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ARTICLE INFO ABSTRACT

Keywords: Introduction: Transcranial magnetic stimulation (TMS) pulses applied to the cortex induce dynamic changes in
SChiZOPhr‘_erlia o ) brain network activity. These changes are useful for the in vivo study of functional connectivity, which may be
;ﬁ;‘sggacmal magnetic stimulation characterized with the application of network parameters to the pre-stimulus (i. e., baseline) and the post-

stimulus (i. e., response) of TMS-mediated electroencephalographic (EEG) recordings. These measures may be
altered in schizophrenia, so we hypothesized a basal hyperactive network associated to hypomodulation with
TMS in patients.

Material and methods: Twenty-six schizophrenia patients and 26 healthy controls were subjected to TMS pulses
during an EEG recording in order to assess the effect on connectivity strength (CS), a parameter summarizing the
global EEG synchrony of the cortical network at baseline and its TMS-evoked modulation.

Results: Patients showed a higher baseline CS in all bands except gamma. In controls, TMS increased CS in all
bands, more notably on beta and gamma. In comparison to controls, patients showed a lower baseline-to-
response multiband activity increase of CS, and significantly lower CS modulation values in the gamma band
with TMS pulses. No relationships were found between these measures and antipsychotic dose or other clinical
and cognitive variables.

Conclusions: In the context of evidence supporting an inhibitory deficit in schizophrenia, these results may reflect
the functional consequences of an inhibitory/GABAergic deficit in the cortex in this syndrome.

TMS-evoked modulation
Connectivity strength
Cortical inhibition

1. Introduction

Transcranial magnetic stimulation (TMS) pulses applied to the cortex
result in time-locked depolarization of underlying neurons, which can
be recorded by means of electroencephalography (EEG) (Tremblay
et al., 2019). Local and global EEG changes induced by TMS pulses
reflect functional connectivity modulation (Ferrarelli and Phillips, 2021;
Hill et al., 2016), with the advantages, in comparison with tasks
involving peripheral stimulation, of avoiding prior synaptic chains and
being free of motivation or performance bias. The global connective
network structure and its modulation can be described combining

parameters derived from graph theory and EEG recordings preceding
and following TMS pulses. Among these parameters, connectivity
strength (CS) estimates the mean global network functional connectiv-
ity: a higher CS reflects larger global synchronization across sensors.
Thus, a positive modulation of this parameter with TMS indicates a
transitory increase in global functional connectivity induced by the
corresponding pulses. Nevertheless, the modulatory effects of TMS on
functional neural networks have not been studied using these parame-
ters yet, in spite of the relevance of these global networks in cognition
(Sporns et al., 2004). A recent report compared perturbation complexity
index (PCI) between schizophrenia patients and controls, showing
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significantly smaller values in patients (Molina et al., 2025). Since PCI is
the result of extension and differentiation of the perturbation of activity
across the brain following TMS pulses, this result is coherent with a
decreased global functional connectivity and supports the interest of
assessing it by bands.

Assessing dynamics of that kind of connectivity holds special interest
for disorders likely involving functional network alterations, such as
schizophrenia. In this syndrome, EEG networks show baseline hyper-
activity and hypomodulation when performing a P300 paradigm using
CS measures (Cea-Canas et al., 2020). A significant relation using the
same paradigm was found between basal network hyperactivity (i. e.,
higher CS) and its hypomodulation (Gomez-Pilar et al., 2018), which
was replicated in a larger sample (Diez et al., 2024). Thus, network
baseline and task-related modulation of CS worth special attention in
this disorder. However, the modulatory effects of TMS on cerebral ac-
tivity in schizophrenia are unclear, since widespread (Radhu et al.,
2017) as well as spatially decreased (Ferrarelli et al., 2008) propagation
of cortical activity following TMS have been reported in this syndrome.
Assessments of global connectivity modulation using TMS may com-
plement similar studies under cognitive paradigms with the advantage
of being independent of subjects collaboration and performance.

We have previously reported that TMS pulses induce higher local
mean field power in schizophrenia, likely reflecting increased cortical
excitability (Fernandez-Linsenbarth et al., 2024). In this context, the
analysis of network response to TMS in the different bands may help to
assess the underpinnings of this syndrome’s hyper-excitability. Of
particular interest are gamma oscillations, which are thought to be
generated and modulated by GABA neurotransmission (McNally and
McCarley, 2016). Thus, the joint finding of the basal hyperactive state
supported by previous results (Cea-Canas et al., 2020; Diez et al., 2024)
and lower network fast-band modulation to TMS would support an
inhibitory deficit in schizophrenia, which would be coherent with mo-
lecular findings (Gonzalez-Burgos and Lewis, 2012).

Therefore, we hypothesized a basal hyperactive network associated
to hypomodulation with TMS in patients with schizophrenia. To this
end, we analyzed baseline and its response to TMS of the cortical
network in theta, alpha, beta and gamma bands using CS as the
parameter of interest. The comparison of the pre-stimulus CS and its
modulation with TMS in the different bands could allow testing this
hypothesis beyond what could be found using any of these measure-
ments alone.

2. Materials and methods
2.1. Study participants

We included 26 schizophrenia patients (SZ, 15 males) of them 14
first episodes (6 males), and 26 healthy controls (HC, 14 males). There
were no significant differences in age or sex distribution between groups
(Table 1). All patients were receiving antipsychotic treatment at the time
of inclusion and evaluation.

These patients overlap with those included in our recent reports
analyzing the local mean field power (Fernandez-Linsenbarth et al.,
2024) and individualization of time windows (Mijancos-Martinez et al.,
2024) of the response to TMS in HC and SZ. All the 20 cases in those
studies were also included in the present one.

Patients were diagnosed by two expert psychiatrists (VM and CR)
according to the Diagnostic and Statistical Manual of Mental Disorders
(5th edition) (American Psychiatric Association, 2013). Exclusion
criteria were (i) neurological disease, (ii) history of head trauma with
loss of consciousness, (iii) current substance abuse (except nicotine or
caffeine), (iv) Intelligence Quotient (IQ) less than 70, and (v) any psy-
chiatric treatment for controls, or (vi) current diagnosis other than
schizophrenia for patients. All participants gave written informed con-
sent after receiving complete printed information. The ethical commit-
tees of the University Hospital of Valladolid endorsed the study
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Table 1
Sociodemographic, clinical and cognitive values in patients with schizophrenia
(SZ) and healthy controls (HC).

SZ (N = 26) HC (N = 26)
Age 35.81 (12.09) 29.85 (10.57)
Sex distribution (M:F) 15:11 14:12

Illness duration (months) 77.08 (121.12) N/A

Education (years) 13.23 (3.60) * 15.31 (2.84)
Father education (years) 10.79 (5.07) 13.43 (4.26)
Antipsychotic dose (mg/d, CPZ equivalents) 397.58 (226.05) N/A
PANSS - Positive scale 13.60 (5.24) N/A
BNSS - Total score 22.74 (19.07) N/A
HAM-D - Total score 4.83 (6.50) N/A

WAIS - Total IQ 97.92 (19.98) * 111.20 (10.27)

BACS - Verbal memory 45.28 (10.51) ** 54.24 (8.50)
BACS — Working memory 19.15 (4.67) * 21.90 (3.62)
BACS — Motor speed 62.23 (14.22) ** 74.52 (13.67)
BACS - Verbal fluency 22.10 (7.02) ** 27.33 (5.02)
BACS - Processing speed 52.73 (14.13) ** 66.81 (10.10)
BACS - Problem solving 17.65 (2.91) 18.14 (2.52)
WCST - % Perseverative errors 11.36 (7.21) 8.65 (4.08)

*p < 0.05, **p < 0.01 (t-test or chi-squared test as appropriate).
(protocol PI-21-2623).
2.2. Clinical and cognitive assessment

Patients’ positive and negative symptoms were respectively assessed
using the positive subscale of the ‘Positive and Negative Syndrome Scale
for Schizophrenia’ (PANSS) (Kay et al., 1987), and the ‘Brief Negative
Symptom Scale’ (BNSS) (Kirkpatrick et al., 2011). Depressive symptoms
were scores using the ‘Hamilton Depression Rating Scale’ (HAM—D)
(Hamilton, 1960) Cognitive performance was assessed using the Spanish
version of the ‘Brief Assessment in Cognition in Schizophrenia Scale’
(BACS) (Segarra et al., 2011), and the ‘Wisconsin Card Sorting Test’
(WCST: percentage of perseverative errors) (Grant and Berg, 1948). IQ
was estimated using the ‘Wechsler Adult Intelligence Scale-III" (WAIS-
II1) (Wechsler, 1999). The cognitive assessment was done for descriptive
purposes to ensure that patients have equivalent impairment to that of
our previous studies.

The sociodemographic, clinical and cognitive characteristics of pa-
tients and controls can be found in Table 1.

2.3. Transcranial magnetic stimulation (TMS)

TMS stimulation was performed using a figure-of-8-coil (MCF-B70)
and a MagPro X100 stimulator (MagVenture, Denmark). Participants sat
comfortably and were instructed to look ahead with their eyes open. The
resting motor threshold (RMT) was determined over the left motor
cortical region following the relative frequency method (Groppa et al.,
2012). For this purpose, electromyographic (EMG) electrodes were
placed over the right abductor pollicis brevis (APB).

Thereafter, seventy-five monophasic TMS single pulses were
administered over the left dorsolateral prefrontal cortex (DLPFC).
Following previous studies (Fernandez-Linsenbarth et al., 2024; Mijan-
cos-Martinez et al., 2023; Mijancos-Martinez et al., 2024), the intensity
of the pulses was set to 120 % RMT and their administration was semi-
randomized, with an inter-stimulus interval varying between 5 and 7 s to
prevent anticipation of the next pulse. The specific stimulation site was
the midpoint of a line between the F3 and F5 electrodes with a 45°
rotation relative to the midline. In the absence of neuronavigational
equipment, this position provides the most accurate estimation of the
left DLPFC (Fitzgerald et al., 2009; Rusjan et al., 2010).

2.4. Electroencephalographic (EEG) recording

EEG activity was recorded during TMS using a 64-channel system
amplifier [Brain Vision (Brain Products GmbH)] following the
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international 10-10 system. The impedance for all electrodes was low-
ered to <5 kQ and the sampling rate was set at 25 kHz. The channels
were referenced over Cz during acquisition.

2.5. TMS-EEG data processing

TMS-EEG processing was performed using Fieldtrip (Oostenveld
et al., 2011) and MATLAB (R2021b; The Mathworks Inc., Natick, MA),
following the procedure performed in Mijancos-Martinez et al.
(Mijancos-Martinez et al., 2023; Mijancos-Martinez et al., 2024). The
data was epoched from —1000 ms to 1000 ms relative to TMS-pulse
onset. Given their irretrievable nature, data samples from —1 ms to
10 ms related to the TMS-pulse onset were removed and cubic inter-
polated (Rogasch et al., 2014). Afterward, the data was re-referenced to
common average, and an independent component analysis (ICA) was
applied to remove artefacts. Independent components were manually
selected by three different experts based on their trial-averaged ampli-
tude, time-frequency maps, and spatial distribution and activation maps
(Rogasch et al., 2014). Then, bad channel interpolation and bad trial
rejection were automatically performed. It is noteworthy that there were
no differences in the number of rejected trials between HC and SZ groups
(p-value = 0.9716). Finally, a baseline correction was applied using an
interval of 800 ms before the TMS-pulse onset, and the data was
resampled to 500 Hz and band-pass filtered between 0.5 Hz and 70 Hz.”

Fig. 1 illustrates the grand-averaged raw evoked response potentials
(ERPs) across trials and subjects at the DLPFC electrodes for both HC and
SZ groups.

2.6. Connectivity strength calculation

From a mathematical point of view, the human brain can be seen as a
complex network formed by a set of nodes interconnected by network
edges. Particularly, for EEG-based brain networks, the nodes are rep-
resented by the EEG electrodes and the network edges can be calculated
using different coupling metrics between each pair of electrodes (Stam
and van Straaten, 2012).

In this study, network edges were computed using the phase locking
value (PLV) across successive trials (Lachaux et al., 1999), as it is sen-
sitive to small amplitude oscillations (Spencer et al., 2003) and non-
linearities (van Diessen et al., 2015). Among the different approaches to
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compute the PLV, we used the continuous wavelet transform (CWT)
because it is able to filter and extract the instantaneous phases of two
elicited signals (in this case, TMS-evoked potentials) in only one oper-
ation (Bob et al., 2008). Finally, PLV is computed as the variability of the
phase difference across successive trials (Lachaux et al., 1999).

N
Z eAPxy(ks.n)
n=1

1
PLV (k) =~

where Nt is the number of trials, Ag,, is the instantaneous phase dif-
ference between the signals x and y, k is the time interval, and s is the
scaling factor of the mother wavelet.

The main limitation of the CWT is the variation of wavelet energy
caused by a discontinuity at the edge of the ERP signals, that are finite
and short-time recordings (Torrence and Compo, 1998). Hence, a cone
of influence (COI) can be defined to select the Heisenberg boxes in which
edge effects can be ignored (Torrence and Compo, 1998). In this study,
two different COIs were evaluated as trials were decomposed into two
time windows: (i) the pre-stimulus window, which corresponded to a
baseline period before the TMS pulse from —1000 ms to the TMS pulse;
and (ii) the post-stimulus window from 15 to 315 ms after the TMS
pulse, which is related to the TMS response and include the TMS-evoked
potentials.

This procedure used to obtain the adjacency matrices was applied in
the conventional EEG frequency bands: theta (6, 4-8 Hz), alpha (a, 8-13
Hz), beta-1 (1, 13-19 Hz), beta-2 (2, 19-30 Hz) and gamma (y, 30-70
Hz); as well as in the global band (broadband, 4-70 Hz). Delta band (5,
1-4 Hz) was not analyzed because there was less than one signal cycle at
its lower frequency included in the response window and no Heisenberg
boxes were completely included in the response COI.

From these matrices, the connectivity strength (CS) was computed to
summarize the averaged edge values of all of the nodes in the network:

N
=1 j>i
€S= N(N-1)/2

where wy; refers to PLV value between nodes i and j, and N is the total
number of nodes of the network (Gomez-Pilar et al., 2018). CS was
computed in the pre-stimulus (baseline; —300 to 0 ms) and in the post-
stimulus (response, 15 to 315 ms) windows. CS modulation was defined
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Fig. 1. Grand-averaged raw ERPs and wavelet scalogram across trials and subjects at the DLPFC electrodes for (a) healthy controls, and (b) schizophrenia patients. In
the ERPs representations, the solid black lines indicate the average values while the shaded areas represent the standard deviation across all subjects. Pre-stimulus
and post-stimulus windows are indicated in blue and orange, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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as the percentage change between those pre-stimulus and the post-
stimulus windows:

Cspost—stim - Cspre—stim
CSpre —stim

CSod = 100

2.7. Local connectivity analysis

To complement our global connectivity analysis and address the
local effects of TMS in the targeted area, we also performed a regional
connectivity analysis using the PLV values. For this purpose, the whole
brain was divided into five distinct regions of interest (ROIs) based on
established anatomical and functional divisions (Cash et al., 2016; Noda
et al., 2016): Left Frontal (FP1, AF7, AF3, F7, F5, F3, F1, FT7, FC5, FC3,
FC1), Right Frontal (FP2, AF4, AF8, F2, F4, F6, F8, FC2, FC4, FC6, FT8),
Frontal-Central (F1, FZ, F2, FC1, FCZ, FC2, C1, CZ, C2), Left Central-
Parietal (FC5, FC3, FC1, C5, C3, Cl, CP5, CP3, CP1), and Right
Central-Parietal (FC2, FC4, FC6, C2, C4, C6, CP2, CP4, CP6).

For each frequency band, inter-regional connectivity was computed
as the average PLV value between all pair-wise electrodes of the two
different ROIs. Intra-regional connectivity was calculated as the average
PLV between all electrode pairs within each ROL These connectivity
results were calculated for the pre-stimulus and post-stimulus windows,
similarly to CS. Regional PLV modulation was defined as the percentage
change between these two windows, consistent with the CS modulation
calculation.

2.8. Statistical analysis

Prior to contrast studies, normality of CS baseline, response and
modulation values in each band was confirmed using Kolmogorov-
Smirnoff tests. In a first step, the effects of the group (SZ versus HC)
and condition (CS baseline versus response windows) factors, as well as
their interaction, were studied using a general linear model (GLM) for
repeated measures. The variable condition was entered as within-
subjects factor, while group was the between-subjects factor. Bonfer-
roni corrections for multiple comparisons were applied within the
model. The study was performed independently for the different fre-
quency bands (theta, alpha, beta-1, beta-2 and gamma), as well as the
broadband. Those frequency bands that showed significant differences
in this first step were selected for a second analysis, where CS modula-
tion was compared between SZ patients and HC using t-tests for inde-
pendent samples.

Differences in inter- and intra-regional PLV values in the different
time windows (baseline, response, and modulation) between SZ patients
and HC for each frequency band were assessed using Mann-Whitney U
test, as the PLV results were not normally distributed.

The possible effects of medication (Chlorpromazine equivalent
doses, CPZ) and/or cognitive and clinical data (i. e., positive symptoms)
on TMS-induced CS modulation were then calculated using correlation
coefficients (Pearson’s r). These were performed only for those baseline
and modulation network values that showed significant differences be-
tween groups in the previous steps of the statistical analysis.

Statistical analyses were performed using IBM SPSS Amos 29 for
Windows.

3. Results

CS baseline, response and modulation values in each band followed a
normal distribution according to Kolmogorov-Smirnoff tests.

Table 1 shows the significance levels of the contrasts between groups
for sociodemographic, clinical and cognitive variables. There were no
significant differences in age (t(50) = 1.892, p = 0.064) or sex (Xz(l) =
0.088, p = 0.780) distribution between SZ patients and HC, but educa-
tional level (t(50) = 2.308, p = 0.025) was lower in the SZ group. IQ (t
(50) = 2.698, p = 0.010) and cognitive performance in SZ patients was
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lower on all cognitive dimensions except for BACS problem solving (t
(50) = 0.608, p = 0.546) and the WCST percentage of perseverative
errors (t(50) = 1.536, p = 0.131).

3.1. Connectivity strength and TMS-induced modulation

In the general linear model (GLM) for repeated measures, the overall
Multivariate analysis resulted in a significant effect of condition (Wilks’
Lambda = 0.520, F(6) = 6.920, p < 0.001), but not for the condition-by-
group interaction (Wilks’ Lambda = 0.879, F(6) = 1.031, p = 0.418).
The test for inter-subject effects showed a group effect for all frequency
bands except gamma (Type III sum of squares = 3.560, F(1) = 2.787, p
= 0.101). Multivariate test for group effect (Wilks’ Lambda = 0.809, F
(6) =1.772,p = 0.127) resulted in higher power values in SZ patients for
all frequency bands, except gamma (mean difference = 0.370, p = 0.
101).

In the study of group-by-condition interaction, multivariate analysis
performed separately within each group showed a significant condition
effect for both groups (HC: Wilks” Lambda = 0.649, F(6) = 4.065, p =
0.002; and SZ: Wilks’ Lambda = 0.659, F(6) = 3.886, p = 0.003). In the
HC group, single pulses of TMS induced a significant CS increase (i. e.,
baseline to response) in the broadband (mean difference = 0.186, p <
0.001) as well as in the other individual frequency bands analyzed
except alpha (mean difference = 0.256, p = 0.129). In SZ patients, single
TMS pulses induced a significant increase in all frequency bands except
alpha (mean difference = 0.186, p = 0.267) and gamma (mean differ-
ence = 0.084, p = 0.058).

Baseline and response CS values and their significant differences
between groups and conditions can be found in Table 2 and Fig. 2.

General Lineal Model, post hoc pairwise comparison of the estimated
marginal means (Bonferroni confidence interval adjustment).

Patients vs. Controls: *p < 0.05, **p < 0.01.

Baseline vs. Response: # p < 0.05, ## p < 0.01, ### p < 0.001.

In the second step of our analysis, the between-group comparison of
CS modulation resulted in significantly lower values in the patient group
in the gamma band only (t(50) = —2.063. p = 0.022). Table 3 and Fig. 3
show the CS modulation values and their contrast between groups.

3.2. Local connectivity differences

Fig. 4 shows that our PLV results revealed that EEG activity in SZ
patients is characterized by an overall connectivity increase for all fre-
quency bands except gamma in the pre-stimulus and post-stimulus
windows. However, these differences were not significant in the mod-
ulation condition.

Table 2

CS values in baseline (pre-stimulus) and response (post-stimulus; following the
TMS pulse) in schizophrenia patients (SZ) and healthy controls (HC). General
Lineal Model, post hoc pairwise comparison of the esti-mated marginal means
(Bonferroni confidence interval adjustment). Patients vs. Controls: *p < 0.05,
**p < 0.01. Baseline vs. Response: # p < 0.05, ## p < 0.01, ### p < 0.001.

SZ Patients (N = 26) HC (N = 26)
Baseline Response Baseline Response
Theta 0.409 (0.030) 0.441 0.390 (0.022) 0.414
RS (0.059) ## (0.050)
Alpha 0.434 (0.032) **  0.440 0.407 (0.038) 0.416
(0.041) * (0.037)
Beta-1 0.407 (0.031) 0.424 0.384 (0.029) 0.396
HHH (0.047) * ## (0.029)
Beta-2 0.382 (0.033) 0.390 0.358 (0.026) 0.367
2 (0.041) * ## (0.026)
Gamma 0.333 (0.028) 0.336 0.319 (0.027) 0.325
(0.028) #HH (0.025)
Broadband  0.367 (0.028) 0.373 0.348 (0.022) 0.354
RGH (0.030) * ## (0.021)
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Fig. 2. Boxplots depicting CS value distributions from healthy controls (HC; blue) and schizophrenia patients (SZ; red) in the pre-stimulus (baseline) and the post-
stimulus (response, following TMS pulse) windows for the different frequency bands. Significant differences between groups are included (SZ vs. HC: *p < 0.05, **p
< 0.01; Baseline vs. Response: # p < 0.05, ## p < 0.01, ### p < 0.001). (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

Table 3

Comparison of modulation differences in CS between schizophrenia patients
(SZ) and healthy controls (HC) measured as a percentage change and displayed

as mean (SD).

SZ (n = 26)

HC (n = 26)

Theta modulation
Alpha modulation
Beta 1 modulation
Beta 2 modulation
Gamma modulation
Broadband modulation

7.459 (10.526)
1.419 (5.631)
4.286 (6.973)
2.189 (3.920)
0.838 (1.770) *
1.618 (2.697)

6.246 (11.706)
2.375 (7.691)
3.322 (4.334)
2.551 (3.533)
2.165 (2.761)
1.818 (2.166)

¥ p < 0.05 (t-test for independent samples).

3.3. Effects of medication, and clinical and cognitive scores

In the SZ group, neither antipsychotic dose nor any cognitive or
symptomatology measure was related to the degree of CS modulation
with TMS in any of the frequency bands.

4. Discussion

In our sample, TMS pulses increased CS in the cortical network in HC,
more specifically in the faster bands (beta and gamma). This agrees with
previous data showing that TMS induces global increase of activity in
healthy subjects during the 100-200 ms following pulses (Frantseva
et al., 2014), (although in this report, oscillatory increases with TMS
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Fig. 4. PLV results for each classical EEG-frequency band and condition. Connections inter- and intra-ROIs were only displayed when statistically significant within
group differences were obtained (Mann-Whitney U test, FDR-corrected p-values <0.05). Red colour tones indicate statistically significant connectivity increases in
schizophrenia patients compared to healthy controls, whereas blue colour tones denote significant decreases. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

were higher in the schizophrenia group), and with the increase in
functional connectivity after TMS assessed with magnetic resonance
(fMRI) (Xue et al., 2017). When analyzing specific oscillations, the
enhancing effect of TMS may be more evident in the gamma band in
healthy subjects (Barr et al., 2009). Instead, in our SZ patients, modu-
lation was significantly lower in the gamma band, which is coherent
with the decrease in evoked gamma oscillations by TMS and its reduced
propagation reported in schizophrenia (Ferrarelli et al., 2008). In our
patients, this reduced modulation was accompanied in the pre-stimulus

window by higher CS across bands (except for gamma). Since CS mod-
ulation represents connectivity changes among sensors, its smaller in-
crease in our patients is coherent with the reduced connectivity of the
PFC after TMS in SZ using a measurement of current propagation
(Ferrarelli et al., 2015).

The combination in our SZ patients of increased CS at baseline in all
bands except gamma with the smaller CS modulation in the gamma band
in comparison to HC is coherent with a hypofunction of GABA in-
terneurons in SZ, that is, TMS pulses probably depolarize the underlying
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neurons (Tremblay et al., 2019) and, since gamma oscillations are
thought to be generated and modulated by GABA neurotransmission
(Buzsaki, 2006; McNally and McCarley, 2016), a functional deficit in
those neurons may underlie the smaller increase of CS in the gamma
band in patients. Besides, a hypofunction of GABA interneurons may
also reasonably contribute to the cortical hyperactivity in our patients in
the other bands, given its global inhibitory effect. Such a dysfunction in
SZ is supported by postmortem (Gonzalez-Burgos et al., 2011; Gonzalez-
Burgos and Lewis, 2012) and spectroscopy (Reddy-Thootkur et al.,
2022) data, functional findings showing basal hyperactivity (Iglesias-
Tejedor et al., 2022; Manoach, 2003), graph analyses showing global
hypersynchrony (Cea-Canas et al., 2020) and pharmacological data
supporting a NMDA hypofunction (Snyder and Gao, 2020). Similarly,
the reduced 40 Hz auditory steady-stated response has been proposed to
reflect impaired inhibitory cortical function in SZ reflected in lower
gamma band modulation (Grent-’t-Jong, T, et al., 2023). Paired TMS
paradigms also point in this direction: short (SICI) and long (LICI) in-
terval cortical inhibition paradigms assess the functional status of
transmission respectively meditated by GABA-A (Daskalakis et al.,
2003) and GABA-B (Fitzgerald et al., 2003) systems, and support an
inhibitory deficit in SZ in LICI (Fitzgerald et al., 2003) and SICI (Noda
et al., 2017) studies.

In this context, our data seems compatible with a hyperactive basal
state that hampers TMS-induced modulation of the global network. In
other words, the higher baseline CS in patients could reflect a lower
inhibitory tone, while the smaller stimulation of gamma oscillations
could reflect a hypo-response of GABA interneurons, perhaps with a
similar substrate.

However, other results obtained with TMS in schizophrenia may
seem contradictory with the proposed low inhibitory tone. Our previous
study (including 20 of the 24 patients in the present one) that assessed
local mean field power a measurement of local activation in the pre-
frontal region following TMS pulses, revealed larger activation over this
region (Fernandez-Linsenbarth et al., 2024; Mijancos-Martinez et al.,
2023). This may seem contrary to the lower gamma CS increase with
TMS in patients. However, that study did not assess network changes in
the different bands, neither assessed the global cortical network. Since
most patients in those studies overlapped with the present sample, it
seems indeed plausible that a smaller reorganization in the gamma band
of the cortical network with TMS would coexist with a larger global
activation reflected in higher amplitudes of the TMS-evoked potentials,
both resulting from an inhibitory deficit. In support of this possibility,
higher glutamate and lower GABA concentrations measured with spec-
troscopy resulted in a higher cortical excitability (reflected in N100
amplitude) following TMS (Du et al., 2018).

Characterizing global changes following TMS is especially inter-
esting in the context of a possible definition of biotypes in the psychotic
syndrome. We have proposed a biotype characterized by cognitive
deficit and hyperactive cortical state (i. e., with high connectivity
strength) (Fernandez-Linsenbarth et al., 2021), coherent with the find-
ings reported by Clementz et al. (Clementz et al., 2022). Molecular
findings support that inhibitory deficits may characterize a subset of
cases (Volk et al., 2016). The possibility that different patterns of TMS-
evoked responses are found in different groups of patients is supported
by opposite findings concerning patterns of signal propagation of TMS
(Ferrarelli et al., 2008; Radhu et al., 2017).

We did not find significant relations between clinical or cognitive
scores and modulation values, despite the significant differences in
cognitive performance between groups. This may indicate an absence of
clinical consequences of these modulation alterations, or an insufficient
sample size, which may be the case when considering that different
biotypes may be defined in schizophrenia according to cognitive per-
formance (Du et al., 2018). Thus, mixing patients from diverse biotypes
may obscure cognitive or clinical correlations with network properties;
that is, if the inhibitory deficit suggested by our findings applies only to a
subset of patients, the joint assessment of correlations between clinical/
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cognitive data and CS may yield negative results. Indeed, convergent
results suggest a hyperactive baseline in patients with larger cognitive
deficits (Clementz et al., 2022; Fernandez-Linsenbarth et al., 2021). It is
thus possible that relations between gamma CS and cognition and/or
symptoms would be clearer in that biotype. However, it is also possible
that other network parameters may show clearer clinical or cognitive
correlations than CS. Thus, the assessment of connectivity modulation
with TMS in different biotypes of psychoses could yield relevant results
to understand its underpinnings, but a much larger sample size would be
needed to that end.

The limitations of our study include the limited sample size and the
possible effects of treatment on TMS reactivity, although we found a lack
of relationship with the dose of antipsychotic medication. Therefore,
clearly larger samples are needed in future studies, especially consid-
ering the possibility that the described effects could be limited to sub-
groups of cases. Finally, neuronavigator was not used in the stimulation
of the DLPFC region, so further studies should improve the accuracy of
the region stimulated with this tool.

5. Conclusion

The specific alterations in the modulation of the gamma-band con-
nectivity strength found in patients with schizophrenia after single
pulses of TMS are compatible with previous literature providing evi-
dence of an inhibitory deficit in this syndrome, whose possible substrate
would be a deficit of GABAergic inhibitory activity.

CRediT authorship contribution statement

Vicente Molina: Writing - review & editing, Writing — original draft,
Supervision, Project administration, Methodology, Funding acquisition,
Formal analysis, Conceptualization. Saul J. Ruiz-Gomez: Visualization,
Formal analysis. Inés Fernandez-Linsenbarth: Investigation, Data
curation. Rosa M. Beno-Ruiz-de-la-Sierra: Investigation, Data cura-
tion. Emma Osorio: Investigation. Alejandro Roig: Investigation.
Gema Mijancos-Martinez: Visualization, Investigation. Claudia
Rodriguez-Valbuena: Investigation. Alejandro Bachiller: Writing —
review & editing, Methodology, Formal analysis. Miguel Angel
Mananas: Writing — review & editing, Supervision, Project adminis-
tration, Funding acquisition. Alvaro Diez: Writing — review & editing,
Visualization, Formal analysis.

Ethical statement

The study was approved by the Research Board of the Clinical Uni-
versity Hospital of Valladolid and was conducted in compliance with the
Declaration of Helsinki of 1975, as revised in 2008. Each participant
signed a written informed consent after being fully informed about the
details of the experiment.

Funding sources

This work was supported by the following grants: ‘Instituto de Salud
Carlos III’ (PI-22/00465), and ‘Gerencia Regional de Salud de Castilla y
Leon’ (GRS-2685/A1/2023) and partially supported by the “Ministerio
de Ciencia e Innovacién (MICINN)” (grant ID PID2020-117751RB-100),
and “Fundacié La Maraté de TV3” (grant ID 202219-30-31). SJRG is a
Juan de la Cierva Fellow in receipt of a Grant JDC2022-050016-I funded
by MCIN/AEI/ 10.13039/501100011033 and, by “ESF Investing in your
future” or by “European Union NextGenerationEU/PRTR”. Two research
training grants by the ‘Consejerfa de Educacién — Junta de Castilla y
Leén’ and the ‘European Social Fund’ (VA-223-19, VA-183-18) were
respectively awarded to PhD candidates RBRS and IFL. GMM is in
receipt of a FI-2022 grant from “Agencia de Gestié d’Ajuts Universitaris i
de Recerca (AGAUR)”. These funding sources had no other role than that
of providers of financial support.


https://doi.org/10.13039/501100011033

V. Molina et al.
Declaration of competing interest

The authors have no competing interests to declare.
Acknowledgements

We thank all patients and controls who gave their precious time and
allowed their data to be used in this study.

Data availability
Data will be made available on request.

References

American Psychiatric Association, 2013. Diagnostic and Statistical Manual of Mental
Disorders (DSM-5).

Barr, M.S., Farzan, F., Rusjan, P.M., Chen, R., Fitzgerald, P.B., Daskalakis, Z.J., 2009.
Potentiation of gamma oscillatory activity through repetitive transcranial magnetic
stimulation of the dorsolateral prefrontal cortex. Neuropsychopharmacology :
Official Publication of the American College of Neuropsychopharmacology 34 (11),
2359-2367. https://doi.org/10.1038/NPP.2009.79.

Bob, P., Palus, M., Susta, M., Glaslova, K., 2008. EEG phase synchronization in patients
with paranoid schizophrenia. Neurosci. Lett. 447 (1), 73-77. https://doi.org/
10.1016/J.NEULET.2008.09.055.

Buzsaki, G., 2006. Rhythms of the brain. Rhythms of the Brain 1-464. https://doi.org/
10.1093/ACPROF:050/9780195301069.001.0001.

Cash, R.F.H., Noda, Y., Zomorrodi, R., Radhu, N., Farzan, F., Rajji, T.K., Fitzgerald, P.B.,
Chen, R., Daskalakis, Z.J., Blumberger, D.M., 2016. Characterization of
glutamatergic and GABAA-mediated neurotransmission in motor and dorsolateral
prefrontal cortex using paired-pulse TMS-EEG. Neuropsychopharmacology 42 (2),
502-511. https://doi.org/10.1038/npp.2016.133.

Cea-Canas, B., Gomez-Pilar, J., Ninez, P., Rodriguez-Vazquez, E., de Uribe, N., Diez, A,
Pérez-Escudero, A., Molina, V., 2020. Connectivity strength of the EEG functional
network in schizophrenia and bipolar disorder. Prog. Neuro-Psychopharmacol. Biol.
Psychiatry 98. https://doi.org/10.1016/J.PNPBP.2019.109801.

Clementz, B.A., Parker, D.A., Trotti, R.L., McDowell, J.E., Keedy, S.K., Keshavan, M.S.,
Pearlson, G.D., Gershon, E.S., Ivleva, E.I, Huang, L.Y., Hill, S.K., Sweeney, J.A.,
Thomas, O., Hudgens-Haney, M., Gibbons, R.D., Tamminga, C.A., 2022. Psychosis
biotypes: replication and validation from the B-SNIP consortium. Schizophr. Bull. 48
(1), 56-68. https://doi.org/10.1093/SCHBUL/SBAB090.

Daskalakis, Z.J., Christensen, B.K., Chen, R., Fitzgerald, P.B., Zipursky, R.B., Kapur, S.,
2003. Effect of antipsychotics on cortical inhibition using transcranial magnetic
stimulation. Psychopharmacology 170 (3), 255-262. https://doi.org/10.1007/
S00213-003-1548-1.

Diez, A., Gomez-Pilar, J., Poza, J., Befio-Ruiz-de-la-Sierra, R., Fernandez-Linsenbarth, I,
Recio-Barbero, M., Nunez, P., Holgado-Madera, P., Molina, V., 2024. Functional
network properties in schizophrenia and bipolar disorder assessed with high-density
electroencephalography. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 129.
https://doi.org/10.1016/J.PNPBP.2023.110902.

Du, X., Rowland, L.M., Summerfelt, A., Wijtenburg, A., Chiappelli, J., Wisner, K.,
Kochunov, P., Choa, F. Sen, Hong, L.E., 2018. TMS evoked N100 reflects local GABA
and glutamate balance. Brain Stimul. 11 (5), 1071-1079. https://doi.org/10.1016/J.
BRS.2018.05.002.

Fernandez-Linsenbarth, 1., Planchuelo-Gémez, A., Diez, A., Arjona-Valladares, A., de
Luis, R., Martin-Santiago, 0., Benito-Sanchez, J.A., Pérez-Laureano, A., Gonzalez-
Parra, D., Montes-Gonzalo, C., Melero-Lerma, R., Morante, S.F., Sanz-
Fuentenebro, J., Gomez-Pilar, J., Ntafez-Novo, P., Molina, V., 2021. Neurobiological
underpinnings of cognitive subtypes in psychoses: A cross-diagnostic cluster
analysis. Schizophr. Res. 229, 102-111. https://doi.org/10.1016/J.
SCHRES.2020.11.013.

Fernandez-Linsenbarth, 1., Mijancos-Martinez, G., Bachiller, A., Ntinez, P., Rodriguez-
Gonzalez, V., Befio-Ruiz-de-la-Sierra, R.M., Roig-Herrero, A., Arjona-Valladares, A.,
Poza, J., Mafanas, M.A., Molina, V., 2024. Relation between task-related activity
modulation and cortical inhibitory function in schizophrenia and healthy controls: a
TMS-EEG study. Eur. Arch. Psychiatry Clin. Neurosci. 274 (4), 837-847. https://doi.
org/10.1007/500406-023-01745-0.

Ferrarelli, F., Phillips, M.L., 2021. Examining and modulating neural circuits in
psychiatric disorders with transcranial magnetic stimulation and
electroencephalography: present practices and future developments. Am. J.
Psychiatry 178 (5), 400-413. https://doi.org/10.1176/APPL.AJP.2020.20071050.

Ferrarelli, F., Massimini, M., Peterson, M.J., Riedner, B.A., Lazar, M., Murphy, M.J.,
Huber, R., Rosanova, M., Alexander, A.L., Kalin, N., Tononi, G., 2008. Reduced
evoked gamma oscillations in the frontal cortex in schizophrenia patients: a TMS/
EEG study. Am. J. Psychiatry 165 (8), 996-1005. https://doi.org/10.1176/APPI.
AJP.2008.07111733.

Ferrarelli, F., Riedner, B.A., Peterson, M.J., Tononi, G., 2015. Altered prefrontal activity
and connectivity predict different cognitive deficits in schizophrenia. Hum. Brain
Mapp. 36 (11), 4539-4552. https://doi.org/10.1002/HBM.22935.

Fitzgerald, P.B., Brown, T.L., Marston, N.A.U., Oxley, T.J., De Castella, A., Daskalakis, Z.
J., Kulkarni, J., 2003. A transcranial magnetic stimulation study of abnormal cortical

Progress in Neuropsychopharmacology & Biological Psychiatry 141 (2025) 111471

inhibition in schizophrenia. Psychiatry Res. 118 (3), 197-207. https://doi.org/
10.1016/50165-1781(03)00094-5.

Fitzgerald, P.B., Maller, J.J., Hoy, K.E., Thomson, R., Daskalakis, Z.J., 2009. Exploring
the optimal site for the localization of dorsolateral prefrontal cortex in brain
stimulation experiments. Brain Stimul. 2 (4), 234-237. https://doi.org/10.1016/J.
BRS.2009.03.002.

Frantseva, M., Cui, J., Farzan, F., Chinta, L.V., Perez Velazquez, J.L., Daskalakis, Z.J.,
2014. Disrupted cortical conductivity in schizophrenia: TMS-EEG study. Cerebral
Cortex (New York, N.Y. : 1991) 24 (1), 211-221. https://doi.org/10.1093/CERCOR/
BHS304.

Gomez-Pilar, J., de Luis-Garcia, R., Lubeiro, A., de Uribe, N., Poza, J., Nifez, P.,
Ayuso, M., Hornero, R., Molina, V., 2018. Deficits of entropy modulation in
schizophrenia are predicted by functional connectivity strength in the theta band
and structural clustering. Neurolmage. Clinical 18, 382-389. https://doi.org/
10.1016/J.NICL.2018.02.005.

Gonzalez-Burgos, G., Lewis, D.A., 2012. NMDA receptor hypofunction, Parvalbumin-
positive neurons, and cortical gamma oscillations in schizophrenia. Schizophr. Bull.
38 (5), 950. https://doi.org/10.1093/SCHBUL/SBS010.

Gonzalez-Burgos, G., Fish, K.N., Lewis, D.A., 2011. GABA neuron alterations, cortical
circuit dysfunction and cognitive deficits in schizophrenia. Neural Plast. 2011.
https://doi.org/10.1155/2011/723184.

Grant, D.A,, Berg, E.A., 1948. Wisconsin card sorting test. https://psycnet.apa.org/
doiLanding?doi=10.1037%2Ft31298-000.

Grent-'t-Jong, T, Brickwedde, M., Metzner, C., Uhlhaas, P.J., 2023. 40-Hz auditory
steady-state responses in schizophrenia: toward a mechanistic biomarker for circuit
dysfunctions and early detection and diagnosis. Biol. Psychiatry 94 (7), 550-560.
https://doi.org/10.1016/J.BIOPSYCH.2023.03.026.

Groppa, S., Oliviero, A., Eisen, A., Quartarone, A., Cohen, L.G., Mall, V., Kaelin-Lang, A.,
Mima, T., Rossi, S., Thickbroom, G.W., Rossini, P.M., Ziemann, U., Valls-Solé, J.,
Siebner, H.R., 2012. A practical guide to diagnostic transcranial magnetic
stimulation: report of an IFCN committee. Clin. Neurophysiol. : Off. J. Int. Federat.
Clin. Neurophysiol. 123 (5), 858-882. https://doi.org/10.1016/J.
CLINPH.2012.01.010.

Hamilton, M., 1960. A rating scale for depression. J. Neurol. Neurosurg. Psychiatry 23
(1), 56-62. https://doi.org/10.1136/JNNP.23.1.56.

Hill, A.T., Rogasch, N.C., Fitzgerald, P.B., Hoy, K.E., 2016. TMS-EEG: A window into the
neurophysiological effects of transcranial electrical stimulation in non-motor brain
regions. Neurosci. Biobehav. Rev. 64, 175-184. https://doi.org/10.1016/J.
NEUBIOREV.2016.03.006.

Iglesias-Tejedor, M., Diez, A., Llorca-Bofi, V., Nufez, P., Castano-Diaz, C., Bote, B.,
Segarra, R., Sanz-Fuentenebro, J., Molina, V., 2022. Relation between EEG resting-
state power and modulation of P300 task-related activity in theta band in
schizophrenia. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 116. https://doi.org/
10.1016/J.PNPBP.2022.110541.

Kay, S.R., Fiszbein, A., Opler, L.A., 1987. The positive and negative syndrome scale
(PANSS) for schizophrenia. Schizophr. Bull. 13 (2), 261-276. https://doi.org/
10.1093/SCHBUL/13.2.261.

Kirkpatrick, B., Strauss, G.P., Nguyen, L., Fischer, B.A., Daniel, D.G., Cienfuegos, A.,
Marder, S.R., 2011. The brief negative symptom scale: psychometric properties.
Schizophr. Bull. 37 (2), 300. https://doi.org/10.1093/SCHBUL/SBQO59.

Lachaux, J.P., Rodriguez, E., Martinerie, J., Varela, F.J., 1999. Measuring phase
synchrony in brain signals - PubMed. Hum. Brain Mapp. 8 (4), 194-208. https://
pubmed.ncbi.nlm.nih.gov/10619414/.

Manoach, D.S., 2003. Prefrontal cortex dysfunction during working memory
performance in schizophrenia: reconciling discrepant findings. Schizophr. Res. 60
(2-3), 285-298. https://doi.org/10.1016,/50920-9964(02)00294-3.

McNally, J.M., McCarley, R.W., 2016. Gamma band oscillations: a key to understanding
schizophrenia symptoms and neural circuit abnormalities. Curr. Opin. Psychiatry 29
(3), 202-210. https://doi.org/10.1097/YC0O.0000000000000244.

Mijancos-Martinez, G., Bachiller, A., Fernandez-Linsenbarth, I., Romero, S., Alonso, J.F.,
Molina, V., Mananas, M.A., 2023. Cortical inhibition on TMS-EEG: Interstimulus
interval effect on short-interval paired-pulse. In: Annual International Conference of
the IEEE Engineering in Medicine and Biology Society. IEEE Engineering in Medicine
and Biology Society. Annual International Conference, p. 2023. https://doi.org/
10.1109/EMBC40787.2023.10340654.

Mijancos-Martinez, G., Bachiller, A., Fernandez-Linsenbarth, I., Romero, S., Serna, L.Y.,
Molina, V., Mafanas, M.A., 2024. Individualized time windows enhance TMS-EEG
signal characterization and improve assessment of cortical function in schizophrenia.
Eur. Arch. Psychiatry Clin. Neurosci. https://doi.org/10.1007/500406-024-01859-Z.

Molina, V., Ferndndez-Linsenbarth, 1., Beno-Ruiz- de- la- Sierra, R., Osorio-Iriarte, E.,
Roig, A., Arjona, A., Rodriguez, V., Ntnez, P., Poza, J., Diez-Revuelta, A., Rodriguez-
Valbuena, C., Mijancos-Martinez, G., Bachiller, A., Mananas, M.A., 2025. Lower
perturbational complexity index after transcranial magnetic stimulation in
schizophrenia patients. Prog. Neuro-Psychopharmacol. Biol. Psychiatry 137,
111254. https://doi.org/10.1016/J.PNPBP.2025.111254.

Noda, Y., Cash, R.F.H., Zomorrodi, R., Dominguez, L.G., Farzan, F., Rajji, T.K., Barr, M.S.,
Chen, R., Daskalakis, Z.J., Blumberger, D.M., 2016. A combined TMS-EEG study of
short-latency afferent inhibition in the motor and dorsolateral prefrontal cortex.

J. Neurophysiol. 116 (3), 938-948. https://doi.org/10.1152/JN.00260.2016.

Noda, Y., Barr, M.S., Zomorrodi, R., Cash, R.F.H., Farzan, F., Rajji, T.K., Chen, R.,
Daskalakis, Z.J., Blumberger, D.M., 2017. Evaluation of short interval cortical
inhibition and intracortical facilitation from the dorsolateral prefrontal cortex in
patients with schizophrenia. Sci. Rep. 7 (1). https://doi.org/10.1038/541598-017-
17052-3.


http://refhub.elsevier.com/S0278-5846(25)00225-8/rf0005
http://refhub.elsevier.com/S0278-5846(25)00225-8/rf0005
https://doi.org/10.1038/NPP.2009.79
https://doi.org/10.1016/J.NEULET.2008.09.055
https://doi.org/10.1016/J.NEULET.2008.09.055
https://doi.org/10.1093/ACPROF:OSO/9780195301069.001.0001
https://doi.org/10.1093/ACPROF:OSO/9780195301069.001.0001
https://doi.org/10.1038/npp.2016.133
https://doi.org/10.1016/J.PNPBP.2019.109801
https://doi.org/10.1093/SCHBUL/SBAB090
https://doi.org/10.1007/S00213-003-1548-1
https://doi.org/10.1007/S00213-003-1548-1
https://doi.org/10.1016/J.PNPBP.2023.110902
https://doi.org/10.1016/J.BRS.2018.05.002
https://doi.org/10.1016/J.BRS.2018.05.002
https://doi.org/10.1016/J.SCHRES.2020.11.013
https://doi.org/10.1016/J.SCHRES.2020.11.013
https://doi.org/10.1007/S00406-023-01745-0
https://doi.org/10.1007/S00406-023-01745-0
https://doi.org/10.1176/APPI.AJP.2020.20071050
https://doi.org/10.1176/APPI.AJP.2008.07111733
https://doi.org/10.1176/APPI.AJP.2008.07111733
https://doi.org/10.1002/HBM.22935
https://doi.org/10.1016/S0165-1781(03)00094-5
https://doi.org/10.1016/S0165-1781(03)00094-5
https://doi.org/10.1016/J.BRS.2009.03.002
https://doi.org/10.1016/J.BRS.2009.03.002
https://doi.org/10.1093/CERCOR/BHS304
https://doi.org/10.1093/CERCOR/BHS304
https://doi.org/10.1016/J.NICL.2018.02.005
https://doi.org/10.1016/J.NICL.2018.02.005
https://doi.org/10.1093/SCHBUL/SBS010
https://doi.org/10.1155/2011/723184
https://psycnet.apa.org/doiLanding?doi=10.1037%2Ft31298-000
https://psycnet.apa.org/doiLanding?doi=10.1037%2Ft31298-000
https://doi.org/10.1016/J.BIOPSYCH.2023.03.026
https://doi.org/10.1016/J.CLINPH.2012.01.010
https://doi.org/10.1016/J.CLINPH.2012.01.010
https://doi.org/10.1136/JNNP.23.1.56
https://doi.org/10.1016/J.NEUBIOREV.2016.03.006
https://doi.org/10.1016/J.NEUBIOREV.2016.03.006
https://doi.org/10.1016/J.PNPBP.2022.110541
https://doi.org/10.1016/J.PNPBP.2022.110541
https://doi.org/10.1093/SCHBUL/13.2.261
https://doi.org/10.1093/SCHBUL/13.2.261
https://doi.org/10.1093/SCHBUL/SBQ059
https://pubmed.ncbi.nlm.nih.gov/10619414/
https://pubmed.ncbi.nlm.nih.gov/10619414/
https://doi.org/10.1016/S0920-9964(02)00294-3
https://doi.org/10.1097/YCO.0000000000000244
https://doi.org/10.1109/EMBC40787.2023.10340654
https://doi.org/10.1109/EMBC40787.2023.10340654
https://doi.org/10.1007/S00406-024-01859-Z
https://doi.org/10.1016/J.PNPBP.2025.111254
https://doi.org/10.1152/JN.00260.2016
https://doi.org/10.1038/S41598-017-17052-3
https://doi.org/10.1038/S41598-017-17052-3

V. Molina et al.

Oostenveld, R., Fries, P., Maris, E., Schoffelen, J.M., 2011. FieldTrip: open source
software for advanced analysis of MEG, EEG, and invasive electrophysiological data.
Comput. Intell. Neurosci. 2011, 156869. https://doi.org/10.1155/2011/156869.

Radhu, N., Dominguez, L.G., Greenwood, T.A., Farzan, F., Semeralul, M.O., Richter, M.
A., Kennedy, J.L., Blumberger, D.M., Chen, R., Fitzgerald, P.B., Daskalakis, Z.J.,
2017. Investigating cortical inhibition in first-degree relatives and Probands in
schizophrenia. Sci. Rep. 7, 43629. https://doi.org/10.1038/SREP43629.

Reddy-Thootkur, M., Kraguljac, N.V., Lahti, A.C., 2022. The role of glutamate and GABA
in cognitive dysfunction in schizophrenia and mood disorders - A systematic review
of magnetic resonance spectroscopy studies. Schizophr. Res. 249, 74-84. https://doi.
org/10.1016/J.SCHRES.2020.02.001.

Rogasch, N.C., Thomson, R.H., Farzan, F., Fitzgibbon, B.M., Bailey, N.W., Hernandez-
Pavon, J.C., Daskalakis, Z.J., Fitzgerald, P.B., 2014. Removing artefacts from TMS-
EEG recordings using independent component analysis: importance for assessing
prefrontal and motor cortex network properties. Neurolmage 101, 425-439. https://
doi.org/10.1016/J.NEUROIMAGE.2014.07.037.

Rusjan, P.M., Barr, M.S., Farzan, F., Arenovich, T., Maller, J.J., Fitzgerald, P.B.,
Daskalakis, Z.J., 2010. Optimal transcranial magnetic stimulation coil placement for
targeting the dorsolateral prefrontal cortex using novel magnetic resonance image-
guided neuronavigation. Hum. Brain Mapp. 31 (11), 1643-1652. https://doi.org/
10.1002/HBM.20964.

Segarra, N., Bernardo, M., Gutierrez, F., Justicia, A., Fernadez-Egea, E., Allas, M.,
Safont, G., Contreras, F., Gascon, J., Soler-Insa, P.A., Menchon, J.M., Junque, C.,
Keefe, R.S.E., 2011. Spanish validation of the brief assessment in cognition in
schizophrenia (BACS) in patients with schizophrenia and healthy controls. Eur.
Psychiatr. : J. Assoc. Eur. Psychiatrists 26 (2), 69-73. https://doi.org/10.1016/J.
EURPSY.2009.11.001.

Snyder, M.A., Gao, W.J., 2020. NMDA receptor hypofunction for schizophrenia revisited:
perspectives from epigenetic mechanisms. Schizophr. Res. 217, 60-70. https://doi.
org/10.1016/J.SCHRES.2019.03.010.

Progress in Neuropsychopharmacology & Biological Psychiatry 141 (2025) 111471

Spencer, K.M., Nestor, P.G., Niznikiewicz, M.A., Salisbury, D.F., Shenton, M.E.,
McCarley, R.W., 2003. Abnormal neural synchrony in schizophrenia. J. Neurosci. 23
(19), 7407. https://doi.org/10.1523/JNEUROSCI.23-19-07407.2003.

Sporns, O., Chialvo, D.R., Kaiser, M., Hilgetag, C.C., 2004. Organization, development
and function of complex brain networks. Trends Cogn. Sci. 8 (9), 418-425. https://
doi.org/10.1016/J.TICS.2004.07.008.

Stam, C.J., van Straaten, E.C.W., 2012. The organization of physiological brain networks.
Clin. Neurophysiol. : Off. J. Int. Federat. Clin. Neurophysiol. 123 (6), 1067-1087.
https://doi.org/10.1016/J.CLINPH.2012.01.011.

Torrence, C., Compo, G.P., 1998. A practical guide to wavelet analysis. BAMS 79 (1),
61-78. https://doi.org/10.1175/1520-0477(1998)079.

Tremblay, S., Rogasch, N.C., Premoli, I., Blumberger, D.M., Casarotto, S., Chen, R., Di
Lazzaro, V., Farzan, F., Ferrarelli, F., Fitzgerald, P.B., Hui, J., Ilmoniemi, R.J.,
Kimiskidis, V.K., Kugiumtzis, D., Lioumis, P., Pascual-Leone, A., Pellicciari, M.C.,
Rajji, T., Thut, G., Daskalakis, Z.J., 2019. Clinical utility and prospective of
TMS-EEG. Clin. Neurophysiol. 130 (5), 802-844. https://doi.org/10.1016/J.
CLINPH.2019.01.001.

van Diessen, E., Numan, T., van Dellen, E., van der Kooi, A.W., Boersma, M., Hofman, D.,
van Lutterveld, R., van Dijk, B.W., van Straaten, E.C.W., Hillebrand, A., Stam, C.J.,
2015. Opportunities and methodological challenges in EEG and MEG resting state
functional brain network research. Clin. Neurophysiol. : Off. J. Int. Federat. Clin.
Neurophysiol. 126 (8), 1468-1481. https://doi.org/10.1016/J.
CLINPH.2014.11.018.

Volk, D.W., Sampson, A.R., Zhang, Y., Edelson, J.R., Lewis, D.A., 2016. Cortical GABA
markers identify a molecular subtype of psychotic and bipolar disorders. Psychol.
Med. 46 (12), 2501-2512. https://doi.org/10.1017/50033291716001446.

Wechsler, D., 1999. Wechsler Adult Intelligence Scale III (TEA Ed.).

Xue, S.W., Guo, Y., Peng, W., Zhang, J., Chang, D., Zang, Y.F., Wang, Z., 2017. Increased
low-frequency resting-state brain activity by high-frequency repetitive TMS on the
left dorsolateral prefrontal cortex. Front. Psychol. 8 (DEC). https://doi.org/10.3389/
FPSYG.2017.02266.


https://doi.org/10.1155/2011/156869
https://doi.org/10.1038/SREP43629
https://doi.org/10.1016/J.SCHRES.2020.02.001
https://doi.org/10.1016/J.SCHRES.2020.02.001
https://doi.org/10.1016/J.NEUROIMAGE.2014.07.037
https://doi.org/10.1016/J.NEUROIMAGE.2014.07.037
https://doi.org/10.1002/HBM.20964
https://doi.org/10.1002/HBM.20964
https://doi.org/10.1016/J.EURPSY.2009.11.001
https://doi.org/10.1016/J.EURPSY.2009.11.001
https://doi.org/10.1016/J.SCHRES.2019.03.010
https://doi.org/10.1016/J.SCHRES.2019.03.010
https://doi.org/10.1523/JNEUROSCI.23-19-07407.2003
https://doi.org/10.1016/J.TICS.2004.07.008
https://doi.org/10.1016/J.TICS.2004.07.008
https://doi.org/10.1016/J.CLINPH.2012.01.011
https://doi.org/10.1175/1520-0477(1998)079
https://doi.org/10.1016/J.CLINPH.2019.01.001
https://doi.org/10.1016/J.CLINPH.2019.01.001
https://doi.org/10.1016/J.CLINPH.2014.11.018
https://doi.org/10.1016/J.CLINPH.2014.11.018
https://doi.org/10.1017/S0033291716001446
http://refhub.elsevier.com/S0278-5846(25)00225-8/rf0260
https://doi.org/10.3389/FPSYG.2017.02266
https://doi.org/10.3389/FPSYG.2017.02266

	Effect of transcranial magnetic pulses on cortical network connectivity in schizophrenia
	1 Introduction
	2 Materials and methods
	2.1 Study participants
	2.2 Clinical and cognitive assessment
	2.3 Transcranial magnetic stimulation (TMS)
	2.4 Electroencephalographic (EEG) recording
	2.5 TMS-EEG data processing
	2.6 Connectivity strength calculation
	2.7 Local connectivity analysis
	2.8 Statistical analysis

	3 Results
	3.1 Connectivity strength and TMS-induced modulation
	3.2 Local connectivity differences
	3.3 Effects of medication, and clinical and cognitive scores

	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Ethical statement
	Funding sources
	Declaration of competing interest
	Acknowledgements
	Data availability
	References


