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The ability to infer from uncertain information is im-
paired in schizophrenia and is associated with hallucina-
tions and false beliefs. The accumulation of information 
is a key process for generating a predictive internal 
model, which statistically estimates an outcome from a 
specific situation. This study examines if  updating the 
predictive model by the accumulation of information in 
absence of feedback is impaired in schizophrenia. We 
explored the implicit adaptation to the probability of 
being instructed to perform a movement (33%-Go, 50%-
Go, or 66%-Go) in a Go/NoGo task in terms of reaction 
times (RTs), electromyographic activity, and corticospi-
nal excitability (CSE) of primary motor cortex (M1). 
CSE was assessed at two time points to evaluate pre-
diction of the upcoming instruction based on previously 
accumulated information: at rest (preceding the warning 
signal) and at the Go/NoGo signal onset. Three groups 
were compared: patients with schizophrenia (n = 20), un-
affected siblings (n = 16), and healthy controls (n = 20). 
Controls and siblings showed earlier movement onset 
and increased CSE with higher Go probability. CSE 
adaptation seemed long-lasting, because the two CSE 
measures, at least 1500  ms apart, strongly correlated. 
Patients with schizophrenia failed to show movement 
onset (RT) adaptation and modulation of CSE. In con-
trast, all groups decreased movement duration with 
increasing Go probability. Modulation of CSE in the 
anticipatory phase of the potential movement reflected 
the estimation of upcoming response probability in un-
affected controls and siblings. Impaired modulation of 
CSE supports the hypothesis that implicit adaptation to 
probabilistic context is altered in schizophrenia.

Key words:   internal model/schizophrenia/prediction/T
MS/Go-NoGo/adaptation

Introduction

In schizophrenia, altered prediction or inference is related 
to symptom severity, ie, delusions and hallucinations1–4 
and working memory deficits.5 In particular, patients 
with schizophrenia show impairment in predictions 
from uncertain information1,6,7 and in the ability to infer 
or predict from statistical information.8 Using Bayesian 
modeling, previous studies have shown that patients infer 
their decision on the basis of less information, resulting 
in “jump to conclusion” biases.5,9 Furthermore, patients 
tend to overestimate probability changes.1 Prediction def-
icits have also been found in the sensory domain10,11 and 
adaptation deficits in social context.12

Previous studies on implicit statistical learning in schiz-
ophrenia used probabilistic associative learning (ie, a cue 
associated with a probability of outcome) and feedbacks 
to reinforce the association between an input and its most 
probable outcome. Patients with schizophrenia showed 
altered associative learning related to working memory13 
and feedback-driven14–17 learning potentially related to a 
dysfunction in evaluating reward.16,18 Dopaminergic dys-
functions in schizophrenia are associated with impaired 
feedback representation16,19–21 and correlate with nega-
tive symptoms.18,22 However, in the case of probabilistic 
spatial allocation of attention, no impairment in reward 
processing was found in schizophrenia.23 It, therefore, re-
mains unclear whether feedback or associative learning 
should be considered as a central cause in dysfunction of 
statistical prediction, or whether the processing of cumu-
lative contextual information is impaired, independently 
from feedback or reward.
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To infer and predict from an uncertain context, the 
brain must rely on an internal model that relates an event 
or context to its most probable consequence. An adequate 
internal model needs to be continuously updated as new 
evidence is provided.24 The generation of such a model 
relies on implicit statistical learning–based accumulation 
of evidence over time to predict the outcome.24,25 This 
mechanism might be impaired in schizophrenia, poten-
tially leading to the generation of an inadequate internal 
model that might provide impaired predictions, erro-
neous beliefs, and contextually inappropriate behaviors.

We addressed here the potential impairment in schiz-
ophrenia of implicit statistical adaptation due to incor-
rect accumulation of information over time, resulting 
in impaired adaptation to event probability. We used a 
modified Go/NoGo reaction time (RT) task, where the 
probability of Go trials varied implicitly (33%, 50%, and 
66% from one block to the other), subjects being unaware 
of the changes in response (Go) probability. The adap-
tation to the implicit Go probability was compared be-
tween 3 groups: 20 patients with schizophrenia (PSZ), 16 
unaffected siblings (SIB), and 20 healthy control subjects 
(HC). We examined behavioral adaptations to the prob-
abilistic context by measuring RTs and assessed its effect 
on muscle activation using electromyography (EMG). 
Transcranial magnetic stimulation (TMS) on primary 
motor cortex (M1) was used to explore task-related motor 
cortex (corticospinal) excitability through motor-evoked 
potentials (MEPs). We compared patients and siblings to 
identify if  impaired adaptation, if  present, is related to 
genetic risk factor or disease.

As a measure of adaptation to probability, we expected 
RT to be shorter for a high response (Go signal) proba-
bility,26 and EMG onset to be earlier. We measured corti-
cospinal excitability (CSE) prior to the Go/NoGo signal. 
These MEPs are thought to represent modulation of CSE 
as a function of implicit prediction of response proba-
bility. Because CSE has been observed to change with 
prediction of movement timing,27 we hypothesized that 
CSE would increase for higher Go probabilities, particu-
larly just prior to the predictable timing of the imperative 
(Go or NoGo) signal. If  the misevaluation of feedback 
in patients is the cause of impaired updating of the in-
ternal model, we expect that in the absence of any feed-
back behavioral and physiological adaptations should be 
similar in all groups. On the contrary, if  the integration 
of information over time is altered in schizophrenia inde-
pendently from any feedback, then results should show 
impaired adaptation for patients only.

Methods

Participants

Twenty patients, 20–44  years old (4 females, mean age 
± SD: 31 ± 8 years), fulfilling Diagnostic and Statistical 

Manual, Fourth Edition, Text Revision (DSM-IV TR) cri-
teria for schizophrenia28 were recruited at Sainte-Anne 
Hospital, Paris, France. PSZ were all medically stabi-
lized for more than 3  months and medicated with sec-
ond-generation antipsychotics for more than 1 month. In 
addition, 16 SIB, 20–50 years old (11 females, mean age: 
35 ± 10 years), and 20 HC, 19–46 years old (6 females, 
mean age 31 ± 8 years), were recruited.

Patients under clozapine-based treatment (as it is 
reported to modulate cortical excitability)29 and partici-
pants with score <80 for approximated intelligence quotient 
(aIQ; using short Wechsler Adult Intelligence Scale, third 
edition [WAIS-III] version30) were excluded from the study. 
According to the modified Edinburgh handedness inven-
tory,31 3 subjects among HC, 3 in PSZ, and 2 in SIB were 
left-handed. One subject in PSZ and one in SIB were ambi-
dextrous. All subjects were assessed for psychiatric disorders 
with the Diagnostic Interview for Genetic Studies (version 
3.0, NIMH) allowing validation of clinical status. The study 
received ethical approval from the regional ethics commit-
tee (Ile de France VIII) and all subjects provided written 
informed consent prior to the experiment.

Clinical symptoms in the PSZ group were assessed using 
the Positive and Negative Syndrome Scale (PANSS;32 
French version33) and the Brief  Psychiatric Rating Scale 
(BPRS) completing general psychiatric items.34 Individual 
patient scores are presented in table 1.

All 3 groups underwent clinical assessments of 
Neurological Soft Signs (NSS)35 and Simpson-Angus 
Extrapyramidal Scale (SAS).36 Neuropsychological func-
tions, eg, inhibition, attentional processes, and working 
memory, were assessed with Test battery for Attentional 
Performance (TAP)37 and Stroop color naming test.38 An 
aIQ was also included with the short WAIS-III.30 Mean 
neuropsychological scores by group are presented in 
table 2. Owing to technical issues, the TAP scores of 1 
subject in HC and SIB groups were missing.

Design and Procedure

Behavioral Task.  The participant sat on a chair in 
front of a desk on which were positioned a device with 
two force sensors (buttons) and a computer screen  
(figure 1A). The participant positioned his/her right index 
finger on the right force sensor. Each trial consisted of 
the following sequence: a waiting phase (black screen, du-
ration randomized between 2 and 3 s), a warning signal 
(WS) displayed for 500 ms in the form of a white outlined 
rectangle (5  cm × 8  cm), and an imperative signal (IS) 
either as a Go (green rectangle) or a NoGo signal (red 
rectangle). In the case of a NoGo trial, the participant 
was instructed not to move the index finger. In the case 
of a Go trial, the subject had to move (abduct) the index 
finger as fast as possible from the initial position (right 
button) to the left button. The IS disappeared when the 
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participant pressed the left force sensor. In the absence of 
a left button press, the IS disappeared after a predeter-
mined delay (RTmax, see supplementary material). After 
having pressed the left button, the subject had to move the 
finger back to the right button, without time constraints. 

Reaching the initial right button was required to continue 
to the next trial.

Experimental Conditions and Blocks.  There were 3 
conditions corresponding to the 3 Go probabilities of 

Table 1.  Clinical Evaluation of the 20 Patients With Schizophrenia

CPZ 
(mg/d)

PANSS

BPRS 
[24–168]

NSS

Total 
score 
[30–210]

Positive 
subscore 
[7–49]

Negative 
subscore 
[7–49]

General 
subscore 
[16–112]

Disorganization  
subscore 
[4–28]

Total 
score 
[0–105]

Sensory 
integration 
subscore 
[0–15]

Motor 
coordination 
subscore 
[0–21]

Motor 
integration 
subscore 
[0–18]

1 80 63 10 15 38 7 48 1.5 0 0.5 0
2 35 54 13 11 30 10 46 18.5 0.5 9 2
3 200 63 12 16 35 7 52 12.5 0.5 6.5 0
4 200 56 9 14 33 12 40 13 4.5 5.5 2
5 300 44 9 12 23 6 37 6 0.5 3.5 0
6 267 50 13 17 20 7 44 18.5 3.5 7 1
7 75 44 9 9 26 6 36 5.5 0 3.5 0
8 200 52 10 13 29 4 44 9 1 7 0
9 200 63 9 21 33 6 45 7.5 1 4 1
10 200 56 9 11 36 9 41 18 0.5 7.5 1.5
11 300 81 14 28 39 11 49 19.5 2 7.5 3
12 300 51 14 13 24 11 42 21 5.5 6 4
13 200 44 7 11 26 7 36 16.5 1 7 0
14 300 47 10 11 26 10 40 17.5 4 8 1
15 100 54 8 10 36 4 46 3 0 3 0
16 1067 61 10 17 34 9 48 14.5 2.5 5.5 2
17 67 52 19 10 23 4 44 21 4 1.5 1
18 267 64 14 14 36 8 64 13.5 2 4 0.5
19 250 57 21 9 27 9 45 11.5 4 3.5 0
20 1067 59 12 10 37 9 38 16 2 8.5 1.5
Mean ± SD 284 ± 281 56 ± 9 12 ± 4 14 ± 5 31 ± 6 8 ± 2 44 ± 6 13.2 ± 6.1 2 ± 1.7 5.4 ± 2.4 1 ± 1.1

Note: CPZ, chlorpromazine equivalent; PANSS, Positive and Negative Syndrome Scale; BPRS, Brief  Psychiatric Rating Scale; NSS, 
neurological soft signs; PSZ, patients with schizophrenia. Individual CPZ and scores for PANSS, BPRS, and NSS for the group of PSZ. 
In brackets: min–max score of the respective scale.

Table 2.  Neuropsychological Test Scores for Each Group

HC SIB PSZ

aIQ 116 ± 12 120 ± 10* 110 ± 12
TAP
  Working memory (omission) 1.7 ± 2.7* 1 ± 2.1** 3.8 ± 3.4
  Incompatibility (response) 28.7 ± 1.2 29.3 ± 0.6 27.3 ± 4.7
  Incompatibility (ms) 468 ± 127 499 ± 77 536 ± 99
  Divided attention (auditory-omission) 1.1 ± 1** 1 ± 1** 4.9 ± 5.3
  Divided attention (visual-omission) 0.2 ± 0.7* 0.07 ± 0.3 2.3 ± 4.4
Stroop
  Interference (errors) 0.9 ± 1.1* 0.6 ± 0.8* 1.9 ± 1.7
  Interference (total time, s) 94 ± 39 89 ± 38 121 ± 56
NSS 7.5 ± 3.4** 7.3 ± 3.9** 13.2 ± 6.1
SAS [0–40] 1.5 ± 1.2* 1.2 ± 1.3* 3.3 ± 3.4

Note: PSZ, patients with schizophrenia; SIB, unaffected siblings; HC, healthy control subjects; aIQ, approximated intelligence quotient; 
TAP, Test battery for Attentional Performance, NSS, neurological soft signs; SAS, Simpson-Angus Extrapyramidal Scale. Mean ± 
SD values for the group of PSZ, SIB, and HC. Tests: aIQ, TAP, Stroop, NSS (total score), and SAS. In bracket: min–max score of the 
respective scale. HC and SIB scores significantly different from PSZ group: *P < .05; **P < .01, t test. None of the differences between 
SIB and HC scores were significantly different.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby186#supplementary-data
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33%-Go, 50%-Go, and 66%-Go. Each block consisted 
of a constant probability of Go trials. There were 4 con-
secutive blocks: the first and third block corresponded 
to 50%-Go, and the condition of the second and fourth 
block (33% and 66%) was randomized. Each block lasted 
approximately 8 min.

In one block, the 48 Go and NoGo trials were random-
ized in subblocks of 6 consecutive trials. One-third of the 
trials had no TMS (trials randomly distributed over the 
block). The data retrieved from these trials were used for 
behavioral and EMG analyses. Behavioral (RT-Release 
and RT-Press) and EMG (EMG-Onset and EMG-Offset) 
measures are illustrated in figure 1B. The second and the 
last third of trials (also randomly distributed over each 
block) were dedicated to TMS and corresponded, respec-
tively, to trials with TMS-Waiting or TMS-Warning. 
TMS never occurred twice during the same trial, and the 
delay between two TMS pulses was at least 4 s.

Behavioral apparatus and measures, TMS, and EMG 
methods are described in supplementary material.

Data Analysis

Greenhouse-Geisser corrections for repeated measures 
ANCOVAs were applied when assumption of sphericity 
was violated, and P values were Bonferroni corrected for 
multiple comparisons. Spearman rank correlations were 
used for testing the relation between TMS/behavioral 

measures and neuropsychological/clinical tests. Pearson 
correlations were applied to relate behavioral to TMS 
measures. P values of correlation coefficients were cor-
rected for multiple comparisons39 and all statistical signif-
icance was set to P < .05.

Statistical analyses and MEP z-score computations are 
described in supplementary material.

Adaptation Score.  For the different measures, we cal-
culated individual score corresponding to the degree of 
adaptation to the Go signal probability:

	 ScoreAdapt
Val Val
Val Val

= −
+

% %
% %

33 66
33 66

	 (1)

Results

Behavioral Measures

Reaction Times.  Data of RT-Release (ie, delay from Go 
signal to release the right button) for each group are il-
lustrated in figure 2A. Analyses indicated a main effect 
of PROBABILITY (F(2,104)  =  12.46, P < .001, partial 
η2 = 0.19, ANCOVA) and an interaction effect between 
GROUP and PROBABILITY (F(4,104) = 2.51, P =  .046, 
partial η2  =  0.09, ANCOVA). Post hoc comparisons 
showed significant difference between 33%-Go and 66%-
Go and between 50%-Go and 66% Go for HC group 
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Fig. 1.  Go/NoGo reaction time paradigm. (A) Time course of the different steps of a Go/NoGo trial. During the waiting period 
(2–3 s), the subject holds the index finger on the right button. Then a warning signal (WS) appears for 500 ms (white outlined rectangle), 
followed by the imperative signal (IS), which was either a Go signal (green rectangle) or a NoGo signal (red rectangle). The subject had 
to press the left button as fast as possible after the Go signal or keep his/her index finger on the right button in case of a NoGo signal. 
(B) Illustrative Go trial (without transcranial magnetic stimulation [TMS]) showing, from top to bottom: electromyography (EMG; 
and its relevant markers: EMG-Onset, EMG-Offset); force trace of left (stippled) and right sensor (solid) indicating behavioral events 
(RT-Release and RT-Press). RT, reaction time. For color, see the figure online.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby186#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby186#supplementary-data
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(P = .001 for both, threshold at 0.05) and between 33%-
Go and 66%-Go for SIB group. We found no significant 
difference between probabilities of Go in PSZ group 
(P > .97 for all comparisons) and between HC and SIB 
groups for each condition (all Ps = 1). The RT decreased 
as the Go signal probability increased for the HC and SIB 
groups, but not for the PSZ group.

Results of RT-Press for each group and condition 
are illustrated in figure 2B. We found a significant main 
effect of PROBABILITY (F(2,104) = 14.56, P < .001, par-
tial η2  =  0.22) but no interaction effect with GROUP 
(F(4,104) = 1.55, P =  .19). Post hoc comparisons between 
probabilities showed a significant difference between 
33%-Go and 66%-Go and between 50%-Go and 66%-Go 
(P < .001 and P = .028, respectively). The time to reach 
the second button decreased with increased Go signal 
probability in all 3 groups.

Go and NoGo Errors.  For each group, we measured the 
percentage of erroneous movements during NoGo trials 
(error-NoGo). Although the error rate seemed higher in 

PSZ group (HC: 2.9%, SIB: 1.9%, PSZ: 6.7%), we found 
no significant group differences in error-NoGo (HC-PSZ: 
P = .12, HC-SIB: P = .72, PSZ-SIB: P = .09, Wilcoxon-
Mann-Whitney test due to non-normality of data). The 
second type of error was to not move during Go trials 
(error-Go; HC: 2.7%, SIB: 3%, PSZ: 3.9%). Again, there 
was no significant difference between groups (HC-PSZ: 
P = .99, HC-SIB: P = .78, PSZ-SIB: P = .75, Wilcoxon-
Mann-Whitney test due to non-normality of data).

EMG Measures. Onset and Offset of Muscle 
Activity  EMG-Onset times in function of the Go prob-
ability are illustrated in figure 2A. ANCOVA showed a 
significant main effect of PROBABILITY (F(2,106) = 19.7, 
P < .001, partial η2 = 0.28) and an interaction between 
GROUP and PROBABILITY (F(4,106) = 3.15, P = .02, par-
tial η2 = 0.11, ANCOVA). Post hoc comparisons showed 
significant differences of EMG-Onset between 33%-Go 
and 66%-Go and between 50%-Go and 66%-Go for HC 
group (P < .001 and P = .04, respectively), and between 
33%-Go and 66%-Go and between 50%-Go and 50%-Go 

A

B

200

250

300

350

33% 50% 66%
Probability of Go trial

HC

D
el

ay
 f

ro
m

 G
o

 s
ig

n
al

 (
m

s)

200

250

300

350

33% 50% 66%

SIB

200

250

300

350

33% 50% 66%

PSZ

400

450

500

550

33% 50% 66%
Probability of Go trial

HC

D
el

ay
 f

ro
m

 G
o

 s
ig

n
al

 (
m

s)

600

650

400

450

500

550

33% 50% 66%

SIB

600

650

400

450

500

550

33% 50% 66%

PSZ

600

650

C

200

250

300

350

33% 50% 66%

Probability of Go trial

All groups
HC
SIB
PSZ

***
***

***

**
*

**

** *

**
**

**
***

**

RT-Press
EMG-Offset

RT-Release
EMG-Onset

*

**

E
M

G
 a

ct
iv

it
y 

d
u

ra
ti

o
n

 (
m

s)

**p < .005*p < .05

**
*

*** p < .001

**p < .005*p < .05

Fig. 2.  Reaction times (RTs) and electromyographic (EMG) activity for each group: healthy control subjects (HC), unaffected siblings 
(SIB), and patients with schizophrenia (PSZ). (A) Estimated marginal means (ANCOVA) of RT for button release at movement start 
(RT-Release) and EMG-Onset for each GO probability (33%, 50%, and 66%) and group. (B) Estimated marginal means (ANCOVA) of 
RT for button press at movement end (RT-Press) and EMG-Offset for each GO probability and group. Significant differences between 
probabilities across groups are indicated with horizontal lines below the graph. (C) Estimated marginal means (ANOVA) of duration of 
EMG activity for each Go probability over groups. Circles indicate the mean for each group. Vertical bars correspond to 95% confidence 
interval (CI).
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for SIB group (P = .002 and P = .013, respectively). There 
were no significant differences of EMG-Onset in the PSZ 
group (P = 1 for all comparisons) and for identical con-
ditions between HC and SIB (all P > .88). EMG-Onset 
decreased as the Go signal probability increased for the 
HC and SIB groups, but not for the PSZ group.

EMG-Offset times are illustrated in figure  2B. 
ANCOVA revealed no main effect of PROBABILITY 
(F(2,106)  =  2.88, P  =  .061, ANCOVA), but a significant 
interaction between PROBABILITY and GROUP 
(F(4,106) = 2.77, P = .031, partial η2 = 0.1, ANCOVA). Post 
hoc comparisons showed significant differences in EMG-
Offset between 33%-Go and 66%-Go in all groups (HC: 
P < .001, SIB: P < .001, PSZ: P = .002), between 50%-Go 
and 66%-Go for HC (P < .001) and PSZ (P = .011), and 
between 33%-Go and 50%-Go for SIB (P < .001). EMG-
Offset decreased with increasing Go signal probability in 
all 3 groups, as was the case for RT-Press.

EMG Duration  The ANOVA of the effect of probabil-
ity on EMG duration (figure 1C) indicated a main effect 
of Go signal probability (F(2,106) = 40.35, P < .001, partial 
η2 = 0.43), but no interaction with GROUP (F(2,106) = 0.69, 
P = .60). Post hoc comparisons of EMG duration between 
probabilities were all significant (all Ps < .001).

Corticospinal Excitability Measures

The effect of Go signal probability on MEP amplitudes 
for each time point is illustrated in figure  3. We found 
no significant effect of PROBABILITY (F(2,104)  =  2.96, 
P = .056, ANCOVA) on MEP amplitude but a significant 
interaction effect between PROBABILITY and GROUP 
(F(4,104) = 3.19, P = .016, partial η2 = 0.11, ANCOVA). Post 
hoc comparisons showed a significant difference between 
33%-Go and 66%-Go MEP amplitude in HC (P = .041) 
and SIB (P  =  .002). There was no significant effect of 
probability in PSZ group (all Ps > .76) and between HC 

and SIB groups for each condition (all Ps = 1). There was 
no main effect of TIME-POINT (F(2,104) = 3.31, P = .075, 
ANCOVA) or interaction effect between GROUP and 
TIME-POINT (F(2,104)  =  2.34, P  =  .11). Individual dif-
ferences across all groups between 66%-Go and 33%-Go 
MEP amplitudes for TMS-Warning and TMS-Waiting 
strongly correlated (r = 0.69, P < .001). CSE increased as 
the Go signal probability increased for the HC and SIB 
groups, but not for the PSZ group.

Correlations Between Measures, Clinical and 
Neuropsychological Assessments

In order to quantify for each subject his/her degree of 
adaptation for each measure (RT, EMG, TMS-Warning, 
TMS-Waiting, Go-Error, and NoGo-Error), an adaption 
score was computed corresponding to the relative change 
between 33%-Go probability and 66%-Go probability of 
the respective measure (equation 1).

Correlation Between Adaptation Scores.  The degree of 
EMG-Onset adaptation also correlated with the number of 
NoGo-Errors (r = −0.37, P = .005), such that participants 
with a weak degree of EMG-Onset adaptation showed less 
inhibition of movement during NoGo trials. The two TMS 
adaptation scores were not correlated with RT-Release and 
EMG-Onset adaptation within groups (all Ps > .2).

Correlations With Clinical and Neuropsychological 
Assessments for Patients.  We computed correlations 
between adaptation scores and the neuropsychological 
and clinical measures (tables 1 and 2). We found a cor-
relation between the degree of adaptation of the MEP z 
score with the incompatibility score of the TAP (TMS-
Warning: r = −0.54, P = .021). Similar correlations were 
found between NoGo-Error rate and this incompatibility 
score (r = −0.58, P = .024). None of the measures cor-
related with working memory score of TAP (p>0.06), 
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Fig. 3.  Estimated marginal means (ANCOVA) of motor-evoked potential (MEP) amplitude (z score) for each Go probability (33%, 
50%, and 66%) and each group: healthy control subjects (HC), unaffected siblings (SIB), and patients with schizophrenia (PSZ). White 
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warning signal (TMS-Warning). Vertical bars represent 95% confidence interval (CI). TMS, transcranial magnetic stimulation.
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with clinical symptoms (PANSS or BPRS), NSS, SAS, 
or medication (chlorpromazine equivalent, all Ps > .14). 
Finally, aIQ correlated with the degree of EMG-Onset 
adaptation (r = −0.78, P < .001) and NoGo-Error rate 
(r = −0.54, P = .021).

Discussion

In this study, we examined the adaptation of movement 
production to probabilistic context, where statistical 
information has to be collected over time in the absence 
of feedback. Using behavioral and electrophysiologi-
cal measures in a Go/NoGo RT task with different Go 
probabilities, we found that healthy control subjects and 
siblings of patients with schizophrenia adapted their 
behavior and their cortical excitability to the Go prob-
ability. When the Go probability was high, subjects in 
these two groups had lower RTs, earlier EMG onsets, and 
higher CSE. To adapt to the Go probability, subjects had 
to implicitly accumulate information over time, in order 
to predict what the next trial would be (Go or NoGo) and 
to adapt (optimize) their behavior accordingly. Patients 
with schizophrenia did not show such adaptations. This 
suggests that the adaptation to probabilistic context is 
affected in schizophrenia, independent of processing of 
feedback or reward, and is related to disease (not to risk) 
as siblings did not show impairments.

Long-Lasting Adaption of CSE and Anticipatory State

CSE was assessed at two time points: when the subject 
was at rest and later, concurrent with the imperative sig-
nal. At these two time points, both of them prior to proc-
essing of the imperative signal, CSE is likely to reflect the 
implicit anticipation of the Go probability, ie, the proba-
bility of an upcoming movement. This anticipatory state 
of CSE occurred well before (1000–1500 ms) the prepa-
ration for a potential movement (warning signal). In RT 
paradigms with warning signals, changes in CSE have 
been observed to increase about 100 ms after the warning 
signal,40 not before.

Indeed, in this study, the modulation of CSE reflected 
the prediction of the likelihood of the next Go instruc-
tion. Control subjects and siblings demonstrated adapta-
tion of CSE to the Go probability, whereas persons with 
schizophrenia did not. For control subjects and siblings, 
this probability-driven modulation likely allowed more 
efficient movement production: when the Go probabil-
ity was high, CSE increased and the movement occurred 
earlier, which can be interpreted as a readiness to move. 
Moreover, CSE at the predictable time of instruction was 
strongly correlated with the earlier CSE during the wait-
ing phase, indicating that the modulation of CSE was 
sustained for at least 1500 ms before the instruction. This 
long-lasting modulation of CSE seems to reflect the esti-
mated Go probability of the upcoming instruction based 

on previous information during the block (ie, over multi-
ple trials).

In this study, short-interval intracortical inhibition at 
rest was lower for patients compared to controls and sib-
lings (supplementary table S1). The lack of CSE adapta-
tion in patients could be due to impaired modulation of 
M1 inhibition related to the probability of NoGo signals. 
Impaired inhibitory mechanisms have been generally 
observed in schizophrenia41,42 and particularly proactive 
inhibition that modulates the amplitude of cortical excit-
ability in anticipation of stopping a movement.13 CSE 
modulation related to proactive inhibition could account 
for the facilitation43–46 of movement inhibition in the case 
of high NoGo probability. Basal ganglia and thalamo-
cortical circuits are involved in inhibitory and excitatory 
balance of M1 and are altered in schizophrenia.47,48 fMRI 
studies have pointed out the role of the striatum in pro-
active and anticipatory inhibition of M113,26, related to 
slowed responses in pre-cued movements. Moreover, the 
thalamus has been found to play a role in the modula-
tion of inhibition and RT for subliminally cued motor 
tasks49 and could account for impaired RT adaptation to 
probability.

Predictive Models

Previously, it has been shown by Bayesian modeling that 
patients with schizophrenia tend to infer future events 
based on scant evidence and are more inclined to change 
their inference on occurrence of improbable events.1,5,9 
This suggests that patients accumulate evidence for infer-
ence over a shorter temporal window and, hence, extract 
less relevant information. This would adversely affect the 
generation of an adequate internal predictive model. In 
our task, a given response probability could have been 
correctly inferred from at minima 6 consecutive trials in a 
given condition. The use of a shorter interval in the cumu-
lative build-up to a given response probability would ham-
per the generation of an adequate predictive model.

Probability-Driven Adaptation of Movement Duration

In contrast to RT (movement onset), whose adaptation 
to contextual cues differed between patients with schiz-
ophrenia and healthy control subjects (or unaffected 
siblings), movement duration shortened uniformly with 
increasing Go probability in the 3 groups. The fact that 
movement onset in patients with schizophrenia did not 
adapt to response probability, while movement duration 
did, suggests that distinct neural mechanisms determine 
these two movement parameters. This is in line with pre-
vious studies showing that movement duration (or veloc-
ity) can be dissociated from RT.50,51 Moreover, cortical 
excitability at rest has been found to reflect global move-
ment facilitation, not specific to a particular movement 
parameter,40 including velocity.51

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sby186#supplementary-data
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Motivation and Attention

In patients group, the lack of adaptation seemed not to be due 
to lesser task motivation, as the number of missed Go trials was 
not different from that of the control subjects and siblings. The 
individual level of adaptation and errors in the patients corre-
lated with attention tests (TAP incompatibility scores). Several 
behavioral and physiological studies have shown that selective 
allocation of attention is impaired in schizophrenia52–55 and 
that attentional impairments modulate RTs in uncertain tem-
poral context.56 In our task, temporal allocation of attention 
was predictable because the time of the imperative signal was 
fixed (at 500 ms after the warning signal). Temporal allocation 
of attention has been found to be impaired in schizophrenia.57 
Additionally, other studies have reported correlations between 
positive symptoms and distractibility58 and predictive alloca-
tion of attention.59 Attention is known to modulate CSE,60 
and consequently, the modulation of attention over the block 
could be reflected in CSE adaptation to probability. Although 
it remains unclear whether impaired allocation of attention is 
causally related to deficient statistical adaptation or whether 
impaired attention and adaptation is the consequence of 
another deficit in cortical processing.

Conclusions

We showed that modulation of motor cortex excitability in a 
Go/NoGo RT task was related to the Go probability, ie, to 
the statistical prediction of the upcoming movement instruc-
tion. Probability-driven adaptation of CSE at the time of 
the maximum expectation (concurrent with the imperative 
stimulus) strongly correlated with that during the wait-
ing phase, 1500 ms before the Go/NoGo signal. Therefore, 
these long-lasting modulations of CSE appear to represent 
implicit and state-dependent anticipatory movement proc-
essing, prior to classical motor preparation. This anticipa-
tory state was modulated by probabilistic context in healthy 
control subjects and siblings, but was markedly altered in 
schizophrenia. This suggests that impairments of behavioral 
adaptation to context potentially relate to impairments in the 
construction of predictive internal models in schizophrenia.
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Supplementary data are available at Schizophrenia 
Bulletin online.
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