
 

 

 University of Groningen

Negative symptoms of schizophrenia
de Lange, Jozarni

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2016

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
de Lange, J. (2016). Negative symptoms of schizophrenia: Treatment options and evidence from
neuroimaging. [Thesis fully internal (DIV), University of Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/08cbdf04-3458-4a37-89c4-95bb9a82fd8d


Chapter 4

Effect of rTMS on brain activation in 
schizophrenia with negative symptoms:  

A proof-of-principle study

Jozarni J. Dlabac-de Lange, Edith J. Liemburg, Leonie Bais, 
Remco J. Renken, Henderikus Knegtering, André Aleman

Schizophrenia Research 2015;168(1-2):475-482



Chapter 4

48

Abstract

Background

Prefrontal cortical dysfunction is frequently reported in schizophrenia and is thought to 
underlie negative symptoms of schizophrenia. Repetitive Transcranial Magnetic Stimulation 
(rTMS) can modulate neuronal activity and has been shown to improve negative symptoms 
in patients with schizophrenia, but the underlying neural mechanism is unknown. 

Objective
To examine whether 3 weeks of 10 Hz rTMS treatment of the bilateral dorsolateral prefrontal 
cortex (DLPFC) would improve frontal brain activitation in patients with negative symptoms 
of schizophrenia, as measured by functional magnetic resonance imaging (fMRI) during the 
Tower of London (ToL) task.

Methods
24 patients with the diagnosis of schizophrenia with moderate to severe negative symptoms 
(Positive and Negative Syndrome Scale (PANSS) negative subscale ≥ 15) participated. Patients 
were randomized to a 3-week (15 day) course of active or sham rTMS. All patients performed 
the ToL task during fMRI scanning both pre-treatment and post-treatment. Differences in 
brain activation between the two groups were compared non-parametrically. 

Results
After rTMS treatment, brain activity in the active group increased in the right DLPFC and 
the right medial frontal gyrus as compared to the sham group. In addition, the groups 
significantly differed with regard to activation change in the left posterior cingulate, with 
decreased activation in the active and increased activation in the sham group. 

Conclusions
Treatment with rTMS over the DLPFC may have the potential for increasing task-related 
activation in frontal areas in patients with schizophrenia. Effects of different rTMS 
parameters and fMRI tasks targeting relevant brain circuitry deserve further investigation.  
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1. Introduction

Schizophrenia is a severe mental illness characterized by positive symptoms (hallucinations, 
delusions and disorganized thought and behavior), negative symptoms (such as blunted affect, 
avolition, apathy, anhedonia and social withdrawal) and cognitive dysfunction. Negative 
symptoms and cognitive dysfunction are associated with poor functional outcome and are 
difficult to treat.4,5,113 Impaired functioning of the prefrontal cortex (PFC), specifically reduced 
activation of the dorsolateral prefrontal cortex (DLPFC), has consistently been reported in 
patients with schizophrenia.58,116 Furthermore, there is evidence for a correlation between 
severity of negative symptoms and hypofunctioning of the left and right DLPFC. 23-25 

Repetitive Transcranial Magnetic Stimulation (rTMS) is a relatively safe and non-invasive 
method to modulate neuronal activity. rTMS uses alternating magnetic fields in a certain 
frequency to induce an electric current in the underlying brain tissue. High-frequency rTMS 
has been shown to increase local cortical excitability and low-frequency rTMS has been 
shown to decrease excitability.157 By administering high frequency rTMS to the PFC it is 
possible to increase brain activity in the stimulated area and to change brain activity in 
associated regions that are part of the same neural circuit.44 

Several studies have been performed investigating the effect of rTMS treatment of the 
PFC on improvement of negative symptoms. Three meta-analyses have been performed on 
the rTMS treatment of negative symptoms of schizophrenia.45-47 One included 7 studies and 
found a trend for improvement of negative symptoms after rTMS.47 The other two included 
more studies (9 and 13) and both found a statistically significant positive treatment effect.45,46 
However, the underlying neural working mechanism of the rTMS treatment remains 
unclear. Possibly, rTMS may provoke neural plasticity in the prefrontal circuits of the brain 
by facilitating dopaminergic, GABAergic and/or glutaminergic neurotransmission,44,158,159 
and this may be reflected by a change in brain activation after rTMS treatment.  

The present fMRI study pertains the neural effects of an rTMS randomized trial for 
treatment of negative symptoms,160 which found a positive treatment effect. The trial was 
combined with an fMRI study to investigate the underlying neural mechanism of the rTMS 
treatment. 

Two previous studies have investigated the effect of rTMS treatment in patients with 
schizophrenia on neuronal activation.161,162 In both studies, no statistically significant 
differences in neuronal activation between the sham and the active group were found. 
These two studies applied rTMS treatment to the left DLPFC,161,162 the current study targeted 
the DLPFC bilaterally. Only two previous studies have applied bilateral rTMS for negative 
symptoms of schizophrenia,80,124 but did not find a significant treatment effect. Differences 
in these studies and ours include the frequency of stimulation of 20 Hz instead of 10 Hz,124 
and the manner of targeting the DLPFC which was magnetic resonance imaging (MRI)-
targeted in the study by Barr et al. Another important difference includes the number of 
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rTMS stimuli. It has been suggested that using a relatively high number of rTMS stimuli may 
be more effective.123 Therefore, we applied a total amount of 60 000 TMS pulses, which is 
at least twice as much as used in previous studies. Indeed, there is evidence for reduced 
neuroplasticity in the brain of patients with schizophrenia,163 thus a greater number of rTMS 
stimulations may be necessary to induce improvement in negative symptoms and changes 
in the brain of patients with schizophrenia.

The objective of the current fMRI study was to investigate the relationships between 
rTMS treatment, decrease of negative symptoms, improvement in cognitive functioning 
and changes in brain activation in patients with schizophrenia, as measured by a functional 
magnetic resonance imaging (fMRI) version of the Tower of London (ToL) task. The ToL task is 
used to assess planning function164 and has previously shown to activate the DLPFC, medial 
PFC and cingulate cortex, the striatum, the cuneus and precuneus, the supramarginal and 
angular gyrus in the parietal lobe and the frontal opercular area of the insula.165,166 

2. Methods

2.1. Participants

This fMRI study consisted of pre- and post-measurements with fMRI of patients with 
schizophrenia participating between 2009 and 2013 in a double-blind randomized 
controlled trial (Dutch Trial Register NTR 1261) investigating the effect of rTMS on negative 
symptoms.160 A significant improvement of the Scale for the Assessment of Negative 
Symptoms (SANS) in the active group compared to sham up to 3 months follow-up (p=0.03, 
F=5.33) was found.160 

From the 32 patients that completed the rTMS trial, a subsample of twenty-four 
patients completed the fMRI ToL task both pre-treatment and post treatment, of which 
eleven received the active rTMS and thirteen received sham rTMS. The fMRI data of the 
remaining eight patients could not be included in the analyses due to a technical error 
(n=2), claustrophobia (n=1), unavailability of the scanner due to an update (n=1), no-show 
(n=2) and finally two patients were too cognitively impaired to perform the fMRI ToL task. 

Patients with treatment-resistant negative symptoms were recruited from in- and 
outpatient facilities of the department of psychiatry of the University Medical Center 
Groningen (UMCG) and three regional mental health care institutions (Lentis, GGz Drenthe 
and GGz Friesland). Participants consisted of outpatients, inpatients and patients living in 
long term care facilities. All patients were 18 years or older, and met the DSM-IV criteria 
for schizophrenia or schizoaffective disorder, confirmed by a trained interviewer using the 
Schedules for Clinical Assessment in Neuropsychiatry (SCAN 2.1).167 Patients were included 
if they had moderate to prominent negative symptoms, i.e. a negative sub-score equal or 
larger than 15 on the Positive and Negative Syndrome Scale for Schizophrenia (PANSS).96 
Exclusion criteria were rTMS and MRI contraindications, neurological disorders, head injury 
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with loss of consciousness in the past, substance dependency within the previous 6 months, 
previous treatment with rTMS, severe behavioral disorders, inability to provide informed 
consent and pregnancy. All patients had to be stable on medication for at least 6 weeks 
prior to participating in the study and for the duration of the study. The study was executed 
in accordance to the declaration of Helsinki and approved by a local medical ethical 
committee (UMCG). Participants provided oral and written consent after the procedure 
had been fully explained and understood. 

rTMS treatment was administered at two treatment locations, one at the UMCG and 
one at the long-term psychiatric care facility of Lentis, a regional health care institution. In 
the UMCG, both in- and outpatients from the four participating institutions were treated. If 
daily travel to the UMCG was too strenuous, outpatients could choose to be admitted to an 
inpatient care unit for the duration of the rTMS treatment. The second treatment location 
was situated at the long-term psychiatric care facility of Lentis, and only patients living in 
the long-term care facilities were treated there.

2.2. Study design

Patients were randomized to receive either active or sham rTMS treatment. Allocation 
concealment was achieved by using sequentially numbered sealed envelopes, containing 
tokens that were drawn by an independent colleague. Only the researcher and the trained 
nurses who administered the rTMS were aware of the treatment condition, raters and 
patients were kept blind. The rTMS treatment was delivered twice daily during three weeks, 
Monday to Friday, for a total of 30 treatment sessions. After treatment, all participants 
were asked to fill in a questionnaire about side effects and which treatment (sham or active 
treatment) they thought they had received to check for blinding success.

2.3. rTMS protocol

rTMS was administered using a Medtronic MagPro X100 stimulator with a 75 mm figure-
eight coil. Patients were stimulated at a frequency of 10 Hz in 10-second trains, with an inter-
train interval of 50 seconds. Patients were stimulated 20 minutes per session. Stimulation 
intensity was set at 90% of the motor threshold. The F3 and F4 location from the EEG 10–20 
system were used to target the bilateral DLPFC.131 For sham stimulation, the coil was tilted 
90° off the scalp with two wings of the coil touching the scalp.

2.4. fMRI procedure

Two fMRI scans were acquired, the first in the week before the start of the treatment and 
the second one day after the last rTMS treatment at the NeuroImaging Center in Groningen 
(a joint venture of the UMCG and the University of Groningen). 
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2.5. fMRI TOL task design

The version of the ToL task used in this study was based on a version in a previous study.166 
Baseline comparison between healthy controls and patients is presented elsewhere,168 
the focus of this report is the treatment effect on brain activation. The ToL task 
consisted of a planning condition and a counting control condition. During the planning 
condition participants were asked to move three different colored balls to match a target 
configuration using a minimum number of moves. During the control condition the same 
kind of configurations were shown. However, participants were asked to count the number 
of blue and red balls.165,166 

During the resting blocks a fixation cross was shown. The task was presented in a block 
design consisting of the two alternating task conditions (60 s) interspersed with 30 s resting 
blocks. The task consisted of 5 blocks of both task conditions. A block was terminated 
after exactly 60 s. Each trial was interspersed with a 250 ms fixation cross. The task was 
presented using E-prime 1.2, which logged timing of the task and responses of the subjects. 
Prior to scanning the task was explained and practiced on a laptop. 

2.6. Behavioral measures

Task performance was assessed by comparing reaction times (in seconds) and accuracy 
(percentage correct). For both conditions, a distinction was made between easy trials (1 – 2 
moves/balls) and difficult trials (3 – 5 moves/balls). Post-treatment change in performance 
was compared between the sham group and the active group using an independent sample 
Mann Whitney U test. All analyses were conducted with IBM SPSS 20 (IBM SPSS Statistics 
20.0, IBM Corp., Armonk, NY).

2.7. Negative symptoms

For analysis of the negative symptoms a mixed effects linear model was used. We included 
the baseline scores as a covariate to correct for differences at baseline. All analyses were 
conducted with IBM SPSS 20 (IBM SPSS Statistics 20.0, IBM Corp., Armonk, NY).

2.8. Image acquisition

Imaging data were acquired with a Philips 3 Tesla MRI scanner (Best, The Netherlands) 
equipped with an 8-channel SENSE head coil. The task was presented on a screen which 
was visible via a mirror on top of the head coil. Participants were asked to respond with a 
4-button MR-compatible response box which was placed in their right hand.

During the task, a pseudo-continuous arterial spin labeling (PCASL) sequence was 
acquired. Control and labeling scans (4 s; 127 of both) were alternated. Labeling time was 
1650 ms, delay time 1525 ms and acquisition tie was 825 ms. Further parameters: flip angle 
90º, 14 slices, FOV (ap, fh, rl) = 224 x 98 x 224 mm, voxel size 1.75 x 1.75 x 7 mm.
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2.9. Data analysis

The possible presence of baseline differences in demographic and clinical measures were 
investigated with independent t tests. To account for the found differences in baseline (see 
Results section) we corrected for age, duration of illness and scores on the PANSS General 
Psychopathology in the fMRI analysis.

Data were analyzed using in-home scripts based on Statistical Parametric Mapping 
(SPM8; FIL Wellcome Department of Imaging Neuroscience, London, UK) routines and 
functions. A detailed outline of the analysis is described in the supplementary material. 
Labeled and control images were realigned separately, coregistered to each other and 
smoothed at 8 mm FWHM. Nuisance factors were regressed from the data, including 
motion, white matter and cerebrospinal fluid. Perfusion images were created by subtracting 
labeled from control images.169,170

In first level analysis, the two task conditions and a task instruction were modeled. 
Parametric modulation of the correct answers was used. Contrasts were created of both 
task conditions versus fixation cross, planning versus the counting condition and vice versa, 
and the parametric modulation of the planning condition.

Because the ASL sequence changed during the study due to a scanner upgrade, 
histogram normalization was performed to the contrast images. The contrast-images were 
normalized to the T1-template and confounders (age, illness duration and PANSS General 
Psychopathology) were regressed from the images.

Second level analysis was done with Statistical non-Parametric Mapping (SnPM),171 with 
a variance smoothing of 8 mm FWHM, 5000 iterations, no additional scaling, and masking 
with the brain mask of SPM. Contrasts of interest were: planning versus baseline, planning 
versus counting balls, and the parametric effect of task difficulty, thresholded at p < 0.001, 
k > 40, pseudo-T > 3 (pseudo-T threshold to control for type-I errors).

First, pre-treatment task activation was investigated using the one sample t-test option 
of SnPM. Next, the effects of pre- versus post-treatment were compared using the two 
sample SnPM option “test differences of response; two conditions; one scan per condition”. 
Finally, all baseline scans were correlated to SANS baseline scores and changes in brain 
activation were correlated to improvement by subtracting both pre- and post-treatment 
SANS scores and contrast-images.  

3. Results

3.1. Demographic and clinical characteristics

Table 1 shows the demographic and clinical characteristics of the 24 participants. There was 
a statistically significant difference in age (p=0.04) between the active (mean = 40.7 ±12.6 
S.D.) and the sham (mean = 30.8 ±8.9 S.D.) group. Also, a statistically significant difference 
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in baseline illness duration in months (p=0.03) between the active (mean = 192 ±127.8 S.D.) 
and the sham (mean = 90 ±92.5 S.D.) group was found. Finally, there was a statistically 
significant difference in baseline PANSS General Psychopathology (p=0.04) between the 
active (mean = 34.1 ±7.0 S.D.) and the sham (mean = 28.5 ±5.3 S.D.) group. As mentioned 
in the Methods section, these variables (age, duration of illness and PANSS General 
Psychopathology scores) were corrected for (regressed out) in the first-level fMRI analysis 
so as to not affect the results. There were no significant differences between the active and 
the sham group concerning the remaining characteristics.

Table 1: Demographic and baseline clinical characteristics.

Active TMS (n=11) Sham TMS (n=13) Significance

Age (years) 40.7 (12.6) 30.8 (8.9) 0.04

Sex (m/f) 10/1 9/4 ns

Education (Verhage) 5.5 (1.0) 5.4 (0.9) ns

Age of onset 24.7 (4.8) 23.3 (5.6) ns

Illness duration (in months) 192 (127.8) 90 (92.5) 0.03

Type of medication

Clozapine 3 5

Olanzapine 3 2

Risperidone 3 2

Paliperidone 1 -

Aripiprazole 2 3

Haloperidol - 1

Other classical 1 3

Polypharmacy 2 3

SANS 55.5 (18.1) 44.5 (17.4) ns

PANSS Negative 20.1 (4.4) 19.9 (5.7) ns

PANSS Positive 12.4 (3.6) 12.4 (4.5) ns

PANSS General Psychopathology 34.1 (7.0) 28.5 (5.3) 0.04

Data are mean (+/- SD) or number of patients; M, male; F, female; 

SANS, Schedule for the Assessment of Negative Symptoms; 

PANSS, Positive and Negative Syndrome Scale. 
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3.2. rTMS safety, tolerability and blinding

The rTMS treatment was well-tolerated and no serious adverse events occurred. Reported 
side effects were twitching of the facial muscles during rTMS stimulation and transient mild 
headache after rTMS stimulation. 

As mentioned earlier, at the end of the rTMS treatment we asked the participants which 
treatment they thought they had received. In the sham group, 9 patients thought they had 
received the real rTMS treatment, 3 patients thought they had received the sham treatment 
and 1 did not know. In the active group, 7 patients thought they had received the rTMS 
treatment and 4 patient thought they had received the sham treatment. The chi-square 
test showed no difference between the two groups in the assumption of which treatment 
was received (p=0.54), showing that blinding was successful.

3.3. Behavioral results

Table 2 displays the results of the post-treatment change in performance between the 
active and sham group. There were no statistically significant differences in reaction times 
and accuracy between the active and sham group. 

Table 2. Behavioral results at baseline and end of the treatment.

Pre treatment 
scores

Post treatment 
scores

Mann-
Whitney U

Wilcoxon 
W

Z P value

Groups Baseline End of treatment

Mean SD Mean SD

Reaction time 
easy trials 
ToL in s

Active (n=11) 6.59 3.64 5.59 2.45
69 160 -0.145 0.91

Sham (n=13) 7.32 3.62 5.93 1.64

Reaction time 
difficult trials 
ToL in s

Active (n=11) 11.39 5.84 9.08 6.25
56 122 -0.898 0.39

Sham (n=13) 12 4.87 10.62 3.06

Total reaction 
time ToL ins

Active (n=11) 10.02 5.18 7.61 4.38
58 124 -0.782 0.46

Sham (n=13) 10.75 4.52 8.66 2.19

Accuracy 
easy trials 
ToL in %

Active (n=11) 89.19 13.61 92.22 7.73
59.5 125.5 -0.704 0.49

Sham (n=13) 87.94 16.33 92.99 12.6

Accuracy 
difficult trials 
ToL in %

Active (n=11) 69.23 13.73 69.17 13.64
48.5 114.5 -1.33 0.19

Sham (n=13) 74.88 16.13 81.36 16.54

Total 
accuracy ToL 
in %

Active (n=11) 75.01 12.15 78.25 10.26
51 117 -1.188 0.25

Sham (n=13) 78.41 14.49 85.9 14.2

Data are means (+/- SD), presented for the two treatment groups. ToL=Tower of London task
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3.4. Negative symptoms

A significant improvement of negative symptoms as evaluated with the SANS in the active 
group compared to the sham group up to 3 months follow-up (p=0.04, F=4.64) was found. 
No significant improvement on the PANSS negative subscale was found (p=0.19, F=1.8).

3.5. Imaging results

Table 3 displays the contrasts of interest showing a significant change after treatment in the 
active group (n=11) as compared to the sham group (n=13) (p < 0.001, k > 40, pseudo-T > 3). 

Table 3. Contrasts of interest showing a significant change after treatment in the active 
group (n=11) as compared to the sham group (n=13) (p < 0.001, k > 40, pseudo-T > 3)

 k pseudo-T xyz Area Group

Planning versus 
baseline

46 3.9 56  8  42
Right dorsolateral 
prefrontal cortex

Increase of brain activity in the 
active group

73 3.6 6  4  56
Right medial frontal 
gyrus 

Increase of brain activity in the 
active group

Planning versus 
count balls

103 4.0 -4  -54  14
Left limbic lobe, 
posterior cingulate

Strong decrease of brain activity in 
the active group and slight increase 
of brain activity in the sham group

Figure 1 and 2 show the changes in brain activity in the active group compared to sham after 
treatment in the planning versus baseline and the planning versus count balls contrast.

Figure 1. Brain activation in the active group compared to sham in the planning versus baseline 
contrast.
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Figure 2. Change in brain activity in the active group compared to sham in the planning versus count 
balls contrast.

3.5.1. Planning versus baseline

The one sample t-test of the pre-treatment images of both groups did not show stronger 
activation in one condition over the other as measured with the defined threshold of 
p=0.001. 

After treatment, a significant increase of brain activity was found in the active group 
compared to the sham in the right DLPFC and in the right medial frontal gyrus (MeFG).

3.5.2.	Planning	versus	counting	balls

The one sample t-test of the pre-treatment images of both groups demonstrated activation 
in the right superior frontal gyrus (SFG). 

After treatment a significant difference in brain activation in the left posterior cingulate 
cortex (PCC) was found, caused by the combination of a strong de-activation in the active 
group and an increase in brain activation in the sham group.

3.5.3.	Planning	parametric	modulation

No increase of brain activation was found in the pre-treatment images with the defined 
threshold. After treatment, parametric modulation of the planning task did not result in any 
significant change in activation.



Chapter 4

58

3.5.4.	Correlation	of	change	in	brain	activation	to	improvement	of	negative	symptoms

No correlation between changes in brain activation and improvement of negative symptoms 
was found in our analyses. 

4. Discussion

In this study, we evaluated the effect of rTMS treatment over the DLPFC in patients with 
schizophrenia with moderate to predominant negative symptoms on brain function, as 
measured with the ToL task during fMRI. The active group showed an increase in brain 
activity in right DLPFC and in the right MeFG and a decrease in brain activity in the left PCC 
after rTMS treatment of the DLPFC. No significant difference in task performance between 
the sham and the active group was found after treatment.

Neuroimaging studies have found negative symptoms to be associated with hypoactivity 
of the DLPFC.22,23,25,117 The increase of activation of the right PFC, including the right DLPFC, 
is the first evidence to support the underlying rationale for rTMS treatment for negative 
symptoms of schizophrenia: that it would increase activation of the frontal cortex. This 
increase in prefrontal activation was accompanied by an improvement of clinical measures 
of negative symptoms, supporting the rationale for prefrontal rTMS treatment and 
encouraging further tests of the putative mechanism of action of rTMS.

Despite the increase in neural activation there was no concurrent improvement of 
task performance of the ToL task in the active group as compared to sham. However, the 
ToL task was aimed to measure brain plasticity and neural activation and not primarily 
to measure performance changes – validated neuropsychological measures may be more 
sensitive to that end. The treatment study included several neuropsychological tests to 
assess cognitive functioning, most of which did not show improvement or deterioration.160 
However the semantic Verbal Fluency Test, which seems sensitive in measuring prefrontal 
functioning,145,146 improved significantly in the active group as compared to sham.160

The correlation analysis between changes in brain activation and improvement of 
negative symptoms did not show significant associations. This may be due to lack of power, 
as sample sizes were small. However, it is important to mention that the greatest decrease 
in negative symptoms in the treatment group occurred at 4 weeks follow-up. fMRI scanning 
was only performed pre- and post-treatment and not at 4 weeks follow-up. Future studies 
should consider studying changes in brain activation several weeks post-treatment as well, 
as it is possible for rTMS treatment to induce more profound or different effects on brain 
activation on the long term as opposed to those seen one day after treatment. 

The increase of activity in the right DLPFC combined with a decrease in activity of the left 
PCC may shed light on effects of rTMS on task-related networks. The medial PFC and the PCC 
are part of the “default mode network” of the brain.172 The default mode network comprises 
regions being more active during rest than during cognitive tasks. A negative correlation 
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has been demonstrated between activation of lateral PFC regions, which are activated 
during cognitive task performance, and the PCC,173,174 implying a reduction of default mode 
network activity during cognitive processing. Several studies have found dysfunction of the 
default mode network in patients with schizophrenia,175-178 including a reduced connectivity 
between DLPFC and the PCC176 and decreased task-related suppression in the left posterior 
cingulate and medial PFC.177,178 Our finding suggests that the rTMS treatment may affect the 
interaction between the default mode network and the task-positive network. This is of 
considerable significance as it reveals how rTMS can affect relevant circuitry beyond the 
targeted brain area. 

A possible explanation of the underlying working mechanism is that rTMS induces 
plasticity in the brain by inducing the release of neurotransmitters including dopamine and 
glutamate. This is supported by several PET studies investigating the effect of prefrontal 
rTMS performed among healthy volunteers.44,121,122 rTMS was also found to increase regional 
cerebral blood flow in the ventrolateral prefrontal cortex,121 to moderate dopamine release 
in the ipsilateral caudate nucleus44 and modulate aspects of tryptophan/5-HT metabolism 
in limbic areas.122 MRS studies of the healthy brain159 and in patients with depression,158 
found that prefrontal rTMS affected cortical glutamate/glutamine levels. Moreover, these 
changes were dependent on pre-treatment glutamate/glutamine concentrations. Thus, 
part of the working mechanism of rTMS of the DLPFC may be by modulation of brain 
metabolism in the prefrontal cortex, the limbic lobe and in the striatum. Moreover, the 
above findings demonstrate the ability of rTMS to not only target the stimulated area but 
also connected brain areas, such as the DLPFC and PCC in our study, and emphasize the 
importance of investigating changes of brain metabolism after rTMS within the targeted 
networks of the DLPFC in patients with schizophrenia. 

Another interesting finding is that the increase in activity only occurred in the right 
prefrontal cortex and not in the left prefrontal cortex. It has been suggested that the right 
and the left DLPFC are both involved in the execution of the ToL task, but that they are 
associated with distinguishable functions.179,180 The right DLPFC seems to be more involved 
when the demands on planning increase (generation of a plan)180 and during higher demands 
on search depth (actual mental generation and evaluation of sequences).179 The left DLPFC 
may be more involved in control processing (execution of a plan) and goal hierarchy.179,180 
Several PET studies investigating brain activity during planning found bilateral activation 
of the DLPFC, but activation occurred predominantly in the right prefrontal cortex.166,181,182 
Considering the right DLPFC to be predominantly activated during the ToL task, changes in 
brain activation after rTMS during performance of the ToL task may more readily be found 
in the right prefrontal cortex than in the left prefrontal cortex.

The patients participating in this trial were all using antipsychotics. A recent meta-analysis 
that studied the effect of the type of antipsychotic used (first versus second generation 
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antipsychotics) did not find that this impacted the efficacy of rTMS treatment on negative 
symptoms.46 The studies on rTMS treatment for negative symptoms of schizophrenia are 
conducted among medicated patients. Antipsychotics cause dopamine antagonism at 
the D2 receptor, and there is evidence that antipsychotics diminish neural activation in 
motor and default mode network in patients with schizophrenia.183 In addition, there is 
evidence for reduced inhibition, impaired connectivity and reduced plasticity163 in both 
medicated and unmedicated patients with schizophrenia in all stages of the illness. Taken 
together, this may negatively impact the degree of change in brain activation induced by 
rTMS, underlining the necessity to improve stimulation protocols (i.e. by using theta-burst 
stimulation) and investigating the effect of stronger stimulation protocols. 

A limitation of this study included the manner in which the DLPFC was targeted, as rTMS 
targeted with MRI based neuro-navigation may enhance treatment response.184 Other 
limitations of the present study include the sample size (especially for the correlation analysis 
with negative symptoms), the heterogeneity of the group and the differences between 
the active and sham groups at baseline. Despite randomization, there was a significant 
difference in age, duration of illness and scores on the PANSS General Psychopathology at 
baseline between the active and the sham group. We corrected for this difference in our 
fMRI analyses thereby increasing the precision of our analyses, but this can compromise 
degrees of freedom. Future studies should include larger groups of patients and other fMRI 
tasks targeting related brain circuitry.

In conclusion, we found that bilateral high frequency rTMS treatment of the DLPFC in 
patients with schizophrenia increased brain activation during execution of the ToL task in 
right prefrontal areas and decreased brain activity in the left posterior cingulate. This study 
was conducted among a relatively small group of patients suffering from schizophrenia 
with predominant negative symptoms. Future studies should include larger numbers of 
patients to further investigate the underlying mechanism of action.
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Supplementary material

Detailed outline of the analysis of the fMRI data

The possible presence of baseline differences in demographic and clinical measures were 
investigated with independent t tests. To account for the found differences in baseline (see 
Results section) we corrected for age, duration of illness and scores on the PANSS General 
Psychopathology in the fMRI analysis.

Data were analyzed using in-home scripts based on Statistical Parametric Mapping 
(SPM8; FIL Wellcome Department of Imaging Neuroscience, London, UK) routines and 
functions. First, raw PAR files were converted to NIFTI format. Hereafter, labeled and control 
images were realigned separately because intensity differences between both image 
modalities may cause spurious motion correction. Mean images of both realignments were 
created. The mean labeled image was co-registered to the mean control image and the 
same parameters were applied to all labeled images. Images were then smoothed with an 
8 mm FWHM Gaussian isotropic kernel. 

Because of the low Signal to Noise Ratio (SNR) of ASL data, nuisance factors were 
filtered from the data by regression, including the motion parameters, white matter (WM) 
signal, and cerebrospinal fluid (CSF) signal. For the CSF and WM signal, masks were created 
by co-registering the anatomy to the mean control image and segmenting the anatomy 
scan. The first principle components of the CSF and WM signal were extracted from the 
functional image series by using these WM and CSF masks. Regression of the ASL data with 
nuisance factors was done separately for control and labeled images. After this, perfusion 
images were created by subtracting the labeled images from control images using spline 
interpolation of subsequent scans in both image types separately.169,170

The subtracted ASL images were entered in a first level analysis. The two task conditions 
and an instruction condition (notifying task and resting blocks) were modeled in a block 
design convolved with a Hemodynamic Response Function. Parametric modulation of the 
correct answers was used in both task conditions to model task complexity. Implicit masking 
and high-pass filtering were not applied in the first-level analysis, which are standard 
procedures for BOLD fMRI. Instead, an explicit mask was used consisting of the gray and 
white matter of the segmented brain. Because the ASL images contained artifacts in the 
highest and lowest planes, these parts were excluded from the explicit mask. Contrasts 
were created of both task conditions versus fixation cross, planning versus the counting 
condition and vice versa, and the parametric modulation of the planning condition.

Because the ASL sequence changed during the study due to a scanner upgrade, the 
histogram (i.e. image intensity range) of the contrast images was found to be different. 
Equalization of the intensity distribution of contrast-images was applied by taking the 25 
and 75% values of the cumulative histogram of the baseline beta-image (last column design 
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matrix), and using these values for histogram normalization of the contrast images. The 
mean control image created during realignment was co-registered to the anatomy, and the 
anatomy and histogram-normalized contrast-images were normalized to the T1 template 
of SPM. Because confounders cannot be added as multiple covariates to a non-parametric 
group analysis as described below, effects of the confounders were regressed from the 
contrast images before second level analysis. This regression included age, illness duration 
and PANSS General Psychopathology at baseline.

The residual contrast images were entered in a second level analysis using Statistical 
non-Parametric Mapping (SnPM).171 Analyses were done with a variance smoothing of 8 
mm FWHM, 5000 iterations, and no additional scaling. Out of brain voxels were removed 
by masking with the brain mask of SPM. Resulting pseudo-T maps were inspected at 
a threshold of p < 0.001, k > 40, pseudo-T > 3 (pseudo-T threshold to control for type-I 
errors). Contrasts of interest were: planning versus baseline, planning versus counting balls, 
and the parametric effect of task difficulty. 

First, pre-treatment task activation was investigated by entering the pre-treatment 
images of both groups in the One sample T-test option of SnPM. Next, to compare the 
effects of pre- versus post-treatment between groups, the pre and post images of both 
groups were analyzed with the SnPM PlugIn module “2 groups: test difference of response; 2 
conditions, 1 scan per condition”. To investigate if change of brain activation in a cluster was 
due to change in brain activation in the sham group, the active group or both, the activation 
in these clusters was plotted per group and condition. First, beta-images were created per 
group using the One sample T-test option of SnPM. Next, by using masks of every significant 
cluster in the initial analysis, the median beta-value per group and condition was plotted 
based on the beta-images of the one-sample T-tests (the pre-treatment sham group, the 
pre-treatment active group, the post-treatment sham group and the post-treatment active 
group).  

In order to analyze if brain activation was correlated to negative symptoms, the pre-
treatment images of both groups were analyzed in the SnPM PlugIn module “MultiSub: 
Simple Regression; 1 covariate of interest”, using the SANS baseline scores as a covariate. 
Next, to analyze if changes in brain activation were correlated to improvement of negative 
symptoms, the post images were subtracted from the pre images using SNPM ImCalc and 
the post SANS scores were subtracted from the pre SANS scores. Per treatment group (sham 
versus active), the subtracted images were analyzed in the SnPM PlugIn module “MultiSub: 
Simple Regression; 1 covariate of interest”, using the change in SANS scores as a covariate.  






