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Objective: Transcranial magnetic stimu-
lation (TMS) combined with high-density
electroencephalography (EEG) can be
used to directly examine the properties of
thalamocortical circuits in the brain with-
out engaging an individual in cognitive or
motor tasks. The authors investigated EEG
responses in schizophrenia patients and
healthy comparison subjects following
the application of TMS to the premotor
cortex.

Method: Sixteen schizophrenia patients
and 14 healthy comparison subjects were
recruited to participate in the study. Par-
ticipants underwent three to five TMS/
high-density EEG sessions at various TMS
doses. The following three aspects of TMS-
evoked responses were analyzed: ampli-
tude, synchronization, and source local-
ization.

Results: Relative to healthy comparison
subjects, schizophrenia patients had a
marked decrease in evoked gamma oscil-
lations that occurred within the first 100
msec after TMS, particularly in a cluster of
electrodes located in a fronto-central re-
gion. These oscillations were significantly

reduced in amplitude (calculated using
global-mean field power and event-re-
lated spectral perturbation analysis) and
synchronization (measured using inter-
trial coherence). Furthermore, source
modeling analysis revealed that the TMS-
evoked brain activation underlying these
gamma oscil lations in patients with
schizophrenia did not propagate (as it did
in healthy comparison subjects) and was
mostly confined to the stimulated brain
region.

Conclusions: Schizophrenia patients
showed a decrease in EEG-evoked re-
sponses in the gamma band when TMS
was applied to directly stimulate the fron-
tal cortex while these responses were re-
corded. Since EEG responses to direct cor-
tical stimulation are not affected by an
individual’s motivation, attention, or cog-
nitive capacity and are not relayed
through peripheral afferent pathways,
these findings suggest that there might be
an intr insic  dysfunct ion in f rontal
thalamocortical circuits in individuals
with schizophrenia.

(Am J Psychiatry 2008; 165:996–1005)

Increasing evidence suggests that individuals with
schizophrenia exhibit abnormal electroencephalography
(EEG) rhythms, especially in the fast-frequency bands
(beta and gamma). In particular, several recent studies
that utilized steady-state stimulation showed decreased
entrainment of EEG oscillations in the beta and gamma
frequencies in schizophrenia patients (1, 2), relative to
comparison subjects, and in the first-degree relatives of
schizophrenia patients (3). Similarly, numerous event-re-
lated potential studies that used visual or auditory stimuli
have shown deficits in the power and synchronization of
induced (4) or evoked (5–9) EEG rhythms in the beta and
gamma bands in both chronically medicated and medica-
tion-naive individuals with schizophrenia. Altered, fast
EEG rhythms in schizophrenia patients suggest that there
might be an underlying alteration of thalamocortical cir-
cuits. On the other hand, it is possible that alterations of
EEG fast oscillations may represent an epiphenomenon of

reduced attention or motivation in individuals with
schizophrenia. One way to determine this would be to di-
rectly probe the thalamocortical circuits in schizophrenia
patients and test their ability to engage in fast rhythms, in-
dependent of the individual’s contingent behavior.

In a recent high-density EEG study that examined sleep-
ing subjects, we demonstrated that sleep spindles, the pre-
dominant fast rhythms that are observed during nonrapid
eye-movement sleep, were greatly reduced in schizophre-
nia patients relative to healthy comparison subjects (10).
The presence of these deficits during sleep, a state that
minimizes confounding factors such as attention or moti-
vation, is suggestive of the involvement of thalamocortical
circuits implicated in generating sleep spindles in the
pathophysiology of schizophrenia.

In the present study, we used transcranial magnetic
stimulation (TMS) and a TMS-compatible, high-density
EEG system to directly probe the ability of the thalamocor-
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tical system to produce fast oscillations in schizophrenia
patients who were awake. The combination of TMS and
EEG allows for direct stimulation of a cortical area while
simultaneously recording the responses in the rest of the
brain to this perturbation (11). Through the use of TMS-
compatible, high-density EEG, intrinsic neural properties
and the connections of thalamocortical circuits can be ex-
plored without requiring the active engagement of sub-
jects in a cognitive task. In addition, TMS-compatible,
high-density EEG does not involve peripheral stimulation
and provides the opportunity to directly examine
thalamocortical circuits in higher-order associative areas
of the brain.

We stimulated the premotor cortex in schizophrenia pa-
tients and healthy comparison subjects and analyzed the
TMS-evoked EEG activity. In healthy comparison subjects,
TMS evoked several gamma oscillations within the first
100 msec, whereas these oscillations were delayed and re-
duced in amplitude in schizophrenia patients. Event-re-
lated spectral perturbation and intertrial coherence analy-
ses also revealed that these oscillations were decreased in
amplitude and less synchronous in schizophrenia pa-
tients, especially in a fronto-central region that included
premotor and sensorimotor areas. Furthermore, current
source analysis of these TMS-evoked oscillations showed
that the evoked oscillatory activity in healthy subjects
propagated from the premotor cortex to other anatomi-
cally connected brain regions, whereas this activation in
schizophrenia patients was more localized, slowly shifting
between the premotor and motor cortices.

Method

Participants

Fourteen healthy comparison subjects (mean age=34.6 years
[SD=7]; three women) and 16 schizophrenia patients (mean age=
33.5 years [SD=8]; three women) (two-tailed unpaired t test: p=
0.68) were assessed. A psychiatrist interviewed all participants
and confirmed the diagnosis of schizophrenia according to DSM-
IV-TR criteria. Individuals with schizophrenia were diagnosed
primarily as paranoid (N=12). The remainder of these individuals
were diagnosed as having residual (N=3) or disorganized (N=1)
schizophrenia subtypes. Participants were further assessed using
the Positive and Negative Syndrome Scale. Of the schizophrenia
patients, 14 were being treated with second-generation antipsy-
chotics, while two were unmedicated. All individuals who were
diagnosed with schizophrenia were outpatients, with a mean du-
ration of illness of 11.1 years (SD=6.4). Subjects were excluded if
they had 1) substance abuse or dependence within the 6 months
before the start of the study or 2) an identifiable neurological
disorder, including a personal or family history of seizures. Each
participant gave written informed consent, and the study was
approved by the University of Wisconsin Human Subjects Com-
mittee.

TMS Targeting

Stimulation was conducted using a figure-of-eight coil con-
nected to a Magstim Rapid biphasic stimulator. Cortical TMS tar-
gets were identified on anatomical magnetic resonance imaging
(MRI) scans that were acquired using a 3T GE scanner. To ensure

accuracy and reproducibility of stimulation, we used the Navi-
gated Brain Stimulation system (NBS, Nexstim, Finland). Through
an optical tracking system, the navigated brain stimulation system
located the relative positions of the head and the TMS coil. The
navigated brain stimulation system also calculated the distribu-
tion and strength of the intracranial electric field induced by TMS.
Thus, the position of the maximum electric field (hot spot) on the
three-dimensional reconstruction of each subject’s brain could be
monitored in real time (Figure 1). The target cortical area, the right
premotor cortex, was identified on each subject’s MRI scan, and
the TMS coil was placed on the corresponding scalp position, a
few centimeters anterior of the Cz electrode. The intensity of the
stimulator output was based on the maximum TMS-induced elec-
tric field on the cortical surface, calculated by the navigated brain
stimulation system and expressed in volts per meter (V/m). An in-
tensity of 120 V/m, which is known to be above the resting motor
threshold (12), was chosen to compare the TMS-evoked responses
in schizophrenia patients and healthy comparison subjects.

To confirm that the dose of TMS to the brain was comparable
between healthy comparison subjects and schizophrenia pa-
tients, we performed a volumetric analysis of the tissues underly-

FIGURE 1. Navigated Brain Stimulation and Volumetric
Analysis in Schizophrenia Patients and Healthy Compari-
son Subjectsa

a A three-dimensional reconstruction of a subject’s brain is illustrated
in part A. The yellow pin represents the position of the TMS coil on
the scalp, and the brown pins represent EEG electrodes. The inten-
sity of the electric field generated by TMS on the cortical surface
was calculated by the navigated brain stimulation system. The in-
tensity is color coded, with the red area (hot spot) reflecting the
maximal strength of stimulation. In each subject, the hot spot was
stimulated at 120 V/m and corresponded with the right premotor
cortex. Parts B–D show views of the estimate of the volume of gray
matter affected by TMS. The yellow pin reflects the position of the
TMS coil on the scalp. The red area lines the region representing the
cortical surface, and the transparent sphere represents the volume
affected by the TMS electric field. The amount of cortical surface
(gray matter volume) included in the sphere was calculated for
each subject, and volume comparisons were performed between
the healthy comparison and schizophrenia groups.
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ing the stimulator. Each subject’s MRI scan was segmented into
gray matter, white matter, and CSF using the Automated Segmen-
tation Tool (FAST, FMRIB Software Library). The volume of gray
matter that was intersected by a sphere (radius=40 mm), which
originated from the center of the TMS coil, was calculated and
compared between the two study groups.

Finally, to exclude the possibility that potential deficits in the
evoked responses in schizophrenia patients could reflect an inad-
equate intensity of stimulation, we performed stimulation ses-
sions employing higher doses of TMS (140 and 160 V/m) in all
subjects.

EEG Recordings During TMS

We recorded the TMS-evoked EEG responses using a 60-elec-
trode cap and a TMS-compatible amplifier (Nexstim, Finland).
The EEG signals, referenced to an additional electrode on the
forehead, were filtered (between 0.1 and 500 Hz) and sampled at
1,450 Hz. In most of the recordings, no TMS-induced magnetic

artifact was detected, and in all recordings the EEG signals were
artifact-free from approximately 8 msec after the TMS pulse.

Masking the TMS Click

The click associated with the discharge of the TMS coil can
elicit an auditory N1/P2 component at latencies of 100 to 200
msec (13). To prevent contamination of TMS-evoked potentials
with an auditory response, a procedure was adopted to generate a
sound that would completely eliminate each subject’s perception
of the pulse of the coil. The waveform of the TMS coil click was
digitized and used to create a masking soundtrack that was
played through inserted headphones. Before starting the experi-
ment, we delivered single TMS test pulses, and the volume was
adjusted until the subject reported that the TMS click was not au-
dible. Noise masking was played throughout the recording ses-
sion. In a previous study (14), we reported the effectiveness of the
procedure of masking the coil click. Additionally, we confirmed
the effectiveness of this procedure in several subjects enrolled in
the present study by comparing the evoked responses to “sham”
TMS (coil tilted 90° away from the scalp) with and without the
masking sound (see the data supplement accompanying the on-
line version of this article).

Experimental Procedures

During the experiment, each subject was sitting in an adjust-
able chair with a headrest that ensured a stable head position. To
ensure wakefulness throughout the recording sessions, subjects
were required to keep their eyes open. After preparation of EEG
recordings and calibration of the navigated brain stimulation sys-
tem were complete, the resting motor threshold was identified in
the relaxed, right first-dorsal interosseus, where motor-evoked
potentials were recorded. Resting motor threshold was defined as
the TMS intensity needed to elicit a ≥50-µV electromyographic re-
sponse in at least five of 10 consecutive trials. Next, several 8- to
10-minute EEG sessions were recorded during TMS of the right
premotor cortex at 0.5 to 0.7 Hz.

Data Analysis

Data analysis was conducted using MATLAB (MathWorks, Nat-
ick, Mass.) and the public license toolbox EEGLAB (15). TMS trials
that contained noise, muscle activity, or eye movement were re-
jected. Following this procedure, EEG signals were filtered be-
tween 2 and 80 Hz, down sampled from 1,450 Hz to 725 Hz, and
average referenced.

Time and frequency domains were two main aspects of the
TMS-evoked potentials investigated. To examine responses in the
time domain, the global-mean field power was calculated. Glo-
bal-mean field power is a measure of global brain activation and
is calculated as the root mean-squared value of the signal across
all electrodes. Global-mean field power values were calculated
from 1 second before to 1 second after TMS to identify differences
in TMS-evoked activity between the two study groups. To exam-
ine responses in the frequency domain, event-related spectral
perturbation and intertrial coherence were investigated. Event-
related spectral perturbation measures the modulation of ampli-
tude induced by a specific event (e.g., TMS pulse), relative to a
baseline (e.g., prestimulus condition) (15). In particular, the base-
line amplitude spectra values of the EEG preceding the event
(TMS pulse) were measured for each trial. Next, the amplitude
spectra (event-related spectral perturbation) values of the evoked
responses (EEG recorded after TMS) were calculated, and the av-
erage baseline spectra value was subtracted from all amplitude
values. Thus, the mean baseline amplitude value was set at zero.
This procedure was repeated for each trial included in our analy-
sis, and single-trial event-related spectral perturbation values
were averaged across all trials in order to compute the mean
event-related spectral perturbation. For each subject, event-re-

FIGURE 2. Grand Averages of Global-Mean Field Power, p-
Value Topography, and Single-Channel EEG Responses in
Schizophrenia Patients and Healthy Comparison Subjectsa

a In part A, responses to TMS in healthy comparison subjects (blue
line) and schizophrenia patients (red line) are shown. Total activa-
tion was produced by TMS as measured by the global-mean field
power derived from all 60 electrodes. Relative to healthy compari-
son subjects, the global-mean field power was decreased in schizo-
phrenia patients between 12 and 100 msec following TMS (pink
area). This decrease peaked at 22 and 55 msec (using a two-tailed
unpaired t test). In part B, the topography for these two peaks is il-
lustrated, showing four (first peak) and six (second peak) electrodes
with enhanced TMS-induced activity in healthy comparison sub-
jects relative to schizophrenia patients (blue electrodes: p<0.05;
statistical nonparametric mapping). In part C, grand averages for a
significant electrode (blue diamond; channel 19) and a nonsignifi-
cant electrode (gray diamond; channel 8) are shown in healthy
comparison subjects (blue line) and schizophrenia patients (red
line). Although the two averages were not different at channel 8, at
channel 19 the fast oscillations in the schizophrenia group were de-
layed and greatly decreased in amplitude relative to the oscillations
in the healthy comparison group.
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lated spectral perturbation values were calculated for each chan-
nel between 8 and 50 Hz. A two-tailed bootstrap significance
probability level was computed (p<0.05), and only significant val-
ues were considered for between-group comparisons. Intertrial
coherence values ranged from 0 (no phase locking) to 1 (maximal
synchronization across trials) and provided a measure of syn-
chronization of the TMS-evoked potentials across different trials,
independent of signal amplitude (15). Intertrial coherence was
calculated for each channel and in the same frequency bands in-
vestigated for the event-related spectral perturbation.

Source modeling analysis (Curry 5.0) was performed based on
the grand average response for the two study groups. The noise
estimation was calculated by measuring the variance of the data
in a 300-msec prestimulus interval. The results of the noise esti-
mation were used to determine the regularization of the current
density reconstruction. After semiautomatic segmentation of the
Montreal Neurological Institute template brain, a boundary ele-
ment model of the head with three compartments (scalp, skull,
and brain) of fixed conductivity was implemented, and the elec-
trode positions were projected onto the skin surface of the model.
Additionally, the cortical surface was reconstructed with a 6-mm
resolution and modeled using 14,000 rotating dipoles. The corti-
cal current density (estimated from the voltage recorded at the
scalp electrodes) was then calculated by employing the standard-
ized low-resolution brain electromagnetic tomography algorithm
(16), and the location of the maximum estimated current (reflect-
ing the center of neural activity) was projected onto the recon-
structed cortical surface.

Statistics

Using a two-tailed unpaired t test, differences in demographic
characteristics, resting motor threshold, scalp-to-cortex distance,
and effects of higher doses of TMS on evoked responses were as-
sessed between the two study groups. For all other analyses, we
used statistical nonparametric mapping (single threshold analy-
sis), a nonparametric test that accounts for multiple comparisons
(17). In addition to the statistical nonparametric mapping test,
two-tailed bootstrap statistics were applied to the event-related
spectral perturbation, and intertrial coherence values were calcu-
lated at all electrodes between 8 and 50 Hz. Furthermore, the Co-
hen’s d values for event-related spectral perturbation and inter-
trial coherence were determined at two electrodes (FC2 and Cz)
close to the TMS coil, where the TMS-evoked activity was esti-
mated to be maximal. The Cohen’s d values reflected 1) the differ-
ence between schizophrenia patients and healthy comparison
subjects with regard to a parameter of interest (effect size) and 2)
how well this parameter differentiated the two study groups (per-
cent of nonoverlap) (18).

Results

TMS and Cortical Activation

The navigated brain stimulation system allowed for
identification and stimulation of the right premotor cortex
in each subject, using the same intensity (120 V/m [Figure
1]). Volumetric analysis revealed no difference in the vol-
ume of gray matter underlying the TMS coil between com-
parison subjects (mean=18.9 cm3 [SD=3.3]) and schizo-
phrenia patients (mean=17.9 cm3 [SD=3.8]; two-tailed
unpaired t test: p=0.56).

TMS/Motor-Evoked Potential

There was no difference found in the resting motor
threshold between healthy comparison subjects (mean=

58.5% [SD=6.5%] of stimulator output corresponding with
101 V/m [SD=7] TMS-induced electric field in the motor
cortex) and schizophrenia patients (mean=59.5% [SD=6%]
of stimulator output corresponding with 103 V/m [SD=6];
two-tailed unpaired t test: p=0.7). Resting motor threshold
values were significantly correlated with scalp-to-cortex
distance in both comparison subjects (r=0.88, p<0.0001)
and schizophrenia patients (r=0.89, p<0.0001).

Spontaneous EEG

In a subgroup of schizophrenia patients (N=10) and
healthy comparison subjects (N=8), power-spectra analy-
sis was performed using spontaneous waking EEG record-
ings. Although schizophrenia patients showed, on aver-
age, an increase in theta activity and a decrease in alpha
activity, this effect did not reach significance. No signifi-
cant difference in other frequency bands was found be-
tween the two study groups (see the data supplement ac-
companying the online version of this article).

TMS/High-Density EEG

To quantify the total brain activation evoked by TMS,
global-mean field power, calculated as the root mean-
squared value of the signal across all electrodes, was com-
puted for both study groups (Figure 2). The global-mean
field power for the schizophrenia group showed a de-
crease in amplitude between 12 and 100 msec poststimu-
lus relative to healthy comparison subjects. This decrease
was maximal at 22 and 55 msec, corresponding with the
peaks of two TMS-evoked gamma oscillations. A time
range (SD=10 msec), centered at the peak of these two
gamma oscillations, was selected to measure the ampli-
tude of the two peaks at each channel for each subject.
The amplitude of these peaks was significantly reduced in
schizophrenia patients relative to healthy comparison
subjects in four fronto-central electrodes in the first peak
and six fronto-central electrodes in the second peak
(p<0.05; statistical nonparametric mapping). Figure 2 il-
lustrates the evoked response recorded from one of these
fronto-central channels (channel 19 [or electrode FCz])
compared with the evoked response recorded from a
channel outside of this fronto-central area (channel 8 [or
electrode F3]).

The reduction in TMS-evoked gamma oscillations
found in schizophrenia patients can be explained by defi-
cits in amplitude or synchronization (phase locking) of the
TMS-evoked responses across trials. To independently in-
vestigate the contribution of amplitude and phase locking
to these gamma deficits, event-related spectral perturba-
tion and intertrial coherence analyses were performed.

Event-related spectral perturbation measures changes
in the amplitude of the EEG spectrum relative to an exper-
imental event (e.g., TMS stimulation). Event-related spec-
tral perturbation values are calculated for different spec-
trum frequency bands and are independent from the
phase of the EEG-evoked activity. We found that event-re-
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lated spectral perturbation gamma band values were re-
duced in schizophrenia patients within the first 100 msec
after TMS, especially in four fronto-central channels close
to the TMS coil (p<0.05; statistical nonparametric map-
ping) (Figure 3). No significant difference was found for
the other frequency ranges or for any other channel. These
fronto-central channels were localized in one of the two
regions that showed a reduced TMS-evoked response in
individuals with schizophrenia. The reduction of the re-
sponse at these fronto-central electrodes was significant
between 12 and 100 msec after TMS. At the second region,
corresponding with the three most anterior frontal chan-
nels, the reduction was significant only at the second
peak, occurring 55 msec (SD=5) after TMS, which is pre-
sumably why the event-related spectral perturbation
gamma values (calculated between 12 and 100 msec post-
TMS) were not significantly different between the two
study groups.

Intertrial coherence determines the reproducibility of
the phase of the EEG-evoked responses across trials, re-
gardless of the amplitude of the responses. Thus, intertrial
coherence reflects the intertrial synchronization (phase
locking) of the EEG-evoked responses to TMS. We found
that intertrial coherence deficits were present in schizo-
phrenia patients within the first 100 msec following TMS.
These deficits were restricted to the gamma band (p<0.05,
statistical nonparametric mapping) (Figure 3) and peaked
at five channels localized in the same fronto-central re-

gion that showed event-related spectral perturbation
gamma reduction. No significant difference was found for
the other frequency ranges or for any other channel. To-
gether, these findings suggest that there may be impair-
ment in both the amplitude and phase locking of TMS-
evoked responses in schizophrenia patients, especially in
a fronto-central region closer to TMS application.

We used event-related spectral perturbation and inter-
trial coherence gamma values from two fronto-central
electrodes (Cz and FC2 [see Figure 4 and the data supple-
ment accompanying the online version of this article]) to
assess the magnitude (effect size) of deficits in these
gamma values in schizophrenia patients, calculated using
Cohen’s d. We found that, at electrode FC2, the Cohen’s d
values for event-related spectral perturbation and inter-
trial coherence were 1.35 and 2.06, respectively. These val-
ues correspond with 67% and 83% separation between
schizophrenia patients and healthy comparison subjects.
At electrode Cz, the Cohen’s d values for event-related
spectral perturbation and intertrial coherence were 1.8
and 1.95, respectively. These values correspond with 77%
and 81% separation between the two study groups. When
these event-related spectral perturbation and intertrial
coherence values were compared with several clinical pa-
rameters, including duration of illness and medication
dose, no significant correlation was found.

To determine whether the reduction in TMS-evoked
gamma activity found in schizophrenia patients could be

FIGURE 3. Event-Related Spectral Perturbation and Intertrial Coherence Topography in Schizophrenia Patients and
Healthy Comparison Subjectsa

a The top row shows the topography of event-related spectral perturbation (ERSP) in schizophrenia patients and healthy comparison subjects
in the gamma range between 30 and 50 Hz. The bottom row shows the topography of intertrial coherence (ITC) in schizophrenia patients and
healthy comparison subjects in the gamma range between 30 and 50 Hz. Column 3 represents the ratio of event-related spectral perturbation
and intertrial coherence values for healthy comparison subjects and schizophrenia patients. The last column shows the electrodes (blue dots)
where event-related spectral perturbation and intertrial coherence are significantly increased in healthy comparison subjects relative to
schizophrenia patients (p<0.05; statistical nonparametric mapping). These electrodes are located in a fronto-central area and include elec-
trodes Cz and FC2.
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FIGURE 4. TMS-Evoked Activity in Channel 29 (located directly behind the TMS coil) in Schizophrenia Patients and Healthy
Comparison Subjectsa

a In part A, single-channel (channel 29 [or electrode Cz]) individual average traces (top lines) and grand averages (bottom line) are shown for
healthy comparison subjects and schizophrenia patients. Several gamma-range fast oscillations occurring within the first 100 msec after TMS
were greatly reduced in schizophrenia patients relative to healthy comparison subjects. In part B, event-related spectral perturbation (ERSP)
values from 50 msec before the TMS pulse to 300 msec after the TMS pulse, calculated between 8 and 50 Hz, are shown in healthy comparison
subjects and schizophrenia patients and displayed in time-frequency plots. Schizophrenia subjects showed a significant decrease in event-
related spectral perturbation relative to healthy comparison subjects, which was again restricted to the gamma range (p<0.01 after Bonfer-
roni correction). In part C, intertrial coherence (ITC) values from 50 msec before the TMS pulse to 300 msec after the TMS pulse, calculated
between 8 and 50 Hz, are shown in healthy comparison subjects and schizophrenia patients and displayed in time-frequency plots. In schizo-
phrenia patients, there was a significant reduction in the intertrial coherence restricted to the gamma band (p<0.01 after Bonferroni correc-
tion). In part D, individual event-related spectral perturbation values in the gamma band calculated from 12 to 100 msec had an effect size
of 1.8, corresponding with a 77% nonoverlap. In part E, individual gamma intertrial coherence values calculated from 12 to 100 msec had an
effect size of 1.95, corresponding with an 81% nonoverlap.
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explained by an inadequate intensity of stimulation of the

targeted cortical area, the effects of higher TMS intensities

on EEG responses were also investigated (see the data

supplement accompanying the online version of this arti-

cle). In both study groups, higher doses of TMS at 140 and

160 V/m resulted in evoked responses that were larger in

amplitude, delayed in time, and had fewer oscillations. In

particular, the highest TMS intensity increased the ampli-

tude but delayed the occurrence of the first evoked oscilla-

tion in both schizophrenia patients and healthy compari-

son subjects, while the subsequent waves were delayed in

both groups and dampened in schizophrenia patients.

Nonetheless, at each of these TMS doses, schizophrenia

patients showed a statistically significant decrease in

gamma- (two-tailed unpaired t test: p<0.05) but not alpha-

or beta- (two-tailed unpaired t test: p≥0.2) evoked oscilla-
tions relative to healthy comparison subjects.

To better characterize the neural events underlying
these TMS-evoked gamma oscillations, the spatio-tempo-
ral dynamics of the currents induced by TMS in the cere-
bral cortex were investigated using source localization
procedures (standardized low-resolution brain electro-
magnetic) (Figure 5). We found that within the first 100
msec after TMS, healthy comparison subjects showed cur-
rent maxima (reflecting the center of neural activity) shift-
ing from the premotor cortex to 1) right sensorimotor ar-
eas and 2) left premotor and sensorimotor regions; while
in schizophrenia patients, the cortical activation was
much more localized, slowly shifting between premotor
and motor areas along the midline.

Discussion

TMS can be combined with high-density EEG to directly
probe thalamocortical circuits without engaging the sub-
ject in sensory, cognitive, or motor tasks. In the present
study, we investigated the EEG responses in schizophrenia
patients and healthy comparison subjects after TMS of the
premotor cortex. We found a marked decrease in the am-
plitude and synchronization of gamma oscillations in
schizophrenia patients, which occurred within the first
100 msec after TMS. The dampening of gamma oscilla-
tions was prominent in a fronto-central region and was as-
sociated with an impairment of effective connectivity, as
revealed by source localization of TMS-evoked cortical ac-
tivation. These findings suggest that frontal thalamocorti-
cal circuits in individuals with schizophrenia may be
impaired in the capacity to effectively produce and syn-
chronize gamma rhythms.

Gamma Band Abnormalities in Schizophrenia

Deficits in evoked gamma activity have recently been
reported in several studies involving schizophrenia pa-
tients. In particular, three studies (8, 19, 20) that used an
oddball paradigm and one study (4) that used a cognitive
task found a decrease in evoked gamma responses in the
frontal regions in schizophrenia patients relative to
healthy comparison subjects. Additionally, two investiga-
tions that used steady-state auditory stimulation found
deficits in gamma synchrony and power in the auditory
cortex in individuals with schizophrenia (1, 2). Further-
more, two studies using gestalt stimuli revealed a reduc-
tion in the gamma synchronization of the visual cortex in
schizophrenia patients relative to healthy comparison
subjects (7, 21). The deficits reported in these studies were
found in different schizophrenia subtypes and were not
correlated with duration of illness and medication status.

While these studies provide intriguing evidence that
EEG gamma-band abnormalities may represent a com-
mon feature in schizophrenia, there are several open
questions that deserve investigation. For example, are

FIGURE 5. Source Modeling Analysis of TMS-Evoked Activity
in Schizophrenia Patients (A) and Healthy Comparison Sub-
jects (B)a

a Spatio-temporal dynamics of the grand averages of TMS-evoked re-
sponses are shown. The blue lines represent group averages of the
TMS-evoked potentials recorded at all electrodes superimposed in a
butterfly plot (EEG), while the red lines reflect the global-mean field
power (GMFP). Source modeling was performed at the peak of glo-
bal-mean field power. Current density distribution was calculated
using standardized low-resolution brain electromagnetic tomogra-
phy (sLORETA) and plotted on the cortical surface (14).
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gamma abnormalities confined to evoked responses, or
do they reflect alterations in baseline gamma activity?
Where do gamma abnormalities originate within the neu-
ronal relays that are engaged by sensory stimulus? Addi-
tionally, do gamma abnormalities primarily originate in
sensory pathways and cortices, or are they intrinsic to
other brain areas? Finally, do gamma abnormalities reflect
an intrinsic alteration of brain circuits, or do they repre-
sent indirect consequences of other factors, such as im-
paired attention to stimuli?

In the present study, we attempted to address some of
these questions by taking advantage of a combined TMS/
high-density EEG protocol. TMS is a powerful, noninva-
sive tool that can be used to directly activate the cerebral
cortex (22). TMS has already been used in schizophrenia
research to investigate changes in the excitability and
inhibition of the primary motor cortex through changes in
evoked muscle responses (23). In our study, TMS was
used, with high-density EEG, to directly examine its effects
on thalamocortical circuits in individuals with schizo-
phrenia.

An initial finding was that TMS of the premotor cortex
(measured using TMS evoked cortical potentials) showed
significant differences between healthy comparison sub-
jects and schizophrenia patients, while TMS of the motor
cortex (measured using motor threshold) revealed no dif-
ference between the two groups. This result is notable,
given that motor threshold and TMS evoked cortical po-
tentials reveal different aspects of cortical excitability. Mo-
tor threshold is a measure of cortical excitability as re-
flected by corticospinal circuits. In contrast, TMS-evoked
EEG responses reflect the excitability of stimulated corti-
cal neurons as well as the excitability of connected cor-
tico-cortical and cortico-thalamocortical circuits. The
activation of these circuits results in the generation of
EEG-recorded oscillatory activity, especially in the fast
(gamma) frequency ranges.

These findings, establish that gamma-band abnormali-
ties in schizophrenia, first reported in sensory-evoked re-
sponse studies, can also be demonstrated when directly
stimulating the cerebral cortex. Relative to healthy com-
parison subjects, gamma responses in schizophrenia pa-
tients were markedly attenuated within the first 100 msec
after TMS. Possible explanations for these gamma deficits
are 1) a reduction in the amplitude of the TMS-evoked re-
sponses across trials or 2) a reduction in the synchroniza-
tion of the TMS-evoked responses across trials. We there-
fore examined these two aspects of the responses
independently, using event-related spectral perturbation
and intertrial coherence analyses. We found that event-re-
lated spectral perturbation gamma values, which measure
gamma amplitude following TMS (regardless of the
phase), were significantly decreased in schizophrenia pa-
tients. In addition, the intertrial coherence gamma values,
which measure gamma synchronization (regardless of sig-
nal amplitude), were also reduced in the schizophrenia

group. In particular, intertrial coherence values in a
fronto-central area close to the TMS coil yielded a ≥80%
nonoverlap between schizophrenia patients and healthy
comparison subjects. This finding is especially notable,
since it has been suggested that gamma synchrony under-
lies core deficits in schizophrenia (2, 4, 6, 24). Several in-
vestigations have also suggested that gamma synchrony
may correlate with clinical parameters, including negative
symptoms or duration of illness. In our study, we did not
find any significant correlation with age, severity of symp-
toms, and medication dose, perhaps because of the lim-
ited schizophrenia sample size (N=16), which was deter-
mined by the complexity of the TMS/high-density EEG
approach.

The present results not only add to the evidence sug-
gesting that gamma abnormality might be a robust fea-
ture of schizophrenia, but they also address some of the
issues unanswered in previous studies. First, our study
design allowed us to compare, within the same subjects,
spontaneous EEG activity (specifically in the gamma
range) with the gamma responses evoked by TMS. Con-
sistent with other recent investigations (25, 26), we found
no differences in the spontaneous gamma activity in
schizophrenia patients and healthy comparison subjects.
However, in these same subjects, we found a prominent
decrease in TMS-evoked gamma activity. Therefore, it ap-
pears that the underlying deficits, whatever their nature,
become evident when the relevant brain circuits are chal-
lenged by phasic stimuli that engage high-amplitude
gamma oscillations, but not necessarily under tonic con-
ditions.

Second, whereas changes in cortical gamma response
that are triggered by peripheral stimuli could result from a
weakened input because of alterations in a number of
subcortical neuronal relays, our measurements clearly
point to a primary involvement of cortical circuits. As
measured by the navigated brain stimulation system and
the volumetric analysis, the cerebral cortex was perturbed
with the same amount of energy in healthy comparison
subjects and schizophrenia patients. Thus, the altered re-
sponse observed in individuals with schizophrenia cannot
be explained by a weakened volley to cortical circuits. This
notion is strengthened by the observation that even higher
doses of TMS in schizophrenia patients did not result in a
recovery of evoked fast oscillations.

Third, while sensory stimuli do not activate the frontal
cortex directly, by using TMS we directly stimulated a fron-
tal area: the right premotor cortex. This central midline
area was selected primarily because it can be stimulated
without eliciting scalp muscle activations, a source of EEG
artifact and subject discomfort. The choice of this area
was also based on evidence of premotor cortex deficits in
schizophrenia. In particular, three recent imaging studies
have shown a reduction in the volume (27) and functional
connectivity (28, 29) of the premotor area in schizophre-
nia patients relative to healthy comparison subjects. To-
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gether, the role of frontal areas is particularly relevant in
schizophrenia research. Several imaging studies have re-
ported reduced metabolism in the frontal areas in both
chronic and first-episode schizophrenia patients, suggest-
ing that this deficit is a core feature of schizophrenia (30).
The finding of frontal gamma response deficits reported in
the present study is consistent with the notion of reduced
frontal metabolism in individuals with schizophrenia (30).
Specifically, to our knowledge, the TMS/high-density EEG
measurements in this study provide the first direct elec-
trophysiological evidence of a primary deficit in frontal ar-
eas in generating and synchronizing gamma oscillations.

Finally, the TMS-induced effects on brain activity are
certainly not independent of the brain state at the time of
stimulation. However, TMS can be performed without re-
quiring active participation of the subject. Thus, it is rea-
sonable to assume that the TMS-evoked gamma response
deficits found in individuals with schizophrenia are not
dependent on the ability or motivation to perform cogni-
tive tasks but rather reflect intrinsic alterations of specific
brain circuits. In contrast, studies using oddball or gestalt
stimuli necessarily require some degree of cognitive in-
volvement of the subject. This is particularly relevant be-
cause cognitive aspects, such as attention and motivation,
are difficult to control in experimental conditions and are
known to be confounding factors in the interpretation of
response deficits in schizophrenia.

Brain Circuits Underlying Gamma Oscillation 
Deficits in Schizophrenia

The reduction of TMS-evoked gamma oscillations in
schizophrenia raises the question of which brain circuits
underlie these deficits. The three most likely candidates
are 1) gamma-aminobutyric acid (GABA)-ergic cortical in-
terneurons, 2) cortico-cortical excitatory connections,
and 3) cortico-thalamocortical loops.

 GABA-ergic interneurons are known to play a major
role in generating gamma oscillations. For example, mu-
tual inhibition of local GABA-ergic cortical interneurons
underlies the occurrence of gamma oscillations in a corti-
cal region activated by repetitive stimulation (31). Hence,
the gamma response deficits observed in our schizophre-
nia group, which were maximal in the area closer to the
application of TMS, could reflect impairments of local in-
hibitory interneurons.

In our analysis, source modeling of the TMS-evoked
gamma oscillations revealed that in healthy subjects the
activation shifted from the premotor cortex to the right
sensorimotor, left anterior premotor, and left sensorimo-
tor regions. In contrast, the cortical activation in schizo-
phrenia patients was much more localized, slowly shifting
between premotor and motor areas. This finding is consis-
tent with evidence from experimental data suggesting that
there are defective interactions among cortical areas in
schizophrenia (32, 33). Our results are also in agreement
with several cognitive models of schizophrenia, suggest-

ing that the cognitive symptoms of schizophrenia have a
functional counterpart in impaired excitatory cortico-cor-
tical connections (34, 35). Furthermore, evidence from
pharmacological, modeling, and postmortem studies sug-
gests that there are deficits in cortico-cortical glutamate
transmission, mediated by N-methyl-D-aspartic-acid re-
ceptors, in schizophrenia (36).

There is increased evidence suggesting that the thala-
mus plays a role in the generation of gamma oscillations.
First, electrophysiological studies combining intracellular
thalamic recordings with cortical local field potentials
have shown that EEG gamma oscillations are associated
with a coherent gamma oscillatory activity in thalamic
and cortical neurons (37). Additionally, a large-scale simu-
lation of the thalamocortical system showed that both cor-
tical and thalamic neurons are involved in generating
gamma oscillations (38). In particular, this model revealed
that cortico-thalamocortical loops, after lesions of cor-
tico-cortical connections, can sustain gamma oscillations
over the cortical depth and the thalamus. Moreover, in-
tracranial recordings in humans (39) have revealed abnor-
malities in the firing patterns of thalamic neurons in sev-
eral neurological diseases that are characterized by the
disruption of gamma oscillations and by the appearance
of low frequencies at the EEG/magnetoencephalogram
level (40). Intriguingly, involvement of thalamocortical cir-
cuits in schizophrenia has also been suggested in the re-
sults of high-density EEG recordings during sleep (10), an-
other approach that does not require any cognitive
involvement by the subject. That study found that schizo-
phrenia patients had deficits in sleep spindle activity, an
oscillatory rhythm generated by the interplay between re-
ticular and relay thalamic nuclei and amplified by
thalamo-cortico-thalamic interactions. Thus, converging
lines of evidence point to a dysfunction in thalamocortical
circuits as a core deficit in schizophrenia.
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