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The Hemispheric Distribution of a-Band EEG Activity
During Orienting of Attention in Patients with Reduced
Awareness of the Left Side of Space (Spatial Neglect)
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EEG studies in healthy humans have highlighted that alpha-band activity is relatively reduced over the occipital-parietal areas of the
hemisphere contralateral to the direction of spatial attention. Here, we investigated the hemispheric distribution of alpha during orient-
ing of attention in male and female right brain-damaged patients with left spatial neglect. Temporal spectral evolution showed that in
patients with neglect alpha oscillations over the damaged hemisphere were pathologically enhanced both during the baseline-fixation
period that preceded cued orienting (capturing tonic alpha changes) and during orienting with leftward, rightward, or neutral-bilateral
spatial cues (reflecting phasic alpha changes). Patients without neglect showed a similar though significantly less enhanced hemispheric
asymmetry. Healthy control subjects displayed a conventional decrease of alpha activity over the hemisphere contralateral to the direc-
tion of orienting. In right-brain-damaged patients, neglect severity in the line bisection task was significantly correlated both with tonic
alpha asymmetry during the baseline period and with phasic asymmetries during orienting of attention with neutral-bilateral and
leftward cues. Asymmetries with neutral-bilateral and leftward cues were correlated with lesion of white matter tracts linking frontal with
parietal- occipital areas. These findings show that disruption of rostrocaudal white matter connectivity in the right hemisphere interferes
with the maintenance of optimal baseline tonic levels of alpha and the phasic modulation of alpha activity during shifts of attention. The
hemispheric distribution of alpha activity can be used as a diagnostic tool for acquired pathological biases of spatial attention due to
unilateral brain damage.
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Alpha desynchronization over the hemisphere contralateral to the attended side of space is a reliable marker of attentional
orienting in the healthy human brain: can the same marker be used to spot and quantify acquired disturbances of spatial attention
after unilateral brain injuries? Are pathological modifications in the hemispheric distribution of alpha specifically linked to
attentional neglect for one side of space? We show that in patients with right brain damage the pathological enhancement of alpha
oscillations over the parietal and occipital areas of the injured hemisphere is correlated with reduced awareness for the left side of
space and with the lesion of white matter pathways that subserve frontal modulation of alpha activity in posterior brain areas.

ignificance Statement

Introduction

Since its discovery (Berger, 1929) the oscillatory alpha-band (~8
to 14 Hz) parietal-occipital EEG activity has been used exten-
sively as a marker of vigilance, attention, cognitive processing,
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and cortical communication both in healthy humans and pa-
tients with brain damage (Klimesch et al., 2007; Jensen and Maza-
heri, 2010). EEG studies that have monitored preparatory
orienting of spatial attention ahead of the occurrence of lateral
visual targets, have pointed out decreased alpha activity over the
hemisphere contralateral to the attended side of space and in-
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Table 1. Demographic and dlinical data from RBD patients (N ~ and N * patients) and HCs

Wundt—Jastrow

Stroke Line bisection ilusion (unexpected
Patient Age onset (200 mm) rightward Letter cancellation  Line cancellation Star cancellation Sentence responses)
group Sex (years)  (months) deviation (mm) Left Right Left Right Left Right reading test  Left Right
N
(n=13 M=10 Mean 619 13 —0.25 51(53) 48.6(51) 10.9(11) 10(10) 26.2(27) 25.7(27) 5.9(6) 0.2(20)  0.1(20)
F=3 SD 9.3 0.47 28 2.7 55 0.2 0 1 1.8 0.2 0.5 0.5
N +
(n=12) M=8 Mean 626 1.7 232 19(53) 28(51) 6.2(11)  83(10) 9.2(27) 155(27) 3.(6) 10.1(20)  0.5(20)
F=4 SD 10.4 0.36 19.9 20.5 212 5.1 24 1.1 8.6 29 8.1 1.1
HC
(n=15 M= Mean  53.2
F=7 SD 1
F, Female; M, male. Please note that, compared with N~ patients, N * patients have stronger rightward bias/left side omissions in line bisection (.,3) = —4.1, p = 0.0003, unpaired t test), sentence reading (t,3) = 3.3,p = 0.002,

unpaired t test), letter cancellation (F; ,3) = 16.5,p = 0.0004, nf, = 0.41), Line cancellation (F;; 53 = 10.4,p = 0.003, nf, = 0.31), star cancellation (F; 53, = 22.8,p = 0.0000, nf, = 0.49), and in the Wundt—Jastrow areallusion

task (Fg 3 = 183, p = 0.0002, m, = 0.44).

creased alpha activity over the ipsilateral hemisphere (Worden et
al., 2000; Yamagishi et al., 2003; Sauseng et al., 2005; Kelly et al.,
2006; Thut et al., 2006; Capotosto et al., 2009; Rihs et al., 2009;
Grent-’t-Jong et al., 2011; Rajagovindan and Ding, 2011). The
decrease in alpha activity reflects enhanced cortical excitability
that favors the processing of upcoming inputs at attended spatial
positions. An increase in alpha activity reflects inhibition in the
processing of upcoming inputs at unattended positions. In the
healthy brain, the degree of interhemispheric alpha asymmetry
during preparatory orienting predicts faster detection of visual
targets in the attended side of space (Thut et al., 2006). Similarly,
MEG investigations showed that spontaneous oscillatory alpha
activity before stimulus onset predict the visual discrimination
and conscious processing of ensuing target stimuli (van Dijk et
al., 2008; Wyart and Tallon-Baudry, 2009).

The syndrome of left spatial neglect identifies a disabling con-
dition that is more frequent after cortical-subcortical right brain
damage (RBD) and is characterized by defective attentional pro-
cessing of sensory events and defective programming of motor
actions in the contralesional space (Bartolomeo et al., 2007; Dor-
icchi etal., 2008; Gainotti et al., 2009; but see Doricchi et al., 2007,
for neglect in imagery/dreaming space). Orienting of attention in
spatial neglect has been extensively studied with behavioral meth-
ods that have identified a specific deficit in reorienting attention
toward targets in the contralesional left side of space once atten-
tion is directed in the ipsilesional right side (Posner et al., 1984).
In contrast to this, only a few studies have explored the EEG
correlates of attentional orienting in neglect. In addition, with the
notable exception of one recent investigation with event-related
potentials (Lasaponara et al., 2018), all previous studies were
focused on the early electrophysiological correlates of target de-
tection (Di Russo et al., 2007) rather than on the activity that
characterizes preparatory orienting of spatial attention ahead of
target occurrence. Here we investigate the lateralization of oscil-
latory alpha activity during cued orienting of attention, in RBD
patients with (N *) and without (N 7) left spatial neglect and in a
group of age-matched healthy control subjects (HCs). Based on
EEG observations in healthy participants (Worden et al., 2000;
Thut et al., 2006), one might expect that the pathological right-
ward attentional bias that characterizes the performance of N * is
associated with a pathological increment of preparatory alpha
activity over the damaged right hemisphere and a corresponding
pathological reduction of the same activity over the intact left
hemisphere.

A number of recent EEG studies have highlighted that in
healthy observers, changes in lateral bias of spatial attention are

matched both with changes in the interhemispheric distribution
of baseline/tonic alpha activity linked to nonspatial factors such
as the level of arousal and alertness and with changes in phasic
alpha activity that are elicited by orienting of attention (Newman
etal,, 2013,2017; Benwell et al., 2014, 2018). Therefore, to clarify
whether the pathological attentional bias experienced by patients
with neglect is associated with changes in tonic (Sturm and
Willmes, 2001; Husain and Rorden, 2003) and/or phasic factors
affecting alpha oscillations, we evaluated both tonic alpha asym-
metry during the baseline-fixation period that preceded the pre-
sentation of directional cues and phasic asymmetry during
orienting of spatial attention with the same cues. Verifying the
presence of an altered hemispheric distribution in alpha activity
during orienting of attention and evaluating its relationship with
the severity of neglect can provide a useful diagnostic/prognostic
tool for neglect patients, who usually experience poor clinical
outcome and must cope with longer and socially expensive reha-
bilitation treatments.

Materials and Methods

Participants
Twelve N ¥ patients, 13 N~ patients, and 15 HCs of either sex were
examined. N " and N ~ patients did not differ in time elapsed from stroke
onset (F(, ;) = 3, p = 0.23; mean time, 46 d). Age was equivalent among
N * patients, N~ patients, and HCs (F, ,,, = 2.6, p = 0.32; mean age:
HCs = 53.2 years; N * patients = 62.6 years; N ~ patients = 61.9 years).
Neglect evaluation scores of N " and N ~ groups are reported in Table 1.
All patients experienced vascular stroke. Patients with bilateral strokes,
surgical interventions, signs of dementia, or history of previous neuro-
logical illness were excluded. All patients and participants were right
handed and had normal or corrected-to-normal visual acuity. At the time
of clinical and experimental examination, all patients were free from
confusion and from temporal or spatial disorientation. Visual fields were
tested with standard kinetic Goldmann perimetry. All patients had intact
visual fields, with the exception of one N patient who experienced
restriction of the left inferior quadrant with sparing of 10° around central
fixation. Patients and control subjects gave their written informed con-
sent for participating in the study, which was approved by the Institu-
tional Ethical Committee of the Fondazione Santa Lucia Istituto di
Ricovero e Cura a Carattere Scientifico (Rome, Italy).

Experimental design and statistical analysis

Procedure and stimuli. Participants performed a Posner task with central
directional arrow cues that pointed leftward or rightward and with non-
directional cues that pointed to no lateral side of space (neutral cues, an
“=” symbol; Fig. 1). Directional left cues and right cues were predictive
of lateral target location on 70% of trials, while in trials with neutral cues
targets appeared with equal probability in the left or in the right side of
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Valid trial

Figure 1.

space. In each trial an initial central fixation period (800—1000 ms) was
followed by the presentation of a cue (1800—2400 ms) and then by the
presentation of a target asterisk (300 ms; size, 0.6° X 0.6°) in one of two
lateral boxes (size, 1° X 1°), one centered 4.5° to the left and one to the
right of the central fixation. Participants signaled the detection of lateral
targets by pressing as fast as possible the central spacebar of the computer
keyboard. Two thousand milliseconds were allowed for response. A total
of 280 valid trials and 120 invalid trials with directional cues (200 left cues
and 200 right cues) and 160 trials with neutral cues were presented (for
further details, see Lasaponara et al., 2018).

EEG recording and preprocessing. The EEG was recorded from 64 elec-
trodes (Brain Vision LLC) placed according to the 10—10 system. All
scalp channels were referenced online to the left mastoid (M1). Horizon-
tal eye movements were monitored with bipolar recording from elec-
trodes placed at the left and right outer canthi. Blinks and vertical eye
movements were recorded with an electrode positioned below the left
eye, which was referenced to site Fpl. The EEG from each electrode site
was digitized at 250 Hz with an amplifier bandpass of 0.01-80 Hz, in-
cluding a 50 Hz notch filter, and was stored for off-line averaging. Con-
tinuous EEG was recalculated against the average reference and then
segmented in experimental epochs that lasted 2400 ms and covered the
trial period ranging from 700 ms before cue onset (baseline-fixation
period) to 1700 ms after cue onset (cue period). EEG activity recorded
during the last 200 ms of the central fixation period was used for baseline
correction. Before computerized artifact rejection, ocular correction was
performed according to the independent component analysis (ICA) al-
gorithm (Jung et al., 2000). Artifact rejection was performed before sig-
nal averaging to discard epochs in which deviations in eye position,
blinks, or amplifier blocking occurred. All epochs in which EOG ampli-
tudes and EEG amplitudes were greater than £60 mV were excluded
from further analysis. On average, 4.9%, 3.8%, and 4.2% of the trials were
rejected in HC,N ~, and N f groups, respectively.

Determination of alpha frequency. To evaluate the individual alpha
frequency (IAF) for each cue-related EEG epoch and electrode, we com-
puted the power spectrum during the baseline-fixation period using fast
Fourier transform (Hanning window, 10%; maximal resolution, 0.5 Hz),
and averaged the spectrum across all posterior electrodes (P7, P5, P3, P1,
P8, P6, P4, P2, Pz, PO7,P0O3,P0O8, P04, POz 01, 0,,and Oz; Thut et al.,
2006; Capotosto etal., 2009). The individual alpha band was then defined
as IAF —2 Hz to IAF +2 Hz (Capotosto et al., 2009). Average IAF values
were as follows: HCs = 9.8 Hz (0.28 SE); N~ patients = 9.3 Hz (0.33 SE);
and N ™ patients = 9.9 Hz (0.44 SE). According to these values, our alpha
frequency window ranged from 7.5 to 11.9 Hz. IAF values were compa-
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Fixation Pre-Cue period:
800 - 1000 ms

Cue period:
1800 - 2400 ms

Left Cue Right Cue

Catch trial

D {_ |:| Target period:
300 ms

Neutral Cue

Response period:
2000 ms

Time course of events during experimental task with the example of a trial with the cue pointing to the left. Duration of events is in ms.

rable among the three experimental groups (two-tailed ¢ test: HCvs N ~:
togy = 1.2,p =023 HCvs N i 1550 = —0.2,p = 0.81; N~ vs N s 155
= —12,p = 0.24).

Temporal spectral evaluation. The alpha power in cue-related EEG ac-
tivity was computed using temporal spectral evolution (TSE; Worden et
al., 2000; Thut et al., 2006; Rihs et al., 2009). To this aim, each cue-related
EEG epoch was as follows: (1) filtered into alpha band (8-12 Hz); (2)
rectified; (3) smoothed through averaging within a moving time window
(width, 100 ms); (4) trimmed of 200 ms at the beginning and at the end
of experimental epochs to eliminate filter warm up artifacts; and (5)
averaged across different epochs to get the alpha TSE for each cue direc-
tion (left, right), electrode, and participant. Finally, alpha TSE was aver-
aged across the three electrodes considered in each pool of derivations
(Parietal Left (PL): PO7-PO1-P5; Parietal Right (PR): PO8-PO2-P6).
These derivations were selected as follows: (1) based on their use in
previous electrophysiological studies that have documented alpha power
lateralization during the orienting of spatial attention (Worden et al.,
2000; Sauseng et al., 2005; Kelly et al., 2006; Thut et al., 2006; Rihs et al.,
2009; Grent-"t-Jong et al., 2011); and (2) through the selection of poste-
rior electrodes where the grand average showed the highest attentional
modulation of alpha by cued orienting in the control group of healthy
participants. In addition to this, we also verified that alpha power re-
corded at selected derivations during the baseline fixation was not differ-
entamong the three experimental groups (F, 5,, = 1.1,p = 0.3; HC, 0.75
wV; N7, 1.01 wV; N ¥, 0.77 wV). This latter control was run using only
derivations over the left hemisphere that was spared in all participants.

In line with recent studies (Thut et al., 2006; Hong et al., 2015), the
average TSE was calculated both during the 500 ms that preceded cue
onset (baseline-fixation period) and within the 300-1500 ms that fol-
lowed cue onset (cue period). TSE values were calculated separately in
the first half (300—-900 ms after cue onset) and the second half of the cue
period (900-1500 ms after cue onset). Individual data during the
baseline-fixation period were analyzed through a group (HC, N7,
N ™) X hemisphere (H; left H, right H) X cue direction (left cue, right
cue) repeated-measures ANOVA: the cue direction factor was included
to check baseline levels of alpha in trials that included left cues or right
cues. Cue period data were analyzed through a group (HC,N—,N ™) X
hemisphere (left H, right H) X cueing phase (first half vs second half of
the cue period) X cue direction (left cue, right cue) ANOVA.

Event-related desynchronization/synchronization. To partial out the po-
tential influence of alpha asymmetries recorded during the baseline-
fixation period on alpha asymmetries recorded during the cue period, we
also computed the event-related synchronization (ERS)/event-related
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desynchronization (ERD) index using ERD% = (E — R)/R X 100%
(Pfurtscheller and Lopes da Silva, 1999), where E indicates the alpha
power at each time point after the cue onset, and R indicates the mean
value of alpha power during the same baseline-fixation period used in the
TSE analysis (i.e., 500 ms before cue onset). In this way, analyses of
ERS/ERD allow to correct alpha asymmetries recorded during the cue
period as a function of baseline asymmetries that are present before the
presentation of cues. As for the case of TSE, individual ERS/ERD were
calculated for the first half (300-900 ms postcue) and the second half of
this period (900—1500 ms postcue). We then entered individual datain a
group (C, N7, N ) X cueing phase (first half vs second half of the cue
period) X cue direction (left cue, right cue) X hemisphere (ipsilateral,
contralateral) repeated-measures ANOVAs. Time windows and elec-
trode pools were the same as for the TSE analysis.

Alpha and behavioral lateralization indexes. According to the method
proposed by Thut et al. (2006), individual TSE data in response to left,
right, and neutral cues, recorded over posterior regions of interest during
the baseline-fixation period and during the first and second half of the
cue period, were used to calculate a hemispheric lateralization index of
the alpha band that incorporated the relative distribution of activity over
both hemispheres in one value. These alpha asymmetry indexes were
calculated according to the following formula:

Index (Alpha)

_ Alpha (Right Hemisphere) — Alpha (Left Hemisphere)
 Alpha (Right Hemisphere) + Alpha (Left Hemisphere)’

Using the same procedure, we calculated lateralization indices in be-
havioral responses to left- versus right-sided targets. Separate indexes for
reaction times (RTs) and detection rates (DRs) were calculated using the
following formulas:

RTs (Left targets) — RTs (Right targets)

Index (RTs) = RTs (Left targets) + RTs (Right targets)’

RTs (Right targets) — RTs (Left targets)
RTs (Right targets) + RTs (Left targets)”

Index (DR) =

Since neglect patients can experience a high number of omissions in
the detection of targets on the left side of space, asymmetry indexes of
RTs were calculated with two different procedures. First, uncorrected
(uncorr) indexes were computed taking into account only hit RTs pro-
vided by patients. Second, to allow comparison with other recent RTs
investigations in neglect (Rengachary et al., 2011), we also calculated
corrected (corr) asymmetry indexes in which omitted RTs were replaced
with the maximum time that was allowed for response (2000 ms).

Negative index values indicate higher alpha activity over the left hemi-
sphere compared with the right hemisphere in EEG data and better pro-
cessing of targets in the left relative to the right side of space (leftward
bias) in behavioral data. In both cases, positive values indicate opposite
trends (Thutetal., 2006). Alpha lateralization indexes were analyzed with
agroup (C,N7,N )y x cueing phase (baseline-fixation period, first half
cue period, second half cue period) X cue direction (left cue, right cue,
neutral cue) repeated-measures ANOVA. Behavioral asymmetry indexes
(RTs and DR) were analyzed with a group (C,N ~,N ") X cue direction
(left cue, right cue) repeated-measures ANOVA. In an additional series of
analyses, we performed multiple correlations between the indexes of
baseline fixation and cue-related alpha asymmetry and the indexes
of asymmetry in behavioral measures (RTs, DR). In the case of patient
groups, we also checked for correlations between the indexes of baseline
fixation and cue-related alpha asymmetry and the clinical scores in ne-
glect tests. All p values were corrected for multiple comparisons.

Voxel-based lesion—symptom mapping. Using the voxel-based lesion—
symptom mapping (VLSM) technique (Bates et al., 2003), we investi-
gated the anatomical correlates of changes in the alpha-hemispheric
lateralization index in the whole sample of RBD (N ™ and N 7). VLSM
allows analyzing the anatomical correlates of continuous behavioral data
or, as in the present case, electrophysiological data on a voxel-by-voxel
basis. Following the mapping of individual lesions based on 1.5 T MRI
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scans (Lasaponara et al., 2018), we performed a VLSM analysis to pro-
duce anatomical maps representing the z statistics of the voxelwise com-
parison between the average alpha asymmetry scores of the groups of
patients with versus without a lesion in a given voxel. This allows for the
isolation of lesioned voxels that predict the alpha-hemispheric lateraliza-
tion index. We used the nonparametric Brunner—-Munzel test (Brunner
and Munzel, 2000) to perform statistical comparisons on a voxelwise
basis, as implemented in the Niistat (Matlab Toolbox) and MRIcron
software (Rorden et al., 2007). Brunner—Munzel tests were performed at
each voxel using the alpha asymmetry scores as the dependent variable.
To avoid producing inflated z-scores, tests were run using permutation-
derived correction (Kimberg et al., 2007). This procedure is assumption
free and more powerful compared with other procedures, such as the
Bonferroni correction (Kimberg et al., 2007). As recommended for the
analyses of data gathered from samples of medium size (Kimberg et al.,
2007; Medina et al., 2010), correction for multiple comparisons was
achieved by using the nonparametric permutation test and the signifi-
cance level was set at p = 0.05. The localization of VLSM lesion peaks was
determined in MNI space. The localization of lesion peaks on white
matter pathways was made using the diffusion tensor imaging-based
atlases by Catani and Thiebaut de Schotten (2012); see also Thiebaut de
Schottenetal., 2011). White matter pathways were visualized using MRI-
cron software (Rorden et al., 2007).

Results

TSE

Baseline-fixation period tonic alpha activity

A significant group X hemisphere interaction (F(, 5,) = 7.03,p =
0.002) pointed out no significant interhemispheric difference in
HCs and N~ patients (all p > 0.2). In contrast, in N ¥ patients
tonic alpha activity was higher in the right compared with the left
hemisphere [left H (0.95 wV) vs right H (1.24 wV), p = 0.0004].
Most important, there was no significant group X hemisphere X
cue direction interaction (F, 5, = 0.07, p = 0.49). This shows
that during the baseline-fixation period the distribution of alpha
activity over the two hemispheres across groups was independent
of cue direction, as was expected (Fig. 2).

Cue period phasic alpha activity

The ANOVA highlighted a significant group X hemisphere X
cue direction interaction (F, 5, = 6.3, p = 0.004). This interac-
tion pointed out that in HCs, left cues produced higher levels of
alpha activity over the left hemisphere with respect to right cues
[left cues (1.21 wV) vs right cues (1.08 wV), p = 0.0001], while
right cues produced higher levels of alpha activity over the right
hemisphere with respect to left cues [right cues (1.07 wV) vs left
cues (0.98 wV), p = 0.003]. In HCs, left cues also produced higher
alpha activity over the left hemisphere (1.21 wV) rather than over
the right hemisphere (left cues, 0.98 wV; p = < 0.001), while right
cues produced comparable levels of alpha activity over the left
hemisphere (1.08 wV) and the right hemisphere (1.07 uV; p =
n.s.; Fig. 2) In N patients, left cues and right cues produced
comparable levels of alpha activity over the left hemisphere [left
cues (1.01 wV) vs right cues (1.05 wV), p = n.s.], while over the
right hemisphere right cues elicited higher alpha activity com-
pared with left cues [right cues (1.17 wV) vs left cues (1.11 uV),
p = 0.04]. N~ patients showed higher levels of alpha activity over
the right hemisphere than the left hemisphere, both with left cues
[right hemisphere (1.11 wV) vs left hemisphere (1.01 V), p =
0.004] and right cues [right hemisphere (1.17 wV) vs left hemi-
sphere (1.05 wV), p = 0.002]. In N patients, right cues pro-
duced higher alpha activity with respect to left cues over the right
hemisphere [right cues (1.28 wV) vs left cues (1.19 uV), p =
0.008], while left cues did not elicit higher alpha activity with
respect to right cues over the left hemisphere [right cues
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Figure2. A, Time course of grand-averaged alpha-band oscillatory activity (TSE) recorded as a function of cue direction (left cue, right cue) in the three experimental groups (HCs, N ™ patients,
and N * patients). In HCs, differences in TSE between left cues and right cues recorded ahead of cue onset are not significant (see Results). B, Topographical maps of alpha power differences
(attend-left — attend-right) averaged across 300 —900 ms and 900 —1500 ms postcue onsets. White circles on scalp topographies highlight pooled derivations in each hemisphere.

(1.00 wV) vs left cues (0.93 V), p = 0.05; Fig. 2]. This latter
finding highlights that in N * patients there is no effective prepa-
ratory inhibition of the right side of space when cues drive en-
dogenous attention in the leftward direction. Finally, N * patients
showed a generalized enhancement of alpha activity over the
right hemisphere both with left cues [right hemisphere (1.19 uV)
vs left hemisphere (0.93 wV), p < 0.001] and right cues [right
hemisphere (1.28 wV) vs left hemisphere (1.00 uV), p < 0.001].

ERS/ERD

A significant group X cue direction X hemisphere interaction
(F2,37) = 4.06, p = 0.02) showed that in HCs there was stronger
desynchronization over the right hemisphere with left cues [left
hemisphere (—5.5%) vs right hemisphere (—13.2%), p = 0.01],
while with right cues stronger desynchronization over the left
hemisphere did not reach statistical significance [left hemisphere
(—=7.7%) vs right hemisphere (—4.2%), p = 0.26]. Similar results
were also found in N~ patients with left cues [left hemisphere
(8.6%) vs right hemisphere (1.6%), p = 0.04] and right cues [left
hemisphere (7.4%) vs right hemisphere (5.8%), p = 0.62; Fig. 3].
In N patients, with left cues no significant hemispheric differ-
ence was found in alpha synchronization [left hemisphere (4.2%)
vs right hemisphere (7.9%), p = 0.28], while with right cues alpha
synchronization was close to be significantly lower over the left
hemisphere; that is, over the hemisphere that was contralateral to

the side of space pointed by the cue [left hemisphere (0.8%) vs
right hemisphere (7.1%), p = 0.07; Fig. 3].

Alpha-EEG and behavioral asymmetry indexes

Alpha-EEG asymmetry index

A main group effect (F, ;,, = 10.3, p < 0.001) pointed out that
alpha asymmetry was higher in N patients (0.12) compared
with both N patients (0.04; p = 0.03) and HCs (—0.03; p <
0.001) and that N~ patients had higher asymmetry than HCs
(p = 0.02; Fig. 4). This main effect highlights a significant en-
hancement in alpha activity over the damaged right hemisphere
in N patients with respect to N~ patients and HCs, and in N ~
patients with respect to HCs. Importantly, the lack of significant
group X cue direction and group X cueing phase X cue direction
interactions (p >0.12 in both cases) showed that this enhance-
ment was independent from cue direction. In HCs, there was a
significant cueing phase (baseline-fixation, first half, second
half) X cue direction (left cue, right cue, neutral cue) interaction
(Fla,56) = 3.38, p = 0.01). This interaction highlighted that, com-
pared with the baseline-fixation period, during the first and sec-
ond half of the cue period, orienting with left cues produced a
relative enhancement of alpha activity over the left hemisphere
(Fig. 4), while no similar effect was present with right cues and
neutral cues. This result is in line with previous observations in
healthy participants (Thut et al., 2006). In N " and N ~ patients,



Lasaponara et al. @ Alpha EEG Oscillations in Left Spatial Neglect

A ERS/ERD 300-900 msec
20 A %
15 A
10 A I I
5 1 ]
1 |
-5
-10 A
-15 4
-20 4 ipsi contra ipsi contra
CL CL CR CR

Figure3.

20
15
10

o e

-20

J. Neurosci., May 29, 2019 - 39(22):4332-4343 + 4337
ERS/ERD 900-1500 msec
1%

mHC
| N-

W N+

- ipsi contra ipsi contra

CL CL CR CR

Grand-averaged alpha-band ERS/ERD values within pools of electrodes (Fig. 2) ipsilateral (ipsi) and contralateral (contra) to cue direction (CL = left cues; (R = right cues). A, B, values

recorded during the 300 —900 ms (4) and during 900 —1500 ms (B) time periods that followed cue onset. Vertical bars indicate SE.

no change in the asymmetrical lateralization of alpha activity over
the right hemisphere was present as a function of cue direction or
cuing phase (all p > 0.37).

Behavioral asymmetry index

A significant group (HC, N7, N™) X cue direction (left, right,
neutral) interaction (F(, ;4 = 9.06, p < 0.001) showed that, in-
dependent of cue direction, HCs and N~ patients had compara-
ble asymmetries in the DR of lateral targets (all p >0.13). In
contrast, N patients showed a pathologically enhanced positive
asymmetry in DR (Fig. 4) that corresponds to poorer detection of
targets on the left side of space, when these were preceded by right
cues (DR asymmetry = 0.45) or neutral cues (DR asymmetry =
0.32). This latter finding highlights the conventional deficit expe-
rienced by N * patients in reorienting attention toward the con-
tralesional space (Posner et al, 1984). Among groups, no
differences in DRs was found with left cues (HCs = —0.002; N
patients = 0.006; N * patients = 0.09; all p > 0.12). ANOVAs run
on RT asymmetry indexes revealed no significant group X cue
direction interaction both with corr and uncorr indexes (corr:
F474) = 1.09, p < 0.36; uncorr: F(, 7,y = 0.1, p < 0.97). In con-
trast to this, there were highly significant main group (corr: F, 55,
= 11, p = 0.0001; uncorr: F, 5,y = 4.7, p < 0.01) and cue direc-
tion effects (corr: F(, 74y = 24, p < 0.0001; uncorr: F, ;4 = 35.6,
p <0.001). Post hoc comparisons showed that asymmetry in HCs
(0.0007) was lower than in N * and N ™ patients (corr: N, 0.1;
N™*, 0.18; both, p < 0.001; uncorr: N 7, 0.052; N, 0.035; both,
p < 0.04). These results point out that, when compared with
HCs, right brain-damaged patients are generally slower in re-
sponding to targets on the left side of space than to targets on the
right side (Fig. 4). Finally, post hoc tests showed that, compared
with other types of cues, responses with right cues were relatively
faster for targets presented on the right side of space (corr: both
p <0.0001; asymmetry indexes: right cues = 0.17; neutral cues =
0.11; left cues = 0.01; uncorr: both p < 0.0001; asymmetry in-
dexes: right cues = 0.08; neutral cues = 0.03; left cues = —0.02).
A similar advantage was also found when neutral cues were com-
pared with left cues (p < 0.0001 both for corr and uncorr data).
Average DRs and RTs of the three experimental groups are re-
ported in Table 2.

Correlations among baseline-fixation and cue-period alpha
asymmetries, behavioral-RTs asymmetry and clinical data
Baseline-fixation period (tonic alpha asymmetry)

In HCs, no significant correlation was found between interhemi-
spheric asymmetries in baseline-fixation tonic alpha and behav-

ioral asymmetries in DRs or RTs (all » < 0.25, all p = n.s.). In
contrast, in the entire group of RBD patients (i.e., N~ and N ™"
patients together), higher levels of alpha activity over the right
hemisphere were positively correlated with neglect severity in the
line bisection task (r = 0.57, p = 0.02; Fig. 5). Most important, in
RBD patients tonic alpha asymmetry was not correlated with
lesion size (r = 0.29, p = 0.2).

Cue period ( phasic alpha asymmetry)

In HCs, a series of significant positive correlations highlighted
that, independent of cue type, the more alpha activity was later-
alized over the right hemisphere, the greater was the RT advan-
tage to targets presented on the right side of space (all r > 0.57; all
p < 0.02; Fig. 5).

In the entire group of patients, higher levels of alpha activity
over the right hemisphere during the presentation of neutral cues
and left cues (first half of the cue period) were significantly cor-
related with neglect severity in the line bisection task (neutral
cues: r = 0.453; p = 0.023; left cues: r = 0.42; p = 0.03; Fig. 5). In
the case of neutral cues, the right hemispheric lateralization of
alpha activity was also significantly correlated with lesion size
(r=0.458; p = 0.021), while the right hemispheric lateralization
of alpha activity recorded during the presentation of left cues was
not correlated with lesion size (r = 0.1; p = 0.3).

VLSM results
The VLSM analysis highlighted no significant anatomical corre-
late for tonic alpha asymmetry in the baseline-fixation period. In
contrast, the analysis showed that the hemispheric lateralization
of phasic alpha activity during the presentation of neutral cues
was correlated with two subcortical lesion peaks (Fig. 6). The first
was located in the frontal white matter below the Rolandic oper-
cular gyrus [MNI coordinates: 28, 15, 4; Brodmann area (BA)
48]. The second peak was located in the white matter of the
temporo-parietal junction (TPJ; MNI coordinates: 42, —20, —5;
BA 48). The first lesion peak causes disconnection of inferior
occipito-frontal fasciculus (IFOF), while the second one involves
the posterior branches of the IFOF, the inferior longitudinal fas-
ciculus (ILF), and the posterior segment of the arcuate fasciculus.
A second significant correlation was found between the hemi-
spheric lateralization of phasic alpha activity during orienting
with left cues and a lesion peak in the white matter of the frontal
lobe close to the head of the caudate nucleus (MNI coordinates:
42, —20, —5). This lesion overlaps with and likely disconnects the
third branch of the superior longitudinal fasciculus (SLF IIT) and
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Figure 4.  Hemispheric lateralization index of alpha activity (left vs right hemisphere) and behavioral lateralization index in target processing (left vs right hemispace). Data are reported
separately for HCs, N ~ patients, and N ™ patients. For all experimental groups, panels on the left side show the evolution of alpha-lateralization along the baseline-fixation period, the first and the
second half of cue presentation. Positive values in the alpha index indicate the higher alpha power over the right hemisphere, and negative values indicate the higher alpha power over the left
hemisphere. Panels on the right side represent asymmetries in DRs and RTs between targets presented on the left and the right side of space. Positive values indicate better performance with targets
on the right side of space, and negative values indicate better performance with targets on the left side. For RTs, the figure reports both uncorr indices calculated by considering only hits and corr
indices that were calculated by replacing misses with the maximal time allowed for response (i.e., 2000 ms). Bars indicate SE. CL, Left cue; CN, neutral cue; CR, right cue.
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Table 2. Average percentage DRs and RTs in the three experimental groups (HCs, N ~ patients, and N * patients with neglect N+), in response to Valid, Neutral and Invalid

targets presented in the Left and in the Right side of space

Left targets Right targets
Group Valid Neutral Invalid Valid Neutral Invalid
HC
RTs corr 479.5 (48.7) 517.7 (86.9) 536.5 (100.8) 472.8 (47.1) 511.8 (141.5) 5389 (117.1)
RTs uncorr 428.1 (46.3) 448.7 (54.3) 463.3 (60.5) 424.2 (55.4) 4431 (56.3) 459.2 (49.1)
DRs 95.7 (4.4) 96.2 (3.9) 96.6 (5.7) 94.4(5.5) 95.4(7.0) 95.4 (6.4)
N
RTs corr 756.1(192.1) 835.1(255.5) 939.2 (313.9) 593.4(122.3) 638.5 (154.9) 738.7 (239.5)
RTs uncorr 522.1(102.4) 563.6 (120.4) 593.3 (130.1) 474.8 (82.7) 503.9 (88.7) 522.4(99.9)
DRs 85.4 (8.6) 83.4(10.8) 71.1(17.6) 93.3(5.3) 92.1(6.3) 86.4 (9.6)
N +
RTs corr 1140.9 (447.6) 1349.5 (503.1) 1480.1 (513.5) 804.3 (301.8) 894.9 (354.4) 998.1 (446.2)
RTs uncorr 558.4 (136.2) 605.9 (154.5) 609.8 (126.3) 509.6 (117.1) 548.1(124.8) 568.1(137.9)
DRs 61.7 (27.9) 47.2(31.9) 37.7(32.8) 80.7 (13.0) 77.3(173) 713 (24.0)
SDs are reported in parentheses.
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Figure5.

A, Scatterplots of significant correlations between alpha interhemispheric asymmetries and asymmetries in RTs in HCs during the cue period. Positive alpha values indicate higher alpha

power over the right hemisphere, and positive RT values indicate faster responses to targets on the right side of space. B, Scatterplots of significant correlations between alpha interhemispheric
asymmetries during the baseline-fixation period (Pre-Cue) and line bisection performance (in mm) in the entire sample of RBD patients (i.e., N * and N ~ patients together). , Scatterplots of
significant correlations between alpha interhemispheric asymmetries during the cue period (Post-Cue) and line bisection performance (in mm) in the entire sample of RBD patients (i.e., N * and N ~
patients together). Positive values in line bisection scores indicate rightward deviation from the true line center.

the frontal ILF (Fig. 6). All VLSM correlations resisted correction
for lesion size that, on average, was higher in the N " group (N " =
123.353 voxels, N~ 23.531 = voxels; F, ,3) = 12.7, p = 0.002).

Discussion

Here we report the first electrophysiological study that, to our
knowledge, investigates the hemispheric distribution of oscilla-
tory alpha activity (~8 to 13 Hz) during orienting of spatial at-
tention in RBD patients affected by left spatial neglect.

Tonic alpha (baseline-fixation period)

In regard to tonic alpha activity related to the baseline-fixation
period that preceded orienting of attention with spatial cues,
analyses with TSE and alpha lateralization indexes pointed out no
significant hemispheric asymmetry in healthy control subjects. In
contrast, RBD patients showed a tonic enhancement of alpha
activity over the damaged hemisphere. Compared with healthy
control subjects, this asymmetry was higher both in N~ and N "
patients, and, most importantly, it was significantly higher in N *
patients than in N~ patients. In the healthy observer, nonspatial

factors like attentional load and decrease in alertness produce a
relative enhancement of tonic alpha activity over the right hemi-
sphere and a corresponding rightward drift of spatial attention
(Newman etal., 2013; Benwell et al., 2018). In our study, analyses
of hemispheric lateralization indexes showed that in the whole
group of RBD patients (i.e., N ™ and N ~ patients), the enhance-
ment of tonic alpha activity over the damaged hemisphere was
significantly correlated with neglect severity in line bisection (i.e.,
with the pathological rightward drift of the subjective line mid-
point). It is important to note that tonic alpha asymmetry was
instead not correlated with lesion size that, as it often happens,
was larger in N patients. This result shows that hemispheric
asymmetries in tonic alpha activity that are not related to epi-
sodes of lateral orienting, can provide a measure of neglect sever-
ity. Since concomitant hemianopia can have a relevant influence
on the line bisection performance of N ™ patients (Doricchi and
Angelelli, 1999; Doricchi et al., 2005), and since in our study only
N patients without hemianopia were considered, further inves-
tigations are needed to test whether tonic alpha asymmetry can be
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A, Representative slices showing the anatomical correlates of hemispheric lateralization in alpha oscillatory activity recorded during the presentation of bidirectional neutral cuesin the

entire sample of RBD patients. The localization of the anterior lesion peak (4, top row) and posterior peak (A, bottom row) is defined in MNI coordinates. The first map on the left of each row shows
/statistics calculated with Brunner—Munzel rank order statistics with permutation-derived correction (Brunner and Munzel, 2000; Medina et al., 2010). All peaks are significant at the p << 0.05 level.
Ineach row, the second, third, and fourth slice show the localization of VLSM anatomical peaks in white matter pathways according to the atlas by Catani and Thiebaut De Schotten (2012): blue, IFOF;
green, ILF; purple, posterior segment of the arcuate fasciculus. B, Anatomical correlates of hemispheric lateralization in alpha oscillatory activity recorded during the presentation of cues pointing

to the left side of space: red (SLF Ill), yellow (frontal inferior longitudinal fasciculus).

an index of neglect severity also in N ¥ patients who suffer con-
comitant hemianopia.

Lesions in ventral parietal and frontal areas like the TPJ and
the inferior and middle frontal gyri are considered to be respon-
sible for nonspatial symptoms in neglect, like reduced alertness
and the pathological prolongation of the attentional blink (Sturm
and Willmes, 2001; Husain and Rorden, 2003). According to the
hypothesis advanced by Corbetta and Shulman (2011), because

of anatomical contiguity ventral lesions would produce func-
tional hypoactivation in adjacent dorsal superior parietal lobule
(SPL) and intraparietal sulcus (IPS) areas. Dorsal areas in the
right hemisphere would be responsible for leftward orienting
and, vice versa, those in the left hemisphere for rightward orient-
ing. Due to interhemispheric competition, hypoactivation of
SPL/IPS in the right hemisphere would cause a corresponding
hyperactivation of homologous areas in the left hemisphere and a
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pathologically rightward attentional bias (i.e., the spatial symp-
toms of neglect). Though providing a plausible explanation of the
functional interaction between damaged ventral and intact dorsal
attentional areas, this view should probably be revised in the light
of more recent findings suggesting that lesions in ventral areas
can also be responsible for spatially lateralized deficits, as are the
pathological enhancement of novelty reaction and the contextual
updating for events in the ipsilesional space and reduction of the
same responses for events occurring in the contralesional space
(Lasaponara et al., 2018). In addition, we have provided both
univariate and multivariate fMRI evidence showing that the SPL
and TPJ areas in the left hemisphere display a selective response
to visually invalid targets on the right side of space, while the same
areas in the right hemisphere respond to invalid targets on both
sides of space (Dragone et al., 2015; Silvetti et al., 2016). This
hemispheric organization of the reorienting network, which two
MEG studies have also documented in the auditory domain (Kai-
ser et al., 2000; Dietz et al., 2014), provides a good account for the
leftward-reorienting deficit experienced by N * patients. The in-
volvement of SPL in the spatial remapping of invalid target loca-
tions is also supported by neurophysiological studies in the
monkey (Constantinidis and Steinmetz, 2001) and by lesion
studies in patients with unilateral brain damage (Ptak and
Schnider, 2011; Vandenberghe et al., 2012).

Phasic alpha (cue period)

In keeping with results from the study by Thut et al. (2006), the
assessment of the temporal evolution of EEG spectral frequency
(i.e., TSE) showed that in healthy control subjects phasic alpha
activity was relatively suppressed over the right hemisphere and
enhanced over the left hemisphere during orienting toward the
left side of space. In contrast, when attention was directed toward
the right side, no marked hemispheric lateralization in alpha ac-
tivity was found. As previously considered (Thut et al., 2006),
these patterns in the hemispheric distribution of alpha activity
can be due to a basic leftward attentional bias (i.e., “pseudo-
neglect”; Jewell and McCourt, 2000) that is linked to the general
dominance of the right hemisphere in the control of spatial at-
tention. The same results are also compatible with the hypothesis
that the right hemisphere can represent and attend both the left
and the right side of space, while the left hemisphere is only able
to attend the right side (Mesulam, 1981; Dragone et al., 2015;
Silvetti et al., 2016). This pattern of hemispheric control would in
fact predict, in keeping with our results, stronger alpha asymme-
try with cues driving attention to the left side of space, because in
this case the right hemisphere would be predominantly involved
in orienting. In contrast, with cues directing attention rightward,
both hemispheres would be involved in orienting and no alpha
asymmetry would be evoked.

In RBD patients, the pathological increase in alpha power that
was present over the damaged hemisphere during the baseline-
fixation period was also maintained during orienting with spatial
cues and was independent of the direction of orienting. As for the
case of tonic alpha activity, the hemispheric imbalance in phasic
alpha activity was significantly higher in N * patients than in N ~
patients. TSE analysis also showed that the suppression of alpha
activity over the left hemisphere during rightward orienting was
significantly stronger in N ™ patients. This pathological enhance-
ment seems therefore to specifically reflect the pathological ip-
silesional attentional bias experienced by N ™ patients. All of these
results were confirmed by analyses run with alpha lateralization
index based on TSE data.
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To gain further insights into the hemispheric imbalance in
phasic alpha activity, we run analyses of EEG ERS/ERD that allow
the evaluation of changes in cue-related alpha activity with re-
spect to corresponding baseline values recorded during the
baseline-fixation period. These analyses showed that in healthy
control subjects alpha power was significantly desynchronized
over the hemisphere contralateral to the direction of attention,
although this was not matched with a corresponding enhance-
ment in synchronization over the ipsilateral hemisphere (Hong et
al., 2015). This finding suggests a degree of independence be-
tween the desynchronization of alpha activity in one hemisphere
and the synchronization of alpha activity in the other hemisphere
during lateral orienting of attention. Most important, ERS/ERD
analyses showed that while during leftward orienting N ~ patients
had significant alpha desynchronization over the damaged right
hemisphere, N* patients had no similar desynchronization, a
result that points at no preparatory facilitation for stimuli arriv-
ing on the left side of space in N * patients. In contrast, during
rightward orienting N * patients showed a pathological enhance-
ment of alpha synchronization over the right hemisphere, a result
that suggests enhanced preparatory inhibition of stimuli arriving
on the left side of space (Vanni et al., 1997; Foxe et al., 1998;
Worden et al., 2000; Fu et al., 2001; Pfurtscheller, 2001; Kelly et
al., 2006).

The evaluation of asymmetries in reaction times and detection
rates of targets on the left and right sides of space showed that N ™
patients experienced a pathological reduction in the detection of
left targets both when cues directed attention to the right, which
points to a conventional reorienting deficit in the contralesional
direction (Posner et al., 1984), and when neutral cues directed
attention toward both sides of space (but see also Lasaponara et
al., 2018). Together, EEG and behavioral results suggest that the
higher values of phasic alpha activity over the lesioned hemi-
sphere in RBD patients are associated with a stronger bias in the
detection of ipsilesional targets. We also found that, similar to
tonic alpha, hemispheric asymmetries in phasic alpha activity
during orienting with bilateral-neutral and left cues were posi-
tively correlated with neglect severity in the line bisection task.
Interestingly, the line bisection task depends on the activity of
parietal areas (Binder et al., 1992; Fink et al., 2000; Verdon et al.,
2010) and taps on mechanisms that regulate the simultaneous
distribution of attention along the entire horizontal space
(Binder et al., 1992). Therefore, our findings might suggest a
functional link between the interhemispheric imbalance of pha-
sic alpha activity and the dysfunction of neural circuits that reg-
ulate the performance in the line bisection task in patients with
acquired right brain damage.

Anatomical correlates of alpha asymmetry

VLSM analyses showed that hemispheric asymmetries in phasic
alpha activity during orienting with neutral and left cues were
correlated with damage in two specific brain areas. A first lesion
peak was found in the white matter of the frontal lobe close to the
anterior insula and to the frontal operculum. According to the
white matter atlas by Catani and Thiebaut de Schotten (2012),
thislesion should produce a disconnection of the inferior frontal-
occipital fasciculus, which provides a direct link between frontal
areas and the visual cortex. The second lesion peak was located in
the white matter of the parietal lobe and overlapped with three
fasciculi: (1) the IFOF; (2) the ILF that links the parietal cortex
with ventral occipital-temporal visual areas; and (3) the posterior
segment of the arcuate fasciculus that bridges the temporal-
parietal cortex with the insular and inferior frontal cortex. In



4342 - ). Neurosci., May 29, 2019 - 39(22):4332—-4343

addition to confirming the role played by the lesion of white
matter parietal-frontal pathways in spatial neglect (Doricchi and
Tomaiuolo, 2003; Thiebaut de Schotten et al., 2005; Bartolomeo
etal.,2007; Doricchi et al., 2008; Verdon et al., 2010), these results
suggest an anatomical-functional explanation for the pathologi-
cal alpha asymmetry experienced by RBD patients. Recent find-
ings have in fact highlighted that occipital/parietal alpha activity
correlates significantly with EEG activity in the lateral prefrontal
cortex and that posterior alpha activity receives a top-down mod-
ulation from the frontal eye fields and the inferior frontal gyri
(Mathewson et al., 2014; Clayton et al., 2015; Liu et al., 2016;
Wang et al., 2016). Direct evidence for the frontal modulation of
posterior alpha activity is provided by studies showing that trans-
cranial magnetic stimulation over the lateral prefrontal cortex
reduces the alpha-phase synchronization between prefrontal and
occipital/parietal areas (Sauseng et al., 2011) and the lateraliza-
tion of occipital alpha activity during lateral shifts of visuospatial
attention (Mazaheri et al., 2009, 2010). Together, this evidence
suggests that parietal-frontal disconnection might specifically
contribute to the interhemispheric imbalance of alpha activity in
right brain damage. The finding that in our patients, higher levels
of alpha activity over the damaged right hemisphere were not
merely linked to lesion size supports this view. Alpha asymme-
tries recorded during the baseline-fixation period and during the
presentation of neutral or left cues were in fact all correlated with
neglect severity, while only asymmetry with neutral cues was also
correlated with lesion size. In addition, all of the neural correlates
of phasic alpha asymmetries highlighted in VLSM analyses, in-
cluding those related to neutral cues, resisted correction for le-
sion size.

Conclusions

To summarize, the results of the present study provide advances
in the understanding of the pathological anatomical and func-
tional correlates of the neglect syndrome and suggest an oppor-
tunity for using measures of interhemispheric lateralization of
alpha activity as a diagnostic and prognostic tool for the evalua-
tion of attentional biases in patients with right brain damage. Due
to their potential clinical relevance, future studies run in large
normative samples of patients should test further the reliability of
our findings and conclusions.
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