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a b s t r a c t

Background: Neural information processing is subject to noise and this leads to variability in neural firing
and behavior. Schizophrenia has been associated with both more variable motor control and impaired
cortical inhibition, which is crucial for excitatory/inhibitory balance in neural commands.
Hypothesis: In this study, we hypothesized that impaired intracortical inhibition in motor cortex would
contribute to task-related motor noise in schizophrenia.
Methods: We measured variability of force and of electromyographic (EMG) activity in upper limb and
hand muscles during a visuomotor grip force-tracking paradigm in patients with schizophrenia (N ¼ 25),
in unaffected siblings (N ¼ 17) and in healthy control participants (N ¼ 25). Task-dependent primary
motor cortex (M1) excitability and inhibition were assessed using transcranial magnetic stimulation
(TMS).
Results: During force maintenance patients with schizophrenia showed increased variability in force and
EMG, despite similar mean force and EMG magnitudes. Compared to healthy controls, patients with
schizophrenia also showed increased M1 excitability and reduced cortical inhibition during grip-force
tracking. EMG variability and force variability correlated negatively to cortical inhibition in patients
with schizophrenia. EMG variability also correlated positively to negative symptoms. Siblings had similar
variability and cortical inhibition compared to controls. Increased EMG and force variability indicate
enhanced motor noise in schizophrenia, which relates to reduced motor cortex inhibition.
Conclusion: The findings suggest that excessive motor noise in schizophrenia may arise from an
imbalance of M1 excitation/inhibition of GABAergic origin. Thus, higher motor noise may provide a
useful marker of impaired cortical inhibition in schizophrenia.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Sensorimotor impairments are common in schizophrenia and
the study of their mechanisms can provide valuable pathophysio-
logical insights into the disorder [1e3]. Recent studies showed that
variability of motor control is increased in schizophrenia compared
to controls, in execution of visually guided pointing tasks [4] and in
visuomotor grip-force control tasks [5]. Consistent with this,
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altered or noisier electromyographic activity [6,7], as well as single
motor unit activity [8], has also been reported in schizophrenia.
However, the neural mechanisms underlying this increased vari-
ability remains unclear. Noise is a fundamental property of neural
signaling [9,10] and is thought to contribute to behavioral (trial-to-
trial) variability, whether in perception or action [11]. Motor noise
has been characterized as signal-dependent noise in the motor
system [12] and its signal-dependence most likely arises from the
properties of the motoneuron pool (and its muscle fibers [13]).
Motor noise is typically measured as behavioral and/or electro-
myography (EMG) variability [14].
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The signal-to-noise ratio in cortical signaling depends on the
balance between excitatory and inhibitory neural activity, critical
for cortical functioning [15,16]. In schizophrenia, there is growing
evidence for an excitation/inhibition imbalance [17e20]. Imaging
and genetic studies point to disturbed GABAergic (gamma-amino-
butyric acid) neural functioning in schizophrenia [21e24]. Impaired
functioning of GABA interneurons in schizophrenia has been linked
to impaired neural oscillations and cognitive deficits [25]. In the
motor cortex, GABAergic functioning can be assessed using double-
pulse transcranial magnetic stimulation (TMS) to measure the
short-latency intracortical inhibition (SICI) [26]. There is compel-
ling evidence for reduced SICI in schizophrenia during rest [27e31]
and more recent studies also showed reduced modulation of SICI
during motor tasks [1,32]. Given the likely role of GABAergic inhi-
bition in determining neural signal-to-noise ratio [16,33] and of
behavioral studies showing increased variability (indicating
increased neural noise) in schizophrenia [4,5,34] we hypothesized
that reduced cortical inhibition would be related to enhanced
motor noise in schizophrenia.

To test this, we performed novel analyses on data from a pre-
vious study [1]. To assessmotor noise, we analyzed the variability of
force during a visuomotor grip-force tracking task [5] as well as
concurrent variability of EMG activity in forearm and hand muscles
in patients with schizophrenia. These data were compared to those
in healthy controls and siblings. We first predicted that higher
motor noise in patients with schizophrenia should be reflected by
increased variability of force and of EMG activity during steady
hold. Secondly, we expected that (higher) variability in force and
EMG activity would relate to reduced SICI in the group of patients
with schizophrenia, reflecting GABAergic dysfunction and
decreased signal-to-noise ratio. Finally, we analyzed whether EMG
variability would relate to clinical symptomatology.

Methods

Participants

This study presents novel EMG and TMS analyses on the relation
between task-related TMS measures and force/EMG variability
from participants included in a previous study [1]. Twenty-five
patients (SCZ; 7 females, 18 males, mean age±SD: 31±9y), ful-
filling DSM-IV-R criteria for schizophrenia [35] were recruited at
the University department (SHU) of Sainte-Anne Hospital, Paris,
France. All patients were clinically stabilized and medicated with a
constant dose of atypical antipsychotics for at least one month.
Twenty-five healthy control participants (HC), age-, hand domi-
nance- and gender-matched (age: 30±7y) were also recruited, as
well as 17 non-psychotic siblings (SIB; 12 females, 5 males, age:
36 ± 10y; 2 siblings of SCZ group). An approximated intelligent
quotient (aQI) was obtained (WAIS-III [36]) and participants with a
score <80 were excluded. Three participants in each group were
left-handed (Edinburg handedness inventory [37]), hence, 9 of the
67 subjects performed the visuomotor task with their non-
dominant hand. All participants were assessed with the Diag-
nostic Interview for Genetic Studies v3.0 to ascertain the diagnosis
in patients and to preclude axis 1 and 2 diagnosis in healthy control
participants and siblings [38]. The study received ethical approval
from the regional ethics committee (Ile de France VIII; Clinical
Trials: NCT02826629) and all participants provided written
informed consent.

Clinical assessments

Clinical symptomatology of patients was assessed using the
Positive and Negative Syndrome Scale (PANSS [39]). PANSS
subscores were calculated as follows: positive PANSS (sum of items
P1 to P7), negative PANSS (sum of items N1 to N7), and disorga-
nization (sum of items P2, N5, G10, G11). For complete data on
clinical and neuropsychological assessments see Ref. [1].

Visuomotor grip force-tracking task

All participants performed a visuomotor grip force-tracking task
with their right hand according to our previously published pro-
tocol [5]. Briefly, participants had to match a right-to-left scrolling
line (target force) as accurately as possible with their grip force
using a vertically moving cursor (instantaneous force feedback).
Tracking-force, measured with the Power Grip Manipulandum
(www.sensix.fr), was sampled at 1 kHz using a CED Power1401 and
Spike2V6 (www.ced.co.uk). The target force followed a ramp-hold-
and-release paradigm in each trial (pause ¼ 3s; ramp ¼ 2s;
hold ¼ 3s; release ¼ instantaneous drop to baseline) at a target
force level of 10% of maximum voluntary contraction (MVC).

EMG recordings and TMS

EMGs were recorded from 2 intrinsic (first dorsal interosseous,
1DI; abductor digiti minimi, ADM) and 2 extrinsic (flexor carpi
radialis, FCR; extensor carpi radialis, ECR) hand muscles using
surface electrodes (www.adinstruments.com). EMG signals were
amplified with a CED 1902, and sampled at 1 kHz using a CED
Power1401 under Spike2V6 (www.ced.co.uk). Transcranial Mag-
netic Stimulation (TMS) was applied over the cortical representa-
tion of the right 1DI (contralateral hemisphere) through a figure-of-
eight coil (7 cm diameter) connected to two synchronized Magstim
200 units (www.magstim.com). Optimal coil position was defined
as the stimulation site inducing the largest 1DI motor evoked po-
tentials (i.e., MEPs>50 mV) at the lowest intensity. The neuro-
navigation system was used during the entire session and coil
position was maintained at a maximum of ±5 mm and/or 5� shift
from the target using default MRI scan (www.ant-neuro.com). TMS
measures, such as resting motor threshold (rMT), task-related
cortical excitability during HOLD phase (10%MVC; MEPs), and
short-latency intracortical inhibition (SICI; conditioning stimulus at
80%rMT 2 ms prior the test pulse at 120%rMT [40]) have been
previously described in detail [1].

Analysis of grip force control

Visuomotor force-tracking performance was analyzed using
MatlabV9.1 (The MathWorks, Inc., Natick, MA, USA). Grip force was
down-sampled to 100Hz and smoothed (20 ms sliding window).
The following performance measures were extracted trial-by-trial
for each participant: tracking precision (quantified as the root
mean square tracking error (RMSe) between the target and the
tracking-force during the ramp and hold periods); onset of force
production and of force decrease (relative to the respective target);
release duration (time taken to abruptly reduce the force from 75%
to 25% of the target force).

For investigating task-related motor noise, the coefficient of
variation (CV; standard deviation/mean) of tracking force (CV-GFT)
was computed over a steady-state interval of 1s (i) during the pause
between trials (minimal postural force while holding the manipu-
landum in the hand), and (ii) during the middle of the hold period
at 10%MVC target force. This 1s analysis window thus captures
motor noise (or its inverse: steadiness) during stationary force
production. Any potential force (or EMG) fluctuations around the
transition points (from ramp to hold, and from hold to release) have
thus been excluded. Taking a less conservative 2s window gave
similar results.

http://www.sensix.fr
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http://www.magstim.com
http://www.ant-neuro.com
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EMG analysis: muscular noise

We investigated task-related motor noise at the level of muscle
activation by analyzing EMG variability of the four recorded mus-
cles. First, EMGs were low-pass filtered at 40Hz [41]. Then, over the
same interval of 1s (as for force), the CV of the EMG (CV-EMG) was
computed trial-by-trial.
Statistical analysis

Statistical analysis was performed using Statistica10 (StatSoft,
Inc., USA), involving Mann-Whitney U tests for assessing group
differences in demographic and clinical outcomes. To assess task-
related differences in group performance a general linear model
repeated measures ANOVA with one GROUP factor (SCZ/SIB/HC)
was used. For the analysis of variability, one between Group factor
(SCZ/SIB/HC) and one within-group factor MUSCLE (1DI/ADM/FCR/
ECR) were used. Fisher LSD post-hoc tests were applied (level of
significance: p < 0.05). Pearson’s correlations were used to probe
the relation between EMG variability and force variability, and
physiological markers, including previously acquired data on MEPs
and short-latency intracortical inhibition (SICI) [1]. In the patient
group, Spearman’s rank-order correlation was used to assess re-
lations between EMG variability and PANSS (positive, negative and
disorganization subscales, i.e., non-parametric variables). The level
of significance for correlation coefficients, corrected for three
multiple comparisons, was set at 0.02 [42].
Results

Representative force and EMG data from a healthy control and a
schizophrenia patient are shown in Fig. 1.
Fig. 1. Single participant example of grip force tracking, including EMGs. A.
Visuomotor grip force-tracking set-up. Participants had to match a right-to-left
scrolling line (target force) as accurately as possible with their grip force using a
vertically moving cursor (instantaneous force feedback). B. Task-related force and
EMGs (averaged over 48 trials). From top to bottom: user tracking-force (solid line);
EMG of first dorsal interosseous (1DI); abductor digiti minimi (ADM); flexor carpi
radialis (FCR) and extensor carpi radialis (ECR). Note: steady-state force and EMG ac-
tivity was assessed in the 1s grey window during the hold period.
Variability of grip force data

For control purposes we first verified that there were no group
differences in the amplitude of the grip force during rest or hold.
The ANOVA showed indeed an absence of a Group effect (all p-
values>0.63). CV of force during grip force-tracking (CV-GFT) dur-
ing rest also did not differ between groups (F(2,64) ¼ 0.07,
p ¼ 0.93). However, the ANOVA revealed a significant GROUP effect
on CV-GFT (F(2,64) ¼ 5.23, p ¼ 0.008) during hold phase, with the
SCZ group showing increased CV-GFT compared to HC (post-hoc;
p ¼ 0.002; Fig. 2A). The SIB group showed an intermediate level
with a non-significant trend for higher of CV-GFT (post-hoc, SCZ vs.,
SIB, p ¼ 0.08; SIB vs., HC, p ¼ 0.22).
Variability of EMG activity

There were no significant differences in the mean amplitude of
the EMGs in the four tested muscles (1DI, ADM, FCR, ECR) between
groups, neither at rest (F(2,64) ¼ 0.56, p ¼ 0.57), nor during hold
(F(2,64)¼ 0.31, p¼ 0.74). This confirmed that mean muscle activity
was similar in all three groups. Furthermore, there were no GROUP
differences in the EMG variability (CV-EMG) during rest in any
muscle (ANOVA, F(2,64) ¼ 0.20, p ¼ 0.82). However, the ANOVA
showed a significant GROUP effect on CV-EMG during hold
(F(2,64) ¼ 9.97, p < 0.001) and a significant MUSCLE effect
(F(3,192) ¼ 3.84, p ¼ 0.01, Fig. 2B), but no interaction effect
(GROUP*MUSCLE: F(6,192) ¼ 0.79, p ¼ 0.58). Post-hoc tests
revealed that the SCZ group had significantly higher CV-EMG
(p < 0.001) compared to HC and to SIB. SIB and HC showed no
difference between their lower CV-EMGs (post-hoc, p ¼ 0.99).
Relation between force and EMG variability

Variability of grip force (CV-GFT) during hold correlated posi-
tively with variability in muscle activity (CV-EMG) within the SCZ
group (Pearson’s correlation: r ¼ 0.57, p < 0.001). A similar corre-
lation was also seen across all participants (r ¼ 0.41, p < 0.001).

Relation between EMG variability and visuomotor task performance

In order to study the behavioral impact of EMG variability we
investigated the correlation of CV-EMG and visuomotor task per-
formance, i.e., how accurate participants are to match the target
force (root mean square error). We found a significant positive
correlation between CV-EMG and accuracy of force tracking across
all participants (Pearson’s correlation, r ¼ 0.42, p ¼ 0.001), and also
within the SCZ group (r ¼ 0.48, p ¼ 0.02). Thus, this positive cor-
relation indicates that higher EMG variability was related to
increased tracking error.



Fig. 2. Behavioral and muscular variability (noise) during grip force tracking. A.
Behavioral variability between healthy control participants (HC; in dark), non-
psychotic siblings (SIB; in grey) and patients with schizophrenia (SCZ; in white): CV
of grip force-tracking (CV-GFT) during the hold period (10%MVC target force).
Compared to HC, CV was significantly increased in SCZ patients (p ¼ 0.008). SIB with
higher and intermediate results showed a trend for an increase in CV compared to HC
(p ¼ 0.08). B. Muscular variability between groups: CV of EMG activity (CV-EMG)
during the hold period recorded in two intrinsic (first dorsal interosseous, abductor
digiti minimi) and two extrinsic (flexor carpi radialis, extensor carpi radialis) hand
muscles. The CV-EMG represents the average CV across these four muscles. Compared
to HC and SIB, patients with SCZ showed a significantly increased CV-EMG (p < 0.001).
Asterisks indicate: ** ¼ p < 0.01, *** ¼ p < 0.001.
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Relation between measures of variability and cortical excitability/
inhibition

Patients had similar MEPs at rest compared to controls (Table 1).
However, during force-tracking at 10%MVC patients had signifi-
cantly increased MEPs compared to HC (see Ref. [1]).

MEP amplitude during Hold correlated positively with CV-EMG
across all participants (r ¼ 0.47, p < 0.001) but not in the SCZ group
alone (r ¼ 0.30, p ¼ 0.18).

Regarding cortical inhibition (SICI), we found a GROUP effect
(F(2,64) ¼ 5.77, p ¼ 0.005) with significantly reduced SICI in pa-
tients with SCZ compared to HC and SIB groups (SCZ vs. HC,
p ¼ 0.005; SCZ vs. SIB, p ¼ 0.006; Fig. 3A). We also found that SICI
correlated negatively with CV-EMG across all participants (Fig. 3B,
CV-EMG, r ¼ �0.38, p ¼ 0.002). Importantly, this correlation was
also observed within the SCZ group (r ¼ �0.53, p ¼ 0.006).

MEP amplitude (in 1D1) did not correlate with force variability
(CV-GFT; r ¼ 0.05, p ¼ 0.71), and SICI showed a non-significant
trend for a negative correlation with CV-GFT across all partici-
pants (r ¼ �0.29, p ¼ 0.02) and within the SCZ group according to
the corrected level of significance (r ¼ �0.44, p ¼ 0.03).
Relation between EMG variability and clinical scores

CV-EMG during hold correlated positively with negative
symptoms in PANSS (r ¼ 0.55, p ¼ 0.005, corrected for multiple
comparisons). Thus, patients with greater EMG variability had
increased negative symptoms. No other correlation reached level of
corrected significance (all p-values >0.12). Note: none of our
measures were correlated with chlorpromazine equivalences (all p-
values>0.31).
Discussion

In this study, we showed increased task-related grip force
variability and higher EMG variability in patients with schizo-
phrenia, indicating enhanced motor noise. This increase in motor
noise, likely due to a less coordinated neural firing patterns in the
motor system, correlatedwith reduced cortical inhibition, such that
schizophrenia patients with decreased inhibition had higher levels
of task-related (behavioral and muscular) noise.

Motor noise and its likely neural origin

Neural noise in the motor system is thought to primarily arise
from the properties of the motoneuron pool [13]. Here we found
both increased force and EMG variability, pointing to enhanced
motor noise during the 1s period of steady force production (active
hold). The two measures of variability (EMG and force) correlated
closely as can be expected, given their causal relation during static
force production. In a neurodevelopmental perspective, motor
noise has also been found in autism spectrum disorder [43], a
disorder associatedwith abnormalmaturation of cortical inhibitory
interneurons, and in developmental dyslexia [44].

As hypothesized, we found that the increased motor noise in
patients with schizophrenia was, at least partly, related to reduced
cortical inhibition (SICI). SICI is a measure of GABA-A receptor-
mediated inhibition in cortical inhibitory interneurons [45]. Our
data suggest a role of such GABAergic interneurons during steady
maintenance of an ongoing voluntary muscle contraction. GABA
interneurons also contribute to cortical gamma oscillations via in-
hibition of multiple pyramidal neurons, resulting in a more coor-
dinated firing pattern of pyramidal neurons [46]. In line with this,
recordings in non-human primates revealed that bicuculline (a
GABA antagonist) injection reduced the signal-to-noise ratio in
cortical interneurons as well as in pyramidal neurons, as demon-
strated by loss of task-modulated tuning [47]. We therefore spec-
ulate that SICI, reflecting GABA-A interneuron mechanisms, could
promote coordinated firing of corticospinal neurons in motor cor-
tex and thus, leads to less variability in EMG and force recordings,
i.e., reduced neural noise.

Furthermore, SICI tested during isometric muscle contraction of
less than 40%MVC has been found to be of similar magnitude as
compared to rest [48] and has been shown to be increased in tasks
requiring coordination between fingers [49]. Translated to our set-
up (power-grip at 10%MVC), SICI would not be expected to
contribute to maintenance of the level of force but is likely more
related to the level of M1 excitability [50]. Our data are also in
agreement with studies showing that cortical inhibition increases
temporal precision [51], improves the gain of neuronal responses
[52], and enhances, as shown computationally, the signal to noise
ratio of neural information processing [16]. Hence, we consider
that, besides the motoneuron pool, dysregulation of cortical inhi-
bition is another potential source of motor noise, particularly
enhanced in schizophrenia.

In contrast, no correlation was found between EMG or force
variability and MEP amplitude during hold. This suggests that M1
excitability does not seem to contribute directly to generation of
EMG or force variability. During motor tasks, M1 excitability can be
modulated by input from other prefrontal [53] and premotor areas
[54], and we have previously shown that these areas can be over-
activated in patients with schizophrenia compared to controls
[32]. Enhanced premotor activity may then contribute to increased
M1 excitability. Furthermore, hyperfocusing of attention has also
been posited to play a role in enhanced task-dependent M1 excit-
ability in schizophrenia [1,55]. Taken together, these elements
suggest that the degree of intracortical inhibition, rather than M1



Table 1
Task-related recordings of force and EMG activity for the three groups: patients with schizophrenia (SCZ), healthy control participants (HC) and siblings (SIB).

Task-related recordings SCZ
Group (N ¼ 25)
Mean ± SD

HC
Group (N ¼ 25)
Mean ± SD

SIB
Group (N ¼ 17)
Mean ± SD

REST HOLD REST HOLD REST HOLD

Grip-Force Tracking
Mean grip force (NU) 0.09

±0.04
1.01
±0.03

0.07
±0.03

1.00
±0.02

0.06
±0.02

1.01
±0.03

Grip force tracking variability (CV-GFT) 0.06±
0.01

0.21
±0.08

0.06
±0.01

0.14
±0.06

0.06
±0.01

0.17
±0.07

EMG Activity
Mean EMG Activity (mV) 0.004

±0.003
0.018
±0.007

0.003
±0.002

0.017
±0.010

0.004
±0.002

0.016
±0.008

EMG variability (CV-EMG) 0.07
±0.03

0.035
±0.008

0.07
±0.02

0.028
±0.003

0.07
±0.04

0.028
±0.005

TMS measures
Resting motor threshold (RMT) 54%

±11
x 53%

±11
x 51%

±8
x

% of stimulator output (%SO) x 64%
±12

x 64%
±13

x 61%
±10

Cortical Excitability MEPs 2.81 mV
±1.60

1.83(NU)
±0.54

2.96 mV
±1.41

1.43(NU)
±0.37

2.89 mV
±1.43

1.51(NU)
±0.54

SICI (%reduction) 37
±18

30
±15

50
±17

38
±14

47
±19

39
±15

Meanmeasures (mean ± SD) of performance in grip-force tracking (mean grip force, grip-force tracking variability), electromyographic activity recordings (mean EMG activity,
EMG variability) and motor evoked potentials (MEPs) for unconditioned and conditioned stimulus and short-latency intracortical inhibition (SICI) were obtained during Rest
and Hold phases. Resting motor threshold (RMT) was calculated at rest and 120% of the RMT was applied during task.
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excitability, is a key feature in generating motor noise in schizo-
phrenia. More generally, excitation/inhibition imbalance, here
observed in M1 through measured SICI, might not be restricted to
the motor system. A lower signal-to-noise ratio might affect larger
networks and tentatively contribute to altered functional network
connectivity in schizophrenia [56].
Clinical relevance

Task-related variability of EMG activity was correlated with
negative symptoms. Negative symptoms are similarly thought to
stem from a functional and anatomical imbalance of brain networks
[57], suggesting a potential link between cortical neural noise and
Fig. 3. Cortical inhibition. A. Task-related short-latency intracortical inhibition (SICI) betwe
schizophrenia (SCZ; in white). Patients showed significantly reduced SICI during hold com
correlation across all participants between SICI and EMG variability (CV-EMG) during hold
symptoms of decreased volition and negative mood, though we
cannot exclude other alterations in motor behavior [58]. This raises
the intriguing question of a relationship between negative symp-
toms and neural noise. One hypothesis is that both phenomena
would have a common grounding in GABAergic interneuron
dysfunction. Although we did not find a relation between SICI and
negative PANSS symptoms, SICI has previously been shown to be
reduced in patients with depression [59] and is enhanced with
anti-depressant therapy [60]. This was interpreted in the context of
a close relationship between GABA and serotonergic activity [60].
Furthermore, the serotonergic system has been reported to be
involved in persons with prominent negative symptoms in
schizophrenia [61,62].
en healthy controls (HC; in dark), non-psychotic siblings (SIB; in grey) and patients with
pared to HC and SIB (SCZ vs. HC, p ¼ 0.005; SCZ vs. SIB, p ¼ 0.006). B. Significant
(r ¼ �0.38, p ¼ 0.002).
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Siblings showed an intermediate noise-related task perfor-
mance, i.e. a non-significant trend to higher force variability than
healthy control participants, but a trend for lower variability than
patients with schizophrenia. However, their general task perfor-
mance (tracking error) was similar to the control group and they
did not significantly differ from control participants in EMG vari-
ability. Siblings also showed intermediate values of MEP amplitude,
but normal values in cortical inhibition. Thus, their motor noise
levels tended to be in-between those of the control group and the
schizophrenia group. This is consistent with siblings carrying a
genetic risk for (minor) cortical abnormalities that are expressed in
a weak but present noise-related motor deficit [63].

Study limitations

SICI can vary depending on intensity of a conditioning stimulus
and a more complete account of SICI dysfunction in schizophrenia
could be provided by using a conditioning protocol [64]. Our
findings reflect increased neural noise in medically stabilized pa-
tients with schizophrenia. Replicationwould be needed to establish
whether the obtained results hold in more acute patients, e.g., in
first-episode schizophrenia patients.

Conclusion

The findings show a concomitant increase of task-related motor
noise measured in grip force and in EMG activity together with
reduced cortical inhibition in schizophrenia. Patients with higher
motor noise had smallest levels of SICI. This provides evidence of
increased neural noise in the motor system in schizophrenia. This
also suggests that impaired GABA-ergic function induces an
imbalance of cortical excitation/inhibition, which acts as an un-
derlying mechanism for increased behavioral and muscular
variability.

CRediT authorship contribution statement

Loïc Carment: Data curation, Formal analysis, Investigation,
Methodology, Software, Writing - original draft. Lucile Dupin:
Investigation, Methodology, Software, Writing - review & editing.
Laura Guedj: Investigation, Methodology, Writing - review &
editing. Maxime T�er�emetz: Investigation, Methodology, Writing -
review & editing. Macarena Cuenca: Investigation, Methodology,
Writing - review & editing. Marie-Odile Krebs: Conceptualization,
Funding acquisition, Writing - review & editing. Isabelle Amado:
Conceptualization, Funding acquisition, Supervision, Writing - re-
view & editing. Marc A. Maier: Conceptualization, Funding acqui-
sition, Supervision, Writing - original draft. Påvel G. Lindberg:
Conceptualization, Funding acquisition, Supervision, Project
administration, Writing - original draft.

Declaration of competing interest

The authors declare that there are no known conflicts of interest
associated with this publication and there has been no significant
financial support for this work that could have influenced its
outcome.

Acknowledgement

We thank the ’Delegation �a la Recherche Clinique et l’Innova-
tion’ (DRCI) and the Clinical Research Center (CRC) of Sainte-Anne
Hospital, and the URC/CIC Paris Descartes of Necker - Cochin Hos-
pital for their help in conducting this study. Thanks also to Narjes
Bendjemaa for her helpful contribution to this work. This study was
supported by the “Fondation pour la Recherche M�edicale” (FRM -
DPP20151033970). LC received a PhD-fellowship from Sorbonne
Universit�e. The funders had no role in study design, data collection
and analysis, decision to publish or preparation of the manuscript.
References

[1] Carment L, Dupin L, Guedj L, T�er�emetz M, Krebs M-O, Cuenca M, et al.
Impaired attentional modulation of sensorimotor control and cortical excit-
ability in schizophrenia. Brain J Neurol 2019. https://doi.org/10.1093/brain/
awz127.

[2] Dupin L, Carment L, Guedj L, Cuenca M, Krebs M-O, Maier MA, et al. Predictive
modulation of corticospinal excitability and implicit encoding of movement
probability in schizophrenia. Schizophr Bull 2018. https://doi.org/10.1093/
schbul/sby186.

[3] Walther S, Strik W. Motor symptoms and schizophrenia. Neuropsychobiology
2012;66:77e92. https://doi.org/10.1159/000339456.

[4] Nguyen J, Majmudar U, Papathomas TV, Silverstein SM, Torres EB. Schizo-
phrenia: the micro-movements perspective. Neuropsychologia 2016;85:
310e26. https://doi.org/10.1016/j.neuropsychologia.2016.03.003.

[5] Teremetz M, Amado I, Bendjemaa N, Krebs M-O, Lindberg PG, Maier MA.
Deficient grip force control in schizophrenia: behavioral and modeling evi-
dence for altered motor inhibition and motor noise. PloS One 2014;9:
e111853. https://doi.org/10.1371/journal.pone.0111853.

[6] Flyckt L, Wiesel FA, Borg J, Edman G, Ansved T, Sydow O, et al. Neuromuscular
and psychomotor abnormalities in patients with schizophrenia and their first-
degree relatives. J Psychiatr Res 2000;34:355e64. https://doi.org/10.1016/
s0022-3956(00)00031-5.

[7] Meigal AY, Miroshnichenko GG, Kuzmina AP, Rissanen SM, Georgiadis SD,
Karjalainen PA. Nonlinear parameters of surface EMG in schizophrenia pa-
tients depend on kind of antipsychotic therapy. Front Physiol 2015;6:197.
https://doi.org/10.3389/fphys.2015.00197.

[8] Crayton JW, Stålberg E, Hilton-Brown P. The motor unit in psychotic patients:
a single fibre EMG study. J Neurol Neurosurg Psychiatry 1977;40:455e63.

[9] Shadlen MN, Newsome WT. The variable discharge of cortical neurons: im-
plications for connectivity, computation, and information coding. J Neurosci
1998;18:3870e96. https://doi.org/10.1523/JNEUROSCI.18-10-03870.1998.

[10] Faisal AA, Selen LPJ, Wolpert DM. Noise in the nervous system. Nat Rev
Neurosci 2008;9:292e303. https://doi.org/10.1038/nrn2258.

[11] Stein RB, Gossen ER, Jones KE. Neuronal variability: noise or part of the signal?
Nat Rev Neurosci 2005;6:389e97. https://doi.org/10.1038/nrn1668.

[12] Harris CM, Wolpert DM. Signal-dependent noise determines motor planning.
Nature 1998;394:780e4. https://doi.org/10.1038/29528.

[13] Jones KE, Hamilton AF, Wolpert DM. Sources of signal-dependent noise during
isometric force production. J Neurophysiol 2002;88:1533e44. https://doi.org/
10.1152/jn.2002.88.3.1533.

[14] Hasson CJ, Gelina O, Woo G. Neural control adaptation to motor noise
manipulation. Front Hum Neurosci 2016;59. https://doi.org/10.3389/
fnhum.2016.00059.

[15] Dehghani N, Peyrache A, Telenczuk B, Le Van Quyen M, Halgren E, Cash SS,
et al. Dynamic balance of excitation and inhibition in human and monkey
neocortex. Sci Rep 2016;6. https://doi.org/10.1038/srep23176.

[16] Rolls ET, Deco G. A computational neuroscience approach to schizophrenia
and its onset. Neurosci Biobehav Rev 2011;35:1644e53. https://doi.org/
10.1016/j.neubiorev.2010.09.001.

[17] Gao R, Penzes P. Common mechanisms of excitatory and inhibitory imbalance
in schizophrenia and autism spectrum disorders. Curr Mol Med 2015;15:
146e67.

[18] Insel TR. Rethinking schizophrenia. Nature 2010;468:187e93. https://doi.org/
10.1038/nature09552.

[19] Lisman J. Excitation, inhibition, local oscillations, or large-scale loops: what
causes the symptoms of schizophrenia? Curr Opin Neurobiol 2012;22:
537e44. https://doi.org/10.1016/j.conb.2011.10.018.

[20] Inan M, Petros TJ, Anderson SA. Losing your inhibition: linking cortical
GABAergic interneurons to schizophrenia. Neurobiol Dis 2013;53:36e48.
https://doi.org/10.1016/j.nbd.2012.11.013.

[21] Van Snellenberg JX, Girgis RR, Horga G, van de Giessen E, Slifstein M, Ojeil N,
et al. Mechanisms of working memory impairment in schizophrenia. Biol
Psychiatr 2016;80:617e26. https://doi.org/10.1016/j.biopsych.2016.02.017.

[22] Lewis DA, Curley AA, Glausier JR, Volk DW. Cortical parvalbumin interneurons
and cognitive dysfunction in schizophrenia. Trends Neurosci 2012;35:57e67.
https://doi.org/10.1016/j.tins.2011.10.004.

[23] Hashimoto T, Arion D, Unger T, Maldonado-Avil�es JG, Morris HM, Volk DW,
et al. Alterations in GABA-related transcriptome in the dorsolateral prefrontal
cortex of subjects with schizophrenia. Mol Psychiatr 2008;13:147e61. https://
doi.org/10.1038/sj.mp.4002011.

[24] Dienel SJ, Lewis DA. Alterations in cortical interneurons and cognitive function
in schizophrenia. Neurobiol Dis 2019;131. https://doi.org/10.1016/
j.nbd.2018.06.020. 104208.

[25] Uhlhaas PJ, Singer W. Abnormal neural oscillations and synchrony in
schizophrenia. Nat Rev Neurosci 2010;11:100e13. https://doi.org/10.1038/
nrn2774.

https://doi.org/10.1093/brain/awz127
https://doi.org/10.1093/brain/awz127
https://doi.org/10.1093/schbul/sby186
https://doi.org/10.1093/schbul/sby186
https://doi.org/10.1159/000339456
https://doi.org/10.1016/j.neuropsychologia.2016.03.003
https://doi.org/10.1371/journal.pone.0111853
https://doi.org/10.1016/s0022-3956(00)00031-5
https://doi.org/10.1016/s0022-3956(00)00031-5
https://doi.org/10.3389/fphys.2015.00197
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref8
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref8
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref8
https://doi.org/10.1523/JNEUROSCI.18-10-03870.1998
https://doi.org/10.1038/nrn2258
https://doi.org/10.1038/nrn1668
https://doi.org/10.1038/29528
https://doi.org/10.1152/jn.2002.88.3.1533
https://doi.org/10.1152/jn.2002.88.3.1533
https://doi.org/10.3389/fnhum.2016.00059
https://doi.org/10.3389/fnhum.2016.00059
https://doi.org/10.1038/srep23176
https://doi.org/10.1016/j.neubiorev.2010.09.001
https://doi.org/10.1016/j.neubiorev.2010.09.001
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref17
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref17
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref17
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref17
https://doi.org/10.1038/nature09552
https://doi.org/10.1038/nature09552
https://doi.org/10.1016/j.conb.2011.10.018
https://doi.org/10.1016/j.nbd.2012.11.013
https://doi.org/10.1016/j.biopsych.2016.02.017
https://doi.org/10.1016/j.tins.2011.10.004
https://doi.org/10.1038/sj.mp.4002011
https://doi.org/10.1038/sj.mp.4002011
https://doi.org/10.1016/j.nbd.2018.06.020
https://doi.org/10.1016/j.nbd.2018.06.020
https://doi.org/10.1038/nrn2774
https://doi.org/10.1038/nrn2774


L. Carment et al. / Brain Stimulation 13 (2020) 1298e13041304
[26] Di Lazzaro V, Oliviero A, Mazzone P, Pilato F, Saturno E, Dileone M, et al. Short-
term reduction of intracortical inhibition in the human motor cortex induced
by repetitive transcranial magnetic stimulation. Exp Brain Res 2002;147:
108e13. https://doi.org/10.1007/s00221-002-1223-5.

[27] Daskalakis ZJ, Christensen BK, Chen R, Fitzgerald PB, Zipursky RB, Kapur S.
Evidence for impaired cortical inhibition in schizophrenia using transcranial
magnetic stimulation. Arch Gen Psychiatr 2002;59:347e54.

[28] Radhu N, de Jesus DR, Ravindran LN, Zanjani A, Fitzgerald PB, Daskalakis ZJ.
A meta-analysis of cortical inhibition and excitability using transcranial
magnetic stimulation in psychiatric disorders. Clin Neurophysiol Off J Int Fed
Clin Neurophysiol 2013;124:1309e20. https://doi.org/10.1016/
j.clinph.2013.01.014.

[29] Rogasch NC, Daskalakis ZJ, Fitzgerald PB. Cortical inhibition, excitation, and
connectivity in schizophrenia: a review of insights from transcranial magnetic
stimulation. Schizophr Bull 2014;40:685e96. https://doi.org/10.1093/schbul/
sbt078.

[30] Takahashi S, Ukai S, Kose A, Hashimoto T, Iwatani J, Okumura M, et al.
Reduction of cortical GABAergic inhibition correlates with working memory
impairment in recent onset schizophrenia. Schizophr Res 2013;146:238e43.
https://doi.org/10.1016/j.schres.2013.02.033.

[31] Strube W, Wobrock T, Bunse T, Palm U, Padberg F, Malchow B, et al. Im-
pairments in motor-cortical inhibitory networks across recent-onset and
chronic schizophrenia: a cross-sectional TMS Study. Behav Brain Res
2014;264:17e25. https://doi.org/10.1016/j.bbr.2014.01.041.

[32] Lindberg PG, T�er�emetz M, Charron S, Kebir O, Saby A, Bendjemaa N, et al.
Altered cortical processing of motor inhibition in schizophrenia. Cortex J
Devoted Study Nerv Syst Behav 2016;85:1e12. https://doi.org/10.1016/
j.cortex.2016.09.019.

[33] Braver TS, Barch DM, Cohen JD. Cognition and control in schizophrenia: a
computational model of dopamine and prefrontal function. Biol Psychiatr
1999;46:312e28. https://doi.org/10.1016/s0006-3223(99)00116-x.

[34] Christensen BK, Spencer JMY, King JP, Sekuler AB, Bennett PJ. Noise as a
mechanism of anomalous face processing among persons with Schizophrenia.
Front Psychol 2013;4:401. https://doi.org/10.3389/fpsyg.2013.00401.

[35] American Psychiatric Association. Diagnostic and statistical manual of mental
disorders. fifth ed. American Psychiatric Association; 2013. https://doi.org/
10.1176/appi.books.9780890425596.

[36] Gr�egoire J, Wierzbicki C. Comparison of four short forms of the Wechsler
Adult Intelligence Scale e third edition (WAIS-III). Rev Eur Psychol Appl
2009;17e24.

[37] Oldfield RC. The assessment and analysis of handedness: the Edinburgh in-
ventory. Neuropsychologia 1971;9:97e113.

[38] Nurnberger JI, Blehar MC, Kaufmann CA, York-Cooler C, Simpson SG, Harkavy-
Friedman J, et al. Diagnostic Interview for genetic studies: rationale, unique
features, and training. Arch Gen Psychiatr 1994;51:849e59. https://doi.org/
10.1001/archpsyc.1994.03950110009002.

[39] Kay SR, Fiszbein A, Opler LA. The positive and negative syndrome scale
(PANSS) for schizophrenia. Schizophr Bull 1987;13:261e76.

[40] Kujirai T, Caramia MD, Rothwell JC, Day BL, Thompson PD, Ferbert A, et al.
Corticocortical inhibition in human motor cortex. J Physiol 1993;471:501e19.

[41] St George L, Roy Sh, Richards J, Sinclair J, Hobbs S j. Surface EMG signal
normalisation and filtering improves sensitivity of equine gait analysis. Comp
Exerc Physiol 2019;15:173e85. https://doi.org/10.3920/CEP190028.

[42] Benjamini Y, Hochberg Y. Controlling the false discovery rate: a practical and
powerful approach to multiple testing. J Roy Stat Soc Ser B Methodol 1995;57:
289e300. https://doi.org/10.2307/2346101.

[43] Torres EB, Denisova K. Motor noise is rich signal in autism research and
pharmacological treatments. Sci Rep 2016;6:1e19. https://doi.org/10.1038/
srep37422.

[44] Hancock R, Pugh KR, Hoeft F. Neural noise hypothesis of developmental
dyslexia. Trends Cognit Sci 2017;21:434e48. https://doi.org/10.1016/
j.tics.2017.03.008.

[45] Di Lazzaro V, Pilato F, Dileone M, Profice P, Ranieri F, Ricci V, et al. Segregating
two inhibitory circuits in human motor cortex at the level of GABAA receptor
subtypes: a TMS study. Clin Neurophysiol 2007;118:2207e14. https://doi.org/
10.1016/j.clinph.2007.07.005.

[46] Gonzalez-Burgos G, Cho RY, Lewis DA. Alterations in cortical network oscil-
lations and parvalbumin neurons in schizophrenia. Biol Psychiatr 2015;77:
1031e40. https://doi.org/10.1016/j.biopsych.2015.03.010.
[47] Rao SG, Williams GV, Goldman-Rakic PS. Destruction and creation of spatial
tuning by disinhibition: GABAA blockade of prefrontal cortical neurons
engaged by working memory. J Neurosci 2000;20:485e94. https://doi.org/
10.1523/JNEUROSCI.20-01-00485.2000.

[48] Hendy AM, Ekblom MM, Latella C, Teo W-P. Investigating the effects of muscle
contraction and conditioning stimulus intensity on short-interval intracortical
inhibition. Eur J Neurosci 2019;50:3133e40. https://doi.org/10.1111/
ejn.14488.

[49] Kouchtir-Devanne N, Capaday C, Cassim F, Derambure P, Devanne H. Task-
dependent changes of motor cortical network excitability during precision
grip compared to isolated finger contraction. J Neurophysiol 2012;107:
1522e9. https://doi.org/10.1152/jn.00786.2011.

[50] Perez MA, Cohen LG. Scaling of motor cortical excitability during unimanual
force generation. Cortex J Devoted Study Nerv Syst Behav 2009;45:1065e71.
https://doi.org/10.1016/j.cortex.2008.12.006.

[51] Delevich K, Tucciarone J, Huang ZJ, Li B. The mediodorsal thalamus drives
feedforward inhibition in the anterior cingulate cortex via parvalbumin in-
terneurons. J Neurosci Off J Soc Neurosci 2015;35:5743e53. https://doi.org/
10.1523/JNEUROSCI.4565-14.2015.

[52] Isaacson JS, Scanziani M. How inhibition shapes cortical activity. Neuron
2011;72:231e43. https://doi.org/10.1016/j.neuron.2011.09.027.

[53] Fierro B, De Tommaso M, Giglia F, Giglia G, Palermo A, Brighina F. Repetitive
transcranial magnetic stimulation (rTMS) of the dorsolateral prefrontal cortex
(DLPFC) during capsaicin-induced pain: modulatory effects on motor cortex
excitability. Exp Brain Res 2010;203:31e8. https://doi.org/10.1007/s00221-
010-2206-6.

[54] Matsunaga K, Maruyama A, Fujiwara T, Nakanishi R, Tsuji S, Rothwell JC.
Increased corticospinal excitability after 5Hz rTMS over the human supple-
mentary motor area. J Physiol 2005;562:295e306. https://doi.org/10.1113/
jphysiol.2004.070755.

[55] Kreither J, Lopez-Calderon J, Leonard CJ, Robinson BM, Ruffle A, Hahn B, et al.
Electrophysiological evidence for hyperfocusing of spatial attention in
schizophrenia. J Neurosci Off J Soc Neurosci 2017;37:3813e23. https://
doi.org/10.1523/JNEUROSCI.3221-16.2017.

[56] Baker JT, Dillon DG, Patrick LM, Roffman JL, Brady RO, Pizzagalli DA, et al.
Functional connectomics of affective and psychotic pathology. Proc Natl Acad
Sci 2019;116. https://doi.org/10.1073/pnas.1820780116. 9050e9.

[57] Mitra S, Mahintamani T, Kavoor AR, Nizamie SH. Negative symptoms in
schizophrenia. Ind Psychiatr J 2016;25:135e44. https://doi.org/10.4103/
ipj.ipj_30_15.

[58] Walther S, Ramseyer F, Horn H, Strik W, Tschacher W. Less structured
movement patterns predict severity of positive syndrome, excitement, and
disorganization. Schizophr Bull 2014;40:585e91. https://doi.org/10.1093/
schbul/sbt038.

[59] Jeng J-S, Li C-T, Lin H-C, Tsai S-J, Bai Y-M, Su T-P, et al. Antidepressant-
resistant depression is characterized by reduced short- and long-interval
cortical inhibition. Psychol Med 2019;1e7. https://doi.org/10.1017/
S0033291719001223.

[60] Doruk Camsari D, Lewis CP, Sonmez AI, Nandakumar AL, Gresbrink MA,
Daskalakis ZJ, et al. Transcranial magnetic stimulation markers of antide-
pressant treatment in adolescents with major depressive disorder. Int J
Neuropsychopharmacol 2019;22:435e44. https://doi.org/10.1093/ijnp/
pyz021.

[61] Silver H. Selective serotonin re-uptake inhibitor augmentation in the treat-
ment of negative symptoms of schizophrenia. Expet Opin Pharmacother
2004;5:2053e8. https://doi.org/10.1517/14656566.5.10.2053.

[62] Uhl I, Kulik A, Roser P, Theodoridou A, Wyss C, Norra C, et al. Central sero-
tonergic function in patients with predominantly negative symptoms of
schizophrenia. Schizophr Res 2018;193:443e4. https://doi.org/10.1016/
j.schres.2017.05.041.

[63] Gourion D, Goldberger C, Bourdel M-C, Bayle FJ, Millet B, Olie J-P, et al.
Neurological soft-signs and minor physical anomalies in schizophrenia: dif-
ferential transmission within families. Schizophr Res 2003;63:181e7. https://
doi.org/10.1016/S0920-9964(02)00333-X.

[64] Ib�a~nez J, Spampinato DA, Paraneetharan V, Rothwell JC. SICI during changing
brain states: differences in methodology can lead to different conclusions.
Brain Stimulat 2019. https://doi.org/10.1016/j.brs.2019.11.002.

https://doi.org/10.1007/s00221-002-1223-5
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref27
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref27
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref27
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref27
https://doi.org/10.1016/j.clinph.2013.01.014
https://doi.org/10.1016/j.clinph.2013.01.014
https://doi.org/10.1093/schbul/sbt078
https://doi.org/10.1093/schbul/sbt078
https://doi.org/10.1016/j.schres.2013.02.033
https://doi.org/10.1016/j.bbr.2014.01.041
https://doi.org/10.1016/j.cortex.2016.09.019
https://doi.org/10.1016/j.cortex.2016.09.019
https://doi.org/10.1016/s0006-3223(99)00116-x
https://doi.org/10.3389/fpsyg.2013.00401
https://doi.org/10.1176/appi.books.9780890425596
https://doi.org/10.1176/appi.books.9780890425596
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref36
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref36
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref36
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref36
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref36
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref36
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref37
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref37
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref37
https://doi.org/10.1001/archpsyc.1994.03950110009002
https://doi.org/10.1001/archpsyc.1994.03950110009002
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref39
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref39
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref39
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref40
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref40
http://refhub.elsevier.com/S1935-861X(20)30133-9/sref40
https://doi.org/10.3920/CEP190028
https://doi.org/10.2307/2346101
https://doi.org/10.1038/srep37422
https://doi.org/10.1038/srep37422
https://doi.org/10.1016/j.tics.2017.03.008
https://doi.org/10.1016/j.tics.2017.03.008
https://doi.org/10.1016/j.clinph.2007.07.005
https://doi.org/10.1016/j.clinph.2007.07.005
https://doi.org/10.1016/j.biopsych.2015.03.010
https://doi.org/10.1523/JNEUROSCI.20-01-00485.2000
https://doi.org/10.1523/JNEUROSCI.20-01-00485.2000
https://doi.org/10.1111/ejn.14488
https://doi.org/10.1111/ejn.14488
https://doi.org/10.1152/jn.00786.2011
https://doi.org/10.1016/j.cortex.2008.12.006
https://doi.org/10.1523/JNEUROSCI.4565-14.2015
https://doi.org/10.1523/JNEUROSCI.4565-14.2015
https://doi.org/10.1016/j.neuron.2011.09.027
https://doi.org/10.1007/s00221-010-2206-6
https://doi.org/10.1007/s00221-010-2206-6
https://doi.org/10.1113/jphysiol.2004.070755
https://doi.org/10.1113/jphysiol.2004.070755
https://doi.org/10.1523/JNEUROSCI.3221-16.2017
https://doi.org/10.1523/JNEUROSCI.3221-16.2017
https://doi.org/10.1073/pnas.1820780116
https://doi.org/10.4103/ipj.ipj_30_15
https://doi.org/10.4103/ipj.ipj_30_15
https://doi.org/10.1093/schbul/sbt038
https://doi.org/10.1093/schbul/sbt038
https://doi.org/10.1017/S0033291719001223
https://doi.org/10.1017/S0033291719001223
https://doi.org/10.1093/ijnp/pyz021
https://doi.org/10.1093/ijnp/pyz021
https://doi.org/10.1517/14656566.5.10.2053
https://doi.org/10.1016/j.schres.2017.05.041
https://doi.org/10.1016/j.schres.2017.05.041
https://doi.org/10.1016/S0920-9964(02)00333-X
https://doi.org/10.1016/S0920-9964(02)00333-X
https://doi.org/10.1016/j.brs.2019.11.002

	Neural noise and cortical inhibition in schizophrenia
	Introduction
	Methods
	Participants
	Clinical assessments
	Visuomotor grip force-tracking task
	EMG recordings and TMS
	Analysis of grip force control
	EMG analysis: muscular noise
	Statistical analysis

	Results
	Variability of grip force data
	Variability of EMG activity
	Relation between force and EMG variability
	Relation between EMG variability and visuomotor task performance
	Relation between measures of variability and cortical excitability/inhibition
	Relation between EMG variability and clinical scores

	Discussion
	Motor noise and its likely neural origin
	Clinical relevance
	Study limitations

	Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	References


