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Abstract

Unilateral neglect is a frequent sequel of right-hemi-
sphere damage. Patients suffering from neglect may fail
to detect, orient to, acknowledge or respond to stimuli on
their contralesional side, even in the absence of primary
sensory or motor loss. Despite the major clinical signifi-
cance of the phenomenon and its potential implications
for our understanding of human cognition, the underly-
ing cognitive deficits are not well understood. We review
the relatively few event-related potential studies that
attempted to assess the different parts of the cognitive
system in neglect patients. We suggest that theories of
neglect, based primarily on performance data, may be
refined by incorporating these results, and that this line
of research may provide information that is not available

using traditional performance measures.
Copyright© 2000 S. Karger AG, Basel

Although motor dysfunctions of patients with focal
brain damage are more evident to the eye, cognitive neu-
ropsychological deficits may be at least as disabling. Fre-
quently, cognitive deficits are the major factor impeding
the patients’ ability to overcome their neural illness and
return to their home, family and occupation. Among these
deficits, unilateral neglect, a frequent consequence of
right-hemisphere damage (RHD), is one of the worst
prognostic signs [Denes et al., 1982; Katz et al., 1999].
Despite its frequency and major significance for the
patient’s outcome, the cognitive and neural deficits un-
derlying unilateral neglect are still debated [Marshall et
al., 1993].

Patients suffering from neglect following RHD may
fail to acknowledge, respond to, orient to or report stimuli
and events occurring on the left side of their personal or
extrapersonal space [Heilman et al., 1993]. In extinction,
a related disorder, the failure to notice a contralesional
stimulus occurs only when a competing stimulus is simul-
taneously presented more towards the side of the lesion
[De Renzi et al., 1984; Heilman et al., 1970; Rapcsak et
al., 1987]. Both unilateral neglect and extinction have
been dissociated from primary sensory losses such as
hemianopsia [Halligan et al., 1990], suggesting that the
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source of the disorder is at a higher information-process-
ing level. Although evident primarily in the visual modali-
ty, neglect may also be manifested in the auditory and tac-
tile modalities [De Renzi et al., 1984, 1989; Soroker et al.,
1997; Gainotti et al., 1989]. Auditory neglect is more dif-
ficult to define than tactile or visual neglect, perhaps
because the division of the left and right acoustic hemi-
spaces is not as sharp as in the somatosensory and visual
domains. This is true both because in natural conditions
sounds stimulate both ears and because each ear transmits
information to both hemispheres (although with a contra-
lateral predominance [Rosenzweig, 1951]). Nonetheless,
auditory neglect and extinction have repeatedly been doc-
umented as a consequence of unilateral brain lesions.
These phenomena are expressed as failures to detect,
identify or localize sounds with a source on the contra-
lesional side [De Renzi et al., 1984, 1989; Soroker et al.,
1997].

Theories accounting for the neglect phenomena fall
into several broad categories. Early theories suggested
that neglect results from a deficit in sensory or perceptual
processing of neglected stimuli [Denny-Brown et al.,
1952; Denny-Brown and Banker, 1954]. Such theories
lost much of their appeal, however, as it became clear that
(a) neglect is independent of the existence of primary sen-
sory deficits such as hemianopsia [Halligan et al., 1990],
(b) neglect can be demonstrated in the absence of external
sensory stimulation [Bisiach and Luzatti, 1978], (¢) unlike
in the case of primary sensory deficits, neglect can be ame-
liorated by directing (or cueing) the subject’s attention to
the neglected side of space [Riddoch and Humphreys,
1983] and (d) the neglected part may be related to an
external frame of reference rather than to somatotopic or
retinotopic mapping [Behrmann and Moscovitch, 1994;
Calamaro et al., 1995; Soroker et al., 1995]. Thus, current
opinions of neglect and extinction focus on higher-order
functional derangements [for reviews, see Marshall et al.,
1993; Riddoch and Humphreys, 1987].

Among the theories assigning the neglect phenomena
to levels of processing beyond the sensory system, those
involving attention mechanisms are most prevalent. Al-
though these theories may differ in details, they share the
notion that neglect is a consequence of a breakdown in a
system that normally allocates attentional resources to
locations in the neglected hemispace [Halligan and Mar-
shall, 1994; Heilman and Valenstein, 1979; Heilman and
Van Der Abell, 1980; Mesulam, 1990]. A related view
suggests that attention is constantly attracted to the right
side of space by an ‘unopposed’ left-hemisphere mecha-
nism [Kinsbourne, 1987]. The unilateral attention defi-
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cits might be mediated by a failure to execute the disen-
gagement of attention from the right sensory hemifield
following damage to the posterior attention system [Pos-
ner et al., 1984, 1987]. Theories that do not emphasize
disorders of attention suggest that neglect phenomena
reflect a failure of the representational system which maps
the external space into a neural system. This idea was sup-
ported by results suggesting that neglect patients seem to
neglect the left parts of space and of objects even in image-
ry [Bisiach and Luzatti, 1978]. In addition, there are theo-
ries suggesting that the neglect syndrome is related to a
deficit at specific premotor circuits which have been
shown, in primates, to be involved in orienting and react-
ing to specific regions in space [Rizzolatti and Gallese,
1988].

All the above-mentioned accounts for the neglect and
extinction phenomena were primarily based on observa-
tion of the patients’ behavior and assessment of their per-
formance in formal tests. Recently, these observations
have been coupled with direct recording of brain activity
using event-related potentials (ERPs). The rest of this
paper is dedicated to a review of the latter studies. We
start by drawing attention to the major difficulties in
using ERPs in brain-damaged patients, which may ex-
plain why studies of ERPs in neglect and extinction are
scarce despite their potentially important contribution to
the understanding of these phenomena.

Difficulties Studying Brain-Damaged Patients
with ERPs

Recording ERPs requires considerable cooperation
from the subject, both in complying with the task require-
ments and in minimizing artifacts. Brain-damaged pa-
tients may pose difficulties in both directions, especially
when studied in relative proximity to the onset of their
illness. The difficulties result from several factors. First, it
is often difficult to ensure whether the patient fully under-
stood the procedure, aim and significance of the test, espe-
cially when there are language disturbances (aphasia), dis-
orientation or confusion. Under these circumstances, the
paraphernalia used in an ERP study may be particularly
intimidating. Second, with or without psychoactive medi-
cations, patients frequently undergo significant fluctua-
tions in their arousal. This may cause problems both in
performance and in the interference of slow waves (in the
alpha band or slower) in the EEG. Third, (hemi)plegic
patients may have difficulties sitting quietly in their chair
for the entire test duration, causing excessive artifacts of
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muscular activity. Fourth, patients may suffer from gener-
al attention deficits making it difficult for them to stay
alert, focused and compliant along a prolonged testing ses-
sion. The latter problem is especially evident in RHD
patients who are the main concern of this article.

Although the list is inconclusive, the above difficulties
are important enough to require the adjustment of experi-
mental paradigms in an attempt to shorten the testing ses-
sions as much as possible and to minimize the patient’s
discomfort and apprehension. Unfortunately, even if
these precautions are taken, patients are occasionally
excluded a priori from ERP studies because of failure to
fully cooperate, and considerable parts of data may often
need to be discarded due to excessive noise. For example,
Angelleli et al. [1996] had to discard data of 12 out of their
60 patients and Deouell et al. [1998b, 2000] have recently
had to discard data from 3 out of their 13 patients. This
procedure increases, of course, the risk of a selection bias
towards less severely affected patients.

Another methodological problem impedes the inter-
pretation of scalp-recorded ERPs in patients who have
undergone craniotomy or suffered a significant loss of
brain parenchyma. The altered conduction in the dam-
aged tissue may diminish or augment the amplitude of
scalp-recorded potentials over the damaged hemisphere
even if the underlying generators of a specific ERP com-
ponent are functioning normally [Aboud et al., 1996].

An additional problem is that the frequently used com-
parison of patients with normal controls is confounded by
many factors other than the phenomenon under investi-
gation. Such factors are, for example, the hospitalization,
the use of medications, concomitant affective compo-
nents and the level of alertness. In fact, even the compari-
son between patients is complicated by the inescapable
variability in lesion sites and sizes, general medical condi-
tion and uncontrolled premorbid differences. A possible
partial remedy to the latter methodological difficulties is
to prefer designs in which each patient is his or her own
control. Such designs are relatively easy to implement in
neglect, because the interesting contrast is between the
hemispaces, within subjects. Thus, the intact side serves
as the control for the neglected side.

Despite the multitude of problems, several ERP stud-
ies made significant contributions to the understanding of
the neglect phenomena. The importance of these studies
stems from the ERPs’ unique virtue of including a series
of components that can be selectively associated with sen-
sory, preattentive levels of processing, as well as compo-
nents associated with higher-level cognitive function.
Thus, ERPs may disentangle perceptual and cognitive
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processes from their overt outcome and provide a differ-
ential index of integrity for each of the probed processing
stages.

Sensory-Perceptual (Preattentive) Components

A major question in neglect research is still whether
early perceptual processes are really unaltered, as suggest-
ed by most contemporary theories that highlight higher-
order deficits in neglect. A tentative answer to this ques-
tion may be provided by examining ERP components
such as the N{/P; complex, potentials that, though possi-
bly affected by attention, are mainly associated with early
sensory, preattentive processing. Unfortunately only a
few studies measured the Ny, P; or earlier components in
studies of neglect or extinction. In a pioneering study,
Watson et al. [1977] produced neglect in monkeys by cor-
tical ablation of the banks of the monkey’s arcuate sulcus
(in the posterior parts of the prefrontal regions) and mea-
sured somatosensory evoked potentials using epidural
electrodes before and after surgery. Despite clear signs of
neglect performance in these monkeys, the lesion did not
significantly affect the Py, N; and P, components elicited
by electrical stimulation of the median nerve. Vallar et al.
[1991a, b] obtained comparable results in humans with
focal brain lesions caused by ischemic stroke. In these
studies, normal somatosensory evoked potentials (includ-
ing Ny, N3, Py5, Nyp and Pjs) were found in 3 patients
with lesions in the right frontotemporoparietal regions
and in 1 patient with damage in the right occipital peri-
ventricular region, even though the patients were not
aware of being stimulated when the electrical shocks were
given to the right median nerve. Moreover, in 2 of the
patients (whose primary visual cortex was largely spared),
the visual evoked potentials (VEPs, including N7s, Pyg
and N4s) also were within the normal range [Vallar et al.,
1991Db]. In contrast, somatosensory evoked potentials and
VEPs were absent or reduced in patients suffering from
hemianesthesia or hemianopsia, respectively, following
damage in the left primary sensory cortices. Analogous
results were reported by Viggiano et al. [1995], who
recorded steady-state VEPs in 10 neglect patients, 10
brain-damaged patients without neglect and 6 healthy
subjects, and found no right-left amplitude differences
related to neglect. Such data were interpreted as support-
ing the view that the impairment in neglect stems from
‘defective access of the output of preserved primary senso-
ry analyses to successive processes involved in conscious
perception and in overt verbal response’ [Vallar et al.,
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1991a, p. 1921, our italics]. However, we will now turn to
describe a few findings suggesting that more prudence is
required in drawing such conclusions.

The possibility that the early sensory processes in
neglect may not always be intact is raised by studies show-
ing that early ERPs may be abnormal in patients with
neglect and/or extinction. The earliest auditory evoked
potential component whose abnormality was associated
with extinction is the P,, a middle-latency component
peaking around 35 ms from stimulus onset. Testing pa-
tients with lesions involving the auditory cortex or audito-
ry radiation, Ibafiez et al. [1989] found that when this
component was reduced over the damaged hemisphere,
the patients were more likely to suffer from auditory
extinction.

An apparent indication of abnormal sensory function
in neglect was also found in studies reporting that the
visual and auditory N; components are smaller over the
damaged relative to the intact hemisphere of neglect
patients, regardless of the side of stimulation [Deouell et
al., 1998b, 2000; Hdmaldinen et al., 1998; Verleger et al.,
1996]. In contrast, the N in normal subjects is larger over
the hemisphere contralateral to the stimulus side [N&&ta-
nen and Picton, 1987]. Importantly, the abnormality was
found to decrease as a function of recovery [Himé&l4dinen
et al.,, 1998]. Drawing from the putative association
between the N; and the orienting response [Luck et al.,
1990], Verleger et al. [1996] suggested that the N; reduc-
tion over the damaged hemisphere reflects the patients’
difficulty in orienting towards the contralesional side of
space. The enhanced left-hemisphere (relative to right-
hemisphere) Ny, irrespective of the side of the stimuli,
may also contribute to the tendency of patients with left-
side auditory neglect to err, localizing auditory stimuli as
coming more to the right of their true source [Bisiach et
al., 1984].

A caveat in interpreting these results, however, is that
neurofunctional impairments are not the only possible
account for the N; diminution over the damaged hemi-
sphere. As mentioned in the previous section, such a dim-
inution may also result from the reduced conduction of
the damaged tissue intervening between the scalp elec-
trodes and the generator of P, or N, which indeed may be
intact [Aboud et al., 1996]. Consequently, drawing strong
conclusions from hemispheric asymmetries about the
operation of cognitive functions presumably correlated
with the N or P, is risky. Overcoming this potential cave-
at, Marzi and his colleagues [Marzi, 1998] demonstrated
that in their patient suffering from partial visual extinc-
tion [extinction was present in 60% of the trials), the
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visual N; and P; components were reduced in those trials
in which the left-sided stimulus was extinguished, but not
when it was recognized. Other ERP studies also support
the possibility that deficits in perceptual processing may
indeed exist in neglect patients.

A series of studies reported by Spinelli and her col-
leagues revealed that there is a latency prolongation of
steady-state VEPs elicited by stimulation on the neglected
side compared with those elicited by similar stimulation
on the intact side [Angelelli et al., 1996; Pitzalis et al.,
1997, Spinelli et al., 1994; Spinelli and Di Russo, 1996].
Most importantly, this prolongation was absent in brain-
damaged patients who did not show signs of neglect. Even
more revealing was the dissociation found between lumi-
nance-modulated and chromatically modulated stimuli
[Spinelli et al., 1996]. In 10 patients with right-hemi-
sphere damage and visual neglect, the latency of steady-
state VEPs was prolonged for stimuli presented on the
neglected side, but only when the contrast-reversed sinu-
soidal stimuli were modulated in luminance at relatively
high temporal frequencies (4-10.5 Hz). When the stimuli
were equiluminant and hues were modulated within a low
temporal-frequency range, no differences were found be-
tween the steady-state VEPs elicited by stimuli presented
on the neglected and non-neglected sides. The dissocia-
tion between the perception of color contrast as opposed
to luminance contrast in neglect was further supported by
the performance of a frontoparietal patient who neglected
low luminance contrast gratings but not high color con-
trast gratings [Doricchi et al., 1996]. This pattern of per-
formance corresponded with the appearance of unreliable
steady-state VEPs for the low luminance contrast stimuli
when they were presented in the left (neglected) hemi-
field, compared with reliable VEPs elicited by low lumi-
nance contrast gratings presented to his right side and by
high color contrast gratings, regardless of the side stimu-
lated. Interestingly, in this particular patient, even the
high color contrast gratings elicited delayed VEPs when
the stimuli were on the left, a finding contrasting with that
of Spinelli et al. [1996]. The dissociation between the pro-
cessing of luminance contrast with high temporal frequen-
cy and the processing of chromatic contrast with low tem-
poral frequency led Spinelli and her colleagues to suggest
that the magnocellular visual system, which is sensitive to
luminance and high temporal frequency, is selectively
impaired in neglect patients, whereas the parvocellular
system, which is sensitive to hues and low temporal fre-
quencies, is largely spared [Spinelli et al., 1996; for the
distinction between these parallel visual systems, see Liv-
ingstone and Hubel, 1987]. Therefore, some highly spe-
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cific deficits in processing incoming information may be
influential factors in the failure to overtly respond to
neglected stimuli. This possibility was explored in the
auditory domain using the mismatch negativity (MMN)
component.

The MMN is an electrical brain manifestation elicited
by infrequently occurring oddball stimuli interspersed
among repetitive stimuli. Since its discovery [Nddtdnen et
al., 1978], it has been investigated in numerous studies
and shown to provide a powerful tool for investigating the
properties of the central sound representation [Nddtinen
and Alho, 1997]. Several characteristics of the MMN
make it an especially interesting probe in the study of
neglect. First, the MMN is assumed to reflect an automa-
tically elicited preattentive process [Alho et al., 1989,
1992; Nadtdnen 1991; but see Woldorff et al., 1991]. Sec-
ond, the process underlying the MMN has a potential role
in triggering an involuntary attention switch to sound
change [Alho et al., 1997; Naitdnen, 1990, 1992; Novak
et al., 1992; Schroger, 1996; Schroger and Wolff, 1998].
Finally, the MMN paradigm allows one to separately
examine the feature-specific processing of auditory stimu-
li [Aaltonen et al., 1993; Deacon et al., 1998; Deouell et
al., 1998, 2000; Schroger, 1995; for a review, see Ritter et
al., 1995]. Therefore, it is a suitable method for compar-
ing the preattentive processing of left- and right-sided
stimuli, and for evaluating the processing of different
dimensions of the auditory stimulus. In a recent study,
Deouell et al. [1998b, 2000] took advantage of these char-
acteristics while examining the MMN elicited by tones in
10 RHD patients with auditory neglect or extinction. In 7
patients, visual neglect was also present at the time of the
testing. Ten healthy age-matched volunteers were also
tested in this study, but the main comparisons were with-
in-subject ones, for the reasons elaborated above. The
principal target of the study was to explore the possibility
of a specific deficit in encoding spatial information con-
veyed by left- (neglected-)side stimuli. Three types of
deviant tones were mixed within blocks. Deviance was
either in stimulus duration, frequency or spatial location
of its sound source (probability for each 10%). All stimuli
were presented using free-field loudspeakers located 60°
to either side of the subject.

In this study, evidence suggesting different functional
impediments in the processing of the different dimen-
sions was found. The most robust finding was that the
MMN celicited by deviation in sound source location was
considerably reduced when the stimuli were on the left
(neglected) side. Pitch deviance also tended to exhibit
right-side advantage, but this effect was not as robust as
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Difference waves (Deviant - Standard)

Stimuli on Left Stimuli on Right

Patients

Duration

Location
—+—+— —t—1—
0 100 200 300 0 100 200 300
Milliseconds Milliseconds

Fig. 1. MMN difference waves at the Fz electrode for deviance in 3
dimensions on either side of 10 RHD patients with neglect and of 10
healthy control subjects. From Deouell et al. [1998b].

for location. In contrast, no right-left difference was found
for the MMN elicited by duration deviance (fig. 1). This
pattern of results suggests that in audition, like in vision,
there is a preattentive and specific deficit in the process-
ing of the spatial attributes of stimuli occurring on the
neglected side.

In the only comparable study reported so far, Himal-
dinen et al. [1998] obtained MMN to frequency deviance
in 7 neglect patients out of 10 RHD patients whose EEG
recording had a reasonable signal-to-noise ratio. Surpris-
ingly, however, in 5 of these patients, the MMN ampli-
tude was abnormally large for deviants that occurred on
the left (neglected) side and larger than the MMN elicited
by deviants occurring on the right side. These unexpected
results, which contrast with those of Deouell et al. [2000],
may be related to the very early stage after the stroke of
the patients of Himdldinen et al. In line with this possibil-
ity, in each of the 3 of these patients who were followed
up, the MMN amplitude was reduced to the normal
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0 100 200 300 400 ms 0 100 200 300 400 ms
. — standard
Patient 16 — deviant
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Acute Acute
5 5
A\
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-5 J 5
-10 -10 J
Fig. 2. ERPs at the Fz electrode of 2 RHD 10 4 10 -
neglect patients to standard (thin lines) and ¥z Fz
deviant (thick lines) tones delivered via 5 ] 3 months 5 - 3 months
loudspeakers positioned on the left or right
side of the patient. For patient 5, the mea- LY e >
surements in the acute phase were per-
-5 5 4
formed 17 days after stroke (severe neglect)
with a follow-up after 3 months (no neglect); -10 ) , -10 ) . . .
for patient 16, the measurements were per- 0 WD D S s 0 100 200 300 400ms

formed 12 days after stroke (severe neglect)
and at 3 months (no neglect). From Hamé-
ldinen et al. [1998].

range 3 months later (fig. 2). There are several methodolog-
ical differences between thislatter study and that of Deouell
et al. [in press]. However, taken together, both MMN stud-
ies of neglect patients suggest that the MMN may be elicited
in most neglect patients, that the MMN amplitude in
neglect patients may be related to the side of stimulation
and to the dimension of deviance in a complex way, and
that these differences may be used to explore the mecha-
nisms underlying neglect and recovery from it.
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Components Related to Attention and
Higher-Level Functions

In the neuropsychological literature, neglect phenome-
na are frequently related to the disruption of attention
mechanisms. Although, as reviewed above, the attention
theories of neglect vary, the crux of all of them seems to be
a failure to select contralesional objects or events and to
shift attention towards them. The literature includes very
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few studies that attempted to assess attention, selection or
action processes in neglect patients using ERPs.

In their above-mentioned study, Watson et al. [1977]
found no deficit in the somatosensory N; in monkeys with
postoperative neglect but found a delayed N, and P;3 in
response to the stimulation of the contralesional median
nerve, accompanied by an increase in the P3; amplitude.
The delay of the P; peak was replicated in the study of
Lhermitte et al. [1985] on visual neglect, using a somato-
sensory oddball paradigm, but a tendency for a reduction
rather than augmentation of the P3 amplitude was re-
ported. Interestingly, the auditory P; was normal in these
patients, which may have reflected the fact that 7 out of
the 9 patients showed no sign of auditory neglect. The
‘Posner paradigm’ [Posner et al., 1984] was used to fur-
ther explore the effect of neglect on the allocation of atten-
tion, as reflected by the Pz and Ny [Verleger et al., 1996].
In Posner’s cueing paradigm, the subject is required, with-
out moving his/her eyes, to press a button in response to a
visual target randomly appearing on the left or right of a
fixation point. Shortly before the appearance of the target,
a visual cue is flashed either where the target is about to
appear (the so-called ‘valid cue’) or on the other side of the
fixation point (‘invalid cue’). Valid cues shorten the reac-
tion time (RT) while invalid cues prolong it (relative to
the RT following a neutral cue appearing at the fixation
point). Enhanced attention to the cued location is re-
flected in the elicitation of the Ny, presumably an electro-
physiological manifestation of the enhanced processing of
the cued stimuli [Eimer, 1994; Schroger, 1994]. In right
parietal patients, an invalid cue on the ipsilesional side
dramatically slowed down the RT to contralesional tar-
gets, more than the normal effect of such a cue and more
than the effect of a contralesional invalid cue on the RT to
an ipsilesional target [Posner et al., 1984]. This pattern led
the authors to suggest that patients with parietal lesions
fail to ‘disengage’ from stimuli (e.g., the invalid cue) on
the ipsilesional side and therefore they cannot adequately
attend to the ensuing left-sided targets. The latter sugges-
tion was corroborated by the finding that in right parietal
patients, the Ny to left-side targets was significantly small-
er following right-sided (invalid) cues than any other cue-
target combination [Verleger et al., 1996]. This effect was
evident as early as 200 ms from target onset, suggesting
that even if the underlying deficit may be in the higher-
order attention mechanism, it affects ‘the very processing
of perceptual input’ [Verleger et al., 1996, p. 455].

A more complex pattern of results was obtained by
Verleger et al. [1996] regarding the patients’ P; compo-
nent in the Posner paradigm. The late positive potential
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(or P3;, denoting a P; recorded at Fz [Donchin et al.,
1978]) was largest for the critical combination of right cue
and left target. This pattern resembles the enhanced P3 in
monkeys of Watson et al. [1977]. Post hoc, the P
enhancement was interpreted as reflecting an attempt of
the patient to reorient his/her attention towards the left-
side target which presumably was late to be detected, but
this interpretation awaits more critical validation. In con-
trast to the Psg, the P3p, (recorded at Pz) was reduced in
patients, relative to controls, irrespective of the cue and
target location. This general reduction was ascribed to
damage to P3 generators especially at the temporoparietal
junction. At this point, it is evident that additional studies
of endogenous ERP components in neglect await to be
conducted.

The distribution of the MMN across and within hemi-
spheres may also be informative regarding the neuroana-
tomy of attention mechanisms related to neglect. One of
the theories explaining the prevalence of neglect after
right- rather than left-hemisphere damage suggests that
the right side of space is attended by both hemispheres,
while the left side is attended only by the right hemisphere
(damage to which leaves the left side of space devoid of
adequate attentional resources) [Heilman and Van Der
Abell, 1980]. Several findings support such an asymmetry
of visual attention mechanisms in the brain [Corbetta et
al., 1993; Mangun et al., 1994]. Recently, findings from
an MMN study have suggested that this asymmetry holds
for attention to auditory space as well [Deouell et al.,
1998a]. Scalp current densities revealed that while bilater-
al temporal generators of the MMN were more strongly
activated by contralateral compared with ipsilateral de-
viants, a frontal generator was asymmetrically activated
across the hemispheres. This frontal activity was elicited
bilaterally by right-side deviants, but mainly over the
right hemisphere by left-side deviants, reminiscent of the
distribution of visual attention mechanisms. It is possible
that this anterior generator is related to the attention
switch provoked by the deviant event [Giard et al.,
1990].

Conclusions and Future Perspectives

The processing stage at which the breakdown occurs in
patients suffering from neglect is an open question of a
fundamental nature. Answering this question might be
important not only from a theoretical point of view, but
also for planning rational rehabilitation treatments. Data
based on performance measures mainly implicated rather
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late stages of information processing, involving attention
mechanisms, consciousness and action, although one in-
fluential account, the representational theory [Bisiach and
Berti, 1987], cannot be clearly defined in terms of early or
late processing stages. In contrast, the main burden of
electrophysiological evidence cited in this review points
to the existence of deficits rather early in the stream of
processing of stimuli appearing on the contralesional side
of neglect patients. Thus, by opening a window into
underlying physiological processes, ERP studies contrib-
ute to the understanding of this elusive phenomenon.
Moreover, a few of the ERP findings might suggest possi-
ble links between deficits in the early stimulus registration
and higher-order deficits usually ascribed to neglect. For
example, the reduced MMN elicited by contralesional
stimuli may indicate a failure of an incoming stimulus
(deviant) to trigger, in a bottom-up manner, an attention
shift towards it. Therefore, the attentional problem ob-
served in the patients’ performance might be linked to an
early dysfunction of detecting potentially important stim-
uli. Consequently, the failure of allocating attention to the
contralesional stimulus, probably reflected in the reduced
Ny, may further hamper the stimulus processing.

The special vulnerability of the processing of spatial
location, suggested both by the auditory MMN findings
[Deouell et al., 2000] and by the steady-state VEP findings
[Spinelli et al., 1996], may be linked to the suggested
breakdown of spatial representation [Bisiach and Berti,
1987]. Whether this breakdown is responsible for the fail-
ure to register spatial locations or vice versa is not clear,
however. Moreover, the difficulty in registering the stimu-
lus location may preclude its conscious perception, as
external events (real or imagined) that do not occupy a
point in time or space may not be perceivable for our cog-
nitive system.

The ERP studies cited in this review are scanty, yet
they clearly show the potential contribution of electro-
physiological investigations to the understanding of ne-

References

Aaltonen O, Tuomainen J, Laine M, Niemi P: Cor-
tical differences in tonal versus vowel process-
ing as revealed by an ERP component called
mismatch negativity (MMN). Brain Lang
1993;44:628-640.

Aboud S, Bar L, Rosenfeld M, Ring H, Glass I:
Left-right asymmetry of visual evoked poten-
tials in brain-damaged patients: A mathemati-
cal model and experimental results. Ann
Biomed Eng 1996;24:75-86.

1989;26:514-528.

232 Audiol Neurootol 2000;5:225-234

Alho K, Escera C, Diaz R, Yago E, Serra JM:
Effects of involuntary auditory attention on
visual task performance and brain activity.
Neuroreport 1997;8:3233-3237.

Alho K, Sams M, Paavilainen P, Reinikainen K,
Nédtdnen R: Event related potentials reflecting
processing of relevant and irrelevant stimuli
during selective listening. Psychophysiology

glect, as well as other neuropsychological phenomena. For
example, ERPs can be used to map the distribution of
attention over space in neglect, using, for example the
augmentation of the P{/N; components by attention
[Mangun et al., 1993], or the N4 [Eimer, 1994; Schroger,
1994], as an index. Another interesting direction is to find
ERP correlates of the implicit processing of neglected
stimuli, reported in a few studies [Berti and Rizzolatti,
1992; Marshall and Halligan, 1988; McGlinchey-Beroth
et al., 1993; Volpe et al., 1979]. For example, the modula-
tion of the Nygo [Bentin et al., 1985] may be used as an
index of semantic processing of neglected words (in audi-
tion and in vision), and N7, [Bentin et al., 1996] may be
used to index the perception of faces presented in the
neglected field. ERPs, especially ones like the MMN,
which can be elicited without requiring the subjects’ or
patients’ response, may potentially be used for the diagno-
sis and monitoring of recovery under different treatment
programs. In addition, the specifics of electrophysiologi-
cal activity in neglect patients may reflect the variability
of neglect manifestations. As has previously been pointed
out [Marshall et al., 1993], ‘neglect’ is probably only a
heading for a variety of yet unspecified cognitive deficits,
which are characterized by a lateralized spatial bias.
Accordingly, damage to several brain regions may cause
neglect. Hopefully, the convergence of information from
electrophysiology and other methodologies will augment
our understanding of this variability and will help us
develop more specific, and thus more effective, rehabilita-
tion strategies.

Acknowledgements

This study was supported by a grant from the Israel Science Foun-
dation, founded by the Israel Academy of Sciences and Humanities,
and by a European Union grant BMH4-CT96-0819 to COBRAIN
project to L.Y.D. and S.B.

Alho K, Woods DL, Algazi A, Néditdnen R: Inter-
modal selective attention. II. Effects of atten-
tional load on processing of auditory and visual
stimuli in central space. Electroencephalogr
Clin Neurophysiol 1992;82:356-368.

Angelelli P, De Luca M, Spinelli D: Early visual
processing in neglect patients: A study with
steady-state VEPs. Neuropsychologia 1996;34:
1151-1157.

Deouell/Himildinen/Bentin



Behrmann M, Moscovitch M: Coding of spatial
information in the somatosensory system: Evi-
dence from patients with neglect following pa-
rietal lobe damage. J Cogn Neurosci 1994;6:
151-155.

Bentin S, McCarthy G, Perez E, Puce A, Allison T:
Electrophysiological studies of face perception
in humans. J Cogn Neurosci 1996;8:551-565.

Bentin S, McCarthy G, Wood CC: Event-related
potentials, lexical decision, and semantic prim-
ing. Electroencephalogr Clin Neurophysiol
1985;60:343-355.

Berti A, Rizzolatti G: Visual processing without
awareness: Evidence from unilateral neglect. J
Cogn Neurosci 1992;4:345-351.

Bisiach E, Berti A: Dyschiria: An attempt at its sys-
temic explanation; in Jeannerod M (ed): Neu-
rophysiological and Neuropsychological As-
pects of Spatial Neglect. Amsterdam, North-
Holland, 1987, pp 183-201.

Bisiach E, Cornacchia L, Sterzi R, Vallar G: Disor-
ders of perceived auditory lateralization after
lesions of the right hemispheres. Brain 1984;
107:37-52.

Bisiach E, Luzatti C: Unilateral neglect of represen-
tational space. Cortex 1978;14:129-133.

Calamaro N, Soroker N, Myslobodsky MS: False
recovery from auditory hemineglect produced
by source misattribution of auditory stimuli
(the ventriloquist effect). Rest Neurol Neurosci
1995;7:151-156.

Corbetta M, Miezin FM, Shulman GL, Petersen
SE: A PET study of visuospatial attention. J
Neurosci 1993;13:1202-1226.

De Renzi E, Gentilini M, Barbieri C: Auditory
neglect. J Neurol Neurosurg Psychiatry 1989;
52:613-617.

De Renzi E, Gentilini M, Pattacini F: Auditory
extinction following hemispheric damage.
Neuropsychologia 1984;22:733-744.

Deacon D, Nousak JM, Pilotti M, Ritter W, Yang
C-M: Automatic change detection: Does the
auditory system use representations of individ-
ual stimulus features or gestalts? Psychophysi-
ology 1998;35:413-419.

Denes G, Semenza C, Stoppa E, Lis A: Unilateral
spatial neglect and recovery from hemiplegia:
A follow-up study. Brain 1982;105:543-552.

Denny-Brown D, Banker BQ: Amorphosynthesis
from left parietal lesion. Arch Neurol Psychia-
try 1954;71:302-313.

Denny-Brown D, Meyer JS, Hornstein S: The sig-
nificance of perceptual rivalry resulting from
parietal injury. Brain 1952;75:434-471.

Deouell LY, Bentin S, Giard M-H: Mismatch nega-
tivity in dichotic listening: Evidence for inter-
hemispheric differences and multiple genera-
tors. Psychophysiology 1998a;35:355-365.

Deouell LY, Bentin S, Soroker N: Mismatch nega-
tivity as a probe for information processing
after brain damage: The case of unilateral ne-
glect. Presented at MMN98, the First Interna-
tional Workshop on Mismatch Negativity and
Its Clinical Applications, Helsinki, 1998b.

Deouell LY, Bentin S, Soroker N: Electrophysiolog-
ical evidence for an early (pre-attentive) infor-
mation processing deficit in patients with right
hemisphere damage and unilateral neglect.
Brain 2000;123:353-365.

Unilateral Neglect and ERPs

Donchin E, Ritter W, McCallum WC: Cognitive
psychophysiology: The endogenous compo-
nents of the ERP; in Callaway E, Tueting P,
Koslow SH (eds): Event-Related Potentials in
Man. New York, Academic Press, 1978,
pp 349-442.

Doricchi F, Angelelli P, De Luca M, Spinelli D:
Neglect for low luminance contrast stimuli but
not for high colour contrast stimuli: A behav-
ioural and electrophysiological case study.
Neuroreport 1996;31:1360-1364.

Eimer M: An ERP study on visual spatial priming
with peripheral onsets. Psychophysiology
1994;31:154-163.

Gainotti G, De Bonis C, Daniele A, Caltagirone C:
Contralateral and ipsilateral tactile extinction
in patients with right and left focal brain le-
sions. Int J Neurosci 1989;45:81-89.

Giard MH, Perrin F, Pernier J, Bouchet P: Brain
generators implicated in the processing of audi-
tory stimulus deviance: A topographic event
related potential study. Psychophysiology
1990;27:627-640.

Halligan PW, Marshall JC: Toward a principal
explanation of unilateral neglect. Cogn Neu-
ropsychol 1994;11:167-206.

Halligan PW, Marshall JC, Wade DT: Do visual
field deficits exacerbate visuospatial neglect? J
Neurol Neurosurg Psychiatry 1990;53:487-
491.

Himilidinen H, Lahtinen E, Pirild J, Lindroos J: N
and MMN in neglect. Paper presented at
MMNO98, the First International Workshop on
MMN and Its Clinical Applications, Helsinki,
1998.

Heilman KM, Pandya DN, Geschwind N: Trimo-
dal inattention following parietal lobe abla-
tions. Trans Am Neurol Assoc 1970;95:259-
261.

Heilman KM, Valenstein E: Mechanisms underly-
ing hemispatial neglect. Ann Neurol 1979;5:
166-170.

Heilman KM, Van Der Abell T: Right hemispheric
dominance for attention: The mechanisms un-
derlying hemispheric asymmetries of inatten-
tion (neglect). Neurology 1980;30:327-330.

Heilman KH, Watson TW, Valenstein E: Neglect
and related disorders; in Heilman KM, Valen-
stein E (eds): Clinical Neuropsychology. New
York, Oxford University Press, 1993, pp 279-
336.

Ibafiez V, Deiber MP, Fischer C: Middle latency
auditory evoked potentials in cortical lesions.
Criteria for interhemispheric asymmetry. Arch
Neurol 1989;46:1325-1332.

Katz N, Hartman-Mair A, Ring H, Soroker N:
Functional disability and rehabilitation out-
come in right hemisphere damaged patients
with and without unilateral spatial neglect.
Arch Phys Med Rehabil 1999;80:379-384.

Kinsbourne M: Mechanisms of unilateral neglect;
in Jeannerod M (ed): Neurophysiological and
Neuropsychological Aspects of Spatial Neglect.
Amsterdam, North-Holland, 1987, pp 69-86.

Lhermitte F, Turell E, LeBrigand D, Chain F: Uni-
lateral neglect and wave P3gp: A study of nine
cases with unilateral lesions of the parietal
lobes. Arch Neurol 1985;42:567-573.

Livingstone MS, Hubel DS: Psychophysical evi-
dence for separate channels for the perception
of form, color, movement and depth. J Neuro-
sci 1987;7:3416-3468.

Luck SJ, Heinze HJ, Mangun GR, Hillyard SA:
Visual event related potentials index focused
attention within bilateral stimulus arrays. II.
Functional dissociation of P; and N; compo-
nents. Electroencephalogr Clin Neurophysiol
1990;75:528-542.

McGlinchey-Beroth R, Milberg WP, Verfaellie M,
Alexander M, Kilduff PT: Semantic processing
in the neglected visual field: Evidence from a
lexical decision task. Cogn Neuropsychol 1993;
10:79-108.

Mangun GR, Hillyard SA, Luck SJ: Electrocortical
substrates of visual selective attention; in
Meyer D, Kornblum S (eds): Attention and
Performance XIV. Hillsdale, Erlbaum, 1993.

Mangun GR, Luck SJ, Plager R, Loftus W, Hillyard
SA, Handy T, Clark VP, Gazzaniga MS: Moni-
toring the visual world: Hemispheric asymme-
tries and subcortical processes in attention. J
Cogn Neurosci 1994;6:267-275.

Marshall JC, Halligan PW: Blindsight and insight
in visuo-spatial neglect. Nature 1988;336:766—
767.

Marshall JC, Halligan PW, Robertson IH: Contem-
porary theories of unilateral neglect: A critical
review; in Robertson IH, Marshall JC (eds):
Unilateral Neglect: Clinical and Experimental
Studies. Hove, Erlbaum, 1993, pp 311-329.

Marzi C: Event-related potential (ERP) evidence
that unilateral extinction occurs at an early
attentional stage in right hemisphere patients.
Abstr Soc Neurosci 1998;24:506.

Mesulam MM: Large-scale neurocognitive net-
works and distributed processing of attention,
language and memory. Ann Neurol 1990;28:
597-613.

Nédtdnen R: The role of attention in auditory infor-
mation processing as revealed by event-related
potentials and other brain measures of cogni-
tive function. Behav Brain Sci 1990;13:201-
288.

Nédtdnen R: Mismatch negativity outside strong
attentional focus: A commentary on Woldorff
et al. (1991). Psychophysiology 1991;28:478-
484,

Niidtdnen R: Attention and Brain Function. Hills-
dale, Erlbaum, 1992.

Naiidtdnen R, Alho K: Mismatch negativity — The
measure for central sound representation accu-
racy. Audiol Neurootol 1997;2:341-353.

Néidtdnen R, Gaillard AWK, Mintysalo S: Early
selective attention effect on evoked potential
reinterpreted. Acta Psychol 1978;42:313-329.

Niidtdanen R, Picton TW: The N; wave of the
human electric and magnetic response to
sound: A review and an analysis of the compo-
nent structure. Psychophysiology 1987;24:
375-425.

Novak G, Ritter W, Vaughan HG Jr: The chron-
ometry of attention-modulated processing and
automatic mismatch detection. Psychophysiol-
ogy 1992;29:412-430.

Pitzalis S, Spinelli D, Zoccolotti P: Vertical neglect:
Behavioral and electrophysiological data. Cor-
tex 1997;33:679-688.

Audiol Neurootol 2000;5:225-234 233



Posner MI, Inhoff AW, Friedrich FJ, Cohen A: Iso-
lating attentional systems: A cognitive anatom-
ical analysis. Psychobiology 1987;15:107-121.

Posner MI, Walker JA, Friedrich FJ, Rafal RD:
Effects of parietal lobe injury on covert orient-
ing of visual attention. J Neurosci 1984;4:
1863-1874.

Rapcsak SZ, Watson R, Heilman KM: Hemispace-
visual field interactions in visual extinction. J
Neurol Neurosurg Psychiatry 1987;50:1117-
1124.

Riddoch MJ, Humphreys GW: The effect of cueing
on unilateral neglect. Neuropsychologia 1983;
21:589-599.

Riddoch JR, Humphreys GW: Perceptual and ac-
tion systems in unilateral visual neglect; in
Jeannerod M (ed): Neurophysiological and
Neuropsychological Aspects of Spatial Neglect.
Amsterdam, North-Holland, 1987, pp 151-
181.

Ritter W, Deacon D, Gomes H, Javitt DC, Vaugh-
an HG Jr: The mismatch negativity of event-
related potentials as a probe of transient audi-
tory memory: A review. Ear Hear 1995;16:52—
57.

Rizzolatti G, Gallese V: Mechanisms and theories
of spatial neglect; in Boller F, Grafman J (eds):
Handbook of Neuropsychology. Amsterdam,
Elsevier, 1988, vol 1, pp 223-246.

Rosenzweig GL: Representations of the two ears at
the auditory cortex. Am J Phys 1951;167:147-
158.

Schroger E: Human brain potentials signs of selec-
tion by location and frequency in an auditory
transient attention situation. Neurosci Lett
1994;173:163-166.

Schroger E: Processing of auditory deviants with
changes in one versus two stimulus dimen-
sions. Psychophysiology 1995;32:55-65.

Schroger E: A neural mechanism for involuntary
attention shifts to changes in auditory stimula-
tion. J Cogn Neurosci 1996;8:527-539.

Schroger E, Wolff C: Behavioral and electrophysio-
logical effects of talk-irrelevant sound change:
A new distraction paradigm. Brain Res Cogn
Brain Res 1998;7:71-87.

Soroker N, Calamaro N, Glickson J, Myslobodsky
MS: Auditory inattention in right-hemisphere-
damaged patients with and without visual ne-
glect. Neuropsychologia 1997;35:249-256.

Soroker N, Calamaro N, Myslobodsky MS: Ventri-
loquist effect reinstates responsiveness to audi-
tory stimuli in the ‘ignored” space in patients
with unilateral neglect. J Clin Exp Neuropsy-
chol 1995;17:243-255.

Spinelli D, Angelelli P, De Luca M, Burr DC: VEP
in neglect patients have longer latencies for
luminance but not for chromatic patterns. Neu-
roreport 1996;7:815-859.

Spinelli D, Burr DC, Morrone MC: Spatial neglect
is associated with increased latencies of visual
evoked potentials. Vis Neurosci 1994;11:909-
918.

234

Audiol Neurootol 2000;5:225-234

Spinelli D, Di Russo F: Visual evoked potentials
are affected by trunk rotation in neglect pa-
tients. Neuroreport 1996;7:553-556.

Vallar G, Bottini MD, Sterzi R, Passerini D, Rus-
coni ML: Hemianesthesia, sensory neglect, and
defective access to conscious experience. Neu-
rology 1991a;41:650-652.

Vallar G, Sandroni P, Rusconi ML, Barbieri S:
Hemianopia, hemianesthesia, and spatial ne-
glect: A study with evoked potentials. Neurolo-
gy 1991b;41:1918-1922.

Verleger R, Heide W, Butt C, Wascher E, Kémpf
D: On-line correlates of right parietal patients’
attention deficits. Electroencephalogr Clin
Neurophysiol 1996;99:444-457.

Viggiano MP, Spinelli D, Mecacci L: Pattern rever-
sal visual evoked potentials in patients with
hemineglect syndrome. Brain Cogn 1995;27:
17-35.

Volpe BT, Ledoux JE, Gazzaniga MS: Informa-
tion processing of visual stimuli in an ‘extin-
guished’ field. Nature 1979;282:722-724.

Watson RT, Miller BD, Heilman KM: Evoked
potential in neglect. Arch Neurol 1977;34:224—
227.

Woldorff MG, Hackley SA, Hillyard SA: The effect
of channel-selective attention on the mismatch
negativity wave elicited by deviant tones. Psy-
chophysiology 1991;28:30-42.

Deouell/Himildinen/Bentin



