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Frontal hypoactivation has consistently been demonstrated
in schizophrenia patients. We hypothesized that this well-
known deficit is asymmetrical, ie, centered over left frontal
locations and, in-line with Crow’s theory, associated with
both loss of linguistic asymmetry and correlated with pos-
itive symptoms. Electroencephalography delta band was
used as a quantitative index of cortical inhibition in 17
paranoid schizophrenia patients with prevailing positive
symptoms and 17 matched control subjects. Delta ampli-
tude was measured by 38 electrodes, while participants per-
formed 3 linguistic tasks, visuoperceptual, rhyming, and
semantic judgment. Compared with control subjects,
patients did not show overall delta band differences, reveal-
ing no detrimental effects of pharmacological treatment. In
healthy participants, analysis of 4 quadrants/regions of in-
terest revealed higher delta amplitude in right vs left ante-
rior sites, indicating significant left anterior disinhibition
during linguistic processing. Instead, patients showed bilat-
eral delta band distribution and, compared with control
subjects, significant greater delta amplitude (ie, brain inhi-
bition) in linguistic left anterior centers. Patients’ left hypo-
frontality was functionally related to their lack of
hemispheric specialization for language and was positively
correlated with higher levels of delusions (P1) and concep-
tual disorganization (P2) Positive and Negative Syndrome
Scale subscales. Results suggest, in schizophrenia patients,
a functional deficit of Broca’s area, a region playing a fun-
damental hierarchical role between and within hemispheres
by integrating many basic processes in linguistic and con-
ceptual organization. The significant correlation between
lack of anterior asymmetry and increased positive symp-
toms is in-line with Crow’s hypothesis postulating the

etiological role of disrupted linguistic frontal asymmetry
on the onset of the key symptoms of schizophrenia.
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Introduction

Much literature has investigated abnormal brain organi-
zation and functioning in schizophrenia patients.1–6 Ev-
idence from functional neuroimaging techniques shows
that the most important and reliable finding is clear-
cut hypofrontality, ie, significant dysfunction in the acti-
vation of the prefrontal cortex, typically associated with
deficits in attention, action planning, and working mem-
ory.7–12 Schizophrenia patients’ hypofrontality has also
consistently been found with electrophysiological techni-
ques analyzing slow electroencephalography (EEG)
activity.13–18 Among other low-frequency EEG rhythms,
the delta band (0.1–3.9 Hz) usually prevails in human
infants during the first 2 years of life and gradually
decreases with age.19–22 In healthy adults, the delta
band is typically observed in the deepest stages of sleep
(also called slow wave sleep23–25) and, when it appears in
the waking brain, is considered a marker of brain damage
or a pathological condition. Most EEG studies found in-
creased levels of delta in frontal sites during a resting
state, in schizophrenia patients compared with control
subjects, independent of closed/open eye condition. In
addition, results by Fehr et al13 revealed higher focal
slow waves in left frontal regions and in bilateral tempo-
ral and posterior areas of patients. Pascual-Marqui et al17

also showed the larger spectral amplitude of the delta
band in patients’ frontal areas, mainly in the left hemi-
sphere: The authors interpreted this phenomenon,
exhibited in a resting condition, as a marker of a func-
tional deficit of cerebral coordination and therefore as
a state of functional disconnection. Another study by
Tauscher et al18 using EEG coherence analysis showed
significantly lower delta band coherence in left frontal
electrodes (ie, Fp1–F7) in schizophrenia patients com-
pared with healthy control subjects. Interestingly, the ex-
tent of delta band coherence, obtained in a resting
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condition, was inversely correlated with the Positive and
Negative Syndrome Scale (PANSS) positive syndrome
subscale, suggesting a direct link between the severity
of positive symptoms and patients’ hypofrontality. Pos-
itive symptoms were also significantly correlated with in-
creased delta and theta activity in frontal, parietal, and
right hemispheric regions by Fehr et al.13

From a more general point of view, there is evidence
that slow wave activity, particularly in delta band range,
marks pathological brain abnormality resulting from
neurological damage, such as cerebral infarct, contusion,
local infection, tumor, or subdural hematoma.26–32 Addi-
tional evidence of the link between slow delta activity and
brain damage comes from studies of neurological or psy-
chiatric patients affected by Alzheimer disease, mild cog-
nitive impairment, aphasia, dyslexia, schizophrenia, or
depression,32–38 in which slow wave activity is related
to the extent of cognitive impairment and brain damage
and increased delta activity is considered a clear-cut
marker of altered brain functioning.33,35,36 According
to quoted literature, delta EEG activity measured in
healthy sleeping subjects was correlated with a significant
positron emission tomography (PET) metabolic inhibi-
tion in sleep-relevant brain regions.23 Thus, a large liter-
ature from different fields and subject samples provides
converging evidence that increased delta EEG power is
a quantitative and reliable index of neural inhibition.
In 2 previous studies, we used a paradigm validated
for language39–41 in order to investigate delta spectral ac-
tivity elicited by various linguistic processes in both dys-
lexic children and nonfluent aphasic patients.35,36 In these
studies, we demonstrated that delta activity, given its role
as a physiological index of functional inhibition, is not
only especially suited for measuring functional impair-
ment in language lateralization in children with learning
disabilities and in brain-damaged patients but may also
represent a useful and sensitive tool to assess reorganiza-
tion and recovery in impaired neural networks. The same
paradigm was used to assess Crow’s42,43 hypothesis on
schizophrenia disorder: We found evidence of a signifi-
cant lack of left hemispheric dominance for language
in schizophrenia patients, in both automatic recognition
potential44 and in contingent negative variation.45 On the
basis of previous studies on language lateralization44,45

and past evidence of patients’ hypofrontality during rest-
ing conditions,13,16,17 we expected that the main deficit
observed in patients’ frontal sites would mainly depend
on a primary deficit in functional linguistic integration
hierarchically organized by Broca’s area. This linguistic
region is traditionally known to be specialized in phono-
logical processing, articulation, and linguistic production
in contrast with left posterior regions specialized in com-
prehension, lexical and semantic processing, and lan-
guage output monitoring (see Indefrey and Levelt46 for
a review). However, recent views highlighted an impor-
tant hierarchical role of Broca’s area over left posterior

linguistic regions, both in overall linguistic reorganiza-
tion after brain damage in aphasics47,48 and in linguistic
domains other than phonological ones, such as in seman-
tics and syntax.49,50 The interhemispheric and intrahemi-
spheric hierarchical role of Broca’s area would explain
the lack of linguistic integration and the metalinguistic
disorganization observed in schizophrenia. According
to Crow,42,43 the deficit in linguistic dominance, in
turn, leads to lack of hemispheric integration, confusion
between inner and external voices (hallucinations), and
thought disorders and delusions. Therefore, compared
with control subjects, schizophrenia patients are expected
to exhibit greater delta activity over anterior left cortical
sites, ie, in regions currently considered essential, in ad-
dition to phonological segregation of words, also for the
organization of the whole linguistic network. The present
experiment is innovative with respect to past similar
investigations44,45 for 2 aspects. First, the use of delta
EEG band, an index of large inhibited dysfunctional cor-
tical regions, provides complementary information with
respect to evoked potentials, a physiological measure
marking specific cortical networks actively engaged by
tasks. Second, the finding of a link between key psychi-
atric indices (positive symptoms) and frontal linguistic
asymmetry would more strongly support Crow’s etiolog-
ical hypothesis42,43 on the main mechanism postulated at
the origin of the schizophrenic disorder: the disruption of
the typical linguistic hemispheric asymmetry measured in
healthy individuals. Thus, in-line with past evidence link-
ing behavior and brain asymmetry with other methods
and nonlinguistic tasks,13,18 we expected to find, in
schizophrenia patients, a significant correlation between
laterality indices obtained for every task and a subset of
positive symptoms (ie, delusions, conceptual disorganiza-
tion, and hallucinations) measured by the PANSS.51

Methods and Materials

Participants

The psychiatric group consisted of 17 schizophrenia inpa-
tients (4 women, 13 men; mean age 6 SD: 39.7 6 11.1 y;
mean years of education 6 SD: 10.2 6 2.7 y) recruited
from the Ospedale Psichiatrico Giudiziario (Forensic
Psychiatric Hospital) of Castiglione delle Stiviere
(Mantova, Italy) according to the following criteria:
All patients were right-handed according to the Edin-
burgh Handedness Inventory52; they had been diagnosed
as schizophrenic during the acute phase, on the basis of
positive or negative symptoms exhibited for more than
6 months according to Diagnostic and Statistical Manual
of Mental Disorders (Fourth Edition Revised) criteria;
and at the time of the present study, all patients were
in a chronic state, as attested by an average time from
onset of 14.5 years (SD = 68.6). The diagnosis, ascer-
tained by the psychiatrists of the ward by administering
Structured Clinical Interview for DSM disorders,
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classified 1 patient as disorganized (International Classi-
fication of Diseases, Tenth Revision [ICD-10], F20.1), 2
with paranoid/residual (ICD-10 F20.0/F20.5), and 14
with paranoid schizophrenia (ICD-10 F20.0). In addi-
tion, prior to the experimental session, schizophrenia
patients were screened to ascertain the severity of symp-
toms according to the Italian version of PANSS. The
sample was characterized by relatively high levels of
blunted affect (construct N1; mean 6 SD: 4.3 6 0.9), emo-
tional withdrawal (construct N2; mean 6 SD: 4.5 6 1.0),
and passive/apathetic social withdrawal (construct N4;
mean 6 SD: 4.3 6 1.2) as negative symptoms and rela-
tively high ratings of delusions (construct P1; mean 6

SD: 4.6 6 1.6) and conceptual disorganization (construct
P2; mean 6 SD: 3.6 6 1.3) as positive symptoms. Six
patients were treated with typical antipsychotic drugs
(ie, chlorpromazine, clotiapine, clucopenthixol, haloper-
idol, and methotrimeprazine), 6 patients with atypical
antipsychotic drugs (ie, aripiprazole, clozapine, olanza-
pine, quetiapine, and risperidone), and 5 patients with
both typical and atypical antipsychotic drugs.

The control group consisted of 17 right-handed healthy
volunteers (6 women, 11 men; v2

1=0:57; not significant)
matched for age (mean 6 SD: 41.8 6 20.2 y; t32 = 0.37,
not significant) and educational level (mean 6 SD:
11.9 6 2.9 y; t32 = 1.75, not significant) to the patient
group.

Both healthy adults and patients gave their informed
consent to participation in this study, which was ap-
proved by the local ethics committee and performed in
accordance with the ethical standards laid down in the
Declaration of Helsinki.

Stimuli, Tasks, and Procedure

Stimuli consisted of bi- or trisyllabic Italian content
words selected from a frequency dictionary of 5000 writ-
ten Italian words.53 Words were presented in pairs on
a 17$ computer monitor one at a time with an interstim-
ulus interval of 2 seconds: The first word (W1) remained
on the screen for 1 second and the second word (W2 or
target) until the subject responded by pressing a keyboard
button, in no case longer than 5 seconds.41 Word pairs
were administered in 3 separate blocks, which corre-
sponded to 3 linguistic tasks: Thus, the same words
were presented as W1 but in different randomized order
across tasks. Upon W2-target presentation, participants
had to decide whether word pairs rhymed (phonological
task), whether target word W2 was of the same category
as W1 (semantic task), and whether word pairs were writ-
ten in the same upper or lower case (orthographic control
task; for further details, see Spironelli and Angrilli41). For
motor responses, subjects used their left index or middle
finger to press the keyboard buttons corresponding
to match-mismatch conditions. Each task included 80
trials/wordpairs,50%matchesbeingrandomlyinterspersed

with 50% mismatch trials; task order was randomly varied
across participants.

Data Recording and Analysis

Electrophysiological activity was continuously recorded
in DC mode by 38 tin electrodes, 31 placed on an elastic
cap (ElectroCap, Eaton, Ohio) according to the Interna-
tional 10-20 system54 and the other 7 applied below each
eye (Io1, Io2), on the 2 external canthi (F9, F10), nasion
(Nz), and mastoids (M1, M2). All cortical sites were
online referred to Cz and off-line rereferenced to the av-
erage reference. Data were stored in NeuroScan software,
version 4.1. Amplitude resolution was 0.1 lV; bandwidth
ranged from DC to 100 Hz (6 dB per octave). Sampling
rate was set at 500 Hz, and impedance was kept below
5 kX. Behavioral measures collected from each partici-
pant included error rates (ERs) and response times
(RTs) to the second stimulus, and mean performance
was compared between groups and among tasks.

EEG data were divided into four 1024-millisecond time
intervals (given the constraint of Brain Electrical Source
Analysis [BESA] software [5.1 version] to use 2n samples,
we needed to force the width of each interval to 512 sam-
ples, corresponding to a 1024-ms interval). Thus, fast
Fourier transform (FFT) was performed after windowing
the signal with a cosine-tapered window and included 512
samples/lines corresponding to 0.977-Hz resolution.
Each interval represented a different processing phase re-
quired by tasks: 1024 milliseconds before W1 onset (base-
line interval), 1024 milliseconds after W1 onset (W1
interval), 1000–1024 milliseconds after W1 onset (initial
interstimulus interval [iISI]), and 1976–3000 milliseconds
after W1 onset (terminal interstimulus interval, tISI),
with W1-iISI and iISI-tISI intervals slightly overlapping
(24 and 48 ms, respectively, ie, less than matching previ-
ous studies35,55,56), the first interval of stimulus process-
ing (W1) was clearly related to word reading, the second
(iISI) referred to cognitive operations associated with the
stimulus encoding in verbal working memory,57–60 and
the third (tISI) reflected the late processing of word fea-
tures necessary for comparison with the following stim-
ulus.40,41,60,61 As eye movement artifacts may affect delta
band amplitude, particularly over frontal locations, each
trial epoch was corrected for blinks and eye movements
according to Ille et al62 by means of BESA software.
Artifact rejection was automatically applied to all epochs,
with amplitude and derivative thresholds (150 lV and
100 lV/ms, respectively). Remaining epochs were then vi-
sually inspected for any residual artifacts. A total of 7.3%
of trials was rejected by control subjects and 17.8% by
schizophrenia patients, evenly distributed across tasks.
For each participant, FFT was performed on all arti-
fact-free epochs that were averaged for each interval
and task. The last step consisted of normalizing delta
band amplitude (nominally 0.5–4 Hz, effective range:
0.977–3.908 Hz) for all recorded locations by computing
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the percentage of delta amplitude for each electrode in
the 0.977–100 Hz spectral range. (More exactly, percent-
age of delta amplitude was obtained by the sum of all
values within the delta spectral band divided by the
sum of all values within the a priori selected overall spec-
tral range [0.97–100 Hz].) The normalization procedure
allowed us to compare subjects with large differences in
spectral energy and to measure the relative contribution
(percentage) of delta spectral amplitude in comparison
with other EEG bands. After transformation, EEG data
underwent analysis of variance (ANOVA) to compare,
across time intervals, the average delta amplitude mea-
sured by 4 groups of electrodes, representing different
regions of interest.35,55,56 Thus, 4 clusters, each includ-
ing the average activity of 4 electrodes, were selected:
anterior left (F7, FT7, F3, FC3), anterior right (F8,
FT8, F4, FC4), posterior left (P3, P7, TP7, T7), and pos-
terior right (P4, P8, TP8, T8).

With regard to behavioral measures (mean ERs and
RTs), ANOVAs included the between-subject factor
group (2 levels: control subjects vs patients) and
within-subject factor task (3 levels: orthographic vs pho-
nological vs semantic task).

ANOVA was carried out on EEG data with the follow-
ing variables: group (2 levels: control subjects vs
patients), task (3 levels: orthographic vs phonological
vs semantic), interval (4 levels: baseline vs W1 vs iISI
vs tISI), region (2 levels: anterior vs posterior), and later-
ality (2 levels: left vs right hemisphere). The Greenhouse-
Geisser (GG) correction was applied where sphericity
assumption was violated; in this case, uncorrected df, e
values, and corrected probability levels are listed. Post
hoc comparisons were computed with Newman-Keuls
tests, at P <.05.

In addition, for the patient group only, Pearson cor-
relation analysis was carried out between selected
PANSS scores and laterality indices obtained during
task processing in order to ascertain whether specific
positive PANSS symptoms—delusions (P1), conceptual
disorganization (P2), and hallucinatory behavior
(P3)—represented a behavioral correlate significantly
linked with delta cortical distribution. The laterality in-
dex was computed as the difference of the mean activity
of left (electrodes: F7, FT7, F3, FC3) minus right (elec-
trodes: F8, FT8, F4, FC4) anterior clusters; similar lat-
eralization scores were also computed for posterior
clusters (left [electrodes: P3, P7, TP7, T7] minus right
[electrodes: P4, P8, TP8, T8] posterior quadrants). The
laterality index was positive when patients had a higher
delta percentage in the left hemisphere and negative when
they had a higher delta percentage in the right hemi-
sphere. Therefore, positive correlations marked those
patients with higher scores on PANSS constructs, reveal-
ing more severe symptoms, and a higher delta percentage
in the left hemisphere, corresponding to greater inhibi-
tion of left vs right locations.

Results

Behavioral Data

RTs showed the significant main effect of group (F1,32 =
21.36, P < .001), patients being slower than control sub-
jects (1476 [SD: 6542 ms] vs 888 ms [SD: 6232 ms], respec-
tively). The main effect of task (F2,64= 35.22,P< .001, GG
e = 0.99) revealed longer RTs for the semantic (1371 ms
[SD: 6556 ms]) than the phonological task (1152 ms
[SD: 6499 ms]; P < .001), which in turn induced longer
RTs than the orthographic task (1022 ms [SD: 6416
ms]; P < .001).

Analysis of ERs showed the significant main effect of
group (F1,32 = 23.90, P < .001), patients’ ERs being high-
er than those of control subjects (8.2% [SD: 65.9%] vs
2.9% [SD: 62.3%], respectively), and task (F2,64 = 7.21,
P < .01, GG e = 0.67), ERs being higher for both seman-
tic (6.9% [SD: 65.0%]) and orthographic tasks (6.0%
[SD: 66.0%]) than the phonological task (3.7%
[SD: 64.0%], P < .001 and P < .01, respectively). How-
ever, the 2-way group-by-task interaction (F2,64 = 3.52,
P = .05, GG e = 0.67) revealed significant post hoc differ-
ences only for patients (figure 1b).

Control subjects showed the same percentage of errors
in all tasks (less than 5%), but schizophrenia patients
exhibited significantly higher ERs in both orthographic
and semantic tasks than in the phonological task (P <
.001). In addition, patients made more errors than
healthy control subjects in all tasks (P < .001 for ortho-
graphic and semantic tasks, P < .05 for phonological).

Electrophysiological Data

Figure 2 shows the difference in delta percentage between
control subjects and schizophrenia patients for each task:
higher levels of delta band in patients vs control subjects
are shown in blue and lower levels in red.

Qualitative analysis of spline maps suggests that, com-
pared with control subjects, schizophrenia patients have
greater levels of delta rhythm in anterior regions, partic-
ularly in the left hemisphere (figure 2). Conversely, con-
trol subjects showed higher percentages of delta band in
the posterior regions of both hemispheres, without task
differences.

ANOVA on normalized delta band showed the
significant main effect of interval (F3,96 = 63.76, P <
.001, GG e = 0.66): Independent of group, a higher delta
level was found in W1 (9.15% [SD: 63.83%]) compared
with iISI (8.60% [SD: 63.56%], P < .001) and between
these 2 intervals and both baseline (8.22% [SD:
63.42%]) and tISI (8.14% [SD: 63.41%], all P <.001).
However, the 2-way group-by-interval interaction (F3,96 =
10.53, P < .001, GG e = 0.66) revealed that this pattern
marked delta distribution in control subjects, whereas
patients had greater delta amplitude in both W1 and
iISIs compared with baseline and tISI (all P <.001).
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The main effect of laterality was also significant (F1,32 =
7.55, P < .01), revealing greater delta distribution on
right (8.79% [SD: 63.56%]) vs left hemisphere (8.27%
[SD: 63.58%]). However, the 3-way group-by-region-
by-laterality interaction (F1,32 = 9.32, P < .01) showed
that control subjects, but not patients, had smaller delta
amplitude in left than right anterior sites (P < .001), re-
gardless of task. In addition, schizophrenics had higher
delta levels in left anterior locations compared with con-
trol subjects (P< .01), whereas no group differences were
found in right anterior sites (figure 3, left panel). Con-
versely, in posterior locations, patients showed greater
delta distribution in right vs left hemisphere (P < .05).

In addition, in posterior locations, control subjects had
higher delta amplitude in both hemispheres compared
with schizophrenics (all P <.001; figure 3, right panel).

The 4-way group-by-task-by-region-by-laterality in-
teraction (F2,64 = 4.31, P < .05, GG e = 0.90] revealed
specific patterns of delta amplitude in schizophrenia
patients and control subjects. During the phonological
task (figure 4b), in anterior regions, control subjects
showed significant higher right vs left delta levels (P <
.001), whereas patients showed bilateral delta distribu-
tion (figure 4b). In contrast, both groups had greater
delta amplitude in right vs left posterior locations (all
P < .01). Concerning between-group differences,

Fig. 1. Response Time Analysis (a) Showed Significant Main Effects of Group and Task Factors. Error rate analysis (b) revealed 2-way group-
by-task interaction. Asterisks indicate significant post hoc comparisons.

Fig. 2. Spline Maps of Differences Between Delta Percentage Values for Control Subjects and Patients. Dark levels, patients’ greater delta
activity; clear levels, control subjects’ higher delta activity. Panels: left, orthographic task; central, phonological task; and right, semantic task.
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schizophrenics had greater delta levels than control sub-
jects in anterior left locations (P< .001), and control sub-
jects had higher delta amplitude in both posterior sites
(P < .001, figure 4b).

A different pattern of activation was found during both
semantic (figure 4c) and orthographic tasks (figure 4a):
Healthy control subjects had significant greater right vs
left delta amplitude in anterior sites (all P <.001) and bi-
lateral delta distribution in posterior locations, whereas

patients showed bilateral delta levels in anterior clusters
and significant greater delta amplitude at right compared
with left posterior sites (P < .05 and P < .001, respec-
tively). Concerning between-group differences, as for
the phonological task, schizophrenics exhibited greater
delta distribution than control subjects in left anterior
locations (P < .01 and P < .001 for semantic and ortho-
graphic tasks, respectively) and in both posterior clusters
(all P < .001; figures 4a and 4c). In addition, control sub-
jects had higher delta amplitude in anterior right sites,
specifically during the orthographic task (P < .05).

From a different point of view, control subjects showed
significant delta lateralization in anterior locations, re-
gardless of task (figure 4, top row): However, a significant
lower delta percentage was found in left sites for ortho-
graphic and phonological vs semantic tasks (all P<.001).
Instead, in posterior sites, specifically during phonolog-
ical processing, control subjects had significant higher
delta levels in right locations compared with delta ampli-
tude measured in the right clusters of both orthographic
and semantic tasks (all P <.001; figure 4, bottom row).
Conversely, patients exhibited significant less delta distri-
bution in posterior left vs right locations, regardless of task
(figure 4, bottom row): Moreover, significant lower delta
levels were found in left sites for orthographic compared
with phonological and semantic tasks (all P <.01).

Pearson Correlations

This analysis, made only on patients’ data, provided es-
sential information for interpreting schizophrenics’ delta

Fig. 3. Delta Band Analysis: Significant 3-Way Group-by-Region-
by-Laterality Interaction. Control subjects’ and patients’ delta
distributions (black and dotted lines, respectively) are shown for
anterior (left panel) and posterior brain regions (right panel).
Asterisks indicate significant post hoc comparisons.

Fig. 4. Delta Band Analysis: Significant 4-Way Group-by-Task-by-Region-by-Laterality Interaction. (a) Orthographic, (b) phonological,
and (c) semantic tasks in control subjects (black line) and schizophrenia patients (dotted black line) in anterior (left) and posterior sites (right).
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distribution within the linguistic domain. Pearson corre-
lations were computed between the scores achieved by
patients on delusions (P1), conceptual disorganization
(P2) and hallucinatory behavior (P3), and laterality indi-
ces (computed as the difference of left minus right delta
amplitude) obtained from delta distributions and col-
lapsed across all intervals in all 3 tasks. As mentioned
above, positive correlations indicated that greater delta
rhythm in the left vs right hemisphere was correlated
with more severe symptoms.

An interesting and clear-cut finding concerned the first
construct (P1) of the positive subscale of the PANSS,
delusions: Three significant positive correlations were
found between the scores obtained for the P1 construct
and the laterality indices of anterior clusters in ortho-
graphic, phonological, and semantic tasks (r12 = 0.63,
P < .01; r12 = 0.49, P < .05; and r12 = 0.52, P < .05, re-
spectively). The greater the delta amplitude in left ante-
rior regions (regardless of task), the higher the score
reached in the delusion domain (figure 5).

Significant positive correlations were also found be-
tween scores on the conceptual disorganization (P2) con-
struct and laterality indices measured at the anterior
clusters of orthographic (r12 = 0.50, P < .05), phonolog-
ical (r12 = 0.51, P < .05), and semantic tasks (r12 = 0.56,
P < .05). The greater the delta level in left anterior
regions, the higher the score of the conceptual disorgani-
zation domain. No significant correlations were found
for the P3 construct, corresponding to hallucinatory be-
havior. (In order to ascertain the specificity of symptoms/
lateralization associations, we have also correlated later-
ality indices and negative PANSS symptoms: No signif-
icant correlations were found.)

Discussion

The present study examined the lateralization of delta
band across different linguistic tasks in schizophrenia
patients and matched control subjects, using a validated
linguistic paradigm.35,36 Most of the literature showed
converging and unambiguous evidence that delta band
is an index of functional and structural cortical inhibi-
tion. At the neurophysiological level, delta activity is gen-
erated by those neurons suffering for disconnection/
deafferentiation or which underwent to partial damage
around a brain lesion (death neurons in the core of the
lesion are electrically silent); therefore, the disruption
of the original extended neural network leads to synchro-
nized, high-amplitude, slow electrical activity.33,34,36 At
the functional level, this is contrary of high-frequency
rhythms, such as gamma band, in which neurons
from intact neural networks, when engaged in high-level
cognitive processing, fire synchronously at very high
frequency and with low amplitudes (see, for review,
Hermann et al63 and Kaiser et al64). All neurons gener-
ating delta rhythm are recruited in low-frequency, non-
specific activity and cannot be involved in specific
high-frequency processes. Therefore, delta band is
a quantitative index of the amount of neurons not en-
gaged in specific cognitive processes and indicates neural
inhibition.27,32 In addition to neurological studies, this in-
terpretation has been further demonstrated by the signif-
icant negative correlation found between local delta
activity and regional metabolism as measured by PET
in healthy sleeping subjects.23 In the present experiment,
delta band was used to measure functional alterations in
language lateralization. As a first important consider-
ation, the main effect of group factor was not significant:
Patients had no overall greater delta amplitude with re-
spect to healthy control subjects. This result suggests that
patients had no structural or pharmacological dependent
impairments. Past studies have found significant greater
levels of delta amplitude in schizophrenia patients com-
pared with healthy control subjects13,16,17 as in other psy-
chiatric patients (eg, Mientus et al16), but all past studies
compared groups in a resting condition. Moreover, delta
amplitude was rarely normalized to allow better between-
group comparisons. The main result of the present study
is the significant higher delta percentage found in the an-
terior left regions of patients compared with control sub-
jects (figures 3 and 4, upper panels). Control subjects had
a coherent pattern of lateralization, delta activity being
higher in right than left anterior sites, whereas schizo-
phrenics showed relatively greater delta amplitude in
left anterior locations. Thus, control subjects showed
a common pattern of lateralization across tasks, with
an overall greater disinhibition of left frontal centers in
all linguistic conditions. This asymmetry was mainly
frontal and is related to the rationale of our paradigm
that stresses on working memory—a strategic choice

Fig. 5. Pearson Correlations Between First Construct (P1) of
Positive Subscale of the Positive and Negative Syndrome Scale
(Delusions) and Delta Anterior Laterality (Left Minus Right Delta
Amplitude) in Orthographic (Black Squares), Phonological (Dark
Gray Circles), and Semantic Tasks (Light Gray Triangles).
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useful for measuring hypofrontality in schizophrenia.
The only task difference, in control subjects, was found
at posterior sites, the rhyming judgment showing greater
left than right disinhibition. The phonological activity in-
duced by this task needs the activation of both anterior
and posterior linguistic centers by specifically involving,
with respect to the other 2 tasks, the verbal working mem-
ory. It should be noted that evoked potentials, using the
same paradigm, are more sensitive to task/linguistic ma-
nipulation41,65. This is because evoked potentials are eli-
cited by synchronous but relatively smaller percentage of
neurons and networks actively engaged by the task. In-
deed, in a previous study based on slow cortical poten-
tials,45 we have showed that the typical linguistic
networks recruited by phonological task were activated
in control subjects’ left frontal sites but were bilateral
in schizophrenic patients. Instead, delta EEG band is
an index sensitive to low-frequency synchronous neurons
not recruited by the specific task, which are functionally
damaged or lost their connectivity with linguistic impor-
tant cortical regions.34,36 Therefore, it measures the con-
tribution of large amounts of inhibited neurons: This
feature makes delta band a complementary method espe-
cially suited for studying functional deficits in psychiatric
or neurological patients.

Results of the present experiment do not contrast with
other current and apparently incongruous empirical find-
ings on schizophrenia. Part of the current literature is fo-
cused on temporal lobe anomalies that, in some studies,
have been associated to auditory hallucinations.66,67 In-
line with those findings, in the present experiment, an al-
tered activity—consisting in both smaller delta amplitude
(ie, greater disinhibition) than control subjects in all pos-
terior sites and in a reversed delta lateralization—was
found over temporal regions. Patients’ left posterior
regions revealed the smallest delta amplitude (figure 3),
ie, the greatest disinhibition, whereas the left frontal
ones showed the greatest inhibition. This altered pattern
indicates a loss of connectivity in patients’ left anterior
centers (larger delta) and an increased unspecific activa-
tion of left posterior sites. Therefore, left temporal areas,
when disconnected and no longer hierarchically con-
trolled by left frontal regions, may undergo uncontrolled
activation of isolated linguistic networks, and, in the end,
this could lead to hallucinations. This interpretation is
consistent with past experiments showing a reduction
of hallucination symptoms after repeated transcranial
magnetic stimulation of left temporoparietal cortex.66,67

However, the observed altered posterior activation in our
sample did not lead to significant hallucinations probably
because of an efficient pharmacological treatment: This
can also explain the lack of significant correlation be-
tween hallucinatory behavior (ie, the P3 construct) and
posterior delta asymmetry. In addition, for the above-
mentioned reasons, delta EEG band might be less suited
to highlight an excess of activation of left temporal lobe

neurons associated to hallucinations. This is a matter for
future studies with evoked potentials.

Within left posterior sites, lower delta levels were
found in orthographic rather than in both phonological
and semantic tasks: This result may reflect patients’ dif-
ficulty in performing the dual task like the orthographic
one. Although simple visuoperceptual matching was re-
quired (upper vs lower case recognition), words also au-
tomatically activate their linguistic representation and
the corresponding networks within the left hemisphere.
Thus, patients may have greater difficulties than control
subjects in inhibiting automatic linguistic processes for
correct execution of visual matching judgments. In sup-
port of this interpretation, significantly higher ERs were
found in patients during the orthographic task, in com-
parison with their performances on both the phonologi-
cal task and control subjects’ performance on the
orthographic one (figure 1b).

Matching studies that found significant hypofrontality
in schizophrenia during a resting condition,13–17 our
patients also showed reduced frontal lobe activity. How-
ever, unlike previous studies carried out on patients in
a resting state, we found significant hypoactivity in left
anterior regions, ie, in the cluster of electrodes selectively
involved in linguistic processing. Indeed, our patients
showed a consistent inhibition of left frontal regions
compared with those of control subjects and the lack
of the left frontal asymmetry expected for linguistic tasks.
According to recent views on the role of Broca’s area,
there is increasing evidence that this region, in addition
to its acknowledged role in articulation and phonological
encoding,40,46,68 is also dedicated to hierarchical and
metalinguistic organization of high-level linguistic pro-
cesses (see, for review, Bookheimer49 and Hagoort50),
and therefore, also within the left hemisphere, this area
would play a dominant role in leading high-order linguis-
tic organization. In support of this, empirical data from
recovered aphasic patients with evident lesions in Broca’s
area showed that plastic reorganization of both phono-
logical and semantic processes occurred in the residual
left prefrontal areas spared by the lesion, rather than
in intact posterior linguistic regions.47,48 A recent investi-
gation on functional resting state connectivity confirmed
the unification model in which the 3 main subdivisions of
Broca’s area—pars triangularis, pars opercularis, and
pars orbitalis—are functionally connected with middle
frontal, parietal, and temporal regions and take account
for its relevant role in phonological, syntactic, and se-
mantic processing.69 The larger left frontal delta increase
observed in our schizophrenia patients indicates that
a relatively high proportion of neurons in this region is
not recruited (ie, functionally inhibited), especially
when the integration of basic cognitive processes is in-
volved (most of which are organized and integrated in
language). This impairment would lead to the loss of in-
tegration between left and right frontal regions and,
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along the anteroposterior asymmetry, between left ante-
rior and left posterior linguistic regions. Our data and
interpretations are in agreement with studies of Hoffman
et al70, who postulated a disconnection between left ante-
rior-posterior linguistic networks and suggested that the
leading deficit in schizophrenia involves verbal working
memory rather than attentional-perceptual cognitive
processes.

To discover the etiological aspects of a psychiatric dis-
order, it is important to investigate the link between be-
havior and brain activity. The correlation of these 2
domains allows us to disentangle different hypotheses
and to make stronger assumptions on a specific theory.
Matching Crow’s42,43 hypothesis, we expected a signifi-
cant correlation between delta band asymmetry and schiz-
ophrenics’ positive symptoms. In agreement with our
hypotheses, the delta frontal asymmetry was positively
correlated with the highest scores in 2 positive symptom
domains, ie, P1 and P2 constructs of the PANSS: Patients
with higher delta levels in left anterior sites showed
a greater extent of delusions and conceptual disorganiza-
tion (averaged across all tasks correlation was 0.55 and
0.52, respectively). The loss of frontal asymmetry may
be the result of 2 interacting mechanisms, the lack of
left hemisphere specialization for language and the lack
of inhibition of homologous regions in the right hemi-
sphere. Such a result is in-line with prior research on an-
other sample of patients carried out with different
methods (slow evoked potentials45). In addition to past re-
search, in the present study, delta EEG band was able to
highlight an important functional link between left frontal
inhibition and key positive symptoms of schizophrenia.
Furthermore, in schizophrenic patients, the inhibition
of left anterior linguistic centers and the relative disinhi-
bition of the left posterior ones, with respect to control
subjects, point to an altered hierarchy and connectivity
also between anterior and posterior linguistic networks.
Given the central role of left inferior frontal gyrus, and
particularly Broca’s area, in unification processes that
are necessary49,50,69 to organize not only all linguistic func-
tions but also hierarchically structured behaviors,71 it is
coherently possible to suppose that the pervasive thought
and behavioral disorders observed in schizophrenia are
causally related to decreased activity, loss of connectivity,
and dominance of such critical area. This important result
does not exclude that another key symptom of the disor-
der, the auditory hallucinations—possibly generated by
uncontrolled disconnected activation of left posterior sites
(see above)—might be better detected with other indices or
more targeted samples of unmedicated patients.66,67,72

Funding

Ministero dell’Istruzione, dell’Università e della Ricerca
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