution of
event-related potentials coupled with lesion analysis to demon-
strate that prefrontal cortex regulated visual processing in extras-
triate cortex as early as 125 milliseconds after stimulus delivery,
and that subsequent visual processing depended on prefrontal
cortex throughout the ensuing 500 milliseconds.

METHODS

Patient selection. Ten patients were selected on the basis of a unilateral
focal lesions to their dorsolateral prefrontal cortex as determined by
computed tomography (CT) or magnetic resonance imaging (MRI)
scanning. Lesions were due to single stroke (nine patients) or cran-
iotomy (one patient) and were restricted to lateral prefrontal cortex.
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Maximal lesion overlap (>67% across patients) comprised Brodmann’s
areas 6, 8, 9 and 46 (Fig. 1b; refs. 38, 39). Variable amounts of damage
in Brodmann’s areas 6, 8, 9, 10, 44, 45 and 47 occurred in individual
patients. There were three right- and seven left-lesioned patients.
Testing took place at least one year after injury. Medical complications,
psychiatric disturbance, substance abuse, psychoactive drug treatment
or other neurological diseases were criteria for exclusion. All patients
had normal or corrected-to-normal visual acuity. Three patients had
upper-motor-neuron weakness in the limbs contralateral to their
lesions and responded with their ipsilesional limbs. The average age of
patients was 65.4 £ 13.5 years (3 female; 7 male). Patients were matched
by 10 controls free of neurological or psychiatric disease for age
(66.3 + 6.5 years), sex and education. The research was approved by the
Human Subjects Review Committees of the Martinez Veterans
Administration Research Service and the University of California.

Stimuli and procedure. Subjects sat in a comfortable chair 1.6 m from a
video monitor in a sound-attenuated recording chamber. They were
instructed to fixate a central yellow crosshair and to press a button upon
detection of randomly occurring targets embedded in streams of task-
irrelevant stimuli delivered to both visual hemifields. Thus, subjects were
required to continuously allocate attention across the entire visual field.
We chose this bi-field attention task to reduce the possibility of differ-
ential effort or arousal that could arise from a blocked design. We rea-
soned that if patients had problems in detecting contralesional targets,
blocked hemifield design might result in reduced effort, compounding
any behavioral deficit. Targets were inverted triangles interspersed with-
in trains of repetitive, upright triangles (standards) and task-irrelevant
unique, novel, color images such as pictures of fish or flowers. The prob-
ability associated with each stimulus type was 20%, 70% and 10% for
targets, standards and novels, respectively. Stimuli were presented for
107 ms either 5° to the left or 5° to the right of the central crosshair. Inter-
stimulus intervals were either 200 ms or 900 ms (Bernoulli distribution
with p = 0.5), and 2 targets were never presented sequentially. All stimuli
subtended 5° of visual angle and were matched in luminance. The back-
ground luminance was 0.4 foot-lamberts and the stimuli were 5.2 foot-
lamberts. To avoid fatigue, data were gathered in 2 separate 1-h sessions
run several days apart; each session consisted of 12 blocks of [1150 stim-
uli. Subjects were instructed to respond as quickly as possible to targets in
any location. To respond, the right hand was used by all subjects but three
patients with motor weakness, who responded with the hand ipsilateral
to the lesioned hemisphere. Behavioral performance was comparable
between these three patients and the other seven prefrontal patients. A
‘hit’ was defined as a correct detection 300-800 ms following target pre-
sentation. Failure to respond in that window was recorded as a ‘miss. We
examined responses to visual standards and targets not preceded by novel
stimuli, as prefrontal lesions modify novelty-related neuronal process-
ing in all modalities. Here we also observed altered novelty processing;
these effects are discussed elsewhere0:41,

ERP recording and analysis. Brain electrical activity was recorded from
tin electrodes placed at 19 scalp sites (Fpl, Fpz, Fp2, F7, F3, Fz, F4, F8,
T3, C3, Cz, C4, T4, T5, P3, Pz, P4, T6, O1 and O2) according to the 10-20
system. The electro-oculogram (EOG) was measured with four electrodes
attached to the left and right canthi of both eyes, as well as beneath and
above the outer edge of the left eye. Electrode impedances were kept
below 5 kQ. All sites were referenced to linked mastoids. The EEG was
amplified (band pass, 0.1-100 Hz), digitized (256 Hz per channel) and
digitally stored in a PC for off-line analysis. The averaging epoch was
1024 ms, including a 200-ms baseline. Trials were automatically rejected
from further analysis on the basis of blinks, EMG artifacts in the scalp
channels (peak-to-peak amplitude, 80 V) or lateral eye movements as
monitored in the horizontal EOG. The mean rejection rate was 14.8%
for left hemifield-target trials and 14.6% for right hemifield-target tri-
als, with no significant differences noted between patients and controls.

As behavioral and electrophysiological performance were compara-
ble for left- and right-lesioned prefrontal patients, performance and elec-
trophysiological data are presented for stimuli delivered in the visual field
ipsilateral or contralateral to the lesion. For example, TOi refers to the
averaged ERP data from the T5 electrode for left prefrontal lesions com-
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bined with data from the T6 electrode from right prefrontal lesions. Sim-
ilarly, Pi equals P3 for left lesions averaged with P4 electrode data from
right lesions. Ipsilesional ERP data were compared to left hemisphere
ERP data from controls, and vice versa. Although no significant differ-
ences were noted between left- and right-lesioned patients, power con-
siderations due to the size of the groups precluded definitive conclusions
about hemispheric laterality.

Target-related mean and peak amplitudes of ERP components were
measured relative to a 200-ms prestimulus baseline. Early extrastriate
ERPs for standards were measured in windows of 110-155 ms for the
P1 and 190-210 ms for the N1. Target-related components were mea-
sured in similar windows for the P1 and N1 and in windows of
350-370 ms for the N2 and 560-600 for the target P3b. Peak latencies
for these components were measured relative to target onset. For sta-
tistical tests of scalp topography, mean ERP amplitudes were subject-
ed to a series of ANOVAs with group (patients, controls) as the
between-subject factor and visual hemifield (ipsilesional, contrale-
sional), hemisphere (lesioned, intact) and electrode (central, temporo-
occipital, parietal and occipital) as the repeated measures factors.
Separate ANOVAs carried out on ERP activity from electrodes F7, F3,
F4 and F8 did not reveal significant group differences at frontal areas.
A finer temporal analysis of the attention effects was performed on
the difference waveforms obtained by subtracting the standard ERPs
from the target ERPs*1*2. Mean difference-wave amplitudes were mea-
sured in consecutive 50-ms windows from 0 to 700 ms post-stimulus.
Amplitudes were then normalized to assess the scalp distribution of
voltages independent of source strength. Vector length was defined as
the square root of the sum of squared difference-wave amplitudes over
all locations, calculated separately for each group and visual hemi-
field®. Percentages of hits and misses, as well as hit response times
were analyzed by ANOVA with group and visual hemifield as inde-
pendent factors. Significance levels are reported using the uncorrect-
ed degrees of freedom. When appropriate, we used Greenhouse-Geisser
corrections to yield corrected probability values.
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