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Cognitive impairments are one of the main contributors 
to disability and poor long-term outcome in schizophre-
nia. Proof-of-concept trials indicate that repetitive tran-
scranial magnetic stimulation (rTMS) applied to the left 
dorsolateral prefrontal cortex (DLPFC) has the potential 
to improve cognitive functioning. We analyzed the effects 
of 10-Hz rTMS to the left DLPFC on cognitive deficits 
in schizophrenia in a large-scale and multicenter, sham-
controlled study. A total of 156 schizophrenia patients with 
predominant negative symptoms were randomly assigned 
to a 3-week intervention (10-Hz rTMS, 15 sessions, 1000 
stimuli per session) with either active or sham rTMS. The 
Rey Auditory Verbal Learning Test, Trail Making Test 
A and B, Wisconsin Card Sorting Test, Digit Span Test, 
and the Regensburg Word Fluency Test were administered 
before intervention and at day 21, 45, and 105 follow-up. 
From the test results, a neuropsychological composite 
score was computed. Both groups showed no differences 
in any of the outcome variables before and after interven-
tion. Both groups improved markedly over time, but effect 
sizes indicate a numeric, but nonsignificant superiority of 
active rTMS in certain cognitive tests. Active 10-Hz rTMS 
applied to the left DLPFC for 3 weeks was not superior 
to sham rTMS in the improvement of various cognitive 

domains in schizophrenia patients with predominant nega-
tive symptoms. This is in contrast to previous preliminary 
proof-of-concept trials, but highlights the need for more 
multicenter randomized controlled trials in the field of non-
invasive brain stimulation.
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cognition/repetitive magnetic stimulation/brain plasticity

Introduction

Within the complex symptomatology of schizophrenia, 
cognitive deficits are one of the main contributors to dis-
ability and impaired social and occupational function-
ing.1,2 Deficits in several separable cognitive domains are 
primary symptoms, are frequently present before the onset 
of schizophrenia, and are stable over time.3,4 One recent 
meta-analysis confirmed disease-related impairments in 
different cognitive domains and the deficits are estimated 
to be in average up to 2.5 SDs from the normal population.5

In the light of the importance of cognitive impairments 
in schizophrenia patients, there is an active search for 
novel treatments. Second-generation antipsychotics were 
initially proposed to have a marked impact on cognitive 
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deficits, but those effects were later shown to be modest 
at best6 and the proposed superiority compared to first-
generation antipsychotics was inconsistent.7 Psychosocial 
interventions including cognitive remediation, standard-
ized neurocognitive training, metacognitive training, 
or exercise are also proposed to be potential treatment 
options.8–10 However, novel biological treatments target-
ing the neural mechanism of cognitive impairments and 
brain plasticity in schizophrenia are still lacking.11

Supported by the results of functional neuroimag-
ing and electrophysiological studies, dysfunction within 
the dorsolateral prefrontal cortex (DLPFC) as well as 
impaired DLPFC connectivity is proposed to contribute 
to the physiological mechanism of cognitive deficits in 
schizophrenia.12 In this model, impaired DLPFC func-
tions results in deficits of proactive control leading con-
secutively to impairments in executive functioning and 
control, as well as in working and episodic memory.12 
Therefore, modulation of DLPFC activity may be a 
potential treatment option. Repetitive transcranial mag-
netic stimulation (rTMS) provides noninvasive modula-
tion of cortical excitability and induction of plasticity.13 
rTMS was specifically proposed to be an efficacious treat-
ment of memory deficits in schizophrenia.14 Single-center 
studies with limited sample sizes of 10–18 patients in the 
active group showed that high-frequency rTMS applied 
to the left DLPFC improved short-term auditory verbal 
memory,15 working memory,16 and facial affect recogni-
tion17 in schizophrenia. Conversely, some studies failed to 
find a beneficial effect of active rTMS applied to the left 
DLPFC on long-term verbal memory, attention, and on 
different tests of frontal executive functioning.15,18,19

The efficacy of high-frequency rTMS for the treat-
ment of cognitive symptoms requires a larger study with 
appropriate controls. The primary objective of this first 
randomized, multicenter sham-controlled study was to 
investigate the efficacy of high-frequency 10-Hz rTMS 
applied to the left DLPFC for the treatment of negative 
symptoms, and the results were recently reported.20 The 
secondary objective was to improve neurocognitive defi-
cits in a large sample of severely affected schizophrenia 
patients with predominant negative symptoms. As nega-
tive symptoms and cognitive deficits share separable but 
related etiologies and as both contribute to the functional 
impairments of schizophrenia patients,3 a beneficial effect 
in such a population would be clinically meaningful and 
would allow for sustained changes in clinical practice.

Methods

Study Subjects

As detailed elsewhere,20 197 inpatients and outpatients 
from 3 German university hospital centers were enrolled 
in this multicenter randomized, sham-controlled, rater-
blinded, and patient-blinded clinical trial. The inclu-
sion criteria were an ICD-10 diagnosis of schizophrenia 

(according to MINI-Plus21), age 18–60 years, and illness 
duration of at least 1 year. Further inclusion criteria were 
a predominant negative syndrome (Positive and Negative 
Syndrome Scale [PANSS]22), a negative subscore >20 
points, one of items N1–N7 scoring ≥4, and stable anti-
psychotic medication in the 2 weeks before intervention 
with no reduction of ≥10% in PANSS Negative subscore 
over this time. The full inclusion and exclusion criteria 
are detailed elsewhere.20,23

Intervention

Participants entered a pretreatment assessment 12–16 days 
before the baseline visit (day 0). Subsequently, patients 
entered the 3-week parallel group rTMS intervention 
(active vs sham rTMS as add-on treatment) until day 21, 
followed by a 12-week extension phase with no further 
intervention. Neuropsychological assessments took place 
2 weeks before the start of the intervention (pretreatment 
visit) and at days 21, 45, and 105 (for trial study plan, 
see Wobrock et  al20). Before intervention, patients were 
randomly assigned via a computer-generated multiblock 
randomization schedule.

Further, 10-Hz rTMS was applied to the left DLPFC, 
using the EEG-10/20 system for coil placement (F3 cor-
responding to Brodmann’s areas 8, 9, or 46 on the medial 
frontal gyrus24,25). For sham rTMS, the stimulation coil 
was tilted over one wing at an angle of 45° leading to 
similar skin sensations, but substantially reduced biologi-
cal activity26 (for details, see Wobrock et al 20). Patients 
received 15 treatment sessions in 3 weeks and received 
1000 stimuli (20 trains with 50 stimuli per train, 30 second 
intertrain interval) with an intensity of 110% of the indi-
vidual resting motor threshold per session. To guarantee 
high comparability, all participating sites used the same 
stimulators (Medtronic MagPro-X100) and passively 
cooled MCF-B65 figure-of-eight coils.

Written informed consent was obtained from all partici-
pants before study inclusion. The published trial protocol23 
was approved by the local ethics committees and the trial 
was conducted in line with the Declaration of Helsinki. 
The Coordination Centre for Clinical Trials Duesseldorf 
(http://www.uniklinik-duesseldorf.de/kks) provided study 
monitoring and trial organization. The trial was registered 
at http://www.clinicaltrials.gov (NCT00783120) and the 
protocol was published.27 The complete study description 
of the RESIS trial (including blinding and randomization 
procedures) appears elsewhere.20,23

Neurocognitive Assessments and Outcome Measures

The main outcome measure was performance in the fol-
lowing tests:

 The Verbaler Lern- und Merkfähigkeitstest (VLMT: 
Verbal Learning and Memory Test) is the German 
Version of the Rey Auditory Verbal Learning Test.27 
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It contains multiple parameters of declarative verbal 
memory including suprarange, learning efficiency, 
long-term decoding ability, recall, and recognition. 
Seven trials are administered with the outcome mea-
sures of the verbal learning performance (sum of tri-
als 1–5) and the performance decrease after delay (trial 
5 minus trial 7, difference between maximum perfor-
mance of immediate and delayed recall, higher raw 
values indicating greater decrease).

 The Trail Marking Test was used to investigate complex 
visual scanning, motor speed, and the ability to shift 
strategies.28 Patients had to draw lines to connect either 
consecutively numbered circles (Trail Making Test-A 
[TMT-A]) or to connect consecutively alternating num-
bered and letters circles (TMT-B). The outcome mea-
sures were the times to complete TMT-A/TMT-B.

 The Wisconsin Card Sorting Test (WCST)29 was used 
to assess perseveration and abstract reasoning. This 
test provides objective measures of overall success and 
identifies specific sources of difficulty with the task 
using stimulus and response cards containing 4 forms 
in different colors and numbers. The participant sorts 
the cards according to color, form, and number and 
must alter their approach as unannounced shifts in the 
sorting principle occur. The outcome measures are the 
number of trials administered (used cards), the number 
of total correct cards, and the number of total errors.

 The Digit Span Test (DST, subtest of the Hamburg-
Wechsler Intelligence Test30) is a screening instru-
ment for components of working memory, attention, 
and concentration. The patient must memorize then 
recall a numeric sequence of 2–9 digits forwards and 
backwards. The outcome measures are the scores for 
recalled digits forward and backward.

 The Regensburg Word Fluency Test (RWT) is a 
German instrument for phonemic and categorical 
verbal fluency that also assesses cognitive flexibility.31 
Words of semantic or formal-lexical categories must 
be generated during a specified period. The outcome 
measures are the number of correct words with the let-
ter “S” (1), the number of correct words switching G-R 
letters (2a, pretreatment, day 45)  or H-T letters (2b, 
day 21, day 105), the number of correct given names 
(3), the number of garments-flowers (switching) (4a, 
pretreatment, day 45), or the number of correct sports-
fruits (switching) (4b, day 21, day 105). We assessed the 
items generated after 1 and 2 minutes.

Neurocognitive Composite Score. For the construction of 
the composite z score, variables with smaller values rep-
resenting better performance were first multiplied by −1 
so that for all variables, larger values implied better test 
results. Second, all measures were transformed to standard-
ized z scores, by subtracting the sample mean at pretreat-
ment from the individual values and dividing the results 
by the pooled pretreatment SD. Third, for each of the 5 

neuropsychological tests, the z scores were summed up 
resulting in 5 domain scores, and the results were z-trans-
formed. Finally, a cognitive composite score was calculated 
as the mean of the 5 domain scores. This composite score 
was converted to a composite z score, which served as the 
primary neuropsychological outcome variable.

Sample Size and Statistical Analyses

The power calculation for this study was based on the 
primary study endpoint (change in PANSS Negative sub-
score after 3 wk of intervention) and is described else-
where.20 For the neuropsychological variables presented 
here, post hoc power analyses using actual sample sizes 
and observed variances σ2 were calculated. A  sufficient 
power of 1 − β >.8 was achieved simulating the following 
assumed mean differences

θ µ µ

µ µ

= −( )
− −

 active rTMS 

sham rTMS 

day 21 pretreatment

day 21 ppretreatment( )

composite z score: θ  =  0.5, DST: θ  =  1.5, TMT time: 
θ = 24 seconds, VLMT trials 1–5: θ = 7, VLMT difference 
trials 5 minus 7: θ = 2, VLMT total errors: θ = 3, WCST: 
θ = 7, RWT: θ = 532 (μday X denotes the mean for the con-
cerning group [active rTMS or sham rTMS] at day X).

The analysis was implemented for the intention-to-
treat (ITT) population, defined as all patients randomized 
with pretreatment data for at least one neuropsychologi-
cal assessment. As a consequence of the study design 
(neuropsychological assessment 14 d before interven-
tion start), the sample described herein differs from the 
ITT population for the primary outcome measure of the 
PANSS Negative subscore.20 Dependent variables were 
the neuropsychological test results (DST, TMT, VLMT, 
WCST, RWT), and the independent factor was group 
(active/sham). Demographical and clinical variables were 
compared between the groups with likelihood ratio tests 
for categorical variables and with ANOVA or nonpara-
metric Mann-Whitney U tests for continuous variables 
and were related to neuropsychological test results.

For continuous variables, Kolmogorov-Smirnov tests of 
the normal distribution were performed. If there were sig-
nificant deviations from the normal distribution, logarith-
mic transformation was used. If after this transformation 
an outcome variable was still not normally distributed, 
nonparametric Wilcoxon tests were applied to explore 
time effects and Mann-Whitney tests were used to analyze 
group differences. For analysis of interactions between 
time and group, an outcome variable was dichotomized by 
its median, and for this transformed variable, Breslow-Day 
tests for homogeneity of the ORs were applied.

As a primary analysis, if  the normality could be 
assumed, neuropsychological test results were analyzed 
with the general linear mixed model for longitudinal 
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data, nonrestrictively assuming an unstructured covari-
ance matrix.33 The repeated factor was time of visit (pre-
treatment/day 21), fixed factors were generally group, 
study center, and gender, and the covariate was duration 
of education. Age and chlorpromazine equivalent dosage 
were entered into the model as additional covariates if  
they showed a significant influence in the initial analyses. 
For secondary analyses, the same mixed-model design 
was applied, however, taking all data from pretreatment 
through the extension phase into account. Effect sizes for 
the interaction between group and time of measurement 
were calculated by subtracting the mean score at day 
21 from the mean score at pretreatment for each group, 
subsequently determining the difference between the 2 
groups (rTMS active/rTMS sham) and then dividing the 
results by the pooled SDs.34 Possible correlations between 
changes in neuropsychological test results and changes in 
symptomatology (PANSS Positive and Negative score) as 
well as severity of the illness (Clinical Global Impression 
[CGI]) were assessed by Spearman correlations. Since 

only the composite z score was the primary neuropsy-
chological outcome variable and since an adjustment of 
the type I error probability would decrease the test power 
extremely, the results were not corrected for multiple test-
ing, as otherwise the probability of detecting existing 
mean differences would have been too low.

Results

Study Subjects

In total, 197 patients were screened and 175 patients were 
randomly assigned to one of the 2 intervention arms.20 
From this sample, 156 patients (77 active and 79 sham 
rTMS) received at least one neuropsychological assess-
ment prior to the rTMS intervention. One hundred and 
seven of these patients (51 active and 56 sham rTMS) 
remained in the trial until the first postintervention visit 
(day 21). Sociodemographic variables are presented in 
table 1. The CONSORT chart, with a detailed drop-out 
analysis, is reported elsewhere.20 Differences in sample 

Table 1. Demographical and Clinical Data Before Treatment

Variable
Active rTMS  
(N = 77)

Sham rTMS  
(N = 79)

Active vs Sham

LR χ2 df P

Gender (male:female) 66:11 57:22 4.4 1 .037a

Employment (employed:not employed) 14:63 9:70 1.4 1 .23a

Center (Duesseldorf:Göttingen:Regensburg) 23:23:31 24:23: 32 0.0 2 .99a

Hand preference (right:not right) 64:10 65:10 0.0 1 .97a

Antidepressant use (yes:no) 26:49 29:50 0.1 1 .79a

N Mean ± SD N Mean ± SD F df P

Age (y) 77 36.4 ± 10.6 79 35.5 ± 9.0 0.3 1, 154 .56b

Education (y) 73 11.5 ± 1.9 78 11.2 ± 2.0 0.6 1, 149 .44b

Left resting motor threshold 64 46.7 ± 7.9 67 46.2 ± 10.9 0.1 1, 129 .77b

Severity of illness and treatment
 PANSS Negative symptomsc 68 25.6 ± 4.7 74 25.2 ± 3.8 0.3 1, 140 .61b

 PANSS Positive symptoms 67 14.2 ± 4.4 71 13.0 ± 3.7 2.8 1, 136 .094b

 PANSS Total 67 80.0 ± 15.7 71 75.7 ± 13.7 3.0 1, 136 .088b 
 Clinical Global Impression score for severityd 64 4.6 ± 0.9 68 4.7 ± 0.9 Z = −0.3, df = 1, P = .73e

 Global Assessment of Functioningf 63 52.0 ± 11.6 68 53.4 ± 10.9 0.5 1, 129 .48b

 Antipsychotic dose (chlorpromazine equivalents; mg/d) 65 586 ± 440 73 588 ± 481 0.0 1, 135 .78g

Depression related
 Calgary Depression Scale for Schizophreniah 65 5.1 ± 3.6 71 5.2 ± 3.9 0.0 1, 134 .90b

 Montgomery Asberg Depression Rating Scalei 68 14.8 ± 6.0 73 13.7 ± 6.2 1.0 1, 139 .30b

Note: Demographical and clinical data before treatment. F, F statistic; LR χ2, likelihood ratio chi-square statistic; P, type I error 
probability; Z, Z statistic. PANSS, Positive and Negative Syndrome Scale; rTMS, transcranial magnetic stimulation.
aComparison by likelihood ratio test.
bComparison by ANOVA.
cScores on the Positive and Negative symptom subscales of the PANSS range from 7 to 49, with higher scores indicating more severe 
illness.
dThe Clinical Global Impression score for severity ranges from 1 (not mentally ill) to 7 (extremely ill).
eComparison by Mann-Whitney U test.
fThe Global Assessment of Functioning score ranges from 1 to 100, with higher scores indicating better functioning.
gComparison on logarithmic transformed variable by ANOVA—however, descriptive statistics (means, SDs) are presented for the 
untransformed variable.
hThe Calgary Depression Scale for Schizophrenia ranges from 0 to 27, with higher scores indicating more severe depression.
iThe Montgomery Asberg Depression Rating Scale ranges from 0 to 60, with higher scores indicating more severe depression.
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sizes between publications (see primary outcome else-
where20) relate to the timing of the preintervention neuro-
cognitive assessment.

Neurocognitive Performance Before and After 
Intervention (Pretreatment vs Day 21)

Mixed-model ANCOVAs revealed no significant “time 
× group” interactions for any of the applied neuro-
cognitive tests. Regarding the main factor “time,” we 
found a significant improvement in the DST perfor-
mance (forwards) (active rTMS: +4.4%, sham rTMS: 
+7.5%; F1, 114.2 = 5.5, P = 0.021) and in the performance 
speed of TMT-A (active rTMS: −14.9%, sham: −2.6 %;  
F1, 106.2 = 5.7, P = 0.019). For all other analyses, no signifi-
cant improvement over time or “time × group” interac-
tion was observed. However, for most analyses, the “time 
× group” interactions indicate greater numerical improve-
ments in the active group (table  2). For WCST (trials 
administered and total correct), Wilcoxon tests did not 
reveal significant effects. Breslow-Day tests did not reveal 
inhomogeneities in the ORs for the WCST performance.

Neurocognitive Performance During the Study 
Extension Phase (Pretreatment Until Day 105)

Mixed-model ANCOVA (factor time: pretreatment until 
days 21/45/105) did not show any significant “time × 
group” interactions. Several significant effects of the main 
factor “time” were observed, primarily explained by an 
improvement in both groups at day 105. Significant effects 
(main factor “time”: pretreatment until day 105)  were 
observed for the performance in DST (forward) (active 
rTMS: +6.7 %, sham: +9.9%; F3, 82.4 = 5.0, P = 0.003), in 
TMT-A (time) (active rTMS: +18.5%, sham: −10.7%; 
F3, 83.0 = 6.4, P = 0.001), in TMT-B (time) (active rTMS: 
−24.4%, sham: −8.8%; F3, 76.9 = 4.8, P = 0.004), and in 
WCST total errors (active rTMS: −44.2%, sham: −37.9%; 
F3, 52.2 = 6.4, P = 0.001). There was deterioration over time 
for VLMT trial 1–5 (active rTMS: −6.0%, sham: −11.1%; 
F3, 75.7  =  4.5, P  =  0.006). For WCST performance (tri-
als administered, total correct), Friedman tests did not 
reveal any significant time effects. Breslow-Day tests did 
not reveal inhomogeneities of the ORs in the WCST per-
formance (table 3).

Center Effects

All analyses were adjusted for the factor study center. 
Supplementary tables 1 and 2 show all data for all 3 cen-
ters separately.

Neurocognitive Composite Score

Compared to the single domain results, the sample size 
for the z composite score was limited as many patients 
had missing data in at least one of the neurocognitive tests 

(table 2). A mixed-model ANCOVA showed a significant 
effect of “time” (pretreatment vs day 21)  (F1, 49.9  =  6.4, 
P = 0.015), but no significant “time × group” interaction 
(F1, 44.6 = 0.5, P = 0.47). A similar pattern was observed 
including all timepoints (“time”: F3, 48.0 = 3.9, P = 0.014; 
“time × group”: F3, 33.3 = 1.0, P = 0.39). As the sample 
size for the z composite score was limited, we further ana-
lyzed the domain-specific z scores, but these mixed-model 
ANCOVAs neither revealed significant “time × group” 
interactions from pretreatment to day 21 (all F < 2.2; all 
P > 0.14) nor from pretreatment to day 105 (all F < 1.6; 
all P > 0.22). For the analysis of day 21 compared to pre-
treatment, significant time effects were observed for the 
domain z scores TMT (F1, 99.6 = 6.7, P = 0.011) and WCST 
(F1, 75.5 = 4.2, P = 0.045), and for the analysis over all time-
points, significant improvement was found for domain z 
scores DST (F3, 83.3 = 4.6, P = 0.005), TMT (F3, 75.6 = 8.2, 
P < 0.001), and WCST (F3, 55.3 = 5.2, P = 0.003) (tables 2 
and 3).

Correlations Between Changes in Neuropsychological 
Tests and Psychopathology

We calculated correlations between the change in PANSS 
scores and neurocognitive performance at day 21 (imme-
diately after rTMS) and at day 105 (at the end of the 
12-wk extension phase). Results are displayed in table 4, 
but no clear differential pattern between active and sham 
rTMS emerged.

Discussion

We compared the efficacy of a 3-week intervention with 
active or sham 10-Hz rTMS applied to the left DLPFC 
on cognitive performance in schizophrenia patients with 
predominant negative symptoms. Both groups showed 
improvement in multiple cognitive domains over time 
without a significant superiority of active rTMS. The 
results of our large-scale multicenter trial contrast pre-
liminary findings providing evidence for rTMS-induced 
cognitive improvements in schizophrenia. However, the 
direction of the changes and the effect sizes of the inter-
actions may favor active rTMS. Despite our large sample 
size of 156 and a sufficient statistical power, the relatively 
high SDs across subjects and centers may contribute to 
the lack of interaction effects.

Different single-center rTMS studies characterized by 
heterogeneous methodologies showed a beneficial effect 
of active rTMS on single cognitive domains includ-
ing working memory (n-back), facial affect recognition, 
semantic verbal fluency, and short-term verbal mem-
ory.15–17,19 Working memory (0 to 2-back) performance 
was assessed in a subgroup of our sample (25 schizo-
phrenia patients from one study center), but we did not 
observe any differences between active and sham rTMS 
in task performance or brain activation changes.35 Barr 
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et al used 4 weeks of neuronavigated 20-Hz rTMS and 
displayed their effects only in the 3-back condition, with 
no significant main effects or interactions in the linear 
models, consistent with our previous observation of no 
effects in 1/2-back conditions. Other studies using clas-
sic neuropsychological tests (eg, processing speed, atten-
tion, verbal learning, or problem solving) also failed to 
demonstrate a general beneficial effect of rTMS on cog-
nition in schizophrenia.15,18,19 The limited sample size, the 
single-center designs, and the different outcome param-
eters complicate the interpretation of previously reported 
positive findings.

Several reasons why our study failed to show differ-
ences between active and sham rTMS can be considered. 
The duration of our intervention might account for the 
negative finding as cognitive performance was tested 

before and after rTMS within a timeframe of 5 weeks to 
3  months (last follow-up at day 105). This observation 
period may have been too short to evaluate changes in 
cognitive performance. A  network meta-analysis indi-
cates that in antipsychotic trials, an intervention period 
of at least 6 months is needed to detect possible changes 
in cognitive assessments.5 Furthermore, the effect of 
practice (eg, exposure, familiarity, procedural learning)36 
needs to be taken into consideration. Our participants 
received several testing sessions within 3 months and it is 
likely that many patients were tested previously in regu-
lar clinical care. The practice-related increase in cognitive 
performance in both groups would result in a reduction 
of the active sham-difference, making it difficult to dis-
entangle an effect of active rTMS. The application of 
cognitive paradigms less sensitive to practice effects such 

Table 4. Correlation Between Change in Neuropsychological Test Results and PANSS Change

Cognitive Change

Pretreatment to Day 21 Pretreatment to Day 105

Change in PANSS Scores Change in PANSS Scores

Active rTMS Sham rTMS Active rTMS Sham rTMS

Negative Positive Negative Positive Negative Positive Negative Positive

Composite z score −0.03 −0.38 0.25 −0.10 −0.44 0.14 −0.17 −0.34
DST—domain z score 0.06 0.08 0.15 0.15 0.24 0.03 −0.17 0.08
DST—forward (score) 0.04 −0.02 0.19 0.11 −0.10 0.19 0.20 0.24
DST—backward (score) 0.08 0.01 0.10 0.10 −0.09 −0.06 0.10 0.00
TMT—domain z score −0.03 −0.27 −0.18 −0.26 0.05 0.09 −0.14 −0.19
TMT—A version: time (s) 0.19 0.09 0.29* 0.20 0.19 0.13 0.15 0.54*
TMT—B version: time (s) 0.31* −0.05 0.13 0.16 0.04 0.11 0.14 −0.02
VLMT—domain z score 0.07 0.15 0.00 −0.04 0.14 0.12 −0.06 0.00
VLMT—sum trial 1–5 (score) 0.20 0.06 0.08 0.00 0.25 0.11 0.14 0.29*
VLMT—difference trial 5 minus 7 −0.11 −0.09 0.08 −0.01 −0.16 −0.03 0.21 0.00
WCST—domain z score 0.17 −0.19 0.04 0.15 −0.57* 0.04 −0.33 −0.09
WCST—trials administered (score) 0.02 0.23 0.09 0.26 0.10 0.23 0.16 −0.03
WCST—total correct score −0.09 0.35 0.31 0.01 0.23 0.24 0.16 0.40*
WCST—total errors 0.02 −0.02 −0.13 −0.12 −0.10 −0.08 −0.05 −0.14
RWT—domain z scorea −0.06 0.09 −0.13 −0.10 0.09 0.28 −0.12 −0.26
RWT—S-words: correct words 1 min −0.01 0.08 0.14 −0.09 0.00 −0.07 0.09 0.21
RWT—S-words: correct words 2 min 0.11 0.10 −0.15 −0.11 0.05 −0.07 0.00 −0.15
RWT—G/R-words - H/T-words: correct words 1 mina −0.03 −0.02 0.31 0.27 0.04 −0.37 0.23 0.30
RWT—G/R-words - H/T-words: correct words 2 mina 0.09 0.10 0.21 −0.14 0.21 0.00 −0.38* 0.06
RWT—first names: correct words 1 min −0.07 −0.09 −0.13 −0.12 −0.01 −0.31* −0.07 −0.22
RWT—first names: correct words 2 min 0.23 −0.18 −0.10 0.13 −0.16 −0.11 0.17 −0.02
RWT—garments/flowers - sports/fruits: correct 1 mina −0.55* −0.07 0.23 0.12 −0.14 0.27 0.02 0.05
RWT—garments/flowers - sports/fruits: correct 2 mina −0.32 −0.02 0.20 0.05 −0.16 −0.53* 0.32 0.04

Note: Spearman correlation coefficients. DST, Digit Span Test; rTMS, repetitive transcranial magnetic stimulation; RWT, Regensburg 
Word Fluency Test; TMT, Trail Making Test; VLMT, Verbal Learning and Memory Test; WCST, Wisconsin Card Sorting Test. The 
domain z scores for the DST, TMT, VLMT, WCST, and RWT and the composite z score were computed from the raw values as described 
in the “Statistical Analysis” section. Between differences in neuropsychological scores and differences in psychopathological scores 
Spearman correlation coefficients were computed. For all variables, differences between day 21 and pretreatment and between day 105 
and pretreatment were calculated, the exception is given below:
aRWT: (2a) Difference for words beginning with G alternating with words beginning with R was calculated between day 45 and 
pretreatment. (2b) Difference for words beginning with H alternating with words beginning with T was calculated between day 105 and 
day 21. RWT: (4a) Difference for garments alternating with flowers was calculated between day 45 and pretreatment. (4b) Difference 
for sports alternating with fruits was calculated between day 105 and day 21. RWT domain z score was constructed only from RWT (1) 
S-words and RWT (3) prenames.
*P < 0.05.
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as randomized n-back task with high load (3-back) or a 
facial recognition task16,17 may be more suited to detect-
ing differences between groups. On the other hand, there 
is a clear, consensus-based recommendation concern-
ing cognitive tests to be used in schizophrenia trials,37 
and the cognitive domains investigated here as well the 
tests used have a significant overlap with the MATRICS 
Consensus Cognitive Battery. The application of more 
comprehensive and broader cognitive battery may have 
resulted in different findings. Our assessments cover 
the main domains of impaired cognition in schizophre-
nia12 and we had no rationale for the use of other tests. 
However, the neurocognitive outcome was a secondary 
outcome and other trials showing a beneficial effect of 
rTMS on cognition in schizophrenia used higher stimu-
lation frequencies or longer stimulation periods.16 Both 
factors may also contribute to the negative finding 
observed in our trial. The study has several limitations. 
As outlined elsewhere,20 focus on less-affected, early epi-
sode patients, longer stimulation periods, application of 
more rTMS stimuli and a higher stimulation frequency 
may have led to different results. At present, there is still 
no consensus about the optimal stimulation parameters 
for the treatment of cognitive deficits in schizophrenia 
and further research is needed. From a methodological 
perspective, our sham condition (45° tilted coil) and the 
use of the EEG-10/20 system can be discussed as further 
limitations. For sham rTMS, different methods includ-
ing sham coils not producing any magnetic field, 45°–90° 
tilted active coils, and active coils placed at noninvolved 
cortical regions are available.38 The 45° tilted coil method 
was chosen for this study,20 as it results in similar skin 
sensations with substantially reduced biological activity 
compared with active rTMS26 and our analysis of blind-
ing integrity showed that neither patients nor raters were 
able to distinguish between active and sham rTMS (see 
Wobrock et  al20). We used the EEG-10/20 method to 
determine the position of the left DLPFC. Despite the 
fact that most studies in the field use the same approach, 
the application of neuronavigation16 or improved F3 
localization (eg, BeamF3 heuristic)39 could have helped 
to reveal a beneficial effect of active rTMS. A coil place-
ment using individual structural or functional images has 
the potential to reduce the variability within and across 
subjects,20 but further research is needed to clarify the 
importance and the cost-effectiveness of such approaches 
in the context of therapeutic noninvasive brain stimula-
tion. More specific limitations relate to the absence of a 
specific effect of rTMS on general psychopathology and 
the predominant negative symptoms in our sample. Both 
groups showed an improvement in PANSS, depression 
ratings, and global functioning, with no between-group 
differences.20 Correlation analyses could not establish 
a relationship between symptomatic and cognitive out-
come in our sample of severely affected patients suffer-
ing from predominant negative symptoms. Dependent 

on the cognitive test, inconsistent correlations between 
negative symptoms (assessed by PANSS) and cognitive 
measures were reported, possibly based on the limited 
assessment of verbal output in the PANSS.3 Therefore, 
the use of PANSS might have concealed possible corre-
lations of symptomatic and cognitive outcomes in our 
trial. Although negative symptoms and cognitive defi-
cits show moderate correlations in meta-analyses,40 and 
we investigated patients with prominent negative symp-
toms, the present findings cannot directly be generalized 
to the wider group of patients with schizophrenia. From 
a statistical perspective, the large SDs across subjects and 
study sites might explain the lack of significance in the 
linear mixed models. The direction of effect sizes (posi-
tive effect size favoring active rTMS; negative effect size 
favoring sham rTMS; table 2) of nonsignificant interac-
tions suggests a tendency towards superiority of active 
rTMS in certain cognitive domains. Furthermore, one 
could only speculate whether the combination of rTMS 
with other methods to improve cognition in schizophre-
nia (eg, cognitive remediation) would be more effective 
than rTMS alone. Finally, it remains unclear whether a 
focus on social cognition rather than on neurocognition 
would have been a more promising strategy to show a 
beneficial effect of rTMS in our sample of schizophrenia 
patients suffering from predominant negative symptoms.

In conclusion, we present the first multicenter, large-
scale evaluation of 3-week 10-Hz rTMS applied on 
cognitive symptoms in a sample of well-characterized 
schizophrenia patients with predominant negative symp-
toms. Although we were not able to reveal a significant 
difference between active and sham rTMS, analyses of 
effect sizes indicate that further investigations are war-
ranted. More multicenter randomized clinical trials are 
needed in the field of noninvasive brain stimulation to 
confirm or to disprove findings from small proof-of-
concept trials. Finally, our results are in line with several 
other negative reports on biological and nonbiological 
interventions illustrating the difficulty of treating cogni-
tive symptoms in schizophrenia.11
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