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Abstract In healthy humans, it has been shown that execu-
tive functions are associated with increased frontal-midline
EEG theta activity and theta phase coupling between frontal
and posterior brain regions. In individuals with schizophrenia,
central executive functions are supposed to be heavily im-
paired. Given that theta phase coupling is causally involved in
central executive functions, one would expect that patients
with an executive function deficit should display abnormal
EEG theta synchronization. We therefore investigated execu-
tive functioning in 21 healthy controls and 21 individuals with
schizophrenia while they performed a visuospatial delayed
match to sample task. The task required either high executive
demands (manipulation of content in workingmemory [WM])
or low executive demands (retention of WM content). In
addition, WM load (one vs. three items) was varied. Results
indicated higher frontal theta activity for manipulation pro-
cesses than for retention processes in patients with

schizophrenia, as compared with healthy controls, indepen-
dently ofWM load. Furthermore, individuals with schizophre-
nia revealed a reduction in theta phase coupling during early
stages of the delay period for retention, as well as for manip-
ulation processes at high-WM loads. Deviations in theta phase
coupling in individuals with schizophrenia were mainly char-
acterized by aberrant fronto-posterior connections, but also by
attenuated posterior connections during manipulation of high-
WM load. To conclude, fronto-parietal theta coupling seems
to be substantially involved in executive control, whereas
frontal theta activity seems to reflect general task demands,
such as deployment of attentional resources during WM.

Keywords Electroencephalography . Frontal midline theta
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Introduction

Working memory (WM) can be defined as an online system in
the human brain that allows sensory representations or infor-
mation from long-termmemory to be actively kept in mind for
a few seconds. These storage functions require control and
coordination processes that are mastered by a modality-free
central executive (Baddeley, 1996). A difficulty in investigat-
ing executive functions is its fractionation into many cognitive
functions. For instance, increased demands on a central exec-
utive are caused by the manipulation ofWMcontent, updating
of information held inWM, temporal coding or sequencing of
WM content, interference control, and attentional and moni-
toring processes (Barch & Smith, 2008; Smith & Jonides,
1999). In a more general manner, all these processes have
mainly been associated with prefrontal structures, especially
the dorsolateral prefrontal cortex (DLPFC), ventrolateral pre-
frontal cortex, and anterior cingulate cortex (D’Esposito et al.,
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1995; Smith & Jonides, 1999), but also parietal brain areas
(Collette et al., 1999). The successful implementation of cen-
tral executive functions therefore seems to rely on the integra-
tion of widely distributed neuronal activity.

In healthy humans, it has been suggested that the integra-
tion of neuronal activity is based on synchronous oscillatory
activity within, as well as between, dedicated frequency bands
(Axmacher et al., 2010; Canolty et al., 2006; Demiralp et al.,
2007; Hanslmayr et al., 2007; Lakatos et al., 2005; Sarnthein,
Petsche, Rappelsberger, Shaw, & Von Stein, 1998; Sauseng
et al., 2009). Low frequencies (e.g., theta, 4–7 Hz) are partic-
ularly suitable in enabling large-scale neuronal integration,
whereas high frequencies (e.g., gamma, 30–70 Hz) have been
proposed to be more supportive in local neuronal integration
(von Stein & Sarnthein, 2000). Indeed, several studies support
the involvement of synchronous theta activity in cognitive
tasks requiring the integration of distant neuronal activity
(Hanslmayr et al., 2007; Sarnthein et al., 1998; Sauseng,
Hoppe, Klimesch, Gerloff, & Hummel, 2007; Wu, Chen, Li,
Han, & Zhang, 2007). In addition, interregional theta (4–7 Hz)
phase synchronization between frontal and posterior brain
areas has been reported to reflect central executive demands
during mental arithmetics (Mizuhara & Yamaguchi, 2007),
task switching (Sauseng et al., 2006), andWM tasks with high
executive demands (Sauseng, Klimesch, Schabus, &
Doppelmayr, 2005). The functional role of interregional theta
phase synchronization duringWMhas been recently proposed
to be the integration and coordination of subnetworks in-
volved in a specific WM process (Sauseng, Griesmayr,
Freunberger, & Klimesch, 2010). All these findings make
theta oscillations a prime candidate in implementing executive
functions.

However, most studies investigating the neural signatures
of central executive functions inWM report mere correlational
associations, measuring brain activity during cognitive tasks
loading highly on central executive functions. To provide
evidence for a causal link between particular brain activation
patterns and central executive functions, one possibility is to
alter brain activity using medication or noninvasive brain
stimulation. Another way is to compare neuronal activity
between healthy subjects and patients who display a deficit
in central executive functioning. The rationale for the latter is
that exactly those neural signatures of executive functions
suggested by associational studies in healthy subjects need
to be abnormal in patients with executive dysfunction if there
is indeed a causal link between neuronal activity and the
cognitive function. There is a broad range of neurological
and psychiatric disorders in which central executive functions
are impaired, including dementia, acquired brain injury, de-
pression, affective disorders, attention deficit hyperactivity
disorder, and schizophrenia (Baddeley & Della Sala, 1998;
Diamond, 2011; Tan, Callicott, & Weinberger, 2007). It is
well-known that individuals with schizophrenia show

substantial impairments particularly in tasks requiring execu-
tive functioning, with executive functions being far more
obvious than general, more unspecific attenuation of memory
functions (Reichenberg & Harvey, 2007). Furthermore, ab-
normal integration of brain processes on different spatial
scales has been claimed to be fundamental for the illness
(Friston, 1998; Uhlhaas et al., 2009; Uhlhaas & Singer,
2010). There is, for instance, growing evidence that individ-
uals with schizophrenia show altered local, synchronous os-
cillatory activity in the theta, alpha, beta, and gamma frequen-
cy bands associated with perceptual binding/grouping
(Spencer et al., 2004; Uhlhaas et al., 2006), WM (Haenschel
et al., 2009; Haenschel, Uhlhaas & Singer 2007; Manoach,
2003), and cognitive control (Cho, Konecky, & Carter, 2006).
WM and, particularly, executive functions rely on large-scale
integration for proper functioning, and thus, deficits in any of
these cognitive processes (as are expected in individuals with
schizophrenia) should be manifested in aberrant theta connec-
tivity. Although evidence of altered functional connectivity
within a fronto-parietal network supporting WM has been
reported (Kim et al., 2003), the specific role of theta oscilla-
tions for large-scale integration during executive functioning
has not been investigated in individuals with schizophrenia so
far.

The aim of the present study was to investigate the
neural correlates of executive functioning in healthy con-
trols and individuals with schizophrenia. On this account,
a visuospatial delayed match to sample task was carried
out. The task required either high executive demands
(manipulation of WM content) or low executive demands
(retention of WM content). In addition, WM load was
varied by one versus three to-be-remembered items. On
the basis of the above-mentioned findings, we focused on
interregional EEG theta (4–7 Hz) phase coupling and local
frontal theta activity.

Frontal theta activity is a salient feature during WM
(Gevins, Smith, McEvoy, & Yu, 1997; Jensen & Tesche,
2002; Onton, Delorme, & Makeig, 2005) and has been pro-
posed to be useful in studying executive functions in the
frontal cortex (Tsujimoto, Shimazu, & Isomura, 2006).
There is some debate as to whether frontal (midline) theta
activity reflects mnemonic processes per se (Jensen & Tesche,
2002) or, rather, unspecific allocation of cognitive task re-
sources (Onton et al., 2005; Sauseng et al., 2007). If frontal
midline theta activity reflects mnemonic processes, patients
with impaired memory functions, such as subjects with
schizophrenia, will display decreased theta amplitudes, as
compared with healthy controls. If frontal midline theta activ-
ity is a signature for memory-unspecific allocation of cogni-
tive resources depending on task demand, individuals with
schizophrenia for whom the memory task should be more
difficult, are expected to exhibit stronger theta amplitudes than
are healthy subjects.
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Interregional, particularly fronto-parietal, theta phase syn-
chronization, on the other hand, is suggested to be associated
with central executive control ofWMprocesses (e.g., Sauseng
et al., 2010). It might be an electrophysiological signature of
activity within a fronto-parietal control network (Dosenbach,
Fair, Cohen, Schlaggar, & Petersen, 2008). Therefore, indi-
viduals with schizophrenia with a rather selective deficit in
executive control of WM processes should display attenuated
fronto-parietal theta phase synchronization.

Method

Subjects

Twenty-seven patients meeting ICD 10 criteria for schizophre-
nia participated in the study. Patients were recruited from the
inpatient and outpatient facilities of the Christian-Doppler
Klinik, Salzburg. They showed (1) no history of neurological
illness, (2) no history of alcohol or substance abuse within the
last month prior to testing, and (3) no symptoms of color
blindness (the experimental task requires dissociation of red
and green colors). Further exclusion criteria were alternating

medication treatment and florid symptomatic. Six patients
were excluded from data analysis due to the following rea-
sons: Three out of 6 patients were not capable of finishing the
task, and EEG signals of 3 further patients were too heavily
contaminated by artifacts. Diagnostic subgroups of the re-
maining sample (n = 21; see Table 1 for demographical
characteristics) were paranoid schizophrenia (n = 17), undif-
ferentiated schizophrenia (n = 1), and schizoaffective disorder
(n = 3). Severity of clinical symptoms was assessed with the
Positive and Negative Syndrome Scale (Kay, Fiszbein, &
Opler, 1987) by three trained psychiatrists, indicating an av-
erage total PANSS score of 77.19 ± 20.61. Average ratings
were 18.95 (SD = 7.12) on the Positive subscale and 19.24
(SD = 8.11) on the Negative subscale. At the time of testing,
patients received atypical (n = 15), typical (n = 2), and atypical
as well as typical (n = 4) antipsychotics. In addition to anti-
psychotic treatment, 6 patients received antidepressants, and a
further 3 patients received low doses of benzodiazepines. The
mean chlorpromazine equivalent was 556.36 mg/day (SD =
371.63).

Twenty-one healthy control subjects were recruited by
flyers, Internet advertisements, and advertisements in news-
papers. They were accordingly matched for age, gender,

Table 1 Demographical and clinical characteristics of individuals with schizophrenia and healthy controls

Characteristics Patients with Schizophrenia (n = 21) Healthy Controls (n =21) p-Value

Mean age (range), years .81 (t(40) = 0.06)

31.96 (22–46.02) 31.55 (20.05–47.02)

Sex, number >.99 (χ2 = 0)

Male 16 16

Female 5 5

Handedness, number .31 (χ2 = 1.02)

Right 21 20

Left 0 1

Education, number .10 (χ2 = 6.17)

Higha 3 3

Middleb 6 6

Lowc 4 10

Very lowd 8 2

Mean (SD) PANSS score

PANSS score 77.19 (20.61)

Positive 18.95 (7.12)

Negative 19.24 (8.11)

Mean (SD) chlorpromazine equivalents,e mg/d

556.36 (371.63)

a Polytechnic or university degree, bachelor
b A-levels
c Completed apprenticeship or professional school
d Compulsory school, secondary modern school qualification
e Chlorpromazine equivalents were calculated according to Woods (2003) and Möller, Müller, and Volz (2000)
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handedness, and education (see Table 1). Control sub-
jects completed the Brief Symptom Inventory (Franke,
2000), which reliably screens for clinically relevant
psychological stress symptoms. In a second step, they
were carefully screened with the structured clinical in-
terview (SCI-I) in order to exclude mental disorders,
past and present. Further exclusion criteria were (1)
neurological diseases, (2) first-degree relatives suffering
from psychiatric disorders, and (3) color blindness (see
above).

Prior to testing, all subjects gave written informed consent,
and after the experimental session, they were monetarily com-
pensated for participation. The study was approved by the
local ethics committee and conducted in agreement with the
Declaration of Helsinki.

Experimental procedure

A 6 × 6 matrix with a visual angle of 9.2° × 9.2° (distance to
computer screen: 0.8 m) was presented at the center of a
computer screen (19-in. LCD monitor) using Presentation®
7.01 software (Neurobehavioral Systems). In this matrix, ei-
ther one (load 1) or three (load 3) positions appeared in color
for 700 ms (see Fig. 1). If the positions were shown in green,
subjects had tomaintain their locations inmemory for a 2,000-
ms delay period (retention condition). If matrix positions
appeared in red, they had to be mirrored around a vertical
gap in the matrix during a delay period, and the new positions
had to be kept in memory (manipulation condition).
Subsequently, a probe matrix was presented for 2,000 ms,
with gray-colored positions representing the same (match) or

Fig. 1 Example of the visuospatial delayed match to sample task with
conditions “retention” and “manipulation” and varyingmemory load (one
vs. three items). Subjects had either to retain the positions of the colored

squares (a) or to mirror the squares around a vertical gap in the matrix (b).
Note that match, as well as nonmatch, trials are shown
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different (nonmatch) locations, as in the encoding matrix.
Subjects had to indicate by buttonpress whether they thought
the probe item was matching the memory set or not. During
the intertrial interval (jittered between 2,100 and 2,500 ms), a
central fixation cross was presented. Two hundred twenty-four
trials were run in total, resulting in 56 trials per experimental
condition: manipulation load 1 (Man L1), manipulation load 3
(Man L3), retention load 1 (Ret L1), and retention load 3 (Ret
L3). Half of the trials were match, the other half nonmatch.
Conditions were presented in randomized order, and red and
green matrix positions were isoluminant. In order to avoid
color afterimages during the maintenance period, the matrix
shown in the delay interval was filled with a structured
gray/black pattern. A training block was carried out at the
beginning of the experiment. Subjects were instructed to
answer as correctly as possible. Due to response biases in
Man L3, 1 subject of the schizophrenia sample and 2
subjects of the healthy control sample were excluded
from further analysis. Therefore, the EEG analyses de-
scribed in the EEG recording section refer to 20 sub-
jects with schizophrenia and 19 healthy controls.

EEG recording

Scalp EEG was recorded from 28 Ag-AgCl ring electrodes
(EasyCap) positioned according to the 10-20 system: Fp1,
Fp2, F7, F3, Fz, F4, F8, FC3, FCz, FC4, T3, C3, Cz, C4,
T4, CP5, CPz, CP6, T5, P3, Pz, P4, T6, PO3, PO4, O1, Oz,
and O2. The recording reference was set on the tip of
the nose, and the ground electrode was positioned on
the forehead. For EEG analyses, data were digitally
rereferenced to averaged earlobes. In order to control
for vertical and horizontal eye movements, two addi-
tional electrodes were placed above and to the right of
the right eye. The EEG signal was registered between
0.016 and 80 Hz, digitized with a sampling rate of
1000 Hz, and amplified with a BrainAmp MR+ ampli-
fier (Brain Products). A notch-filter was set at 50 Hz,
and impedances were kept below 15 kΩ.

Behavioral data analysis

Percentage of correct responses was used for behavioral
data analysis. For statistical analysis, a repeated mea-
sures ANOVA with the between-subjects factor group
(SzP, HC) and the within-subjects factors condition (re-
tention, manipulation) and load (load 1, load 3) was
run. Independent and paired-sample t-tests were used
for post hoc comparisons, and false discovery rate
(FDR) correction (Benjamini & Hochberg, 1995) was
applied to control for multiple comparisons.

EEG data analysis

For EEG data analysis, Brain Vision Analyzer 2.0 (Brain
Products) and MATLAB 2008a (Math Works) were used.
Data were first rereferenced offline to averaged ears and
high-pass filtered with a low cutoff at 1 Hz, 48db/Oct
(Butterworth Zero Phase IIR Filter, as implemented in Brain
Vision Analyzer 2.0) to eliminate slow drifts in the EEG
signal. Then ICA ocular correction (as implemented in Brain
Vision Analyzer 2.0) was applied to remove horizontal and
vertical eye artifacts. In addition, data were manually
inspected for remaining artifacts. Before segmentation,
Laplacian current source density (CSD) was applied to atten-
uate effects of volume conduction on interregional phase
coupling (Trujillo, Peterson, Kaszniak, & Allen, 2005).
CSD-transformed data were then segmented into 3,400-ms
epochs, separately for each experimental condition. The
3,400-ms segments comprised 100 ms at the edges of the
segments that were trimmed after filtering, a 500-ms pretrial
baseline, a 700-ms presentation of the memory set, and a
2,000-ms delay interval. On average, this resulted in 45.6
(SD = 6.4) trials for Ret L1, 46.5 (SD = 7.1) trials for Ret
L3, 44.1 (SD = 5.5) trials for Man L1, and 47.5 (SD = 5.8)
trials for the Man L3 condition for the individuals with
schizophrenia. Healthy controls, on average, showed 47.05
(SD = 4.9) trials for Ret L1, 46.53 (SD = 6.6) trials for Ret L3,
46.79 (SD = 6.2) trials for Man L1, and 46.47 (SD = 5.9) for
Man L3. In terms of the number of analyzed trials, there were
no significant differences between individuals with schizo-
phrenia and healthy controls in any condition (all ps > .05).
The analyses described below were exclusively applied to the
2,000-ms delay period.

Analyses of frontal-midline theta (4–7 Hz) event-related
amplitude in- or decrease

To calculate amplitude estimates, single trials were first
wavelet filtered between 1 and 30 Hz in 1-Hz steps
(continuous wavelet demodulation using a 10-cycle
Complex Morlet Wavelet; for the center frequency of
the theta band, this resulted in a temporal resolution of
636 ms and a frequency resolution of 1 Hz). Single
trials were then averaged for each condition separately,
and event-related amplitude (ERA) increase/decrease
was calculated. ERA increase/decrease is defined as
the percentage of increase or decrease with respect to
a predefined baseline ([activity period − baseline peri-
od]/baseline * 100). We extracted a baseline period
from −500 to −200 ms prior to stimulus onset for
ERA increase/decrease calculation. ERA increase/
decrease estimates were then averaged within 4–7 Hz
for four different time windows of 500 ms covering the
2,000–ms delay interval. Electrode Fz was selected for

1344 Cogn Affect Behav Neurosci (2014) 14:1340–1355



ERA increase/decrease analysis, since time-frequency
plots and topographical maps showed clear amplitude
maxima in this frequency band at the selected recording
site (see Fig. 2). Previous studies also report FM theta
activity being dominant at electrode Fz (Gevins et al.,
1997; Onton et al., 2005; Sauseng et al., 2007). In
addition to frontal theta ERA increase/decrease, theta
ERA increase/decrease was calculated for a pooled set
of posterior electrodes (P3, Pz, P4, Po3, PO4, O1, Oz,
O2) to investigate the topographical specificity of fron-
tal theta effects.

For statistical analysis, repeated measures ANOVAs with
the between-subjects factor group (SzP, HC) and the within-
subjects factors condition (retention, manipulation), load (load
1, load 3), and time (time window 1, time window 2, time
window 3, time window 4) were run. ERA increase/decrease
estimates were used as dependent variables. Greenhouse–
Geisser correction was applied where necessary. Independent
and paired-sample t-tests were used for post hoc comparisons,
and FDR correction was applied to correct for multiple
comparisons.

Interregional phase coupling analysis

To estimate interregional phase synchronization for the theta
(4–7 Hz) frequency band, phase locking value (PLV) accord-
ing to Lachaux, Rodriguez, Martinerie, and Varela (1999) was
calculated (see Supplemental online material for depiction of
analysis steps). PLV is a measure for intertrial variability of
phase differences between signals from two electrode sites at a
specific time bin. PLV can range from 0 to 1, with a value of 0
indicating completely random distribution of phase differ-
ences and a value of 1 indicating perfect stability of phase
differences across trials. On the basis of continuous complex
Morlet wavelet demodulation as described above, instanta-
neous phase angles of theta frequency (center frequency,
5.14 Hz; bandwidth, 4.63–5.66 Hz) were obtained for single
trials. Thereafter, PLV was estimated for all possible electrode
pairs (n = 378) for each time bin within the 2,000-ms delay
period and each experimental condition. PLVs were then
averaged into 500-ms time windows. The same procedure
was carried out for a baseline period from −500 to −200 ms
prior to stimulus onset. Phase coupling within the delay period

Healthy Controls Patients with Schizophrenia
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Fig. 2 a Sustained frontal theta (4–7 Hz) event-related amplitude (ERA)
increase/decrease at Fz is shown for healthy controls (left) and individuals
with schizophrenia (right), averaged over all conditions. Vertical dashed
lines mark the encoding interval from 0 to 700 ms, which is followed by

the delay period from 700 to 2,700 ms; dashed horizontal lines mark
frequency of interest for statistical analysis. b Topographical distribution
of theta ERA increase/decrease is shown for healthy controls (left) and
individuals with schizophrenia (right) for the 2,000-ms delay period
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was then compared with that of the baseline period by apply-
ing paired-sample t-tests. This was done for each of the 378
electrode pairs and for each time window, experimental con-
dition, and group separately. In a first explorative analysis
step, electrode pairs reaching a significance level of p < .05
were considered as relevant for further statistical analysis. For
further statistical evaluation, the number of significant elec-
trode pairs showing an increase or decrease, as compared with
the baseline period, was compared between varying loads (Ret
L1 vs. Ret L3, Man L1 vs. Man L3) and between conditions
(Ret L1 vs. Man L1, Ret L3 vs. Man L3) in each experimental
group by running McNemar tests (a chi-squared test proce-
dure for repeated measures). This was done separately for
each time window, resulting in 16 comparisons per experi-
mental group. A further 16 comparisons were carried out for
between-group analyses (SzP Ret L1 vs. HC Ret L1, SzP Ret
L3 vs. HC Ret L3, SzP Man L1 vs. HC Man L1, SzP Man L3
vs. HCMan L3). Results fromMcNemar tests were corrected
for multiple comparisons using FDR correction.

Results

Behavioral data

As Fig. 3a shows, overall performance (mean of correct
responses) was better in healthy controls (M = 94.88 % ±
0.73 % SEM) than in individuals with schizophrenia (92.63 %
± 0.71 %). This was indicated by a significant main effect of
the group factor, F(1, 37) = 4.88, p < .05. In general, perfor-
mance was better for load 1 (97.58 % ± 0.36 %) as compared
with load 3 (89.94 % ± 0.82 %) and for retention (97.04 % ±
0.44 %) as compared with manipulation [90.48 % ± 0.67 %;
main effects for the factors of load, F(1, 37) = 104.18, p <
.001, and condition, F(1, 37) = 167.41, p < .001].
Furthermore, a significant load × condition interaction, F(1,
37) = 177.68, p < .001, revealed a decline in performance for

manipulation, as compared with retention, that was more
pronounced for load 3 [84.17 % ± 1.02 % vs. 95.71 % ±
0.75 %; t(38) = 14.67, p = .000; p < .05 after correction for
multiple comparisons] than for load 1 [96.79 % ± 0.55 % vs.
98.36 % ± 0.27 %; t(38) = 3.24, p = .002; p < .05 after
correction for multiple comparisons]. Between-group results
revealed a significant condition × group interaction,F(1, 37) =
6.55, p < .05. Post hoc t-tests indicated that patients with
schizophrenia performed significantly worse in the manipula-
tion condition (88.71 % ± 0.94 %), as compared with healthy
controls [92.25 % ± 0.96 %; t(37) = −2.64, p = .021; p < .05
after correction for multiple comparisons], whereas no differ-
ences were found for the retention condition (96.56 % ±
0.61 % vs. 97.51 % ± 0.63 %), t(37) = −1.08, p =.228.

Event-related amplitude increase/decrease

Frontal theta (4–7 Hz) ERA increase

The repeated measures ANOVA run on theta ERA increase at
electrode site Fz revealed an increase in amplitude for manip-
ulation as compared with retention, F(1, 37) = 8.08, p < .01,
and for load 3 as compared with load 1, F(1, 37) = 4.81, p <
.05, independently of the group factor. Furthermore, the main
effect of the time factor, F(1.56, 57.84) = 38.61, p < .001,
indicated that frontal theta ERA increase was strongest in time
windows 1 and 2, followed by less ERA increase in time
windows 3 and 4 [t1 vs. t3, t(38) = 3.25, p = .002; t1 vs. t4,
t(38) = 7.32, p = .000; t2 vs. t3, t(38) = 4.16, p = .000; t2 vs. t4,
t(38) = 9.37, p = .000; t3 vs. t4, t(38) = 11.5, p = .000; all ps <
.05 after correction for multiple comparisons]. Moreover, a
significant condition × time interaction, F(1.82, 67.34) = 5.72,
p < .01, suggests higher ERA increase for manipulation than
for retention in the later time windows of the delay period [t3,
t(38) = −2.74, p = .009; t4, t(38) = −4.09, p = .000; all ps < .05
after correction for multiple comparisons]. In addition, frontal
theta ERA increase was more pronounced for load 3 than for

Fig. 3 a Mean correct responses in percentages are shown separately in
response to experimental conditions retention and manipulation and load
1 and load 3 for healthy controls (HC) and individuals with schizophrenia
(SzP). Error bars represent standard errors of the means. b Frontal theta

event-related amplitude (ERA) increase is shown for HC and SzP in
response to retention and manipulation. Error bars represent standard
errors of the means
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load 1 in time windows 2, 3, and 4 [t2, t(38) = −2.22, p = .034;
t3, t(38) = −2.29, p = .027; t4, t(38) = −2.88, p = .007; all ps <
.05 after correction for multiple comparisons], as indicated by
a significant load × time interaction, F(1.70, 62.83) = 10.07, p
< .001. Most important, however, as can be seen in Fig. 3b,
individuals with schizophrenia showed a stronger frontal theta
ERA increase for manipulation than for retention, t(19) =
−2.95, p < .05, which was not the case for healthy controls.
This effect was confirmed by a significant condition × group
interaction, F(1, 37) = 4.24, p < .05. In general, patients with
schizophrenia tended to show higher frontal theta ERA in-
crease, as indicated by a marginally significant main effect of
the group factor, F(1, 37) = 3.21, p = .08.

Posterior theta (4–7 Hz) ERA increase/decrease

For posterior theta, results revealed a decline in ERA over
time in both groups, as indicated by a significant main effect
of the time factor, F(1.46, 53.83) = 132.91, p < .001. A
significant time × group interaction, F(3, 111) = 5.75, p <
.05, indicates that specifically during time window 1, healthy
controls showed higher theta ERA, as compared with individ-
uals with schizophrenia. Furthermore, in healthy controls, a
load-dependent increase in theta ERA can be observed, as
compared with the patient group [load × group: F(1, 37) =
4.18, p < .05], which is more pronounced during late time
windows [load × time × group: F(3, 111) = 4.00, p = .01].

Interregional theta phase coupling

Within group analysis, healthy controls

In Fig. 4a, the number of electrode pairs exhibiting significant
increases in interregional theta phase coupling, as compared
with a baseline period, is shown [t(37) > 2.03, p < .05,

uncorrected for multiple comparison as exploratory analysis].
Theta phase coupling was most pronounced within time win-
dow 1 for Ret L3 and Man L3. Interestingly, all conditions
showed a gradual decrease in theta phase coupling over time.
McNemar tests comparing (number of electrode pairs with
theta phase coupling significantly increased, as comparedwith
baseline, for) loads 1 and 3 revealed significantly more theta
phase coupling for Ret L3 than for Ret L1, as well as for Man
L3 as compared with Man L1, within all four time windows
(Ret L3 > Ret L1: time window 1, x2 = 8.82, p = .003; time
window 2, x2 = 8.50, p = .004; time window 3, x2 = 5.92, p =
.014; time window 4, x2 = 5.81, p = .016; Man L3 > Man L1:
time window 1, x2 = 15.28, p = .000; time window 2, x2 =
39.45, p = .000; time window 3, x2 = 16.57, p = .000; time
window 4, x2 = 16.70, p = .000; all ps < .05, after being
corrected for multiple comparisons). Between conditions, ma-
nipulation versus retention results indicated significantly more
electrode pairs with increased theta phase coupling for Man
L3, as compared with Ret L3, within time windows 2 (x2 =
10.08, p = .001; p < .05 after correction for multiple compar-
isons) and 3 (x2 =6.11, p = .013; p < .05 after correction for
multiple comparisons). No significant results were found for
Man L1, as compared with Ret L1.With respect to the number
of electrode pairs showing a decrease in theta phase coupling
(as compared with a baseline period), no significant differ-
ences were found between conditions or loads.

Within group analysis, individuals with schizophrenia

In Fig. 4b, the number of electrode pairs exhibiting significant
increases in interregional theta phase coupling, as compared
with a baseline period [t(37) > 2.03, p < .05, uncorrected for
multiple comparison as exploratory analysis] are shown for
individuals with schizophrenia. Number of electrode pairs
with increased theta phase coupling was highest within time

Fig. 4 The number of significant theta interactions for healthy controls
(a) and individuals with schizophrenia (b) is shown for retention loads 1
and 3 (light gray bars) and manipulation loads 1 and 3 (dark gray bars)

during the delay period. The delay period is separated into four time
windows of 500 ms each. Significant differences between conditions are
marked with asterisks. * p < .05, corrected for multiple comparison
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window 1 of the delay period for Ret L1, Ret L3, and Man L1
and declined over time. For Man L3, however, it increased
within the first 1,500 ms of the delay period. McNemar tests
within conditions revealed significantly more coupled elec-
trode pairs for Man L3 than for Man L1 within time windows
2 (x2 = 14.79, p = .000; p < .05 after correction for multiple
comparisons), 3 (x2 = 18.95, p = .000; p < .05 after correction
for multiple comparisons), and 4 (x2 = 9.82, p = .002; p < .05
after correction for multiple comparisons), which was mainly
characterized by an increase in frontal short-range connections
(see Fig. 6b). No significant differences were found for Ret
L3, as compared with Ret L1. Comparisons between manip-
ulation and retention indicated significantly more theta phase
coupled electrode pairs for Man L3 than for Ret L3 within
time windows 2 (x2 = 14.38, p = .000; p < .05 after correction
for multiple comparisons) and 3 (x2 = 15.02, p = .000; p < .05
after correction for multiple comparisons). No significant
differences were found for Man L1, as compared with Ret
L1. For the number of electrode pairs exhibiting a decrease in
theta phase coupling (as compared with a baseline period), no
significant differences were found between conditions or
loads.

Between-group analysis and relation between theta phase
coherence and task performance

As can be seen in Figs. 4 and 5, significantly fewer electrode
pairs exhibited increased theta phase coupling in individuals
with schizophrenia, as compared with healthy controls, for
Man L3 and Ret L3 during time window 1 (confirmed by
McNemar tests; Man L3, x2 = 9.56, p = .002; Ret L3, x2 =
14.02, p = .000; all ps < .05 after correction for multiple
comparisons). No significant differences were found for
Man L1 and Ret L1. Furthermore, we found no significant
differences between groups with regard to conditions for
adjacent time windows. For the number of electrode pairs
exhibiting a decrease in theta phase coupling (as compared
with a baseline period), no significant differences were found
between groups.

To investigate whether theta phase synchronization show-
ing group differences was associated with task performance,
averaged phase coherence values across previously identified
electrode pairs of interest were correlated with percentages of
correct responses. In the first time window for Man L3 and
Ret L3, a PLV ratio (PLV averaged over all electrode pairs
exhibiting significantly higher phase coherence increase in the
healthy controls, as compared with individuals with schizo-
phrenia [green cells in Fig. 5a or left connectivity map below
scatterplots in Fig. 5b], divided by PLV averaged over all
electrode pairs exhibiting significantly higher phase coher-
ence increase in the individuals with schizophrenia, as com-
pared with healthy controls [blue cells in Fig. 5a or right
connectivity map below scatterplots in Fig. 5b]) was

calculated. This ratio being high indicates a connectivity pat-
tern more typical for healthy controls during the task. If this
PLVratio is low, the theta coherence pattern is exhibitingmore
features typical for individuals with schizophrenia. As is
depicted in Fig. 5b, percentage of correct responses in Man
L3 (the condition for which task accuracy differed significant-
ly between groups; see above) significantly correlatedwith the
PLV ratio obtained in Man L3 (r = .27, p = .049, one-tailed),
but also in Ret L3 (r = .33, p = .021, one-tailed). Task accuracy
in Ret L3, on the other hand, did not exhibit any significant
association with PLV ratio obtained in either condition (PLV
ratio in Ret L3, r = .24, p = .070, one-tailed; PLV ratio in Man
L3, r = .09, p = .285, one-tailed).

Effect of chlorpromazine equivalent on task performance
and theta amplitude

Spearman correlations were calculated between chlorproma-
zine equivalent and task accuracy, as well as response times
for each experimental condition separately. Task accuracy was
not significantly related to chlorpromazine equivalent in any
experimental condition (all ρs < .22, ps > .36), nor was
response time (all ρs < .21, ps > .39). Spearman correlations
between chlorpromazine equivalent and frontal midline theta
activity for each experimental condition and each time win-
dow separately indicate that there is no consistent relation
between theta activity and chlorpromazine equivalent in our
data set. There were, however, some significant correlations—
mainly for pure retention (R1 during time windows 2 [ρ = .54,
p = .015], 3 [ρ = .76, p = .000], and 4 [ρ = .50, p = .025]; R3
during time windows 2 [ρ = .45, p = .049] and 4 [ρ = .59, p =
.006]; M4 during time window 4 [ρ = .54, p = .014])—from
which only one (R1 time window 3) survives correction for
multiple testing. This suggests that theta activity was not
consistently influenced by medication in the schizophrenia
sample and that medication cannot account for the obtained
effects described above.

Discussion

In the present study, we investigated the role of frontal theta
activity and interregional phase synchronization at theta fre-
quency for executive functioning in healthy controls and
patients with impaired central executive functions—that is,
individuals suffering from schizophrenia. Subjects had to
perform a visuospatial delayed match to sample task that
required either high (manipulation of visuospatial informa-
tion) or low (retention of visuospatial information) executive
demands. In addition, memory load was varied by the number
of items presented in the memory set.

As was expected, behavioral data revealed impaired ma-
nipulation processes in individuals with schizophrenia, as

1348 Cogn Affect Behav Neurosci (2014) 14:1340–1355



PLV ratio
Retention Load 3

PLV ratio
Manipulation Load 3

%
 c

or
re

ct
 r

es
po

ns
es

M
an

ip
ul

at
io

n 
Lo

ad
 3

%
 c

or
re

ct
 r

es
po

ns
es

R
et

en
tio

n 
Lo

ad
 3

r = .33
p = .021

r = .27
p = .049

r = .09
n.s.

r = .24
n.s.

HC
SzP

a)

b)

Cogn Affect Behav Neurosci (2014) 14:1340–1355 1349



compared with healthy controls, while pure retention process-
es seemed to be intact in the patient group. This is well in line
with a variety of studies showing that individuals with schizo-
phrenia are mainly impaired in cognitive tasks requiring ex-
ecutive processes (e.g., Kim, Glahn, Nuechterlein, & Cannon,
2004), whereas mixed evidence has been reported for memory
storage deficits (Junghee & Sohee, 2005).

The study revealed sustained oscillatory theta activity dur-
ing the delay period at frontal electrode sites, with maximal
activity at electrode Fz for healthy controls and individuals
with schizophrenia. Previously, it has been proposed that
sustained frontal theta activity might be involved in memory
retention per se (Jensen & Tesche, 2002). However, our find-
ings do not indicate frontal theta activity to be a substrate of
memory maintenance. Instead, the present results point to-
ward an unspecific, general role of frontal theta activity, such
as allocation of general cognitive resources. Naturally, an
increase in memory load as in Jensen and Tesche’s study
would require enhanced allocation of such general cognitive
resources as well, possibly explaining this inconsistency be-
tween previous work (Jensen & Tesche, 2002) and the present
results. This is backed up by the finding that individuals with
schizophrenia showed a stronger increase in frontal theta
activity for the manipulation of information, as compared with
pure retention, which was not the case in healthy controls. The
increase in frontal theta activity during manipulation might
account for increased deployment of attentional resources that
are required because of difficulties in handling manipulation
processes. Therefore, increased frontal theta activity during
manipulation in individuals with schizophrenia might be a by-
product of an executive deficit, rather than the representation
of this impairment per se. This interpretation is well in line
with studies showing that frontal theta activity represents
sustained attentional processes related to the task (Gevins
et al., 1997; Onton et al., 2005; Sauseng et al., 2007). An
alternative explanation is that during manipulation of WM
content, processing capacity in individuals with schizophrenia
is close to its limit. This could lead to neuronal overactivation

in patients, as compared with healthy controls, which is
underpinned by the fact that healthy controls did not show
higher increase in frontal theta activity during manipulation,
as compared with retention (see Fig. 3b). This indicates that
processing capacity limits are not exceeded in this group.
Several fMRI studies report similar effects within the prefron-
tal cortex (hyper- vs. hypoactivation of DLPFC; Callicott
et al., 2003; Cannon et al., 2005; Manoach, 2003).

Results on interregional theta phase coupling indicated
reduced synchronization during manipulation and retention
processes at highest WM load (load 3) within the first
500 ms of the delay period in individuals with schizophrenia,
as compared with healthy controls. A general reduction in
functional connectivity is well in line with several theoretical
models considering schizophrenia as disconnection syndrome
(for reviews, see Friston, 1998; Uhlhaas & Singer, 2010), but
also with empirical studies showing reduced functional con-
nectivity in individuals with schizophrenia in several cogni-
tive domains and EEG frequency bands (Ford, Mathalon,
Whitfield, Faustman, & Roth, 2002; Micheloyannis et al.,
2006; Uhlhaas et al., 2006). Results from the present study
particularly highlight theta synchronization between prefron-
tal and posterior recording sites during processing of informa-
tion requiring high executive control in healthy subjects—a
pattern that is clearly reduced in the patient sample (see
Fig. 5). This is well supported by several neuroimaging stud-
ies indicating an involvement of frontal and posterior brain
areas in WM (Postle, Stern, Rosen, & Corkin, 2000; Smith &
Jonides, 1998). Furthermore, a tightly organized posterior
theta network seems to play a major role during manipulation
of WM contents in healthy controls, as compared with indi-
viduals with schizophrenia. These findings are in good agree-
ment with those of Sauseng et al. (2006) indicating an increase
in fronto-parietal theta connectivity and increases in a poste-
rior theta network associated with increased demands on
central executive functioning. Moreover, a study by
Champod and Petrides (2007) showed the posterior parietal
cortex being particularly involved in the rearrangement of
items held in WM, whereas activity of the DLPFC predomi-
nantly represents monitoring of information in WM.

Importantly, in the present study, strong posterior theta
coupling in healthy subjects was observed throughout the
entire delay period (see Fig. 6d), but only for the most de-
manding condition—namely, manipulation of three items.
Pure retention of three positions in WM, however, did result
in comparably strong posterior theta connectivity for the first
500 ms only (Fig. 6c). And apparently, as discussed above,
individuals with schizophrenia did not exhibit this strong
posterior phase coupling at theta frequency at all.
Manipulation at memory load 3 requires a range of parallel
cognitive processes: (1) maintenance of the encoded material,
(2) dispersing the original multiitem memory trace, (3)
performing the actual mental rotation of spatial positions

�Fig. 5 Theta phase coupling within time window 1 of the delay period is
shown for manipulation and retention with respect to load 3 (a).
Significant theta phase coupling increase in healthy controls (HC) and
individuals with schizophrenia (SzP) and phase coupling that is shared by
both groups are color coded. Each cell represents one electrode pair; the
areas marked in red represent networks of interest: a frontal-posterior
network and a posterior network. A theta phase coupling ratio between
the averaged theta phase synchronization across electrode pairs with
higher PLV in the HC, as compared with SzP, divided by average phase
coupling within the theta network stronger in SzP, as compared with HC,
was correlated with task accuracy (b). The higher the PLV ratio, the more
typical the connectivity pattern is to HCs; the lower the ratio, the more
typical theta phase coupling is to SzPs. The PLVratio obtained in theMan
L3, as well as in the Ret L3, condition significantly correlates with task
performance in Man L3, but not with performance on pure retention of
three items (Ret L3)

1350 Cogn Affect Behav Neurosci (2014) 14:1340–1355



(Cohen & Miles, 2000), (4) binding the new mental represen-
tations together, and (5) finally retaining the new multiitem

WM representation. It has been suggested that binding mech-
anisms inWMare particularly strongly reflected by theta band

Patients with Schizophrenia Healthy Controlsa c

b d

Fig 6 Topographical distribution of theta phase coupling (5 Hz) is shown
for healthy controls (left) and individuals with schizophrenia (right)
separately for each experimental condition. In addition, topographical

plots are depicted for four different 500-ms time windows (see a: t1, t2,
t3, t4) covering the entire delay period
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activity (Sauseng et al., 2010). It is therefore likely that pos-
terior theta phase coupling observed in the present study
reflects exactly these binding-related processes that are sup-
posed to be disrupted in individuals with schizophrenia
(Foucher, Lacambre, Pham, Giersch, & Elliott, 2007;
Tschacher & Bergomi, 2011; van Assche & Giersch, 2011).

Attenuated posterior theta phase coupling in individuals
with schizophrenia (as depicted in Fig. 5) could, in theory,
also be explained by encoding deficits (Badcock, Badcock,
Read, & Jablensky, 2008; Haenschel et al., 2007a; Hartman,
Steketee, Silva, Lanning, & McCann, 2002)—particularly,
since the most pronounced group differences are found within
the first 500 ms of the delay period and temporal precision of
filters in the theta frequency band is low. Another observation
pointing toward a possible overlap between encoding deficits
in individuals with schizophrenia and the obtained results is
that a significant group difference for both the manipulation
and pure retention of three items inWM has been found in the
first time window. However, inefficient encoding in individ-
uals with schizophrenia should have a similar impact on
manipulation and retention processes of three items. And this
pattern is clearly not found in the within-group analysis in the
patient sample, where there is a deviant evolution of the
connectivity pattern for the manipulation condition. The
above-described findings rather speak against sole encoding
deficits in individuals with schizophrenia, since retention and
manipulation processes are affected differently in the patient
group with respect to posterior theta phase coupling, but also
with respect to behavioral performance. It is noteworthy that
performance onmanipulation trials in individuals with schizo-
phrenia was significantly worse than that on retention trials,
independently of WM load. The finding that there are signif-
icant group differences not only for manipulation, but also for
retention of three items in the first time window could as well
be explained by the fact that even pure retention of three items
can substantially stress executive control in individuals with
schizophrenia and healthy controls (although less than in the
manipulation condition, as suggested by the behavioral re-
sults). This interpretation is supported by the fact that the ratio
between theta PLV in a network predominately displayed by
healthy controls against that more exhibited by individuals
with schizophrenia in either Man L3 or Ret L3 was correlated
only with task accuracy in Man L3, and not in Ret L3. Note
that task performance was significantly different between
groups in Man L3, the condition best reflecting central exec-
utive functions and, consequently, also best describing a cen-
tral executive deficit in individuals with schizophrenia. The
similarity of theta PLV shared between Man L3 and Ret L3
seems to be due to central executive demands in both condi-
tions, and consequently, task performance in Man L3 corre-
lates with both PLV ratios. If theta PLV group differences in
the first time window were due to encoding deficits in the
patient sample, one would also expect task accuracy in Ret L3

to correlate with PLV ratios, which is not the case. Although it
cannot be excluded that encoding deficits in individuals with
schizophrenia contribute to effects of interregional phase syn-
chronization in the first time window, it is highly unlikely that
they are the main factor responsible for these findings.
Moreover, later effects and differences in the topography of
theta phase coherence cannot be explained by possible
encoding deficits in the patient group.

Another alternative interpretation could be that healthy
subjects display stronger theta amplitude at posterior record-
ing sites, possibly biasing theta phase coupling between them.
However, it needs to be considered that in healthy controls,
posterior theta amplitude showed a memory-load-dependent
increase independently of experimental condition. Posterior
theta phase coupling, on the other hand, exhibits a sustained
increase in healthy controls only during manipulation of three
items, and not during pure retention. These divergent patterns
make it implausible that the findings on posterior theta phase
coupling were biased by posterior theta amplitude.

Contrasting attenuated posterior theta synchronization, in-
dividuals with schizophrenia exhibit stronger fronto-frontal
theta coupling during conditions high on executive demand
(see Fig. 5), as compared with healthy controls. This
hyperfrontality is supposed to reflect a compensatory but
inefficient strategy (Callicott et al., 2003) overcoming a loss
of posterior theta synchronization. Instead, what seems to be
crucial for prefrontal control over posterior brain areas and
with that efficient coordination and monitoring of parallel
cognitive processes is fronto-posterior theta coupling
(Sauseng et al., 2010). And exactly this kind of long-range
connectivity at theta frequency, which is observed in healthy
controls, is attenuated in individuals with schizophrenia.

The present results indicate theta oscillations to be involved
in central executive functions of WM on a local, as well as on
an interregional, scale: Frontal midline theta amplitude and
interregional theta phase synchronization are both responding
to the experimental conditions. Most important, however,
individuals with schizophrenia who display a behavioral def-
icit in control of WM exhibit altered activation patterns for
local (frontal midline), as well as interregional, theta oscilla-
tions. This suggests a causal relation between these brain
rhythmical phenomena and central executive functions in
WM. Particularly in the schizophrenia sample, an overlap
between effects on local and interregional theta activity has
been observed: As compared with healthy subjects, patients
displayed stronger frontal midline theta amplitude, as well as
increased fronto-frontal theta phase coherence. This clearly
points toward hyperfrontality (Callicott et al., 2003) in indi-
viduals with schizophrenia and also suggests that the patients
allocated more cognitive resources toward the task than did
healthy subjects. On the other hand, a reduction of fronto-
parietal theta synchronization was obtained for individuals
with schizophrenia, as compared with healthy subjects,

1352 Cogn Affect Behav Neurosci (2014) 14:1340–1355



making long-range theta coherence a key signature of central
executive functions in visual WM (see also Sauseng et al.,
2010).

Conclusion

Our data indicate that the amount of theta phase synchroniza-
tion is differently involved inWMprocesses dependent on the
level of executive demand that is required by the task. Besides
a distinctive fronto-posterior theta network, demands on a
posterior theta network seem to be crucial for manipulation
processes at high WM load in healthy controls. In contrast,
local frontal theta activity mediates the deployment of atten-
tional resources and, thus, is associated with general task
demands. By comparing these oscillatory brain activity pat-
terns in the theta frequency range in healthy controls with the
ones in individuals with schizophrenia, who show impair-
ments in central executive functioning, we argue that our
results indicate not only a correlation, but also a causal link
between these activation patterns and central executive func-
tions in WM. Moreover, the obtained results provide further
evidence for schizophrenia as a brain disconnectivity disorder,
but beyond desynchronization of fast oscillatory brain activity
and beyond mere perceptual binding deficits.
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