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Introduction

Schizophrenia is a chronic clinical syndrome with a lifetime prevalence of 0.3-.0.66%.1 
Schizophrenia is characterized by several psychopathologic domains, including positive 
symptoms, negative symptoms, affective and cognitive symptoms. The positive symptoms 
include psychotic symptoms such as hallucinations, delusions and disorganization of thought 
and behavior. Positive symptoms can often be diminished with antipsychotics and usually 
only occur periodically. Negative symptoms of schizophrenia include the flattening of affect, 
alogia, avolition, apathy and asociality. In contrary to positive symptoms of schizophrenia, 
negative symptoms often persist and about 25% of all patient with schizophrenia suffer 
from severe and persistent negative symptoms.2 Treatment options for negative symptoms 
of schizophrenia are limited and often yield disappointing results.3-5 The cognitive symptoms 
include deficits in working memory, executive functioning, processing speed and difficulty in 
paying attention. Cognitive symptoms are also enduring features of schizophrenia and may 
co-occur with negative symptoms. Positive symptoms, negative symptoms and cognitive 
symptoms are usually invalidating and interfere with every-day functioning of patients. 
Patients with schizophrenia have a decreased life expectancy of 12-15 years, mainly due to 
its association with smoking, the metabolic syndrome, obesity, little exercise and to a lesser 
extend an increased rate of suicide.1

 Schizophrenia is a heterogeneous syndrome, and the prognosis of schizophrenia varies. 
About one third of the patients have a good prognosis, one third an intermediate prognosis 
and one third a poor prognosis as expressed in symptomatology and social outcome.6 
Negative and cognitive symptoms of schizophrenia are associated with a poorer prognosis 
and may be a major cause of the functional impairment associated with schizophrenia.7 
Indeed, negative symptoms of schizophrenia have been associated with impaired work/
school functioning,8,9 poor social functioning8,10 and higher family burdens.11 Earlier research 
on schizophrenia focused on the positive symptoms of schizophrenia. However, the 
relationship of positive symptoms and functioning appears to be weak.9 It seems that positive 
symptoms do not constantly hamper a patients ability to work, study or engage in social 
activities. On the one hand this may be due to the available antipsychotics to treat positive 
symptoms, on the other hand patients may learn to cope with or adequately compensate for 
these symptoms. Whereas positive symptoms do not constantly hamper daily functioning, 
negative symptoms are associated with impairments in daily performance. Patients with 
predominant negative symptoms are often unemployed, the majority do not have long-
term intimate relationships or children, and they often experience problems in living 
independently and keeping their lives organized. Therefore it is important to investigate 
the cause and possible therapeutic interventions to diminish negative symptoms in order 
to improve social outcomes for people suffering from schizophrenia and related disorders. 
This thesis will focus on the negative symptoms of schizophrenia. It will discuss possible 
treatment options for negative symptoms and the underlying possible neural substrates of 
these symptoms.  
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Multidimensionality of negative symptoms

A distinction can be made between primary and secondary negative symptoms.12 Primary 
negative symptoms may compromise a core feature thought to be intrinsic to schizophrenia 
and often occur earlier in life than positive symptoms. Secondary negative symptoms refer 
to negative symptoms seemingly caused by other factors such as positive symptoms, side 
effects of medication or social isolation. For example, social withdrawal may be secondary 
to paranoid delusions, stigmatization may contribute to social isolation and a side effect 
of antipsychotic medication can be blunted affect or reduction of initiative.13 In clinical 
practice, it is difficult to make a clear distinction between primary and secondary negative 
symptoms. In addition, primary and secondary negative symptoms may co-exist. 
 Recently there has been a shift to an approach of negative symptoms based on 
symptom dimensions. Originally negative symptoms were considered to constitute 
one dimension, but several studies have found two, three and even five dimensions of 
negative symptoms.7,14,15 Most studies have found two factors in negative symptoms.7,15,16 
The first factor seems related to social-emotional withdrawal/avolition and the second 
factor to expressive deficits such as diminished verbal and non-verbal expression.7,15-17 
Interestingly, there is evidence that the social-emotional withdrawal/avolition factor, 
but not the expressive deficits factor, is related to deficits in anticipatory pleasure.18-20 
Acknowledging the multidimensionality of negative symptoms, and focusing on expressive 
deficits and social-emotional withdrawal/avolition as two separate domains can help to 
further improve diagnosis and treatment options and to better understand their underlying 
pathophysiology.16,17

Neural correlates of negative symptoms

For a better understanding of negative symptoms, the investigation of the underlying 
neurobiology is important. Several neuroimaging studies have found reduced activation 
of the prefrontal cortex (PFC), and more specifically in the dorsolateral prefrontal cortex 
(DLPFC), in patients with negative symptoms of schizophrenia.21-26 Also, decreased levels of 
perfusion of the thalamus and abnormalities in the anterior cingulate cortex (ACC) and the 
striatum have been found.27-30 Additionally, fMRI studies have shown a negative correlation 
between ventral-striatal activation during reward anticipation and apathy,31 and evidence 
for a relationship between dysfunctional striato-cortical connectivity and negative 
symptom severity.32 The PFC, ACC, the striatum and thalamus are brain regions involved in 
reward and motivation and abnormalities in information processing on the fronto-striatal 
networks may play a part in negative symptoms of schizophrenia. Also, decreased blood 
flow in the fronto-parietal network in patients with negative symptoms has been found.25,33 
Interestingly, the fronto-parietal network is implicated in attentional control and goal 
directed behavior.34,35 
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 The abnormal brain activity found may be reflected by changes in several 
neurotransmitters and thus in the neuronal metabolism in these brain regions. In the 
prefrontal cortex, dopaminergic transmission is primarily mediated by D1 receptors, and 
there is evidence of D1 dysfunction in patients with negative symptoms.36,37 Furthermore, a 
relationship between reduced N-Acetyl Aspartate (NAA) concentration in the frontal cortex 
and severity of negative symptoms has been found.38-40 In addition, there is evidence for a 
correlation of severity of negative symptoms and glutamate levels in the ACC.41 
 Thus, changes in several transmitters may be implied in the pathophysiology of 
negative symptoms. Dysregulation of the prefrontal-striatal-thalamic and fronto-parietal 
neurocircuits may be involved in the pathogenesis and maintenance of negative symptoms, 
but the underlying mechanism is not fully understood and further research is needed to 
better understand the underlying neural substrates. 

rTMS treatment of negative symptoms

As mentioned earlier, treatment options for negative symptoms of schizophrenia are 
limited and often yield disappointing results.3-5 A recent large meta-analysis on treatments 
of negative symptoms of schizophrenia including 168 randomized-placebo controlled 
trials found a significant reduction of negative symptoms after treatment with second-
generation antipsychotics, antidepressants, the combination of these pharmacological 
agents, glutamatergic medications and psychological interventions.42 However, the effect 
of treatment was limited, as none of the treatments reached the threshold for clinically 
significant improvement.42 
 Repetitive Transcranial Magnetic Stimulation (rTMS) is an emerging treatment option 
in psychiatry which has been approved by the Food and Drugs Administration for the 
treatment of major depressive disorder. It a relatively safe and non-invasive method to 
change neuronal activity via electromagnetic induction.43 By using alternating magnetic 
fields at a certain frequency it can induce an electric current in the brain tissue underlying 
the stimulation site. High-frequency rTMS increases local cortical excitability and low-
frequency rTMS decreases excitability. Besides changing brain activity in the directly 
stimulated area, rTMS has also shown to change brain activity in connected brain areas.44 
Using rTMS treatment to increase brain activity in the prefrontal cortex in patients with 
negative symptoms may adjust abnormalities in the fronto-striatal or fronto-parietal 
networks, thereby diminishing negative symptoms of schizophrenia. Up to date five meta-
analysis on rTMS treatment of negative symptoms have been published.42,45-48 One meta-
analysis involving five studies48 did not find a significant improvement of negative symptoms 
after rTMS. A meta-analysis on brain stimulation (both rTMS and Transcranial Direct-
Current Stimulation) including eight studies42 also did not find a significant improvement 
of negative symptoms after brain stimulation. The other three meta-analyses only 
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included studies using rTMS. One, including seven studies, found a trend for improvement 
of negative symptoms,47 the other two containing a larger number of studies (nine and 
thirteen) found a positive treatment effect.45,46 In conclusion, there is a growing body of 
evidence for the efficacy of rTMS treatment for negative symptoms of schizophrenia, but 
little is known about the optimum rTMS treatment parameters and underlying neuronal 
working mechanisms. 

The aims of this thesis are:

1)  To investigate the efficacy of treatment with rTMS for negative symptoms of 
schizophrenia, including the effects on brain activation. 

2) To investigate the underlying neural substrates of negative symptoms of schizophrenia

Outline of the thesis

This thesis focuses on the treatment of negative symptoms of schizophrenia with repetitive 
transcranial magnetic stimulation (rTMS) and on the underlying neural substrates of 
negative symptoms. The first section of the thesis, chapter 2-6, focus on rTMS treatment of 
negative symptoms of schizophrenia, including effects on brain activation of the treatment. 
The second section of the thesis, chapter 6 and 7, examines the underlying neural substrates 
of negative symptoms. 
 In the second chapter, a review of the literature and the results of a meta-analysis 
on the treatment of negative symptoms of schizophrenia with rTMS is presented and 
discussed. The third chapter presents the results of a double blind randomized control trial 
of rTMS treatment for negative symptoms of schizophrenia. The forth chapter presents and 
discusses the results of a combined rTMS treatment and fMRI neuroimaging study. The fifth 
chapter presents the results of a combined rTMS treatment and H-Magnetic Resonance 
Spectroscopy (MRS) study. 
 The second section, chapter 6 and 7, discusses the possible underlying neural substrates 
of negative symptoms of schizophrenia based on the results of two fMRI neuroimaging 
studies conducted in patients with schizophrenia and healthy controls. These studies also 
analyze the neural substrates of the two domains of negative symptoms. The eight and final 
chapter of this thesis include the summary and discussion. 
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Repetitive transcranial magnetic stimulation for negative 
symptoms of schizophrenia: review and meta-analysis
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Abstract

Background

Repetitive transcranial magnetic stimulation (rTMS) has been proposed as a treatment for
negative symptoms of schizophrenia. During the past decade, several trials have reported 
on the efficacy of rTMS treatment; however, the results were inconsistent.

Objective

To assess the efficacy of prefrontal rTMS for treating negative symptoms of schizophrenia.

Data sources

A literature search was performed in PubMed, Web of Science, and EMBASE for the years
1985 through July 2008. The search terms used (language not specified) were “transcranial 
magnetic stimulation”, “negative symptoms” and “schizophrenia”. A cross-reference search 
of eligible articles was performed to identify studies not found in the computerised search.

Study Selection

Studies selected were randomised controlled trials assessing the therapeutic efficacy of 
prefrontal rTMS for negative symptoms in schizophrenia.

Data Extraction

Effect sizes (Cohen’s d) of each study were calculated. The overall standardised mean
difference was calculated under a random effects model with 95% confidence intervals.

Data Synthesis

Nine trials, involving 213 patients, were included in the meta-analysis. The overall mean
weighted effect size for rTMS versus sham was in the small-to-medium range and statistically
significant (d=0.43; 95% CI, 0.05-0.80). When including only the studies using a frequency
of stimulation of 10 Hz, the mean effect size increased to 0.63 (95% CI, 0.11-1.15). When
including only the studies requiring participants to be on a stable drug regime before and
during the study, the mean weighted effect size decreased to 0.34 (95% CI, 0.01-0.67).
Studies with a longer duration of treatment (≥ 3 weeks) had a larger mean effect size when
compared to studies with a shorter treatment duration: d=0.58 (95% CI, 0.19-0.97) and 
d=0.32 (95% CI, -0.3-0.95), respectively.

Conclusions

The results of this meta-analysis warrant further study of rTMS as a potential treatment of
negative symptoms of schizophrenia.
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1. Introduction

Negative symptoms of schizophrenia include blunted affect, apathy, poverty of speech 
and social withdrawal. These symptoms predict an unfavourable clinical outcome and 
are often indicative of poorer social, occupational and global outcomes.4,49-51 Currently, 
treatment options to improve negative symptoms yield disappointing results. Antipsychotic 
medication has limited efficacy to improve negative symptoms.5,52

 Activation of the prefrontal cortex is impaired in people with schizophrenia.22,53-57 
Negative symptoms appear to be associated with this hypoactivity of the frontal cortex; 
in particular the dorsolateral prefrontal cortex (DLPFC) seems to be affected.24,58 High 
frequency repetitive transcranial magnetic stimulation (rTMS) (≥ 5 Hz) can increase cortical 
excitability.59,60 Thus, increasing brain activity in the DLPFC by using high frequency rTMS 
might prove an effective treatment of negative symptoms in schizophrenia. In addition, 
there is evidence that decreased dopamine release in the prefrontal cortex results in 
negative symptoms.61-64 Several studies in animals and humans found prefrontal rTMS 
can induce mesolimbic and mesostriatal dopamine release via excitatory corticostriatal 
projections.44,65-70 The mesolimbic pathway and the ventral striatal pathway are involved in 
feelings of reward (motivation) and reinforcement. The negative symptoms of schizophrenia 
include lack of motivation. Thus, in addition to high frequency prefrontal rTMS increasing 
prefrontal cortical excitability, prefrontal rTMS may also modulate the dopaminergic 
regulation in the brain of schizophrenic patients which may prove to be effective in the 
treatment of negative symptoms in schizophrenia. In the past decade, several studies have 
focused on finding a possible treatment for negative symptoms of schizophrenia by using 
prefrontal rTMS. Some studies reported a significant improvement,71-79 but others failed to 
prove a therapeutic effect of rTMS.80-84 Given the importance of negative symptoms for the 
outcome of schizophrenia, and given the fact that current treatment strategies have not 
yielded substantial improvement, it is of interest to examine the efficacy of novel treatment 
options. This meta-analysis aims to provide a quantitative review of studies on the efficacy 
of rTMS treatment of negative symptoms in schizophrenia.



Chapter 2 � Repetitive�transcranial�magnetic�stimulation�for�negative�symptoms�of�schizophrenia:�review�and�meta-analysis

16

2. Method

2.1. Literature Search and Study Selection

Studies were found by performing a literature search in PubMed, ISI Web of Science and 
EMBASE for the years 1985 through July 2008 and by conducting a cross-reference search 
of the eligible articles to identify additional studies not found in the electronic search. 
The search terms used (language not specified) were “transcranial magnetic stimulation”, 
“negative symptoms” and “schizophrenia”. The main outcome measure was reduction of 
negative symptoms as measured with the Brief Psychiatric Rating Scale (BPRS), the Scale 
for the Assessment of Negative Symptoms (SANS) or the negative symptom subscale of the 
Positive and Negative Syndrome Scale (PANSS). Criteria for inclusion in the meta-analysis 
were a parallel or crossover design with sham control in patients with schizophrenia, 
schizophreniform disorder, or schizoaffective disorder. However, in 2 studies, statistically 
significant improvement of negative symptoms after rTMS was maintained at 4 weeks 
follow-up.71,76 Therefore, crossover trials with a wash-out phase of less than 4 weeks were 
excluded. Only studies using rTMS of the prefrontal cortex were included. If there was 
insufficient information in the article to calculate the effect size, the corresponding author 
was contacted. Cohort studies without sham control and studies that did not provide 
sufficient data to permit calculation of effect sizes were excluded from the meta-analysis.

2.2. Statistical analysis

Individual effect sizes (Cohen d) of each study were calculated with reported significance 
values using the effect size program developed by Wilson.85 When data on different scales 
rating the same effect was available, the data were summarized, calculating a standardized 
mean difference. If no standard deviations were reported, we used the mean standard 
deviation of all the other studies as an estimate (this procedure was necessary for only 
1 study76). A random effects model was used, and the mean weighted effect size was 
calculated by using Review Manager 5.0 developed by The Cochrane Collaboration.86 
Individual effect sizes were weighed by the standard error of the estimate. Heterogeneity 
refers to variability among studies in a systematic review, which may be caused by clinical 
and methodological diversity. Significant heterogeneity limits a reliable interpretation 
of the results. Heterogeneity was assessed by using Tau-squared, chi-squared, and an 
I-squared tests. Potential publication bias was assessed by using a funnel plot.
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3. Results

Sixteen studies were found that reported empirical data regarding prefrontal rTMS 
treatment of schizophrenia.71-84,87,88 Nine studies fulfilled the inclusion criteria and were 
included in the treatment effect analysis.72,73,76,77,80-84 The study by Langguth et al74 was 
excluded because it reported on the same sample as Hajak et al,73 the latter including the 
largest sample size. The study by Rollnik et al88 was excluded because, although information 
was given concerning changes of the total BPRS after prefrontal rTMS, specific data about 
changes of the negative symptom cluster of the BPRS were not available. The study by Jin 
et al79 was excluded because the wash-out phase was 2 weeks.
 The included studies all had a parallel design and used the PANSS negative subscale 
or the SANS, or both, to measure pretreatment and posttreatment change. Information 
regarding the included studies is given in Table 1, and information regarding the excluded 
studies is given in Table 2. The studies included in the meta-analysis involved 213 patients, 
of whom 198 were diagnosed with schizophrenia and 15 with schizoaffective disorder. The 
mean weighted effect size for rTMS compared to sham treatment was 0.43 (95% CI, 0.05-
0.80) (Figure 1). There was, however, significant heterogeneity among individual effect sizes 
(Chi² = 16.69, P = 0.05). Visual assessment of the funnel plot showed asymmetry. The study 
by Goyal et al72 had a different research method compared to the other studies. This small 
study conducted among 10 patients found a large treatment effect after rTMS. Patients 
entering the study were drug-free or drug-naïve. After entering the study, patients were 
started on antipsychotic medication. The other studies included in the analyses required 
participants taking antipsychotic medication to be on a stable drug regimen before entering 
the study and for the duration of the study. When excluding the study by Goyal et al72 
from the analyses, the mean weighted effect size decreased to 0.34 (95% CI, 0.01-0.67) but 
remained significant. Furthermore, the heterogeneity disappeared and the funnel plot was 
symmetrical.
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Table 1. Studies Included in the M
eta-A

nalysis

Study
N

R
ati

ng Scale
Treatm

ent Setti
ngs

Locati
on

Total num
ber 

of pulses
D

urati
on, 

days
Eff

ect size 
PA

N
SS

Eff
ect size 

SA
N

S
Eff

ect size
Study 
design

R
andom

ly 
assigned

Schneider 
et al 
(2008) 76

51
SA

N
S

20 trains/d, 5 sec of 1 
H

z at 110%
 M

T, 15-sec 
intertrain interval

20 trains/d, 5 sec of 10 
H

z at 110%
 M

T, 15-sec 
intertrain interval

Left
 D

LPFC
2,000

20,000

20
0.28

0.58

0.28

0.58

Parallel
Yes

Fitzgerald 
et al 
(2008) 80

20
SA

N
S, PA

N
SS

20 trains/d/D
LPFC, 5 

sec of 10 H
z at 110%

 
M

T, 25-sec intertrain 
interval

Bilateral 
D

LPFC
30,000
(15,000 per 
side)

15 
0.19

0.89
0.54

Parallel
Yes

G
oyal et al 

(2007) 72

10
PA

N
SS

20 trains/d, 4,9 sec of 10 
H

z at 110%
 M

T, 30-sec 
intertrain interval

Left
 D

LPFC
9,800

10 
2.22

2.22
Parallel

Yes

Prikryl et al 
(2007) 77

22
SA

N
S, PA

N
SS

15 trains/d, 10 sec of 10 
H

z at 110%
 M

T, 30-sec 
intertrain interval

Left
 D

LPFC
22,500

15 
0.8

1.39
1.1

Parallel
Yes

M
ogg et al 

(2007) 83

17
PA

N
SS

20 trains/d, 10 sec of 10 
H

z at 110%
 M

T, 50-sec 
intertrain interval

Left
 D

LPFC
20,000

10 
0.22

0.22
Parallel

Yes

N
ovak et al 

(2006) 84

16
PA

N
SS

40 trains/d, 2.5 sec of 
20 H

z at 90%
 M

T, 30-sec 
intertrain interval

Left
 D

LPFC
20,000

10 
-0.29

-0.29
Parallel

Yes

H
ajak et al 

(2004) 73

20
PA

N
SS

20 trains/d, 5 sec of 10 
H

z at 110%
 M

T
Left

 D
LPFC

10,000
10 

1.05
1.05

Parallel
Yes

H
oli et al 

(2004) 81

22
PA

N
SS

20 trains/d, 5 sec of 10 
H

z at 100%
 M

T, 30-sec 
intertrain interval

Left
 D

LPFC
10,000

10
-0.47

-0.47
Parallel

Yes

Klein et al 
(1999) 82

35
PA

N
SS

2 trains/d, 60 sec of 1 
H

z at 110%
 M

T, 180-sec 
intertrain interval

Right PFC
1,200

10
0.1

0.1
Parallel

Yes

A
bbreviations: D

LPFC=dorsolateral prefrontal cortex, M
T=m

otor threshold, PA
N

SS=Positi
ve and N

egati
ve Syndrom

e Scale, PFC=prefrontal cortex, SA
N

S=Scale for the 
A

ssessm
ent of N

egati
ve Sym

ptom
s. 
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Table 2: Studies Excluded From the Meta-Analysis

Study N Rating scale Treatment settings Days
Reason for 
exclusion Study design

Randomly 
assigned

Jin et al 
(2006)79

27 PANSS α (8-13 Hz), 3 or 
20 Hz at 80% MT 
bilaterally over the 
DLPFC

10 Wash-out phase 
< 4 weeks 

Crossover Yes

Standford et 
al (2006)270

5 No data 20 Hz at 100% MT 
over the left DLPFC

No 
data

No control 
condition

Open label No

Sachdev et al 
(2005)75

4 PANSS 15 Hz at 90% MT 
over the left DLPFC

20 No control 
condition

Open label No

Jandl et al 
(2005)78

10 SANS 10 Hz at 100% MT 
over the left DLPFC

5 No control 
condition

Open label No

Langguth et al 
(2003)74

10 PANSS 10 Hz at 110% MT 
over the left DLPFC

10 Overlap with 
Hajak et al73

Double-
blind, sham-
controlled

Yes

Rollnik et al 
(2000)88

12 BPRS 20 Hz at 80% MT 
over the DLPFC 
of the dominant 
hemisphere

10 No data available 
on negative 
symptom cluster 
of the BPRS; 
wash-out phase 
< 4 weeks 

Crossover Yes

Cohen et al 
(1999)71

6 PANSS 20 Hz at 80% MT 
over the PFC

10 No control 
condition

Open label No

Abbreviations: BPRS=Brief Psychiatric Rating Scale, DLPFC=dorsolateral prefrontal cortex, MT=motor threshold, 
PANSS=Positive and Negative Syndrome Scale, PFC=prefrontal cortex, SANS=Scale of Assessment of Negative 
Symptoms

 In order to discover whether the frequency of stimulation had influence on the effect 
size, we calculated the mean effect size of the 7 studies that used a frequency of stimulation 
of 10 Hz. The mean effect size increased to 0.63 (95% CI, 0.11-1.15), but the heterogeneity 
was significant (Chi² = 12.96, P = 0.04) (Figure 2). When excluding the study by Goyal et al72 
from the analyses, the mean weighted effect size was 0.5 (95% CI, 0.03-0.96), and, again, 
the heterogeneity disappeared. We also compared studies with a duration of treatment 
of less than 3 weeks (6 studies) to those applying treatment during 3 weeks or longer (3 
studies). The mean effect sizes were 0.32 (95% CI, -0.3-0.95) and 0.58 (95% CI, 0.19-0.97), 
respectively.
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Figure 1. Meta-Analysis of Randomized Trials of Repetitive Transcranial Magnetic Stimulation for 
Negative Symptoms of Schizophrenia

 To assess the influence of the rating scale used, we calculated the mean weighted effect 
size as measured by the negative subscale of the PANSS and the SANS separately. The mean 
weighted effect size as measured by the negative subscale of the PANSS was 0.35 (95% CI, 
-0.12-0.82; K=8, N=172). When excluding the study by Goyal et al72 from the analyses, the 
mean weighted effect size was 0.22 (95% CI, -0.17-0.61; K=7, N=162). The mean weighted 
effect size as measured by the SANS was 0.73 (95% CI, 0.26-1.19; K=3, N=93).

Figure 2. Meta-Analysis of Randomized Trials of 10-Hz Repetitive Transcranial Magnetic Stimulation 
for Negative Symptoms of Schizophrenia

4. Discussion

The results of this meta-analysis provide evidence that high-frequency rTMS of the DLPFC 
may be beneficial in the treatment of negative symptoms in schizophrenia. Although the 
overall treatment effect size of 0.43 was small, it did approach the medium range according 
to the nomenclature of Cohen,89 in which d=0.2 is considered a small effect size and d=0.5 is 
considered a medium effect size. The effect size was smaller than that reported for a meta-
analysis of 10 studies regarding 1 Hz rTMS over the left temporoparietal cortex for reducing 
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auditory hallucinations in schizophrenia, which was 0.76.90 In general, other treatments, 
such as antipsychotics, have also been more successful in targeting positive than negative 
symptoms of schizophrenia. There was significant heterogeneity, and the funnel plot was 
asymmetric. When excluding the study applying a research method different from the other 
studies, the overall treatment effect decreased to 0.34 and the heterogeneity disappeared. 
The funnel plot was then symmetrical. An important question is how the mean effect 
size for TMS compares to the effect of antipsychotics. A meta-analysis on the treatment 
of negative symptoms with antipsychotic medication found antipsychotics to be more 
effective than placebo. However, all the effect sizes found were small, the mean effect sizes 
as measured by the Pearson’s correlation coefficients ranging between 0.17–0.21.3 When 
considering the working mechanism of TMS, this differs from antipsychotics. Specifically, 
rTMS might address neurobiological mechanisms relevant for negative symptoms that have 
not been targeted by antipsychotics. High frequency rTMS (≥ 5 Hz) can increase cortical 
excitability and thereby increase brain activity in the DLPFC and, in addition, may induce 
mesolimbic and mesostriatal dopamine release.59 It is important to note that an advantage 
of rTMS above antipsychotic medication might be the mild side effects of rTMS. Adverse 
effects of rTMS are mainly limited to discomfort due to twitches of scalp muscles during 
stimulation in some people and headache up to several hours after stimulation (which can 
be treated with acetaminophen). This suggests that rTMS might be more effective than 
current antipsychotic medication. However, caution is needed when interpreting these 
results as the evidence base (number of published studies) for antipsychotics is large, but 
the evidence base for rTMS still rather limited. 
 Interestingly the mean effect size increased to 0.63 when including only those studies 
using a frequency of 10 Hz. The study included in the meta-analyses that used a higher 
frequency stimulation of 20 Hz showed a better treatment effect in the placebo group 
than in the verum group.84 This difference, however, did not reach significance. The study 
using lower frequencies of stimulation of 1 Hz also found no significant treatment effect.76,82 
Although the study by Jin et al79 could not be included in the analyses because the wash-
out phase was less than 4 weeks, the findings are of interest. Jin et al79 performed a cross-
over trial and found that rTMS stimulation set at each patient’s peak alpha frequency 
EEG, which varies between 8-13 Hz, produced a significantly larger therapeutic effect on 
negative symptoms in schizophrenia when compared to sham rTMS, 3 Hz rTMS, or 20 Hz 
rTMS. Considering that a frequency of 10 Hz lies within the peak alpha frequency band, this 
may explain the larger treatment effect found in the 10-Hz group in comparison with the 
1-Hz and 20-Hz groups. 
 The larger mean effect size found in the group receiving a longer duration of rTMS 
treatment suggests a possible dose-response relationship. A meta-analyses comparing the 
recent versus the earlier prefrontal rTMS studies on depression found the more recent 
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rTMS clinical trials showed larger antidepressant effects than the earlier trials.91 The recent 
studies used more rTMS sessions. 
 Finally, hypoactivity and hypometabolism in the prefrontal cortex have been suggested 
to underlie cognitive dysfunction in schizophrenia.24,58 In 5 studies, cognitive assessments 
were administered before and after the rTMS.71,76,80,83,84 One study found a significant 
improvement in a delayed visual memory task, and another study found better delayed 
recall on a test of verbal learning at 2-week follow-up in the rTMS group.71,83 Three studies 
did not find any significant improvement in cognitive functioning.76,80,84 Thus, although the 
putative beneficial effect of rTMS on cognition remains unclear, it is at least apparent that 
no adverse effects on cognition were observed.
 The underlying working mechanism of the rTMS remains unclear. The 2 studies that 
combined rTMS treatment with Single Photon Emission Computed Tomography (SPECT) 
scans did not detect any changes in regional cerebral blood flow.71,73 However, 1 EEG study 
found a significant cortical activation upon the improvement of negative symptoms.78 SPECT 
scanning is not as accurate as positron emission tomography (PET) scanning and functional 
magnetic resonance imaging (fMRI). The latter offers the best approach to analyze brain 
activity and detect changes in brain activity; it has better spatial and temporal resolutions. 
Considering the above, functional imaging studies using fMRI or PET scanning to assess 
possible changes in brain activity are needed. Finally, rTMS of the prefrontal cortex has 
been found to decrease depressive symptoms in patients diagnosed with a depression. Yet, 
the improvement of negative symptoms could not be accounted for by an antidepressant 
action of the rTMS.72,73,76

 The most effective combination of rTMS parameters has not yet been determined. The 
studies in this meta-analysis differed in rTMS stimulation site (right prefrontal cortex, left 
prefrontal cortex, and bilateral stimulation), frequency, stimulation intensity, number of 
trains per session, duration of each train and duration of treatment. Seven studies applied 
stimulation to the left DLPFC, 1 study stimulated the left and right DLPFC and one study 
stimulated the right prefrontal cortex. The DLPFC was defined as 5 cm anterior and in a 
parasagittal plane from the point of maximal stimulation of the abductor pollicis breves. 
Herwig et al92 found that this method for locating the DLPFC was not precise anatomically 
- only in 7 of 22 subjects (12 healthy subjects and 10 depressed patients) was the DLPFC 
targeted correctly in this manner. Functional targeting by applying navigating procedures 
to locate the DLPFC takes individual anatomic differences into account and may increase 
treatment effect. In addition, further research is required to determine the optimal rTMS 
stimulation site - right, left or bilateral prefrontal rTMS.93 Neuroimaging studies have found 
hypoactivity in both the right and the left DLPFC. Most studies applied rTMS to the left 
DLPFC. One study80 included in our meta-analysis studies the effect of bilateral rTMS. The 
study found a trend for a treatment effect in the rTMS group as compared to the placebo 
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group based on the SANS data, but this difference did not reach statistical significance. Yet, 
in an exploratory analysis, a greater reduction in scores on the autistic preoccupation scale 
of the PANSS in the rTMS group was noted.80 Finally, it is important to mention the studies 
differed in the total number of pulses administered. We suggest future studies should 
control for the number of pulses administered.
 For measurement of the treatment effect, studies applied the PANSS and/or the SANS, 
both of which are semi-structured interviews. Both instruments have adequate construct 
and concurrent validity, good internal consistency reliability, moderate test-retest reliability 
and interrater reliability coefficients ranging from moderate to high.94-101 However, the 
rating scales may differ in the amount of information obtained for the negative syndrome 
and the extent to which cognitive functioning is estimated. For example, the ‘attentional 
impairment’, ‘inappropriate affect’, and ‘poverty of content of speech’ items of the SANS 
may be more closely related to cognitive dysfunction than negative symptoms.2 The National 
Institute of Mental Health- Measurement and Treatment Research to Improve Cognition in 
Schizophrenia (NIMH-MATRICS) consensus statement102 on negative symptoms agreed that 
the SANS is preferred to the PANSS in research focusing on negative symptoms because the 
SANS covers multiple domains and multiple items in each domain. The 6 earliest studies 
included in our analysis used the negative subscale of the PANSS, 2 more recent studies 
used both rating scales and latest study included in the analysis used the SANS. The mean 
weighted effect size as measured by the SANS was larger in comparison with the negative 
subscale of the PANSS. The more recent studies had a better study design and longer 
treatment duration, partially explaining the difference found. Two studies included in the 
analyses used both rating scales.77,80 In both studies the treatment effect as measured by 
the negative subscale of the PANSS was smaller in comparison with the treatment effect 
as measured by the SANS. Indeed, it has been suggested that the SANS is more sensitive to 
change than the negative subscale of the PANSS.103

 Another important issue to address is that, in all studies, all or at least a substantial 
proportion of the patients enrolled were using psychoactive drugs. The study by Holi 
et al,81 which had a negative effect size, was carried out on chronically, severely ill and 
hospitalized patients, often using high dosage of medication, including benzodiazepines 
and anticonvulsant drugs. Anticonvulsant drugs reduces the intracortical excitability and 
raise the motor threshold.104,105 This activity may decrease the effect of rTMS treatment 
in patients using anticonvulsant drugs, corresponding with the results published by 
Hoffman et al.106 Antipsychotics block dopamine and may thus interfere with the putative 
mechanisms of rTMS, i.e. to increase mesolimbic and mesostriatal dopamine release.44,65-70 
Combining prefrontal rTMS with a third-generation antipsychotic such as aripiprazole 
would be interesting in this regard, as third-generation antipsychotics are partial dopamine 
agonists. However, one should note that each study titrated the dose according to each 
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individual motor threshold, which may compensate for medically induced changes in 
cortical excitability.
 An important and potentially confounding variable to address is the sham condition. 
An ideal sham condition in rTMS studies would mimic the clicking sound of the real rTMS 
coil and cause the same scalp or facial sensation caused by the real rTMS coil but induce 
no therapeutic effect. The studies in our analysis applied different methods for sham 
stimulation. In most of the studies, the coil was tilted off the scalp by 45 or 90 degrees, 
with 1 or 2 wings of the coil touching the scalp. This method may produce similar tactile 
sensations and the same clicking sounds as the real rTMS treatment. However, this methods 
can stimulate the cortex and, as a consequence, may induce a therapeutic effect.107,108 Some 
studies used a sham coil system that imitates the clicking sound of the real rTMS coil but 
does not induce a magnetic field, or blocks the magnetic field so that it does not pass the 
skull. The latter system, however, does not cause scalp or facial sensation, in contrast to the 
real rTMS coil.
 Finally, an important limitation of this meta-analysis is the small number of included 
studies (9) and total number of subjects (213). Larger randomized controlled trials are 
needed to further establish the clinical significance of this treatment and to systematically 
vary TMS parameters.
 In conclusion, this meta-analysis suggests that prefrontal rTMS might be a beneficial 
treatment for negative symptoms of schizophrenia. A frequency of stimulation of 10 Hz and 
a duration of treatment of at least 3 weeks enhances treatment effect. Randomized clinical 
trials with larger samples are needed to further establish clinical efficacy and to determine 
the most effective combination of rTMS parameters. In addition, it is important to further 
optimize the TMS technique by, for example, developing more valid sham conditions and 
by controlling the coil-to-cortex distance.109,110 Finally, neuroimaging studies using fMRI or 
PET scans before and after rTMS treatment may be informative to elucidate underlying 
mechanisms of action of rTMS treatment.

Previous presentation

Preliminary results of this meta-analysis were presented at the 1st Schizophrenia International 
Research Society Conference; June 21-25, 2008; Venice, Italy. 
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Abstract

Background

Few studies have investigated the efficacy of repetitive Transcranial Magnetic Stimulation 
(rTMS) treatment for negative symptoms of schizophrenia, reporting inconsistent results. 
We aimed to investigate whether 10 Hz stimulation of the bilateral dorsolateral prefrontal 
cortex during 3 weeks enhances treatment effects. 

Method

A multicenter double-blind randomized controlled trial was performed in 32 patients with 
schizophrenia or schizoaffective disorder, and moderate to severe negative symptoms 
(Positive and Negative Syndrome Scale (PANSS) negative subscale ≥ 15). Patients were 
randomized to a 3-week course of active or sham rTMS. Primary outcome was severity of 
negative symptoms as measured with the Scale for the Assessment of Negative Symptoms 
(SANS) and the PANSS negative symptom score. Secondary outcome measures included 
cognition, insight, quality of life and mood. Subjects were followed up at 4 weeks and at 3 
months. For analysis of the data a mixed effects linear model was used. 

Results

A significant improvement of the SANS in the active group compared with sham up to 
3 months follow-up (p=0.03) was found. The PANSS negative symptom scores did not 
show a significant change (p=0.19). Of the cognitive tests, only one showed a significant 
improvement after rTMS as compared with sham. Finally, a significant change of insight was 
found with better scores in the treatment group. 

Conclusions

Bilateral 10 Hz prefrontal rTMS reduced negative symptoms, as measured with the SANS. 
More studies are needed to investigate optimal parameters for rTMS, the cognitive effects 
and the neural basis.
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1. Introduction

Negative symptoms of schizophrenia include apathy, anhedonia, blunted affect, alogia, and 
avolition. These symptoms are an important predictor of poor functional outcome111-113 by 
negatively influencing patients’ ability to perform activities of daily living, or maintain stable 
relationships and employment. Although a majority of schizophrenia patients suffer from 
negative symptoms, current treatment options yield disappointing results.3-5 Studies have 
suggested that dysfunctioning of the prefrontal cortex, in particular hypofunctioning of 
the dorsolateral prefrontal cortex (DLPFC), may be part of the pathophysiology of negative 
symptoms.24,114-116 
 Neuroimaging studies have found negative symptoms to be associated with left DLPFC,117 
and right DLPFC dysfunction,22,24 and also with bilateral DLPFC dysfunction.23,25 Also, several 
studies have found negative symptoms to be associated with a diminished blood flow in 
the fronto-parietal brain circuits.25,33 Impairment of fronto-striatal brain circuits has also 
been implicated in negative symptoms of schizophrenia.118 In conclusion, hypoactivity of 
the DLPFC and dysfunctioning of the frontal-parietal and fronto-striatal brain network may 
be associated with negative symptoms of schizophrenia. 
 The neuromodulation technique repetitive Transcranial Magnetic Stimulation (rTMS) 
may be useful in adjusting impaired functioning within the fronto-parietal and fronto-
striatal networks. rTMS is a relatively safe and non-invasive method43 that uses alternating 
magnetic fields to induce an electric current in the underlying brain tissue. By administering 
high frequency rTMS to the DLPFC it is possible to increase brain activity locally and in 
connected brain areas. Animal studies have found that high frequency rTMS resulted in 
persistent effects on NMDA (N-methyl-D-aspartate) and 5-HT1A (5-hydroxytryptamine 
receptor 1A) binding sites,119 up regulation of beta-adrenergic receptors in the frontal cortex, 
down regulation of these receptors in the striatum and down regulation of 5-HT2 receptors 
in the frontal cortex.120 In healthy humans, several positron emission tomography studies 
have been performed after rTMS was administered to the DLPFC. One study found rTMS 
of the DLPFC to increase regional cerebral blood flow in several prefrontal cortical areas 
apart from the directly stimulated area, including the ventrolateral prefrontal cortex.121 
Another study found rTMS of the DLPFC moderated dopamine release in the ipsilateral 
caudate nucleus.44 Finally, one study found that rTMS of the left DLPFC modulated aspects 
of tryptophan/5-HT metabolism in limbic areas.122 So, besides increasing brain activity of 
prefrontal cortical areas, rTMS of the DLPFC may also modulate brain metabolism in the 
prefrontal cortex, the limbic lobe and in the striatum, which in turn may positively influence 
negative symptoms of schizophrenia.
 In 1999 the first pilot study was performed using rTMS of the prefrontal cortex to 
improve negative symptoms.71 Subsequently, a number of studies have been conducted, 
mostly targeting the left DLPFC. Recently, three meta-analyses on rTMS treatment for 



Chapter 3 � Efficacy�of�bilateral�repetitive�transcranial�magnetic�stimulation�for�negative�symptoms�of�schizophrenia

30

negative symptoms of schizophrenia were published. One meta-analysis of 7 studies, found 
a trend for improvement of negative symptoms.47 The other, including 9 studies, found a 
small to medium positive effect.45 Sub-analyses revealed that a longer treatment duration 
(≥ 3 weeks) at a frequency of 10 Hz enhanced treatment effects.45 The third, including 13 
studies, found a moderate positive effect.46 Sub-analyses revealed that stimulating the left 
DLPFC at a frequency of 10 Hz, and at 110% of the motor threshold during 3 consecutive 
weeks were the best rTMS parameters for the treatment of negative symptoms.46

In this multicenter double-blind randomized controlled trial, we aimed to assess the 
effect of 3 weeks of 10 Hz rTMS treatment of the bilateral DLPFC for negative symptoms 
of schizophrenia. Our primary hypothesis was that bilateral high-frequency rTMS would 
reduce negative symptoms severity more than the sham condition. Our secondary 
hypothesis was that bilateral high-frequency rTMS would improve cognition, insight, 
quality of life and mood more than sham stimulation. We administered rTMS to the left 
DLPFC in the morning and rTMS to the right DLPFC in the afternoon. It has been suggested 
that a larger number of pulses are more effective.123 In our study we applied a total amount 
of 60 000 pulses, which is at least twice the amount of any earlier published rTMS study for 
negative symptoms.71-73,75-84,124-126 Negative symptoms were measured using the Scale for the 
Assessment of Negative Symptoms (SANS)95 and negative symptoms subscale of the Positive 
and Negative Syndrome Scale (PANSS).96 Since rTMS might also have an antidepressant 
effect,127 we controlled for depressive symptoms as measured by the Montgomery Åsberg 
Depression Rating Scale (MÅDRS).128 

2. Method 

2.1. Participants

During the period of February 2009 to February 2013, forty-seven participants 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). Recruitment of the trial ended after 
inclusion of the required 32 patients for analysis. From the recruited patients, seven did 
not meet the inclusion criteria and six declined to participate. Two patients withdrew from 
the study after baseline testing but before randomization, the first due to exacerbation 
of psychotic symptoms and the second because she thought the rTMS treatment twice 
daily would be too strenuous. All patients were 18 years or older, and met the DSM-IV 
criteria for schizophrenia or schizoaffective disorder, which was confirmed by a trained 
interviewer, using the Schedules for Clinical Assessment in Neuropsychiatry (SCAN 2.1).129 
Patients were included if they had moderate negative symptoms, i.e. a score of 15 or more 
on the negative subscale of the PANSS. All patients were stable on medication for six weeks 
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prior to participating in the study and for the duration of the study. Exclusion criteria were 
rTMS and magnetic resonance imaging (MRI) contraindications, neurological disorders (e.g. 
epilepsy), head injury 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. Participants gave oral and written consent 
after the procedure had been fully explained. The study was executed in accordance with 
the declaration of Helsinki and approved by a licensed local medical ethical committee 
(METC-UMCG).
 There were two treatment locations, one at the UMCG and one at the long-term 
psychiatric care facility of Lentis in Zuidlaren. In the UMCG, both in- and outpatients (n=23) 
from the four participating institutions were treated. Outpatients were admitted to an 
inpatient care unit for the duration of the trial, when daily travel to the UMCG was too 
demanding. In Zuidlaren, only patients living in the long-term care facilities (n=9) were 
treated and remained there for the duration of the rTMS treatment. 

2.2. Study design

The study was a multicenter double-blind randomized controlled trial with two co-
operating centers (UMCG and Lentis). Patients were randomized to receive either active 
(n=16) or sham rTMS (n=16) treatment. Allocation concealment was achieved by using 
sequentially numbered sealed envelopes, containing tokens that were randomly allocated 
by an independent colleague. The envelopes were opened just before the first treatment 
session by the researcher. Only the researcher and the trained nurses who administered 
the rTMS were aware of the treatment condition. The rater and the patients were blinded 
to treatment. The rTMS treatment was delivered twice daily. In the morning the left DLPFC 
was stimulated and in the afternoon the right DLPFC, with a minimum of five hours between 
two sessions. This interval of 5 hours between sessions was applied to reduce the risk of an 
epileptic seizure, as 2000 pulses were administered per hemisphere per treatment session. 
The rTMS treatment was carried out for three weeks, Monday to Friday, for a total of 30 
treatment sessions. Clinical ratings were performed at baseline, after the rTMS treatment, 
at 4 weeks follow-up and at 3 months follow-up. Treating psychiatrists were requested to 
maintain the treatment constant for the duration of the trial and to report any unforeseen 
changes in 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. After three months, when the trial period had ended, patients were de-blinded to 
their treatment condition, and offered to receive real treatment if they were allocated to 
the sham condition.
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2.3. rTMS protocol

rTMS was administered by using a Medtronic MagPro X100 stimulator (Medtronic, USA) 
with a 75 mm figure-eight coil. Motor threshold was determined in patients who were 
allocated to the active treatment condition. We did not determine the motor threshold in 
the sham group, since it may have de-blinded the participants to their treatment condition. 
The resting motor threshold is defined as the minimum intensity to induce a noticeable 
movement of the dominant hand in five out of ten pulses administered on the contralateral 
primary motor cortex.130 Patients were stimulated with 20 trains of 10 seconds at a frequency 
of 10 Hz, with an inter-train interval of 50 seconds. The long duration of stimulation (10 
seconds) may increase seizure risk. In order to decrease the risk of an epileptic seizure, 
stimulation intensity was set at 90% of the motor threshold and the inter-train interval was 
set at 50 seconds. Thus, per session, 2000 pulses were delivered with a total of 60 000 
pulses per treatment course. The F3 and F4 locations from the EEG 10–20 system were used 
to target the bilateral DLPFC.131 For sham stimulation, we tilted the coil 90° off the scalp with 
two wings of the coil touching the scalp.
 rTMS treatments were only administered by trained nurses, under medical supervision 
of a psychiatrist. A physician was always on call and available within 5 minutes in case of any 
adverse events. Moreover, a rectiole with diazepam was ready in the treatment room.

2.4. Clinical measures

Negative symptoms were assessed using the semi-structured interviews SANS and 
PANSS. The MADRS was administered to rate depressive symptoms. To measure insight, 
the Birchwood Insight Scale was used.132 This 8-item self-report scale measures three 
dimensions of insight: awareness of illness, relabeling of symptoms as pathological, and 
need for treatment. Quality of life was measured with the World Health Organization 
Quality of Life-BREF (WHOQOL-BREF).133 This 26-item self-report questionnaire developed 
by the WHO generates scores for the physical, psychological, social, and environmental 
domains. Two additional questions cover the subject’s overall perception of quality of life 
and the subject’s overall health perception. 

2.5. Neuropsychological tests

A number of neuropsychological tests were conducted to assess cognitive functioning 
at baseline, post-treatment and at 4 weeks follow-up. Besides processing speed and 
memory as a general index of brain function, tests were selected with a focus on executive 
functioning (i.e. relying on frontal cortex function). These tests included the Digit Symbol 
Substitution Test (DSST)134 which is a WAIS-III subtest, the Trail Making Test (TMT) Part A 
and B,135 a computerized version of the Wisconsin Card Sorting Test (WCST),136 the Dutch 
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version of the Rey Auditory Verbal Learning Test (RAVLT)137,138 and the Verbal Fluency 
Test. The computerized version of the WCST could not be administered to the first six 
participants due to delayed delivery by the supplier. The semantic Verbal Fluency Test was 
conducted among a subgroup of 20 patients, initially only the letter Verbal Fluency Test was 
administered. For the semantic verbal fluency, the categories animals and professions were 
applied. For the letter fluency task three parallel versions were used with similar levels 
of difficulty. Premorbid intelligence was estimated with the National Adult Reading Test-
Nederlandse Leestest voor Volwassenen (NART-NLV)139 and level of education was defined 
according to the scoring system of Verhage.140 Raw scores were converted to standardized 
scores using normative data provided in the test manual.

2.6. fMRI procedure

An fMRI scan was made before and after three weeks of rTMS treatment, the results of the 
fMRI analyses will be discussed in other papers.

2.7. Power calculation

We performed a power calculation prior to inclusion to determine sample size. A previous 
study using the most similar study design and rTMS parameters77 found significant treatment 
effects measured with the SANS and PANSS negative symptom subscale, with an effect size 
of 1.21. By including 16 subjects in each condition, a power of > 0.91 would be achieved. 

2.8. Data analysis

Differences in demographic characteristics and baseline data between the two treatment 
groups were tested with independent t tests. Chi-square tests were applied to the nominal 
variables and the Mann-Whitney U test to test for differences in antipsychotic medication 
dose. 
 For the SANS, the negative symptom subscale of the PANSS, the MADRS, the Birchwood 
insight scale, the WHOQOL-BREF, and the neuropsychological tests, a population-averaged 
linear mixed model was fitted to the data after baseline. The three repeated measures 
(post-treatment, 4 weeks follow-up, 3 months follow-up) of each patient were treated 
as observations from a three-dimensional normal distribution, using time as categorical 
variable and assuming an unstructured covariance matrix. To correct for differences at 
baseline we included the baseline scores as a covariate in the analyses of all outcome 
measures. In order to correct for the effect of rTMS on depressive symptoms, each subjects’ 
three post-treatment scores on the MADRS were added as a covariate in the analysis of the 
SANS and for the negative subscale of the PANSS. For each analysis, we investigated whether 
the effect of treatment was consistent during the follow-up periods, which we tested with 
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a group-by-time interaction in the post-treatment scores. If the effect of treatment did 
not differ between the time periods, we assumed that the effect of treatment remained 
constant on all time points after treatment. A p-value of 0.05 was chosen as the criterion 
for statistical significance. All analyses were conducted with IBM SPSS Statistics 20.0 (USA).
 In addition, we conducted an exploratory analysis on quality of life as measured by the 
WHOQOL-BREF excluding patients from our analysis with very poor insight, because we 
assumed patients with high disease insight were able to realize changes in their restrictions 
in daily living more clearly than patients with low insight.141,142

2.9. Trial registration

The trial is registered in the Nederlands Trial Register under the name of ‘Effect of high 
frequency rTMS on negative symptoms and cognitive functioning in schizophrenia’ (no. 
NTR1261; http://www.trialregister.nl/trialreg/admin/rctview.asp?TC=1261). The full trial
protocol is available from the corresponding author.

3. Results

3.1. Demographic and clinical characteristics

Table 1 shows the demographic and baseline clinical characteristics of the 32 participants. 
Mean age was significantly higher in the active group (mean = 41.8, S.D.= 11.6) than in the 
sham group (mean = 32.3, S.D.= 9.7) (p=0.02). Also, a significant difference in baseline SANS 
scores (p=0.049) between the active (mean = 56.6, S.D.= 15.7) and the sham (mean = 44.6, 
S.D.= 17.3) group was found. Finally, there was a significant difference in baseline PANSS 
General Psychopathology (p=0.03) between the active (mean = 34.8, S.D.= 8) and the 
sham (mean = 29.2, S.D.= 5.2) group. There were no significant differences in the remaining 
characteristics.

Table 1: Demographic and baseline clinical characteristics.

Real TMS (n=16) Sham TMS (n=16) P-value

Age (years) 41.8 (11.6) 32.3 (9.7) 0.018

Sex (m/f) 14/2 12/4 0.654

Education (Verhage) 4.8 (1.8) 5.4 (1.1) 0.261

Nationality 0.386

Dutch 14 15

Iranian 1 -

Congolese - 1

Surinamese 1 -

Age of onset 26.1 (7.4) 22.4 (6.1) 0.135
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Diagnosis (SCAN)

Schizophrenia 15 16

Schizoaffective disorder 1 -

Illness duration (in months) 188 (121) 119 (107) 0.099

D2-receptor occupancy* 0.555

1st quartile - -

2nd quartile 3 4

3rd quartile 7 3

4rd quartile 6 9

Type of medication:

Clozapine 6 6

Olanzapine 4 3

Risperidone 3 3

Paliperidone 1 -

Aripiprazole 2 4

Haloperidol 1 1

Other classical 1 1

Antipsychotic polypharmacy 3 5

In/Out patient 8/8 13/3

Motor threshold** 59.4 (3.4) -

SANS 56.6 (15.7) 44.6 (17.3) 0.049

PANSS Negative 20.6 (3.7) 19.7 (5.4) 0.570

PANSS Positive 13.0 (4.1) 12.6 (4.3) 0.770

PANSS General Psychopathology 34.8 (8.0) 29.2 (5.2) 0.027

MADRS 20.7 (9.3) 14.6 (8.7) 0.064

WHOQOL-BREF 299 (41) 317 (41) 0.220
Data are given as mean (S.D.) or as number of patients.
TMS, Transcranial magnetic stimulation; S.D., standard deviation; SCAN, Schedules for Clinical Assessment in 
Neuropsychiatry; SANS, Schedule for the Assessment of Negative Symptoms; PANSS, Positive and Negative 
Syndrome Scale; MADRS, Montgomery–Åsberg Depression Rating Scale; WHOQOL-BREF, World Health 
Organization Quality of Life-BREF.
* Dopamine D2 receptor occupancy as a percentage was estimated for each participant according to the 
prescribed dose of antipsychotic medication.271 Next, the 0–100% range was divided in quartiles (1st quartile, 
0–25%; 2nd quartile, 26–50%; 3rd quartile, 51–75%; 4th quartile, 76–100% quartile). In accordance to their D2 
receptor occupancy percentage, participants were allocated to the corresponding quartile. Antipsychotic effect 
occurs at occupancies between 65 and 80%, while receptor occupancies above 80% may elicit extrapyramidal 
side effects.272

**Some data are missing.

Table 1: Demographic and baseline clinical characteristics (continued).

Real TMS (n=16) Sham TMS (n=16) P-value
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3.2. rTMS safety, tolerability and blinding

All participants tolerated the rTMS treatment well and completed the entire trial. No 
serious adverse events occurred. Common reported side effects were twitching of the 
facial muscles during rTMS stimulation and transient mild headache after rTMS stimulation. 
The blinding process was successful, since in both groups ten patients thought they 
had received the active rTMS treatment, five patients thought they had received sham 
stimulation and one patient did not know which treatment he or she was allocated to. 

3.3.  Primary outcome measure: Negative symptoms

Figure 1 shows the estimated means of the SANS scores over time, corrected for baseline 
SANS and MADRS. Figure 2 shows the percentage change between the baseline and the 
mean of the post-treatment measurements for the active and sham groups. Table 2 displays 
the scores on the clinical outcome measures at all four time points and the results of the 
statistical analysis. 

Figure 1. Total Scale for the Assessment of Negative Symptoms (SANS) scores at baseline, post-
treatment, 4 weeks and 3 months per treatment arm, corrected for baseline SANS (50.63) and 
Montgomery–Åsberg Depression Rating Scale (MADRS) (17.6). Data are means, with standard errors 
represented by vertical bars. 

sham stimulation
active stimulation
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 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=0.03, F=5.33) was 
found. In the post-treatment period, there was no significant group by time interaction 
and therefore the effect was considered consistent across the complete post-treatment 
period (p=0.71). The post-treatment SANS scores were 7.6 points lower in the active group 
as compared to the sham group, a reduction of 15%. Without correcting for depressive 
symptoms, the effect remained significant (p=0.049, F=4.19).
 There was no significant improvement on the PANSS negative symptom scores (p=0.19, 
F=1.84). This lack of effect was consistent across the complete post-treatment period 
(p=0.93). 

Figure 2. Scale for the Assessment of Negative Symptoms (SANS) percentage change between the 
baseline and mean of the post-treatment measurements for the active and sham groups.
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Table 2. Clinical outcome at baseline, end of the treatment, four weeks and three months follow-up.

Pre treatment 
scores Post treatment scores

Groups

Baseline
End of 

treatment
4 Weeks 

follow-up
3 Months 
follow-up

Mean SD Mean SD Mean SD Mean SD F P

SANS

Active 
(n=16)

56.6 (15.7) 51.1 (19.6) 46.9 (17.6) 48.1 (18.8)

5.33 0.03
Sham 
(n=16)

44.6 (17.3) 45.3 (18.7) 43.9 (17.8) 40.9 (19.7)

PANSS negative

Active 
(n=16)

20.6 (3.7) 19.3 (5.2) 18.2 (5.1) 18.1 (4.6)

1.84 0.19
Sham 
(n=16)

19.7 (5.4) 19.2 (6.0) 18.6 (6.0) 18.2 (6.0)

PANSS positive

Active 
(n=16)

13.0 (4.1) 12.6 (4.1) 11.3 (4.1) 11.9 (4.1)

0.007 0.98
Sham 
(n=16)

12.6 (4.3) 11.5 (3.8) 11.8 (4.3) 12.3 (4.8)

PANSS general

Active 
(n=16)

34.8 (8.0) 32.6 (7.8) 31.3 (6.7) 29.4 (8.0)

0.02 0.89
Sham 
(n=16)

29.2 (5.2) 28.1 (3.9) 28.3 (4.6) 28.8 (5.1)

MADRS

Active 
(n=16)

20.7 (9.3) 16.3 (7.9) 16.8 (7.7) 16.7 (9.7)

0.07 0.79
Sham 
(n=16)

14.6 (8.7) 11.8 (6.8) 13.4 (8.1) 10.4 (6.0)

Birchwood
 

Active 
(n=16)

8.84 (3.1) 9.22 (2.7) 8.9 (2.8) 9.1 (2.2)
7.31
 

0.01
 Sham 

(n=16)
7.63 (3.9) 7.0 (3.7) 6.7 (4.0) 7.2 (3.1)

Data are given as mean (standard deviation). 
SANS, Scale for the Assessment of Negative Symptoms; PANSS, Positive and Negative Syndrome Scale; MADRS, 
Montgomery Åsberg Depression Rating Scale.

3.4. Secondary outcome measures: Cognition, mood, quality of life and insight

Table 3 shows the scores on all the neuropsychological tests and the results of the statistical 
analysis. Most tests showed no differences. A significant improvement of semantic verbal 
fluency was found in the active group (n=10) compared to the sham group (n=9) up to 4 
weeks follow-up (p=0.006, F=9.31). As there was no significant group by time interaction in 
the post-treatment period, the effect was considered consistent across the complete post-
treatment period (p=0.15). Post-treatment, the active group improved 20.9% more on the 
semantic Verbal Fluency Test as compared with the sham group. However, no significant 
improvements were found for phonemic verbal fluency, or on the other neurocognitive 
tests. 
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Table 3. Cognitive outcomes at baseline, end of the treatment, and four weeks follow-up.

Pre treatment 
scores

Post treatment scores
Mixed linear 

modeling

Groups
Baseline

End of 
treatment

4 Weeks 
follow-up

Mean SD Mean SD Mean SD F P

Verbal Learning Test
Recall

Active
(n=16)

40.9 (12.7) 47.5 (15.9) 43.4 (14.2)

0.58 0.45
Sham
(n=16)

39.9 (9.3) 46.6 (12.7) 39.4 (11.0)

Verbal Learning Test
Delayed recall

Active
(n=16)

42.8 (10.0) 46.0 (10.8) 42.1 (11.3)

0.63 0.44
Sham
(n=15)

41.2 (7.3) 48.7 (10.6) 40.7 (9.7)

Digit Symbol Substitution 
Test

Active
(n=16)

52.6 (22.5) 60.4 (23.0) 63.6 (23.9)

1.04 0.32
Sham
(n=16)

66.6 (17.0) 70.6 (17.5) 75.5 (19.4)

Trailmaking Test A

Active
(n=16)

43.9 (17.1) 47.9 (18.4) 48.9 (19.9)

0.59 0.45
Sham
(n=16)

45.1 (11.1) 50.8 (10.5) 51.4 (13.5)

Trailmaking Test B

Active
(n=14)

45.6 (15.5) 49.5 (20.7) 52.1 (17.0)

0.21 0.65
Sham
(n=16)

42.6 (10.9) 48.0 (9.5) 50.1 (9.3)

Semantic Verbal Fluency

Active
(n=10)

61.8 (12.6) 71.0 (17.7) 76.8 (15.0)

9.31 0.006
Sham
(n=9)

71.3 (15.8) 69.7 (20.6) 67.8 (12.1)

Phonemic Verbal Fluency

Active
(n=16)

40.4 (10.9) 44.6 (8.2) 46.2 (9.1)

0.025 0.88
Sham
(n=16)

48.8 (12.2) 49.5 (11.3) 53.1 (9.6)

Wisconsin Card Sorting Test
Correct rate (%)

Active
(n=12)

65.5 (24.1) 71.1 (23.1) 77.1 (21.9)

0.16 0.70
Sham
(n=13)

68.1 (20.0) 69.8 (22.6) 77.2 (19.2)

Wisconsin Card Sorting Test
Total error rate (%)

Active
(n=12)

34.6 (24.1) 29.1 (23.0) 22.9 (21.9)

0.25 0.63
Sham
(n=13)

31.9 (20.0) 30.2 (22.6) 22.8 (19.2)



Chapter 3 � Efficacy�of�bilateral�repetitive�transcranial�magnetic�stimulation�for�negative�symptoms�of�schizophrenia

40

Wisconsin Card Sorting Test
Perseverative rate (%)

Active
(n=12)

15.8 (9.8) 17.6 (18.1) 11.6 (11.5)

0.13 0.72
Sham
(n=13)

20.2 (14.8) 20.5 (19.6) 12.5 (11.9)

Wisconsin Card Sorting Test
Perseverative error rate (%)

Active
(n=12)

13.8 (8.1) 15.4 (14.0) 10.5 (9.4)

0.70 0.41
Sham
(n=13)

18.2 (12.6) 17.9 (16.1) 11.1 (9.4)

Wisconsin Card Sorting Test
Non-perseverative error 
rate (%)

Active
(n=12)

20.6 (21.0) 13.6 (13.4) 12.4 (15.2)
0.85
 

0.37
 Sham

(n=13)
13.9 (8.9) 12.2 (8.6) 11.5 (10.7)

Data are given as mean (standard deviation).

 There was no significant difference between the active and the sham group on 
depressive symptoms as measured with the MADRS up to 3 months follow-up (p=0.79). 
Furthermore, treatment did not affect quality of life as measured with the WHOQOL-BREF 
in the whole sample. However, exploratory analysis excluding four patients with very poor 
insight as defined by a baseline score on the Birchwood insight scale of 2.5 or less, revealed 
a significant improvement (p=0.03, F=5.01) up to 3 months follow-up on overall perception 
of health in the active group (n=14) as compared with the sham group (n=14). There was 
no significant group by time interaction in the post-treatment period; thus the effect was 
consistent across the complete post-treatment period (p=0.39). The post-treatment overall 
perception of health scores were 13.5 points higher in the active group than in the sham 
group, an increase of 25.2%. 
 A significant difference on the Birchwood Insight Scale (p=0.01, F=7.31) was found, and 
this effect was consistent across the complete post-treatment period (p=0.98). This effect 
was caused on the one hand by an improvement of insight in the active group after rTMS 
and on the other hand by a decrease in insight in the sham group. Sub-analysis revealed a 
significant difference on the four-item subscale measuring the awareness of the need for 
treatment. In the active group the awareness of the need for treatment increased and in 
the sham group the awareness decreased (p=0.01). No significant differences were found 
on the subscales awareness of illness (p=0.24) and relabeling of symptoms as pathological 
(p=0.13).

Pre treatment 
scores

Post treatment scores
Mixed linear 

modeling

Groups
Baseline

End of 
treatment

4 Weeks 
follow-up

Mean SD Mean SD Mean SD F P

Table 3. Cognitive outcomes at baseline, end of the treatment, and four weeks follow-up (continued).
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4. Discussion

Confirming our primary hypotheses, we found a significant improvement of negative 
symptoms as measured with the SANS after 3 weeks of 10 Hz bilateral rTMS of the DLPFC 
up to 3 months follow-up compared to sham rTMS. A post-treatment reduction of 15% 
on the SANS was found in the active group as compared with sham. Considering the long 
follow-up period of three months and the clinical characteristics of the included patients 
[many patients had a long duration of illness and were prescribed high dosages of (multiple) 
antipsychotics], this effect is of considerable relevance, as it is proof-of-principle evidence 
of the potential of rTMS to improve negative symptoms. The blinding was successful and no 
data of the SANS, PANSS and MADRS were lost at follow-up.
 Secondary outcome measures included cognition, mood, quality of life and insight. 
Cognitive performance in both the sham and the active groups improved to a similar extent 
during follow-up, which might be due to a learning effect. Importantly, the treatment 
did not result in adverse effects on cognitive functioning, an issue that often rises in the 
context of other brain stimulation techniques.143,144 Furthermore, rTMS may even have 
some beneficial effects on cognitive functioning since we found a significant improvement 
on the semantic verbal fluency test in the active group compared to sham. Near-infrared 
spectroscopy (NIRS) studies in schizophrenia patients have shown the Verbal Fluency 
Test to be a very sensitive task to measure prefrontal functioning.145,146 Possibly, this task 
is also more sensitive to detect improved prefrontal functioning than the other cognitive 
measures. Finally, we found a significant difference on the Birchwood Insight Scale. This 
was due to an improvement of insight in the active group and a decrease in insight after 
sham rTMS and therefore more difficult to interpret. Especially the awareness of the need 
for treatment increased in the active group but decreased in the sham group. Perhaps 
this can partially be attributed to fluctuations in insight characteristics for patients with 
schizophrenia on the one hand and the rTMS treatment effect on the other hand. Notably, 
frontal areas have been implicated in lack of insight,147 adding to the plausibility of change 
through increased activation of dorsolateral prefrontal areas. No significant improvement 
on quality of life and mood was found. 
 Meta-analyses have confirmed the efficacy of rTMS treatment over the DLPFC for 
major depressive disorder.148 It could be argued that a putative improvement of negative 
symptoms in schizophrenia may be due to an improvement of depressive symptoms. 
Therefore, we controlled for a possible antidepressant effect of rTMS by correcting for 
change in depressive symptoms. The results showed improvement of the SANS scores to 
be irrespective of the observed changes in depressive symptoms.
 From a clinical perspective, it is interesting to know more about the durability of the 
effect of rTMS on negative symptoms. The present trial is the first to study the effectiveness 
with such a long follow-up period. Only one previous randomized controlled trial had a 
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follow-up period of 6 weeks,84 but found no effect of a 2-week rTMS treatment at 20 Hz. 
Two other studies included a follow-up period of 4 weeks,76,82 one applying low frequency 
rTMS found no effect,82 and another study by Schneider et al.,76 with quite similar treatment 
parameters as in our study, found a significant treatment effect that lasted up to 4 weeks 
follow-up. All other randomized controlled trials did not include follow-up measures of 
more than two weeks.
 Studies on rTMS treatment of depression have suggested a higher efficacy with a greater 
number of rTMS pulses.123,149 Our study administered at least twice the amount of pulses 
than in earlier published rTMS studies for negative symptoms, namely a total of 60 000 
pulses (30 000 per hemisphere). Two studies applied a total amount of 30 000 pulses, 15 
000 per hemisphere, but found no significant effect.80,124 Two other studies applied a total 
amount of 22 500 pulses to the left DLPFC and both found a significant improvement after 
rTMS.77,126 All other studies administered fewer pulses. Of these studies, three randomized 
controlled trials found a significant improvement of negative symptoms72,73,76 and six 
randomized controlled trials found no significant effect.76,81-84,150 In conclusion, applying a 
greater amount of pulses may indeed enhance treatment effects.
 rTMS was applied bilaterally in this study. In two earlier studies, bilateral rTMS was applied, 
but these studies did not find any significant improvement of negative symptoms,80,124 
although one study did find a trend of improvement on the autistic preoccupation scale of 
the PANSS.80 In these studies the right and left DLPFC were treated during a single session, 
whereas in our study, the left DLPFC was treated in the morning and the right DLPFC in the 
afternoon. Interestingly, one study performed among healthy volunteers found inhibition 
of the left DLPFC impaired striatal dopamine neurotransmission but inhibition of the right 
DLPFC did not result in impaired striatal dopamine neurotransmission.151 In addition, the 
evidence for left DLPFC hypoactivity in schizophrenia is more extensive than for right DLPFC 
hypoactivity. Indeed, a recent meta-analysis found the treatment site of the left DLPFC to 
be the best rTMS parameter for negative symptoms.46 Thus, perhaps treatment effect in 
our study can be primarily attributed to the rTMS treatment of the left DLPFC. 
 Although rTMS treatment appeared to positively affect the negative symptoms in terms 
of the SANS scores, this effect was not confirmed by the scores on the PANSS negative 
subscale. This may be due to low statistical power, considering the relatively small sample 
size. In addition, it has been suggested that the SANS is a more sensitive measurement of 
negative symptoms than the negative subscale of the PANSS.103,152 The SANS covers multiple 
domains and multiple items per domain and is thus considered to be a more extensive and 
reliable measure of negative symptoms than the PANSS negative subscale.102 Also, a recent 
meta-analysis found the effect size generated from studies using the SANS was consistently 
larger (0.80) when compared to the effect size generated from studies using the PANSS 
(0.41).46 Indeed, only a moderate correlation between the SANS and the negative subscale 
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of the PANSS has been observed.153 This can be explained by the fact that the seven items 
of the PANSS negative subscale do not seem to cover negative symptoms completely.15 
 Recently, a new tool for assessing negative symptoms designed for use in clinical trials 
has been developed, namely the Brief Negative Symptom Scale (BNSS), which has a strong 
inter-rater, test-retest, and internal consistency.154 Also, recent findings suggest the Calgary 
Depression Scale for Schizophrenia (CDSS) is most useful in discriminating depressive 
symptoms from negative symptoms.155 Future studies may benefit by also using the BNSS 
to measure negative symptoms and by using the CDSS instead of the MADRS for measuring 
depressive symptoms. 
 A potential limitation of the present study include the differences between the active 
and sham groups at baseline. Despite randomization, the groups differed on age, baseline 
PANSS General Psychopathology and baseline SANS scores. As we had a small sample size, 
the risk of bias and imbalance is greater. Stratification during randomization would have 
decreased this risk. To correct for the imbalance, we included the baseline scores in all our 
analyses as a covariate, hereby increasing the precision of our treatment effect estimate. 
However, regression to the mean cannot entirely be ruled out. Still, our participants have 
been sick for a long time, and negative symptoms are relatively stable over time. Combined 
with the fact that our results are in line with previous positive findings,45,46 the improvement 
seen in the active rTMS group cannot completely be attributed to regression to the mean. 
 Another potential limitation includes the small sample size and the heterogeneity of the 
group. Ideally, research is conducted among a larger and more homogeneous sample. We 
focused on recruiting patients with negative symptoms. Considering that one of the main 
features of negative symptoms is lack of motivation, it was difficult to recruit these patients 
for our trial. By including both outpatients and patients living in long-term care facilities 
we were able to complete our inclusion. Future research should preferably include a larger 
number of patients, perhaps by performing larger multicenter trials.  
 An important issue to address is the method of sham stimulation. In our study, we 
applied sham TMS by tilting the coil 90º. This method has been demonstrated to induce 
some voltage in the brain, albeit 73% less than active TMS.108 However, the same study found 
the 90º sham condition to be devoid of biological effects and this form of sham stimulation 
did not elicit motor-evoked potentials.108 Also, with this method of sham stimulation there 
is some scalp stimulation. Recently, new sham coils have been developed, which use built-
in electrodes to replicate scalp sensation.156 This method of sham stimulation is preferred 
as it does not create a significant magnetic field,156 and both patient and rTMS administrator 
can more easily be kept blind to the treatment condition.
 In conclusion, we found a significant reduction of negative symptoms after a three-
week trial of bilateral prefrontal 10 Hz rTMS. Overall, the active group improved on several 
domains compared with the sham group. The rTMS treatment was well tolerated and no 
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serious adverse events occurred. This study was conducted among a relatively small group 
of patients of whom many were chronically and severely ill, often using high dosages of 
(multiple) psychopharmaceutical drugs. Applying rTMS treatment to patients with a short 
duration of schizophrenia or patients using antipsychotic monotherapy in a low dose may 
enhance treatment effects. Future studies should include a larger number of patients, 
preferably in a mulicentre setting. Combining rTMS treatment with neuroimaging will 
provide more information about neural effects. Finally, more studies are needed to find 
the optimum in rTMS parameter settings.
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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. 



� Effect�of�rTMS�on�brain�activation�in�schizophrenia�with�negative�symptoms:�A�proof-of-principle�study

55

4

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.
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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 



� Effect�of�rTMS�on�brain�activation�in�schizophrenia�with�negative�symptoms:�A�proof-of-principle�study

59

4

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.  
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Abstract

Background

Prefrontal repetitive Transcranial Magnetic Stimulation (rTMS) may improve negative 
symptoms in patients with schizophrenia, but few studies have investigated the underlying 
neural mechanism. 

Objective

To investigate changes in the levels of glutamate and glutamine (Glx, neurotransmitter and 
precursor) and N-Acetyl Aspartate (NAA) in the left dorsolateral prefrontal cortex of patients 
with schizophrenia treated with active rTMS as compared to sham-rTMS with ¹H-Magnetic 
Resonance Spectroscopy (¹H-MRS), which measures metabolite concentrations in the brain. 

Methods

Patients were randomized to a 3-week course of active or sham rTMS. Pre-treatment and 
post-treatment ¹H-MRS data was available for 24 patients with schizophrenia with moderate 
to severe negative symptoms (Positive and Negative Syndrome Scale (PANSS) negative 
subscale ≥ 15). Absolute metabolite concentrations were calculated using LCModel with the 
water peak as reference. To investigate the association between treatment condition and 
changes in concentration of Glx and NAA, we applied a linear regression model.

Results

A significant association between changes in Glx and treatment condition was found  
(β -8.51 [95% CI -16.19 to -0.8], p=0.032). We observed an increase of Glx concentration in 
the active treatment group and a decrease of Glx concentration in the group receiving sham 
treatment. No significant associations between changes in NAA and treatment condition 
were found.

Conclusions

Noninvasive neurostimulation with prefrontal rTMS influenced Glx concentration in the 
left prefrontal cortex of patients with schizophrenia. Larger studies are needed to confirm 
these findings and further elucidate the underlying neural working mechanism of rTMS. 
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1. Introduction

Negative symptoms of schizophrenia are difficult to treat and are associated with poorer 
functional outcome.5,113 Several studies found that negative symptoms of schizophrenia 
are associated with dysfunction of the prefrontal cortex,24,25 which may be reflected by 
an imbalance of the neuronal metabolism of the prefrontal cortex. Indeed, neuroimaging 
studies have found a relationship between a reduced N-Acetyl Aspartate (NAA) 
concentration in the frontal cortex and severity of negative symptoms.38-40 Glutamatergic 
dysfunction has also been suggested to be associated with negative symptoms.185

 Repetitive Transcranial Magnetic Stimulation (rTMS) is a non-invasive technique to 
modulate neuronal activity. rTMS involves the use of alternating magnetic fields at a set 
frequency in order to induce an electric current in the underlying brain tissue. Several 
applications with rTMS for the treatment of psychiatric disorders have been investigated 
in recent years,186 among which the treatment of negative symptoms of schizophrenia with 
high frequency prefrontal rTMS. Four meta-analyses have been conducted on published 
trials of rTMS for negative symptoms. One, based on five studies, did not find a significant 
improvement after rTMS treatment as compared to sham treatment.48 A second meta-
analysis, which included seven studies, found a trend towards improvement of negative 
symptoms.47 The other two meta-analyses, including nine and thirteen studies respectively, 
found a positive effect of prefrontal high frequency rTMS for the treatment of negative 
symptoms of schizophrenia.45,46 Recently, two large randomized controlled trials on rTMS 
treatment of negative symptoms have been conducted.187,188 One trial did not find any 
improvement of negative symptoms188 or cognition189 after a 3-week treatment with 10 
Hz rTMS. The other trial did find an improvement of negative symptoms after 4 weeks of 
10 Hz, 20 Hz and theta burst stimulation as compared to sham stimulation.187 The latter 
study applied at least twice as many stimuli than the study by Wobrock et al,188 in addition, 
treatment duration was one week longer. Thus, although results are inconsistent, there 
is a reasonable amount of evidence that rTMS may be an effective treatment option for 
negative symptoms of schizophrenia. Considering the above, it seems important to further 
investigate optimal rTMS treatment parameters and its mechanism of action, which 
includes effects on brain metabolism.
 ¹H-Magnetic Resonance Spectroscopy (¹H-MRS) can measure metabolite concentrations 
in the brain. Prefrontal rTMS has been found to affect cortical glutamate and glutamine 
levels in healthy volunteers159 and in patients with a depression.158 Interestingly, in patients 
suffering from depression it was observed that these changes were dependent on pre-
treatment glutamate and glutamine concentrations. Increase of NAA in the anterior 
cingulate has also been reported in treatment-resistant major depressive disorder after 
rTMS.190 
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The objective of this exploratory study was to investigate changes in the levels of glutamate 
and glutamine (Glx, neurotransmitter and precursor) and NAA in the left dorsolateral 
prefrontal cortex (DLPFC) of patients with schizophrenia and negative symptoms treated 
with active or sham bilateral rTMS.

2. Material and Methods

2.1. Participants

The current MRS study was part of a larger double-blind randomized controlled trial (Dutch 
Trial Register NTR 1261) on rTMS treatment of negative symptoms conducted among 32 
patients, that found a positive treatment effect up to three months follow-up.160 From a 
subsample of 24 patients, pre-treatment and post-treatment ¹H-MRS data were available. 
The MRS data of the remaining patients could not be included in the analyses for several 
reasons, including unavailability of the scanner due to an update (N=1), no-show (N=2), 
claustrophobia (N=1), low spectral quality (N=1) and technical problems during scanning 
(N=3). 
 Patients were recruited for this trial from in- and outpatient facilities of three regional 
mental health care institutions (Lentis, GGz Drenthe and GGz Friesland) and the University 
Medical Center Groningen (UMCG). Patients were 18 years or older, and all 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).129 Furthermore, 
patients were included if their negative sub-score was 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 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. Patients 
were 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 with the declaration of 
Helsinki and approved by the local medical ethical committee of the University Medical 
Center of Groningen (UMCG). Participants provided oral and written consent after the 
procedure had been fully explained and was understood.

2.2. Study design

Participants were randomized to receive either active or sham rTMS treatment. Sequentially 
numbered sealed envelopes, which contained tokens drawn by an independent colleague, 
were used to conceal allocation. Raters and patients were kept blind to treatment 
condition, only the researcher and the trained nurses administering the rTMS were aware 
of the treatment condition. 
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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, during the 
morning session the left DLPFC was stimulated and during the afternoon session the right 
DLPFC was stimulated. Each participant underwent 30 treatment sessions, two sessions a 
day, during 3 consecutive weeks (workdays only), resulting in the administration of a total 
of 60.000 pulses. Stimulation intensity was set at 90% of the motor threshold.130 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. Main outcome: negative symptoms 

Negative symptoms were measured with the Scale for the Assessment of Negative 
Symptoms (SANS)95 and the PANSS negative symptoms subscale. Ratings were performed 
at baseline, post-treatment, at 4 weeks follow-up and at 3 months follow-up.

2.5. Image acquisition

The first MRS measurement was performed in the week before the start of the treatment, 
the second one day after the last rTMS treatment session. The MRI scans were acquired at 
the NeuroImaging Center of the UMCG in Groningen using a 3T Philips Intera MRI scanner 
(Best, the Netherlands), equipped with a synergy SENSE eight-channel head coil. ¹H-MRS 
single-voxel spectroscopy was acquired with an 8 cm³ voxel in order to assess proton 
metabolites in the white matter of the left DLPFC. The voxel was placed in line with the 
genu of the corpus callosum on the anterior side and oriented in the same line as the corpus 
callosum and the falx cerebri, see Figure 1. Inclusion of white matter was maximized. A Point 
Resolved Spectroscopy (PRESS) sequence was used, with one 90° and two 180° pulses to 
create a spin echo, and water suppression with an excitation pulse followed by a frequency-
modulated pulse. Automated standardization of the field in the examined region of interest 
(pencil beam auto first order option) was done. Spectra were recorded within the following 
parameters: TE = 144 ms, TR = 2000 ms, VOI = 20x20x20 mm, signal averages (NSA) = 128.
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Figure 1: Representative illustration of voxel placement in the left prefrontal cortex (radiological 
display) and underneath a representative resulting spectrum

2.6. Data analyses

Differences in demographic characteristics and baseline data between the two treatment 
groups - in which brain metabolite measures were available - were analyzed with 
independent t-tests for numeral and chi-square tests for nominal variables. A mixed effects 
linear model was used to analyze differences in negative symptoms between the two 
groups. We included the baseline scores as a covariate to correct for potential differences 
at baseline.
 To analyze the spectral data, LCModel with LCMgui was used.191 For determination of 
absolute metabolite concentrations, scaling based on the unsuppressed water peak was 
applied. Next, we calculated the association between gray matter and white matter NAA 
and Glx concentrations. As there was no significant correlation between the ratio of gray 
and white matter on the one hand and Glx and NAA concentration on the other hand, 
we did not correct for partial volumes in our analysis. To study the association between 
treatment condition (active rTMS versus sham rTMS) and changes in concentration of Glx 
and NAA, we applied a linear regression model. To correct for differences at baseline, we 
included baseline measures and an interaction term (treatment condition multiplied by 
baseline measure of Glx or NAA) as independent variables. Post-treatment measures of Glx 
or NAA were used as dependent variable. All analyses were conducted with IBM SPSS 20 
(IBM SPSS Statistics 20.0, IBM Corp., Armonk, NY).
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3. Results

3.1. Demographic and clinical characteristics

Table 1 shows the demographic and baseline clinical characteristics of the 24 patients. A total 
of 11 patients received active rTMS treatment and 13 patients received sham treatment. No 
significant differences in baseline symptomatology between the two groups were found. 
The mean illness duration was longer in the real TMS group (p=0.09).

Table 1. Demographic and baseline clinical characteristics

Real TMS Sham TMS Significance

Age (years) 39.4 (11.6) 32.6 (9.9) 0.14

Sex (m/f) 9/2 10/3 0.77

Education (Verhage) 4.8 (1.8) 5.5 (1.2) 0.31

Age of onset 23.4 (4.2) 23.5 (5.7) 0.93

Illness duration (in years) 16 (11.0) 9.1 (8.3) 0.09

Type of medication

Clozapine 3 5

Olanzapine 2 2

Risperidone 3 2

Paliperidone 1 -

Aripiprazole 2 3

Haloperidol 1 -

Other classical 1 2

Polypharmacy 2 1

Motor threshold* 59.7 Not determined

SANS 54.5 (16.3) 42.9 (17.3) 0.11

PANSS Negative 19.7 (3.3) 19.4 (5.7) 0.86

PANSS Positive 11.7 (3.5) 12.3 (4.5) 0.73

PANSS General Psychopathology 32.1 (7.9) 28.8 (5.2) 0.23

Data are mean (+/- SD) or number of patients; m, male; f, female; ns, not significant
SANS, Schedule for the Assessment of Negative Symptoms; 
PANSS, Positive and Negative Syndrome Scale. * data of 1 subject is missing
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3.2. Negative symptoms

In contrast to our main report on the larger sample,160 for the groups for which we had pre- 
and post MRS measurements no significant changes were observed in negative symptoms 
as measured with the Scale for the Assessment of Negative Symptoms (SANS) (p=0.31, 
F=1.08), or with the PANSS negative symptoms subscale (p=0.56, F=0.35) in the comparison 
of the treatment group versus the sham-stimulation group. This may have been due to the 
lower statistical power.

3.3. MRS data

Table 2 shows the Glx and NAA concentrations before and after rTMS treatment in both 
groups and the percentages of change. Table 3 shows the results of the linear regression 
analyses. 

Table 2. Changes in glutamate/glutamine (Glx) and N-Acetyl Aspartate (NAA) concentration in the 
left dorsolateral prefrontal cortex of patients with negative symptoms of schizophrenia treated with 
active prefrontal repetitive transcranial magnetic stimulation as compared to sham treatment.

Groups
Baseline End of treatment

Percentage change
Mean SD Mean SD

Glx (mM)
Active (n=11) 9.14 (2.16) 9.62 (1.89) 5.25

Sham (n=13) 10.28 (0.99) 9.60 (1.13) -6.61

NAA (mM)
Active (n=11) 21.58 (4.19) 21.91 (3.57) 1.53

Sham (n=13) 23.11 (2.12) 23.65 (2.08) 2.34

Data are means (+/- SD), presented for the two treatment groups.

The linear regression analyses, which corrected for differences at baseline, found significant 
associations between changes in Glx and treatment condition (β -8.51 [95% CI -16.19 to -0.8], 
p=0.032), and the interaction term (β 0.91 [95% CI 0.16 to 1.67], p=0.021). No significant 
associations between changes in NAA and treatment condition (β -9.22 [95% CI -22.45 to 4], 
p=0.16) and the interaction term (β 0.38 [95% CI -0.2 to 0.95], p=0.19) were found.
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Table 3. Results of the linear regression analysis assessing the associations of condition (active 
rTMS treatment versus sham rTMS treatment) on glutamate/glutamine (Glx, neurotransmitter and 
precursor) and N-Acetyl Aspartate (NAA) concentration in the left prefrontal cortex of patients with 
schizophrenia.

Glx

Dependent variable (post-treatment measurements of Glx)

Independent variables β-coefficient (95% confidence interval) Standard error P-value

Condition (active versus sham) -8.51 (-16.19 to -0.83) 3.68 0.032

Glx baseline -0.17 (-0.85 to 0.51) 0.32 0.61

Interaction term (treatment 
condition X baseline measure 
Glx)

0.91 (0.16 to 1.67) 0.36 0.021

Constant 11.34 (4.36 to 18.33) 3.35 0.003

NAA

Dependent variable (post-treatment measurements of NAA)

Independent variables β-coefficient (95% confidence interval) Standard error P-value

Condition (active versus sham) -9.22 (-22.45 to 4) 6.34 0.16

NAA baseline 0.41 (-0.099 to 0.91) 0.24 0.11

Interaction term (treatment 
condition X baseline measure 
NAA)

0.38 (-0.2 to 0.95) 0.28 0.19

Constant 14.28 (2.57 to 25.99) 5.61 0.02

4. Discussion

To our knowledge, this is the first study reporting on the effects of a 10 Hz rTMS treatment on 
metabolite concentrations in the prefrontal area of the brain of patients with schizophrenia. 
In our study, we found a significant association between changes in Glx in the left DLPFC and 
treatment condition in patients with negative symptoms of schizophrenia receiving active 
or sham treatment. We observed an increase of Glx concentration in the active treatment 
group and a decrease of Glx concentration in the group receiving sham treatment. Our 
results are in agreement with the findings of earlier studies that reported an increase 
of Glx after prefrontal rTMS in healthy volunteers159, and in patients with depression.158 
Our findings are also in line with our fMRI study, that found an increase in task-related 
brain activity in the right DLPFC and the right medial frontal gyrus in the active treatment 
group as compared to sham treatment.192 The increase of Glx concentration in the active 
treatment group supports the rationale of prefrontal high frequency rTMS treatment for 
negative symptoms, namely that it increases prefrontal metabolism.
 The subsample of our ¹H-MRS study was part of a larger randomized controlled trial that 
found a positive treatment response.160 However, in the ¹H-MRS subsample no significant 
improvement of negative symptoms was found. Thus, the observed association between 
Glx concentration and treatment condition was not accompanied by a clinical improvement 
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in the active treatment group. However, the negative findings may be due to low statistical 
power, considering the relatively small sample size of the subgroup. 
 A limitation of the current study is that changes in dopamine concentration cannot 
be determined using ¹H-MRS, as several studies have found rTMS treatment induces 
changes in the dopamine system.44,193,194 Other limitations include the small sample size, 
the measure of Glx (a sum of glutamate and glutamine) instead of glutamate proper, the 
mode of sham stimulation (which may induce a small amount of voltage in the brain), the 
relatively long echo time of 144 ms which is less suitable to detect changes in Glx and the 
baseline differences in illness duration of the treatment groups. 
 In conclusion, in our study bilateral 10 Hz rTMS treatment of the DLPFC in patients with 
schizophrenia suffering from predominant negative symptoms influenced Glx concentration 
in the left DLPFC of patients with schizophrenia, but not NAA concentration. Larger studies, 
including PET investigations of (changes in) dopamine concentration, are needed to further 
investigate the underlying neuronal mechanisms of rTMS treatment in patients with 
schizophrenia. 
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Abstract

Background

Negative symptoms can be grouped into two factors, namely expressive deficits and 
social-emotional withdrawal, which may have different neural correlates. Moreover, 
many patients with schizophrenia have deficits in social cognition. The underlying neural 
substrates of these deficits are not fully understood. We explored differential correlates of 
the two negative symptom dimensions with brain activation during a social cognition task. 
 
Methods

Patients with schizophrenia (N=38) and healthy controls (N=20) performed the Wall of Faces 
task during fMRI, which measures emotional ambiguity in a social context by presenting an 
array of faces with varying degrees of consistency in emotional expressions. Differences in 
brain activation between the healthy controls and patients were non-parametrically tested. 
Subsequently, the PANSS expressive deficits and social-emotional withdrawal factors were 
regressed against task-related brain activation. 
 
Results

Severity of expressive deficits was negatively correlated with activation of the ventromedial 
prefrontal cortex when comparing ambiguous emotional decisions to  ambiguous gender 
decisions. During emotional ambiguity (appraisal of facial expressions in an equivocal 
versus an unequivocal condition), severity of expressive deficits was negatively correlated 
with activation in thalamic, prefrontal, precentral, parietal and temporal brain areas. No 
associations between social-emotional withdrawal and brain activation were observed.  
 
Limitations

the somewhat artificial nature of the stimulus display (thirty-two faces on one screen) 

Conclusion

Hypoactivation of the fronto-thalamic circuitry during ambiguous social appraisal may imply 
a reduced action readiness in social situations, underlying expressive deficits but not social-
emotional withdrawal. The findings provide further evidence for different neurobiological 
bases of the two factors of negative symptoms.  

Keywords

schizophrenia; social cognition; fMRI; emotional ambiguity; negative symptoms; expressive 
deficits, social-emotional withdrawal
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1. Introduction

In many patients with schizophrenia, substantial and persistent deficits in social functioning 
and social cognition have been reported.195,196 There is evidence for a relationship between 
impaired social cognition and aspects of functional outcome in patients with schizophrenia, 
such as community functioning, social skills, and social behavior.197 Emotion perception is 
a key component of social cognition. It can be described as the ability to infer emotional 
information from facial expressions, vocal inflections or a combination of these.197 In 
schizophrenia, there is substantial evidence for deficits in facial emotion perception, 
which may negatively affect psychosocial functioning and quality of life.198 The underlying 
pathogenesis remains unclear, but impaired visual processing may in part underlie these 
socio-emotional deficits.199,200 Furthermore, negative symptoms of schizophrenia may 
be associated with these deficits.201,202 On the one hand, social cognitive deficits could 
contribute to negative symptoms, as they hamper effective social interaction and may 
enhance the likelihood of abstaining from social interaction. On the other hand, negative 
symptoms could enhance social cognitive deficits, as social withdrawal may negatively 
affect one’s proficiency in understanding others. 
 Regarding the neurocircuitry of negative symptoms in patients with schizophrenia, 
neuroimaging studies on reward and motivation found abnormalities in information 
processing of the prefrontal cortex (PFC), the anterior cingulate cortex (ACC) and the 
striatum.27-29 Five parallel fronto-subcortical circuits link regions of the frontal cortex to the 
striatum, globus pallidus/substantia nigra, and thalamus. These circuits mediate motivation, 
social behavior, executive functions, motor and oculomotor function.203 Thus, alterations in 
fronto-striato-thalamo-cortical circuitry may underlie or contribute to the development of 
negative symptoms of schizophrenia. 
 Recently, there has been a shift in the approach of negative symptoms. Originally, 
negative symptoms were thought to constitute one dimension. Numerous amounts of 
studies have however found two or more dimensions of negative symptoms.7,14,15 Most of 
these studies have found two factors of negative symptoms, namely expressive deficits and 
avolition/apathy/social emotional withdrawal.7,15,16,16 These two factors may have different 
underlying neural working mechanisms.168,204,205 These findings emphasize the importance 
of acknowledging the two factors of negative symptoms. 
 The Wall of Faces (WoF) task may be used to examine the neural substrates underlying 
emotional ambiguity.206 During this task, a group of faces is presented at once, and the 
dominant emotion or gender has to be identified, in both ambiguous and unambiguous 
situations. In healthy subjects, ambiguous emotional trials relative to ambiguous gender 
trials have been shown to activate the ventromedial prefrontal cortex (VMPFC) and the 
ventral ACC.206 Ambiguous relative to unambiguous trials activated the dorsal part of the 
ACC, dorsolateral prefrontal cortex (DLPFC), the visual cortex and posterior parietal cortex 
(PPC).206
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In this study, differences in brain activation between patients with schizophrenia and 
healthy controls during the Wall of Faces task were explored. Furthermore, we explored 
the differential correlates of the two negative symptom dimensions, namely expressive 
deficits and social-emotional withdrawal, with brain activation during the Wall of Faces 
task. 
 
2. Materials and Methods

2.1. Subjects

Our analyses are performed with the baseline data from two trials conducted at our center 
in recent years, investigating the effects of treatment with antipsychotics (EUDRA-CT: 2007-
002748-79) or transcranial magnetic stimulation (Dutch Trial Registry: NTR1261) on negative 
symptoms of schizophrenia.160,168 These fMRI data on the Wall of Faces task have not been 
published as yet. Patients (N=38) were recruited from three regional mental health care 
institutions (Lentis, GGz Drenthe and GGz Friesland) and the University Medical Center 
Groningen (UMCG). All patients that were included in the current study were 18 years or 
older and met the DSM-IV criteria for schizophrenia, which was confirmed by a Schedules 
for Clinical Assessment (SCAN 2.1) trained rater.129 Severity of symptoms were assessed with 
the PANSS96 and the Montgomery Asberg Depression Rating Scale (MADRS).128 Exclusion 
criteria were age < 18 or > 60 years, rTMS and MRI contraindications, neurological disorders, 
head injury 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. Participants gave oral and written consent after 
the procedure had been fully explained. The study was executed in accordance with the 
declaration of Helsinki and approved by a licensed local medical ethical committee (METC-
UMCG).
 Healthy controls (N=20) were matched to the patients based on age, gender, education 
level and handedness. Level of education was defined according to the scoring system of 
Verhage.140 The healthy controls did not have a psychiatric history or any current psychiatric 
problems as measured by the mini-SCAN.207 Differences in demographic characteristics 
between the two samples were tested with independent t-tests, expect for gender and 
handedness, which were tested with a Chi-square test for independence.

2.2. Task design

The Wall of Faces task we applied was based on a task previously published by Simmons 
et al.206 This task is used to probe the neural circuitry underlying emotional appraisal of 
numerous simultaneously presented faces.206 Figure 1 shows a display screen of The Wall 
of Faces task. 
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Figure 1: Display screen of The Wall of Faces task. In the experimental condition, subjects were asked 
to indicate whether there are more angry or happy faces (emotion, display screen on the left). In the 
baseline condition, subjects were asked to indicate whether there are more male or female faces 
(gender, display screen on the right).

In each trial, an array of 32 emotional faces (i.e. angry or happy) was presented to a subject. 
The ratio of angry to happy faces (emotional trials, experimental condition) and male to 
female faces (gender trials, control condition) varied and could be equal (ambiguous, 16:16) 
or unequal (unambiguous, 26:6 or 6:26). In each trial, the array of faces was presented 
for the duration of 3 s with an additional 1.5 s response time. Participants were asked to 
identify the predominant emotion (experimental condition) or the predominant gender 
(control condition) intuitively, and not by counting of the number of faces. During face 
presentation and additional response time, the options “Angry - Happy” or “Female - Male” 
were displayed on the screen. Blocks of 8 trials (48 s) started with an instruction (“emotion” 
or “gender”) and were interleaved with a rest condition (24 s). Emotion and gender blocks 
alternated. The task was presented using E-prime 1.2, which logged timing of the task and 
responses of the subjects. Subjects responded by button presses on an MR-compatible 
button box using the index and middle finger of their right hand.

2.3. Behavioral measures

The PANSS was used to assess the two factors of negative symptoms expressive deficits 
and social-emotional withdrawal. These two factors are based on an extensive factor 
analysis of the PANSS, which revealed a two-factor structure of negative symptoms.15 
The factor expressive deficits consisted of PANSS items Flat affect (N1), Poor rapport (N3), 
Lack of spontaneity (N6), Mannerisms and posturing (G5), Motor retardation (G7), and 
Avolition (G13). The social-emotional withdrawal factor consisted of PANSS items Emotional 
withdrawal (N2), Passive/apathetic social withdrawal (N4), and Active social avoidance 
(G16).15 
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 Task performance was measured by comparing reaction times (in seconds), and accuracy 
of the unambiguous trials (% correct). As there were no correct responses in the ambiguous 
trials since the distribution of faces were equal (i.e. 16 versus 16), the response percentage 
of male faces for the gender trials and angry faces for the emotional trials were measured. 
Missing entries were not included in the analysis. Performance was compared between 
patients and controls using an independent samples t-test. 
Within the patient group, expressive deficits and social-emotional withdrawal were 
correlated with performance, controlling for level of education. Also, correlation 
coefficients between expressive deficits and social-emotional withdrawal on the one hand 
and education level and MADRS on the other hand were calculated.

2.4. Image acquisition

MRI scans were acquired with a Philips 3 Tesla MRI scanner (Achieva Intera, Best, The 
Netherlands), equipped with an 8-channel SENSE head coil. Movement was restricted by 
foam pads fixating the head, and noise was reduced by earplugs and head phones. The task 
was presented on a screen visible via a mirror on top of the head coil. 
 During the task, a pseudo-continuous arterial spin labeling (PCASL) sequence was 
acquired. As mentioned earlier, baseline data of two trials were used in this study. PCASL 
was used because in these two trials a second scan was made after several weeks to assess 
treatment effect, and ASL is more suitable to compare measurements when they are 
repeated over time. In addition, ASL provides reliable absolute quantification of cerebral 
blood flow, and it has higher spatial and temporal resolution than other techniques.208 In 
comparison to a BOLD sequence, ASL can examine baseline activity of the brain instead 
of relative changes as measured with BOLD. Furthermore, ASL has lower inter-subject 
variability and allows superior functional localization.169,170 Control and labeled scans (4 s; 
127 of both) were alternated. Labeling time was 1650 ms, delay time 1525 ms and acquisition 
time 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.

2.5. Data 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. Next, 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. 
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 Due of the low signal-to-noise ratio of Arterial Spin Labeling (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, which was then 
segmented. 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, labeled 
images were subtracted 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 four task conditions and an instruction condition (notifying task and 
resting blocks) were modeled in a block design convolved with a Hemodynamic Response 
Function. Implicit masking and high-pass filtering were not applied in the first-level analysis, 
which are standard procedures for BOLD fMRI, but not for ASL. Instead, an explicit mask 
was used consisting of the gray and white matter of the segmented brain. Since the ASL 
images contained artifacts in the highest and lowest planes (i.e. in the cranium, not in the 
brain tissue), these parts were excluded from the explicit mask. Contrasts were created of 
the emotional versus the gender trials, the ambiguous versus the unambiguous trials, for 
emotion-gender in ambiguity, gender ambiguity, emotional ambiguity and emotion-gender 
in unambiguity. 
 Since 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 
matrix), and using these values for histogram normalization of the contrast images. Fourteen 
controls and 16 patients were scanned before the update and 6 controls and 22 patients 
were scanned after the update. 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.
 The normalized contrast images were entered in a second level analysis using Statistical 
non-Parametric Mapping (SnPM).171 Non-parametric analyses were used since ASL data has 
a non-normal distribution. 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 > 20, pseudo-T > 3 (pseudo-T threshold to control for type-I errors), as is used 
in other ASL functional MRI studies.168,209 This pseudo-T threshold was used to correct for 
multiple comparison, which has been suggested in case of non-homogeneous smoothness 
of the data (Tom Nichols, SPM mailing list Item #7573 (26 Nov 2001 17:56) - “Re: Cluster level 
statistics in SnPM, https://www.jiscmail.ac.uk/cgi-bin/webadmin?A0=spm)”. Contrasts of 
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interest in the final analyses of the Wall of Faces tasks were: 1) ambiguous emotion relative 
to the unambiguous emotion, 2) ambiguous emotion relative to ambiguous gender and 3) 
ambiguous relative to unambiguous regardless of valence. 
 First, activity of all contrasts was investigated in the healthy control sample and patient 
sample using the one sample T-test option of SnPM. Next, patients and controls were 
compared using a two sample T-test of SnPM. The effect of the two factors of negative 
symptoms on brain activation during emotional appraisal in patients with schizophrenia 
was investigated by regression of the PANSS expressive deficits and the PANSS social-
emotional withdrawal15 to all contrasts of interest, using the “MultiSub: Simple Regression; 
1 covariate of interest” function of SnPM. Since negative symptoms may overlap with 
depressive symptoms, we repeated the analysis with the Montgomery Åsberg Depression 
Rating Scale (MADRS) total score. However, unfortunately MADRS data of one patient was 
missing.
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3. Results

3.1. Demographics

Data from 38 patients and 20 control subjects were included in the analyses. Demographic 
characteristics are shown in Table 1. The subject groups did not differ significantly in age, 
gender, handedness, or education level. 

Table 1. Demographic and baseline clinical characteristics

Schizophrenia patients Healthy Controls P-value

Age (years) 32.42 (11.05) 31.10 (11.69) 0.67

Gender (% male) 87 70 0.12

Handedness (% right)* 97 90 0.32

Education (Verhage) 4.89 (1.87) 5.7 (1.34) 0.09

Illness duration (years) 9.02 (9.57)

Current antipsychotics (%)

None 18.42

Antipsychotic polypharmacy 26.32

Aripiprazole 15.79

Bromperidol 2.63

Clozapine 23.68

Flupentixol 5.26

Haloperidol 2.63

Olanzapine 28.95

Paliperidone 2.63

Quetiapine 5.26

Risperidone 13.16

Zuclopentixole 7.89

PANSS scores

Positive subscale 14.03 (4.77)

Negative Subscale 18.66 (4.35)

General pathology subscale 31.68 (7.99)

Depression subscale (items G1, G2, G3, G6) 9.63 (4.08)

Expressive deficits (items N1, N3, N6, G5, G7 and G13)15 14.34 (4.04)

Social-emotional withdrawal (items N2, N4, G16)15 8.34 (2.99)

MADRS score 17 (9.92)

Data are means (+/- SD) or percentage; PANSS, Positive and Negative Syndrome Scale; MADRS, Montgomery 
Asberg Depression Rating Scale. *some data is missing. 
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3.2. Behavioral results

In general, patients were less accurate and needed more time to respond, but these 
differences were not statistically significant, except for accuracy on gender unambiguous 
trials (p=0.02, effect size Cohen’s d=0.61). Additionally, a larger percentage of patients did 
not press the button box after a face presentation as compared to controls and thus the 
percentage of missing data in the patient group was larger, but again these differences 
were not statistically significant. The percentage missing data for the unambiguous 
emotion trials was 2.6% for the control group and 5.9% for the patient group (p=0.08), for 
the ambiguous emotion trial 10.5% for the control group and 13,7% for the patient group 
(p=0.35), for the unambiguous gender trial 2.3% for the control group and 6.4% for the 
patient group (p=0.23) and for the ambiguous gender trial 4.9% for the control group and 
11% for the patient group (p=0.13). Table 2 shows accuracy for unambiguous trials and the 
response selection for ambiguous trials. 

Table 2. Accuracy for unambiguous trials, response selection for ambiguous trials of both patients 
and healthy controls during the task

Groups Mean SD P

Accuracy in percentage for emotion unambiguous trials  
(6 angry and 26 happy or 6 happy and 26 angry faces)

Healthy controls 92.5 8.3
0.64

Patients 91.4 8.0

Accuracy in percentage for gender unambiguous trials  
(6 male and 26 female or 6 female and 26 male faces)

Healthy controls 98.0 4.3
0.02

Patients 93.4 9.6

Percentage angry faces for emotion ambiguous trials  
(16 angry and 16 happy faces)

Healthy controls 52.7 8.5
0.66

Patients 51.0 15.3

Percentage male faces for gender ambiguous trials  
(16 male and 16 female faces)

Healthy controls 46.3 13.0
0.43

Patients 43.2 14.5

Data are means (+/- SD), presented for the two groups.

 There were significant positive correlations between expressive deficits and reaction 
time on all trials; gender ambiguous trials (r = 0.4, p = 0.016), gender unambiguous trials 
(r = 0.39, p = 0.018), emotional ambiguous trials (r = 0.36, p = 0.027) and emotional 
unambiguous trials (r = 0.37, p = 0.023). Also, there were significant positive correlations 
between expressive deficits and accuracy on both unambiguous gender (r = 0.36, p = 0.031), 
and unambiguous emotional (r = 0.34, p = 0.038) trials. There was no significant association 
between expressive deficits and level of education. 
 There were no significant correlations between social-emotional withdrawal on the one 
hand and performance measures or level of education on the other hand.
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3.3. Imaging results

3.3.1. One sample t-test control group

Ambiguous emotion relative to unambiguous emotion found more brain activation in the 
left middle occipital gyrus, the left DLPFC, the left lingual gyrus and the right middle occipital 
gyrus. Ambiguous emotion relative to ambiguous gender showed higher brain activation in 
the left precentral gyrus. The ambiguous relative to unambiguous contrast (across gender 
and emotion decision trials) demonstrated more brain activation in the left cuneus, the right 
DLPFC and the right middle occipital gyrus. Supplementary Table 1 contains the coordinates 
and areas with statistically significant brain activation in the healthy control group.

3.3.2.	One	sample	t-test	patient	group

The ambiguous relative to unambiguous contrast, regardless of valence, demonstrated 
higher levels of brain activation in the right superior frontal gyrus (K=28, pseudo-T=3.76, 
MNI coordinates 32, 24, 62). The other contrasts did not show significant differences in 
activation.

3.3.3.	Brain	activation	in	patients	with	schizophrenia	as	compared	to	healthy	controls

Patients with schizophrenia as compared to controls showed higher activation in the right 
DLPFC, right insula and the left precentral gyrus, and lower activation in the right ACC, and 
the postcentral gyrus of the parietal lobe during the ambiguous relative to unambiguous 
contrast, see Table 3 and Figure 2. The other contrasts did not result in significant differences.  

Table 3. Areas (MNI coordinates) that show significant differences in activation between schizophrenia 
patients and healthy controls (p<0.001, k>20, pseudo-T>3)

Contrast K Pseudo-T X Y Z Area

Ambiguous versus unambiguous 106 3,79 30 -8 62 right middle frontal gyrus

29 3,7 38 -22 6 right insula

150 3,58 -62 6 14 left precentral gyrus

25 3,6 12 -10 40 right anterior cingulate cortex

39 3,41 44 -22 46 right postcentral gyrus
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Figure 2: Difference in brain activation between the healthy control group and the schizophrenia 
group during the ambiguous versus unambiguous trail, red= patients-controls, blue= controls-
patients, neurological format.

3.3.4.	Regression	analysis	with	the	PANSS	expressive	deficits

During the ambiguous emotion relative to unambiguous emotion contrast, severity of 
expressive deficits was negatively correlated with brain activation in the left thalamus, 
the bilateral precentral gyrus, the bilateral precuneus, the right superior temporal gyrus 
and the left middle frontal gyrus. For the same contrast, there was a positive correlation 
between levels of expressive deficits and brain activation in the right postcentral gyrus. 
Figure 3 illustrates the effect of expressive deficits on brain activation during the emotional 
ambiguity contrast.
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Figure 3: Relationship between expressive deficits and brain activation during the emotional 
ambiguity contrast, blue= negative association, neurological format.

 In the ambiguous emotion relative to the ambiguous gender contrast, severity of 
expressive deficits was negatively correlated with activation of the VMPFC (ventral anterior 
cingulate and the medial prefrontal gyrus) and the left middle and superior temporal gyrus. 
Figure 4 illustrates the effect of expressive deficits on brain activation during the ambiguous 
emotion versus ambiguous gender contrast.

Figure 4. Relationship between expressive deficits and brain activation during the ambiguous emotion 
versus ambiguous gender contrast, blue= negative association, neurological format.
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 Regression analysis of the ambiguous versus unambiguous contrast revealed a negative 
correlation between expressive deficits and brain activation in the right superior temporal 
gyrus and left cuneus, and a positive correlation between expressive deficits and brain 
activation in the right postcentral gyrus. For an overview of the MNI coordinates and areas 
see Table 4.

Table 4. Areas (MNI coordinates) showing a significant association with expressive deficits of 
schizophrenia (p<0.001, k>20, pseudo-T>3)

Contrast K pseudo-T x y z Area

Ambiguous versus unambiguous 45 3,73 54 -20 58 Right Postcentral Gyrus

28 3,64 46 -46 16 Right Superior Temporal Gyrus

73 3,33 -4 -98 12 Left Cuneus

Affect versus gender in ambiguity 189 4,36 22 32 -4 Ventromedial Prefrontal Cortex

36 3,58 -56 -68 28 Left Middle Temporal Gyrus

20 3,57 -62 4 6 Left Superior Temporal Gyrus

Ambiguous emotion-unambiguous 
emotion

62 4,59 -62 4 8 Left Precentral Gyrus

490 4,21 -20 -16 6 Left Thalamus

193 3,83 -36 -74 42 Left Precuneus

61 3,82 46 -48 14 Right Superior Temporal Gyrus

26 3,73 -26 52 -8 Left Middle Frontal Gyrus

29 3,53 68 2 12 Right Precentral Gyrus

114 3,4 6 -74 46 Right Precuneus

26 3,61 52 -18 58 Right Postcentral Gyrus

3.3.5.	Regression	analysis	with	the	PANSS	social-emotional	withdrawal

No significant association of social-emotional withdrawal with brain activation was found.

3.3.6.	Depressive	symptoms

There was no significant correlation between the MADRS and the PANSS expressive deficits 
(r=0.05, p=0.76). There was a significant correlation between the MADRS and the PANSS 
social-emotional withdrawal items (r=0.54, p=0.001). 
 The ambiguous emotion relative to unambiguous emotion contrast revealed no 
significant association on the MADRS. In the ambiguous emotion relative to ambiguous 
gender contrast, regression analysis found a positive relation between level of depressive 
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symptoms and brain activation in the right anterior cingulate, and a negative association 
between depressive symptoms and brain activation in the left precuneus, the left posterior 
cingulate and the right superior frontal gyrus. Regression analysis of the ambiguous versus 
unambiguous contrast found a negative association between depressive symptoms and 
brain activation in the right caudate.

4. Discussion

In this study, we investigated whether the two factors of negative symptoms of 
schizophrenia, namely expressive deficits and social-emotional withdrawal, were related 
to abnormalities in the neurocircuitry of emotion appraisal, using a task that probed 
emotional ambiguity in a group of different faces. To our knowledge, this is the first study 
to investigate the neural correlates of emotional decision making under uncertainty in 
schizophrenia. We compared brain activation of healthy controls with that of schizophrenia 
patients and related levels of expressive deficits and social-emotional withdrawal with 
brain activation. Ambiguity, regardless of valence, activated the insula, the ACC and a 
fronto-parietal circuitry differently in patients with schizophrenia as compared to healthy 
controls. Severity of expressive deficits was associated with hypoactivation of the fronto-
thalamic pathway for the emotional ambiguity contrast. In addition, severity of expressive 
deficits was also related to hypoactivation of the VMPFC, including the ventral ACC, in the 
ambiguous emotion versus ambiguous gender contrast. Moreover, these findings appear to 
be independent of severity of depressive symptoms, as regression analysis of the MADRS 
for the different contrasts showed a distinctive pattern of brain activation that differed 
notably from the areas found for expressive deficits. Furthermore, there was no significant 
correlation between the MADRS and the PANSS expressive deficits items.
 A key finding of our study concerns the association of expressive deficits, but not social-
emotional withdrawal, with lower prefrontal and thalamic activation during ambiguous 
emotion perception. The association between higher levels of expressive deficits and 
hypoactivation of the PFC is in line with earlier studies that report on dysfunctioning of the 
PFC in patients with negative symptoms of schizophrenia.27 Hypoactivation of the fronto-
thalamic circuit during ambiguous social appraisal may imply a reduced action readiness in 
social situations, underlying expressive deficits. Indeed, behavioral data showed a significant 
positive correlation between expressive deficits and reaction times, implicating that patients 
with more expressive deficits needed more time to respond than patients with lower levels 
of expressive deficits. In contrast, no significant correlations between the behavioral data 
and levels of social-emotional withdrawal were found. Interestingly, earlier studies have 
found social-emotional withdrawal to be associated with reduced frontoparietal activation 
during a planning task,168 and apathy/avolition/emotional withdrawal but not expressive 
deficits to be associated with reduced ventral striatal activation during a monetary reward 
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task.20 It is possible that social-emotional withdrawal is related to anticipatory pleasure 
deficits,19 which cannot be detected with the Wall of Faces task, as it is not designed for this 
purpose. In conclusion, the present task may be more sensitive for brain circuits involved in 
expressive deficits, which further supports the neuroanatomical differentiation of the two 
factors of negative symptoms. 
 A previous study conducted among healthy volunteers found that ambiguous emotion 
relative to ambiguous gender contrast activated brain areas that seem to be involved in 
emotional processing and emotion recognition, such as the VMPFC (ventral ACC and the 
ventral medial PFC), the right superior temporal gyrus and the right supramarginal gyrus.206 
In our study, this contrast only activated the left precentral gyrus in the healthy control 
group. This may imply that the contrast does not reliably isolate brain regions associated 
with emotional processing, maybe because both contrasts contain human faces that contain 
social-emotional cues or because the task instruction was geared towards a group-level 
judgment. Alternatively, statistical power could play a role as well as signal loss in ventral 
prefrontal areas. However, regression analysis of the same contrast in the patient group 
revealed higher levels of expressive deficits to be associated with hypoactivation of the 
VMPFC. Thus, impairment in the neurocircuitry of emotional processing may specifically 
emerge in association with impairments in social cognition in schizophrenia with expressive 
deficits.
 An interesting finding concerns the differences in brain activation found between 
healthy controls and patients with schizophrenia for the ambiguous versus unambiguous 
contrasts. A previous study conducted among healthy controls found that this contrast 
activated brain regions involved in attention, working memory and higher-order cognitive 
processes,206 including greater activation in areas such as the bilateral DLPFC, the PPC and 
the dorsal ACC. Although in our study the healthy control group activated less brain areas, 
the contrast did activate the right DLPFC, in line with earlier findings. When comparing 
controls with patients, patients activated the right DLPFC significantly more than controls. 
Although most studies report hypoactivation of the DLPFC during executive tasks in 
patients, there are also numerous studies reporting hyperactivation of the DLPFC. Both 
may be attributed to inefficient prefrontal processing in patients with schizophrenia.210-214 
One hypothesis explaining these different findings assumes that as task demands increases, 
activation in the DLPFC initially increases until maximum capacity is reached, after which 
activation decreases.215 Patients with schizophrenia as compared to healthy controls may 
initially demonstrate hyperactivation at relatively lower task loads, but hypoactivation 
when task demands increase.215,216 
 Interestingly, the correlation analysis within the patient group found patients with 
higher levels of expressive deficits to have greater reaction times, but also greater accuracy. 
This is in line with a previous study that found severity of symptoms in schizophrenia 
contributed relatively more to the variance in speed of emotion processing than to the 
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variance in accuracy.217 Indeed, emotional expressions bring forth quick responses and 
often this includes imitation of the emotion in the observed face.218 Earlier studies have 
found impairments in emotional face imitation in patients with schizophrenia,219,220 and 
this impairment was not accompanied by impairment in the identification of emotional 
expressions.220 In other words, impairment in emotional processing may not necessarily 
be accompanied by impairment in accuracy during identification of emotional faces. The 
ability to quickly process social stimuli is essential for social interactions, and it has been 
suggested that decreased speed in processing social stimuli may lead to deficits in social 
functioning.197 Thus, the compromised emotional processing speed in patients with more 
expressive deficits may negatively affect interactions. 
 A limitation of this study could be the artificial nature of the stimulus display (thirty-
two faces on one screen), as people are not presented with an array of individual pictures 
of faces in daily life. Indeed, impairments may become more apparent when using stimuli 
that better approximate real-world contexts.221 Future studies could use more dynamic 
and realistic images of real-life social situations to further elucidate the neural circuitry 
of emotion processing in social contexts. Another limitation includes the chronic use of 
antipsychotic medication in the patient group as compared to controls. Antipsychotics alter 
neuronal function, and up to date it is unclear how chronic use of antipsychotic medication 
influences brain function.222 A final limitation is the use of PCASL, which is not used as 
frequently as BOLD fMRI, and thus replication of these findings may be relatively more 
difficult. 

5. Conclusion

In conclusion, fronto-thalamic dysfunctioning during an ambiguous emotional appraisal 
task was associated with expressive deficits but not with social-emotional withdrawal. 
Thus, the two factors of negative symptoms seem to have different underlying neural 
mechanisms. The alterations found could contribute to increase our understanding of the 
neural basis of social dysfunctioning as a characteristic of expressive deficits, typically seen 
in patients with schizophrenia.
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Supplementary Table 1. Areas (MNI coordinates) showing significant activation in healthy controls 
(p<0.001, k>20, pseudo-T>3)

Contrast K pseudo-T x y z Area

Ambiguous versus unambiguous 44 3,15 -10 -100 0 left cuneus

69 3,01 32 -6 60 right middle frontal gyrus

296 3 32 -90 8 right middle occipital gyrus

Affect versus gender in ambiguity 28 3,14 -36 -18 32 left precentral gyrus

Ambiguous emotion-unambiguous 
emotion

171 3,67 -38 -92 2 left middle occipital gyrus

22 3,51 -42 0 38 left middle frontal gyrus

29 3,29 54 -76 6 right middle occipital gyrus

72 3,15 -24 -64 0 left lingual gyrus
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Abstract

Patients with schizophrenia often suffer from apathy: a quantitative reduction of voluntary, 
goal-directed behaviors that impairs daily functioning. We hypothesized that schizophrenia 
patients with high levels of apathy would show decreased activation in brain regions 
involved in planning and goal-directed behavior.
 Patients with schizophrenia or psychotic spectrum disorder (n=47) and healthy controls 
(n=20) performed the Tower of London (ToL) task during fMRI scanning using arterial spin 
labeling. To investigate the relationship between apathy and planning in patients, a proxy 
measure of apathy based on the Positive and Negative syndrome Scale was regressed 
against the task-related brain activation. Brain activation was also compared between 
patients and healthy controls.
 Higher levels of apathy were associated with less task-related activation within the 
inferior parietal lobule precuneus and thalamus. Compared to controls, patients showed 
lower activation in lateral prefrontal regions, parietal and motor areas, and a higher 
activation of medial frontal areas.
 Apathy was related to abnormal activation in thalamus and parietal regions during the 
ToL task. This supports the hypothesis that impaired function of brain regions involved 
in planning and goal-directed behavior may underlie apathy in schizophrenia. Moreover, 
impaired lateral prefrontal activation in schizophrenia patients compared to controls is 
consistent with the hypofrontality model of schizophrenia. In contrast, stronger medial 
frontal activation in patients may be related to increased effort to perform a task with 
conflicting task solutions.
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1. Introduction

Patients with schizophrenia frequently experience markedly reduced levels of interest 
and a lack of initiative in daily activities, which is a hallmark of apathy. Apathy is a core 
feature of negative symptoms in schizophrenia.223 Research has shown that 30% of the 
patients with a first episode psychosis show enduring levels of apathy.224 Understanding 
apathy in schizophrenia has important implications, as it has been argued to be the critical 
component, especially with regard to poor (social) functioning, unemployment, severity of 
illness and poor functional outcome.223-226

 Apathy can be described as a quantitative reduction of voluntary, goal-directed 
behaviors. Levy and Dubois227 state that apathy may arise from “planning and working 
memory impairments, through difficulties in sequencing ideas, maintaining mental 
representation of goals and sub-goals and manipulating them, may abort the elaboration of 
goal-directed behaviors, thereby quantitatively (and qualitatively) reducing goal-directed 
behaviors”. In this view apathy may be rooted, in part, in planning deficits. Planning has been 
defined as “the goal directed, trial-and-error exploration of a tree of alternative moves”.228 
Indeed, a direct relation between apathy and executive function or goal-directed behavior 
has also been observed,223,224,229 but the neural correlates of this association, to the best of 
our knowledge, have not been investigated as yet.
 Goal-directed behavior and executive functioning are both regulated by a fronto-
striatal-parietal brain circuit230,231 and a similar brain circuit has been implicated in apathy.227 
Impaired function of a fronto-striatal-parietal network may thus be related to apathy as 
a consequence of problems in goal-directed behavior.229,232 Schizophrenia patients with 
deficit syndrome, showing high levels of negative symptoms, including apathy, have shown 
abnormal regional cerebral blood flow33 and white matter deficits233 in fronto-parietal 
regions. Moreover, higher levels of apathy in schizophrenia have been related to decreased 
gray matter volumes in these areas and to neuropsychological deficits.229 In the current 
paper we address the question whether hampered activation of this fronto-striatal-parietal 
network during planning may be associated with apathy in schizophrenia.
 The Tower of London task (ToL) is a suitable task to investigate higher order planning 
processes in fronto-striatal-parietal brain circuits as it requires subjects to perform a set of 
subsequent mental operations that involve planning164 and thus resembles the definitions 
of planning and apathy as defined above.181,234-236 An early PET study using the ToL has shown 
decreased medial prefrontal activation in schizophrenia, related to the severity of negative 
symptoms.237 A more recent fMRI study reported some evidence for prefrontal dysfunction 
in schizophrenia, but these results were not unequivocal.238

 The ToL has also been used to study frontal lobe lesions, which are characterized by 
apathy and impaired organizational abilities.239 Patients with frontal lobe damage show 
impaired performance on the ToL task228 similar to schizophrenia patients.240,241 Moreover, 
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patients with depression242 and Parkinson’s disease239,243 – both involving apathy and 
anhedonia – also showed frontal, parietal and striatal dysfunction during the ToL task. Taken 
together, these findings suggest that apathy in schizophrenia may be related to planning 
impairments associated with dysfunction of frontal, parietal and striatal connections.
 We hypothesized that schizophrenia patients with high levels of apathy would show 
impaired function of fronto-striatal-parietal brain areas involved in planning. We included 
a task with different levels of difficulty (1–5 move problems)182,244 to account for differences 
in task performance between study participants. Furthermore, a healthy control group was 
included for reference.

2. Methods

2.1. Subjects

Baseline fMRI data of two trials were combined, i.e. before any intervention took place. 
The first trial that investigated the effects of treatment with aripiprazole compared to 
risperidone on negative symptoms (EUDRA-CT: 2007-002748-79). The second fMRI study 
was part of a double-blind multicenter randomized controlled trial investigating the effect of 
rTMS on negative symptoms (Dutch Trial Registry: NTR1261). The procedures for the baseline 
measurements used in the current study were identical for both studies. The studies were 
executed in accordance to the declaration of Helsinki and approved by the local ethical 
committee of the University Medical Center of Groningen. Patients in these trials (n = 47) 
were recruited from mental health care centers in the northern part of the Netherlands. 
Participating subjects gave oral and written consent after the procedure had been fully 
explained. Diagnosis was confirmed with the Schedules for Clinical Assessment (SCAN 2.1) 
diagnostic interview.129 All patients met DSM-IV criteria for a diagnosis of schizophrenia 
or a related non-affective psychotic disorder. A comorbid depression or history substance 
abuse (>6 months before) was allowed. Patients had to abstain from drugs and alcohol 
24 h before testing. Severity of symptoms was assessed with the Positive and Negative 
Syndrome Scale (PANSS).96

 Healthy controls (n=20) did not differ from to the patients in age, gender, education level 
and handedness. Since part of the subjects was young and had not finished education, the 
highest education level that a subject finished or expected to finish was recorded according 
to Verhage (range: 1. elementary school to 8. university).140 Age and education level were 
compared between patients and controls with a Mann–Whitney U test and gender and 
handedness with a Chi-square test for independence.
 Exclusion criteria for both patients and healthy controls included age <18 or >60, MRI 
incompatible objects (e.g. medical pumps, prostheses, piercings, red tattoos), (suspected) 
pregnancy, claustrophobia, history of neurological abnormalities (e.g. epilepsy), history of 
severe head injury, brain infarction and inability to provide informed consent.
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2.2. Task design

The task analyzed in this paper was the first scan in an MRI protocol that subsequently 
included an anatomy scan, a socio-emotional task, spectroscopy and a resting state scan.
We implemented the Tower of London based on a version from a previous study.166 In 
the planning condition, two configurations were shown of three colored beads (blue, 
red, green) placed on three rods that could accommodate 1, 2 or 3 beads, respectively. 
Subjects had to count the minimum number of moves of beads needed to get from the 
upper configuration to the lower (Appendix 1). Only a top bead could be moved, and one at 
a time. Below this setup, two answer options were presented and subjects had to indicate 
the correct one. In the control condition subjects had to count the number of blue and red 
beads, as described previously.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. Trials within a block were self-paced and 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. Subjects 
responded by button presses on an MR-compatible button box using the index and middle 
finger of their right hand.
 Prior to scanning, the task was explained and practiced on a laptop. After explanation, 
subjects were asked whether the instructions were clear and five trials for the planning 
condition and two for the control condition were presented together with feedback whether 
the answer was correct. Oral feedback was given when subjects gave an incorrect answer 
or appeared unconfident about the task instructions. Hereafter, the subjects practiced two 
planning blocks and one control block of each 1 min that did not include feedback, similar 
to presentation of the task in the scanner.

2.3. Behavioral measures

To assess apathy we used a data-driven measure of apathy derived from a factor analysis on 
negative symptoms using the PANSS.15,245 These studies resulted in a social amotivation factor 
that closely resembles apathy: N2 Emotional withdrawal, N4 Apathetic social withdrawal, 
and G16 Active social avoidance (Cronbach’s alpha = 0.75). The correlation between the 
sum of the PANSS proxy and the Apathy Evaluation Scale total score (AES), an interview 
to specifically measure apathy,246 is 0.58 (N = 124) in the Faerden sample (courtesy of Ann 
Faerden, PhD, University of Oslo). To test for associations that may influence the findings of 
this manuscript, the apathy measures were correlated to age, gender, education, positive 
symptoms, and haloperidol equivalents.247
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 Task performance was measured as reaction times (in seconds) and accuracy (% correct). 
A distinction was made between easy trials (1–2 moves/balls) and difficult trials (3–5 moves/
balls). Performance and the total number of moves per condition were compared between 
patients and controls using a Mann–Whitney U test. Moreover, as apathy may result in a 
diminished drive to perform a task in patients, a correlation was calculated between the 
apathy proxy and the performance measures, and analysis was repeated while controlling 
for measures that were significantly related to apathy (in our case education).

2.4. Image acquisition

MRI scans were acquired using a Philips Achieva 3 Tesla MRI scanner (Best, The Netherlands) 
equipped with an 8-channel SENSE head coil. Subjects were placed in the scanner as 
comfortable as possible. Movement was restricted by foam pads fixating the head and 
noise was reduced by earplugs and head phones. The task was presented on a screen 
visible via a mirror on top of the head coil and subjects could respond with a 4-button MR-
compatible response box in their right hand.
 During the task a pseudo-continuous arterial spin labeling (PCASL) sequence was 
acquired. This technique was chosen because the design was such that a second scan 
would be made after 3 or 9 weeks (not included in this paper), and ASL is more stable in 
comparing measurements far apart in time. Moreover, ASL also enables an investigation of 
baseline activity of the brain, instead of only relative changes with a BOLD sequence, has a 
lower inter-subject variability, and a better functional localization.169,170 Control and labeling 
scans (4 s; 127 of each) were alternated. Labeling time was 1650 ms, delay time 1525 ms and 
acquisition time was 825 ms. Further parameters: flip angle 90°, 14 slices, FOV (ap, fh, rl) = 
224 × 98 × 224 mm, voxel size 1.75 × 1.75 × 7 mm.

2.5. Data 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/REC files were converted to NIFTI format. Hereafter, labeled and control 
ASL images were realigned separately because intensity differences between both image 
modalities may cause spurious motion correction. Mean images of both realignments 
(labeled and unlabeled) were created. Participants with excessive head-motion were not 
removed from the analysis, because ASL is relatively insensitive to motion effects due to 
subtraction of subsequent scans. To compare motion between groups, the mean Framewise 
Displacement was calculated for every subject and compared with a Mann–Whitney U test. 
The mean labeled image was co-registered to the mean control image and the resulting 
transformations were applied to all labeled images. Images were subsequently smoothed 
with an 8 mm FWHM Gaussian isotropic kernel.
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 Because of the low Signal to Noise Ratio (SNR) of ASL data, nuisance factors were 
filtered from the ASL scans via regression, including the motion parameters, white matter 
(WM) signal, and cerebrospinal fluid (CSF) signal. For the CSF and WM signal, masks were 
created in native space by co-registering the anatomy scan to the mean control image and 
segmenting the anatomy scan hereafter. The resulting masks were used to extract the first 
principle components of the CSF and WM signal from the ASL image series. Regression of 
the ASL data with the nuisance factors was done separately for control and labeled images. 
Hereafter, perfusion images were created by subtracting the labeled images from control 
images using spline interpolation of subsequent labeled and unlabeled scans separately.169,170 
Normalization was applied after the first level analysis, because interpolation of the 
normalization procedure may influence the subtraction of images170 and to prevent double 
reslicing (for realignment and normalization) before the first level analysis.
 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 response (1–5 steps or balls) was used in both task conditions to model task 
complexity. During the pairwise subtraction of temporally adjacent images the ASL data 
largely eliminates the low-frequency signal, and therefore high-pass filtering was not 
necessary.170 Implicit masking was not applied because of the low image-intensity of ASL 
data. Instead, an explicit mask was used consisting of the gray and white matter of the 
segmented anatomy scan. Because the ASL images contained imaging artifacts in most 
upper and lower plane, these high intensities were excluded from the highest and lowest 
plane of the explicit mask. Contrasts were created for both task conditions > fixation cross, 
planning > 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 differ. 
24 patients were scanned with the old sequence and 14 controls. 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 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 
intensity normalized contrast images were spatially to the T1 template of SPM.
 The normalized contrast images were entered in a second level analysis using Statistical 
non-Parametric Mapping (SnPM).171 A non-parametric approach was adopted because ASL 
data, like PET data, has a very non-normal distribution. 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 
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inspected at a threshold of p < 0.001, k > 20, pseudo-T > 3 (pseudo-T threshold to control for 
type-I errors). The pseudo-T threshold was used to correct for multiple comparison, which 
has been suggested in case of non-homogeneous smoothness of the data (Tom Nichols, SPM 
mailing list Item #7573 (26 Nov 2001 17:56) — “Re: Cluster level statistics in SnPM, https://
www.jiscmail.ac.uk/cgi-bin/webadmin?A0=spm)”. Contrasts of interest were: planning 
> baseline (all task-performance related activity, corrected for task difficulty, including 
planning, viewing and responding), planning > counting beads (planning-specific activity, 
corrected for task difficulty), and the parametric effect of task difficulty (changes in brain 
activity related to changes in task difficulty). First, activity of all contrasts was investigated 
in the healthy control sample using the one sample T-test option of SnPM. Next, patients 
and controls were compared using a two sample T-test. The relation between apathy and 
brain activation during planning in patients was investigated via simple regression of the 
apathy proxy to all available contrasts in SnPM.
 Education had a strong association with task performance on the one hand and with 
apathy on the other hand. Moreover, groups showed a trend for a significance difference on 
education. Because it is not possible to add multiple covariates in one analysis using SnPM, 
education was added as a covariate in a simple regression analysis for both healthy controls 
and patients separately. If these analyses resulted in clusters that did not overlap with the 
clusters in other analyses, the influence of education can be considered to be limited or 
irrelevant. To test the unique effect of apathy while controlling for education we adopted 
an additional approach. The mean beta-values from clusters significantly related to apathy 
were extracted in all patients. The association between the beta-values and apathy was 
tested by using permutation of apathy scores within each education level (5000 times), 
thus controlling for education.
 Because most studies thus far have focused on negative symptoms in general, 
additional analyses were performed with the PANSS negative subscale as a covariate, to 
allow for comparison to these studies. Moreover, because it has been shown that negative 
symptoms may overlap with depression, we repeated the analysis with the Montgomery 
Asberg Depression Rating Scale (MADRS) total score.128

3. Results

3.1. Demographics

Data of 47 patients and 20 control subjects were available. Demographic characteristics are 
shown in Table 1. The subject groups, patients versus controls, did not differ significantly 
in age, gender, handedness, or educational level. 76% of the patients had a diagnosis of 
schizophrenia; the other patients were diagnosed with other diagnoses in the psychotic 
spectrum. For the patients with a diagnosis of psychotic disorder, a diagnosis of schizophrenia 
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could not be confirmed due to their short duration of illness. However, most of them were 
expected to fit this diagnosis later. A quarter of the patients were medication free at the 
time of scanning and only 10% used typical antipsychotics.

Table 1. Demographic data of the participants

Schizophrenia patients (SD/%) Healthy controls (SD) Significance (p)

Age (years) 33.1 (11.7) 31.1 (11.6) 0.55

Gender (% male) 77% 70 0.79

Handedness (% right) 95% 90 0.29

Education (Verhage) 5.3 (1.6) 6.2 (0.7) 0.056

Diagnosis

Schizophrenia 35 (76%)

Schizoaffective 2 (4%)

Schizophreniform 2 (4%)

Psychotic disorder 8 (19%)

Antipsychotics

None 13 (28%)

Aripiprazole 6 (13%)

Clozapine 6 (13%)

Flupentixol 2 (4%)

Haloperidol 2 (4%)

Olanzapine 14 (30%)

Risperidone 2 (4%)

Zuclopentixole 3 (6%)

Haloperidol equivalents247 3.4 (4.2)

Psychopathology scores

PANSS Positive symptoms 13.4 (5.1)

PANSS Negative symptoms 16.7 (6.0)

PANSS General pathology 30.8 (9.5)

Social amotivation15,245 7.5 (3.3)

MADRS 17.7 (9.7)
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3.2. Behavioral results

One patient was excluded from all analyses because she did not correctly execute the task 
(<50% correct, thus below chance level). One patient hit the alarm bell halfway scanning 
because he thought incorrect solutions were presented for that trial, which was not the 
case. The available data (3 out of 5 blocks for every condition) of this subject were included 
in the analysis. 
 Healthy controls gave on average 11.6 (4.7) responses on easy planning trials and 24.1 
(8.3) on difficult trials. Patients showed significantly less responses (p < 0.05), with 8.7 (4.2) 
moves on easy trails and 19.3 (7.3) on difficult trials. The count balls condition showed a 
similar effect: controls had 14.9 (4.2) moves on easy and 131.4 (24.3) moves on difficult 
trials, patients had 10.8 (5.1) and 107.7 (32.7)moves respectively. Appendix 2 shows reaction 
times and accuracy for easy and difficult trails of both patients and healthy controls during 
the task. There were no statistically significant differences between groups. Patients had 
a larger variability in performance in the planning condition than controls, but a similar 
performance range in the control condition (count balls). Moreover, the control condition 
appeared to be substantially easier, given its shorter reaction times and higher accuracy. 
 There was a strong negative association between apathy and level of education (r = 
−0.34, p = 0.030). We found no significant relation with age (r = 0.019,  p = 0.90), gender 
(r = −0.28, p = 0.064), positive symptoms (r = 0.15, p = 0.32) and haloperidol equivalents 
(r = 0.17, p = 0.33). There was no relation between apathy and reaction times, also when 
controlling for education.

3.3. Imaging results

The mean Framewise Displacement (FD) of the movement parameters did not differ 
significantly (Z = 0.34, p = 0.73) between patients (mean = 0.92, SD = 1.03) and healthy 
controls (mean = 0.89, SD = 0.62).
 In control subjects, the planning > baseline condition activated the bilateral precuneus, 
bilateral inferior parietal lobule (IPL), and left middle (MiFG) and inferior frontal gyrus (IFG) 
(Table 2). Planning > counting beads did not result in any significant change in activation, 
because the count balls condition appeared to activate the same brain areas to a similar 
extent. The opposite contrast (count balls > planning) showed an increased activation of 
the medial frontal gyrus (MeFG), left superior frontal gyrus (SFG), right thalamus and left 
postcentral gyrus (Fig. 1). Parametric modulation showed increased activity in response to 
more difficult trials in the bilateral middle frontal gyrus (MiFG) and left SFG. There was no 
decreased activation in response to increased task difficulty.
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Table 2. Areas showing significant activation in healthy controls in the following contrasts: planning 
> baseline, planning > count balls, count balls > planning and parametric modulation of planning (p < 
0.001, k > 20, pseudo-T > 3)

 k pseudo-T xyz Area

Planning > baseline 74 4.0 -14 -76 48 precuneus

414 3.9 14 -86 40 precuneus

94 3.8 -46 22 44 middle frontal gyrus

21 3.5 44 -40 42 inferior parietal lobule

47 3.4 -58 10 18 inferior frontal gyrus

52 3.3 -64 -26 20 inferior parietal lobule

Planning > count balls -

Count balls > planning 237 4.4 -48 -28 58 precentral gyrus

92 4.0 -4 30 58 superior frontal gyrus

53 3.8 4 -4 2 thalamus

62 3.6 8 56 -6 medial frontal gyrus

Planning parametric positive 110 4.3 -2 -20 60 superior frontal gyrus

323 4.1 -24 24 48 middle frontal gyrus

48 3.8 48 24 44 middle frontal gyrus

Planning parametric negative -
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Fig. 1. Activation of the Tower of London in healthy controls. red = increased activation, blue = 
decreased activation; A. planning > baseline, B. planning > count balls, C. parametric modulation.

 Patients showed no difference with controls in activation during the planning > baseline 
contrast. In the planning > count balls contrast, patients showed more activation in the MeFG 
and thalamus than controls. In response to more difficult trials (parametric modulation), 
controls showed more activation than patients in the left IPL, bilateral IFG, right precentral 
gyrus, left insula, cingulate gyrus, right SFG, and right MiFG. See Table 3 and Fig. 2.

Fig. 2. Difference in activation between schizophrenia patients and healthy controls in the Tower of 
London. red =patients − controls, blue =controls− patients; A. planning > countballs, B. parametric 
modulation.
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Table 3. Areas that show significant differences in activation between patients and controls in different 
task conditions (p < 0.001, k > 20, pseudo-T > 3)

 k pseudo-T xyz Area

Planning > baseline
control > patient

-

Planning > baseline
patient > control

-

Planning > count balls
control > patient

-

Planning > count balls
patient > control

48 3.4 -8 -14 6 thalamus

31 3.4 -10 42 52 medial frontal gyrus

Planning parametric
control > patient

62 4.4 -66 -40 38 inferior parietal lobule

36 3.9 60 10 14 inferior frontal operculum

106 3.8 36 -28 56 precentral gyrus

132 3.6 -42 4 8 insula

40 3.6 28 0 54 middle frontal gyrus

89 3.4 -58 22 22 inferior frontal gyrus

26 3.2 -12 10 42 cingulate gyrus

30 3.2 20 26 42 superior frontal gyrus

Planning parametric
patient > control

-

 The social amotivation factor15,245 showed a negative association with the IPL in the 
planning > baseline condition. The planning > count balls gave a negative association with 
the precuneus, paracentral lobule and thalamus. There was a positive association with 
activation in the right middle temporal gyrus (MiTG) during the parametric modulation. For 
overview see Table 4 and Fig. 3.
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Table 4. Areas showing a significant association with the apathy proxy measure Liemburg et al. (2013) 
in patients during different conditions (p < 0.001, k > 20, pseudo-T > 3)

 k pseudo-T xyz Area

Planning > baseline positive -

Planning > baseline negative 102 4.1 -36 -52 54 left inferior parietal lobule

Planning > count balls positive -

Planning > count balls negative 26 3.9 -6 -40 56 precuneus

49 3.6 -18 -38 48 paracentral lobule

28 3.1 -6 -14 -4 thalamus

Planning parametric positive 40 4.2 38 -42 0 right middle temporal gyrus

Planning parametric negative -

 Results on the association between negative symptoms and planning-related activation 
are shown in Appendix 3 for reference. There was a negative association with the thalamus, 
left insula, left inferior frontal gyrus, right putamen and bilateral superior temporal gyrus 
in the planning > baseline contrast. The parametric modulation contrast showed a positive 
association with the left hippocampus, left angular gyrus and right frontal operculum, and 
a negative association with the thalamus and the medial frontal gyrus. Finally, education 
level was added as a covariate in a separate analyses in both patients and healthy controls 
because of its strong correlation with apathy and because there was a trend for a significant 
difference between both groups, but these analyses did not yield clusters that overlapped 
with the reported results. An additional analysis – in which apathy was permuted within 
education level and correlated with the mean beta-values of clusters related to apathy – 
showed that the associations remained significant for the planning > baseline contrast (r > 
0.3, p < 0.01), but not for the planning > count balls and parametric modulation. Finally, the 
MADRS was added as a covariate in SnPM, but this analysis did not result in any significant 
clusters.
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Fig. 3. Relationship between apathy and activation during the Tower of London. red=positive 
association, blue=negative association; A. planning > baseline, B. planning > count balls, and C. 
parametric modulation.

4. Discussion

In this study we investigated whether apathy is related to reduced fronto-parietal activation 
in schizophrenia patients, using the Tower of London task. Both contrasts of planning 
with either the baseline or the counting balls condition showed reduced planning-related 
brain activation with higher levels of apathy. The planning > baseline association was also 
significant after correction for education.
 Thus, we observed abnormal parietal and thalamic activation in relation to apathy, but 
no prefrontal relation with apathy. Whereas previous studies have already related apathy 
or negative symptoms in schizophrenia to prefrontal function,229,237,248 a study using a 
monetary reward task did not show such an effect.31 In neuroanatomical models, it has 
been hypothesized that lateral frontal abnormalities are related to disrupted planning 
of behavior and medial abnormalities to emotional-affective disruptions.227,249 Thalamic 
abnormalities, which were observed in the current study, may lead to prefrontal dysfunctions 
and apathy.227,249 Although the parietal cortex has been less often implicated, previous 
research has shown reduced parietal activation during a recognition task in schizophrenia 
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patients with the deficit syndrome, in which apathy is a prominent symptom.33 In patients 
with depression, robust impairment of parietal activation during planning has also been 
reported,242 and in patients with Alzheimer’s disease, impaired tissue integrity has been 
reported for parietal brain regions in relation to apathy and initiative.250,251 The parietal 
cortex has also been shown to be involved in voluntary action252 in healthy participants. 
Thus, the parietal cortex, besides the prefrontal cortex, appears to have an important role 
in the mental processes that underlie apathy. Further research may help to elucidate its 
exact role, also in relation to frontal and striatal networks.
 We also found that patients with more apathy exhibited increased activation of the 
middle temporal gyrus with increased task difficulty. In a similar vein, Rasser et al.238 found 
that healthy subjects deactivated temporal regions in response to higher task complexity, 
but schizophrenia patients did not. Additional analysis could not prove a unique effect of 
apathy while education in the aforementioned contrasts. However, other studies have 
also shown that there is a negative relation between apathy and education. We therefore 
consider both constructs intrinsically connected.253,254 That is, apathy and schizophrenia 
may share developmental pathways and apathy will negatively impact educational level.
 On a different note, depression has also been be linked to apathy. Additional analyses 
showed a correlation of 0.3 between apathy and depression (MADRS) and a distinctive 
pattern of brain activation related to depression that did not overlap with areas related to 
apathy. Moreover, the majority of the subjects (>90%) did not have a significant level of 
depression at the time of examination (based on a cutoff of the MADRS255). Thus, apathy as 
measured in our sample appeared to be unrelated to depression.
 On a behavioral level, there was no significant association between performance and 
apathy. While there was a non-significant relation between longer reaction times and more 
apathy, other studies have shown decreased performance on executive tasks in patients 
scoring high on apathy.229,232,240,256 Morris et al.240 have suggested that quick responses of 
schizophrenia patients may lead to a lower performance, and that accuracy may increase 
with a forced longer planning time. In our study, apathy may impose longer planning times, 
observed as less solved trials by patients, that compensate for a lower accuracy that would 
otherwise be observed in patients with high levels of apathy.
 As expected, healthy control subjects activated mostly parietal brain areas during the 
planning condition, independent of difficulty level,165,181,182 and mostly lateral prefrontal 
areas with the parametric increase of difficulty.182 Striatal areas were not activated, which 
have been implicated previously, albeit inconsistently.165,181,234-236 Unexpectedly, the planning 
> count balls condition did not show any significant activation, whereas thalamus, medial 
frontal and motor areas were more strongly activated in the count balls condition. Similar 
effects have been reported previously;166 the higher activation in the counting condition 
might be due to a higher performance rate compared to the planning condition.166,235 
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Moreover, repeating the analysis without parametric modulation did show activation of the 
left IFG, MiFG and right precuneus in the planning > count balls contrast (data not shown), 
indicating that most planning specific activity is contained in the parametric modulation.
 With regard to the comparison of healthy controls to schizophrenia patients, similar 
brain activation was observed in the planning > baseline contrast. In the planning > count 
balls, patients had higher activation compared to controls in medial frontal areas, motor 
cortex and thalamus, in line with previous studies.116,257 This could be related to increased 
effort to perform the task.181,258 Moreover, increased medial frontal activation of patients 
might be related to a failure to deactivate the default mode network during cognitive 
tasks.175,259,260 Moreover, healthy controls showed a significantly stronger increase in 
activation in lateral frontal, medial frontal, and motor areas in response to increased task 
difficulty than patients. Patients indeed failed to activate prefrontal areas in response to 
increased task complexity (data not shown), as shown previously.238 Patients may reach 
their maximum frontal capacity earlier than controls58,210 and lack additional increase in 
activation with difficult trials. We indeed showed that performance was comparable, but 
that patients made significantly less moves.
 Some limitations of this study should be mentioned. First, apathy was measured by a 
proxy based on the PANSS interview, and not a separate interview to specifically measure 
apathy. Nonetheless, the selected items have face validity as they concern reduced initiative 
and withdrawal, have been shown to correlate strongly with an apathy scale (AES)246 and 
had a high internal consistency. With regard to the task, the Tower of London measures 
aspects of working memory and goal-directed behavior, but is limited in scope. Indeed, 
emotional and social aspects that may also be related to apathy are not measured by this 
task. Future studies could use more elaborate measures for apathy and different tasks to 
investigate different aspects of apathy.

5. Conclusion

In conclusion, apathy was related to abnormal activation in parietal and thalamic regions 
during the ToL task. This supports the hypothesis that impaired function of brain regions 
involved in planning and goal-directed behavior may underlie apathy in schizophrenia. 
Moreover, impaired lateral prefrontal activation in schizophrenia patients compared to 
controls is consistent with the hypofrontality model of schizophrenia. In contrast, stronger 
medial frontal activation in patients may be related to increased effort to perform a task 
with conflicting task solutions. 
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Appendix 1. The Tower of London task

Appendix 2. Reaction times and accuracy for easy and difficult trails of both patients and healthy 
controls during the task
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Appendix 3. Relationship between negative symptoms and activation during the Tower of London. 
red=positive association, blue=negative association; A. planning > baseline, B. parametric modulation.
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Summary and general discussion 

The prognosis of schizophrenia, as measured in symptom severity or social outcome, is 
highly variable, from poor to good.6 Major factors that appear to affect the prognosis 
unfavorably are negative symptoms and cognitive deficits.7 It is therefore important to 
investigate the pathogenesis and treatment options of negative symptoms. The aims of 
this thesis were: 
1)  To investigate the efficacy of treatment with repetitive transcranial magnetic stimulation 

(rTMS) for negative symptoms of schizophrenia, including the effects on brain activation.
2) To investigate the underlying neural substrates of negative symptoms of schizophrenia

In the first section of the thesis, chapters 2-5, the treatment of negative symptoms with 
rTMS is discussed. Chapter 2 and 3 show that prefrontal rTMS treatment of negative 
symptoms of schizophrenia may be a promising emerging treatment option that deserves 
further investigation. Chapter 2 presents the results of a meta-analysis on prefrontal rTMS 
treatment of negative symptoms of schizophrenia, which found a positive treatment effect: 
negative symptoms may diminish after treatment with rTMS. Chapter 3 discusses the results 
of a double blind randomized controlled trial of bilateral prefrontal high frequency prefrontal 
rTMS treatment for negative symptoms of schizophrenia. A significant improvement in 
negative symptoms, as measured with the Scale for the Assessment of Negative Symptoms 
(SANS), was found in the active group compared with sham up to 3 months follow-up. In 
chapter 4 the possible underlying neural mechanisms of prefrontal rTMS treatment were 
investigated. The results of this combined rTMS and fMRI neuroimaging study suggest 
that treatment with rTMS over the dorsolateral prefrontal cortex (DLPFC) increased task-
related activation in the frontal areas of patients with schizophrenia. Chapter 5 discusses 
the results of a combined rTMS treatment and H-Magnetic Resonance Spectroscopy 
(¹H-MRS) study, investigating whether rTMS treatment may change concentrations of 
neurometabolites. In this exploratory study, rTMS treatment influenced glutamate and 
glutamine (Glx, neurotransmitter and precursor) concentration in the left DLPFC of patients 
with schizophrenia, but not N-Acetyl Aspartate (NAA) concentration. 
 In the second section of the thesis, chapters 6 and 7, investigates the possible 
underlying neural substrates of negative symptoms of schizophrenia were investigated. 
Findings discussed in chapter 6 suggest that higher levels of expressive deficits in patients 
with schizophrenia may be associated with diminished activation of the fronto-thalamic 
circuit and the ventromedial prefrontal cortex during ambiguous social appraisal. Findings 
discussed in chapter 7 suggest that “social amotivation” (social-emotional withdrawal) as a 
measure of apathy may be related to abnormal activation in thalamus and parietal regions 
as measured by a planning task performed during fMRI scanning. 
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rTMS treatment of negative symptoms of schizophrenia

In our studies, described in chapters 2 and 3, treatment with high frequency prefrontal 
rTMS alleviated negative symptoms of schizophrenia in the rTMS group as compared to 
sham treatment. Chapter 4 shows that this positive treatment effect in our study was 
accompanied by an increased task-related activation of the frontal brain areas in the rTMS 
group. 
 The meta-analysis in chapter 2 found that, on average, negative symptoms diminish in 
patients treated with rTMS. The overall mean weighted effect size for rTMS versus sham was 
in the small-to-medium range (d=0.43), and the effect size of our randomized controlled 
trial (chapter 3) was small directly after treatment (d=0.3) but was in the small-to-medium 
range at 4 weeks follow-up (d=0.41). According to the nomenclature of Cohen, d=0.2 is 
considered a small effect size, d=0.5 a moderate effect size and d=0.8 a large effect size.89 
For a clinically meaningful effect, one would expect a moderate to large effect size. Thus, 
although there was a positive treatment effect, the treatment did not reach the threshold 
of being clinically meaningful. It should be noted that there are no other treatments with 
larger effect sizes regarding improvement of negative symptoms. This stresses the need of 
further development of novel approaches.
 Indeed, the lack of clinically meaningful treatment options is an important issue in 
the treatment of negative symptoms.42 Several factors may contribute to this. Negative 
symptoms of schizophrenia are often present in early stages of schizophrenia and they 
tend to persevere.8 Studies on negative symptoms of schizophrenia, including our studies, 
are often conducted among patients who have long illness duration and are often using 
high dosages of antipsychotics. Because negative symptoms have a negative influence 
on functional outcome, it may be important to intervene and treat negative symptoms 
early. Research should therefore focus on patients with negative symptoms in recent onset 
schizophrenia, as recovery in the early phase of schizophrenia may have the largest impact on 
future functioning. Another factor which may contribute to the lack of clinically meaningful 
treatment effect is a reduced brain plasticity in patients with schizophrenia.163 There is 
evidence that cortical excitability, connectivity and plasticity are impaired in patients with 
schizophrenia in all stages of the disease.163 Although the effect of antipsychotic medication 
is unclear, it is possible that they, in part, contribute to this reduced brain plasticity.13 To 
improve the efficacy of rTMS treatment it may be necessary to target neural plasticity, 
i.e. by using more powerful stimulation protocols and by investigating optimal rTMS 
parameters. Also, treatment effects may be enhanced by combining different treatment 
options for negative symptoms of schizophrenia, for example combining rTMS treatment 
with psychosocial interventions. Currently, a randomized controlled trial conducted 
in the North of The Netherlands by our research group, is also investigating the effect 
of a combined rTMS treatment and Behavioral Activation Therapy for apathy (https://
apathiestudie.wordpress.com/). 
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 Another issue to address is the two factors (or maybe more) in negative symptoms, 
namely expressive deficits and social-emotional withdrawal/avolition.7,16 Originally negative 
symptoms were considered to constitute one dimension, and studies have investigated 
negative symptoms as such. In recent studies two factors were found: social-emotional 
withdrawal/avolition factor which appears to be related to deficits in anticipatory pleasure, 
and the expressive deficits factor which is related to deficits in the ability to express 
oneself.18-20 The two separate symptom domains of negative symptoms may reflect 
different mechanisms in the brain and may respond to different treatment strategies (see 
also chapter 6 and 7). 
 Finally, research efforts targeting negative symptoms are still limited. This may be due 
to the properties of patients experiencing negative symptoms such as lack of motivation, 
in addition to other symptoms in many patients with schizophrenia, like lack of illness 
awareness, psychotic symptoms or experiencing problems in abstract reasoning. Finding 
patients with negative symptoms that sufficiently understand the aim of the study, are 
motivated to participate and are able to give informed consent, is a challenge. As a 
consequence, the number of studies and of patients included in clinical trials is small. Also, 
it is likely that within the group of patients with negative symptoms there is a selection 
bias, as most patients suffering from severe negative symptoms may be too demotivated 
or impaired to participate.
 Notably, the efficacy of rTMS treatment for depression has been validated in placebo-
controlled trials conducted among more than 3000 patients, and there is sufficient evidence 
to evaluate the efficacy of treatment using high frequency rTMS over the left DLPFC 
with level A (definite efficacy).261 Thus, it is possible that the effect of rTMS on negative 
symptoms may be in part attributed to the antidepressant effect of rTMS. In our clinical trial 
we therefore controlled for the antidepressant effect of rTMS but the studies included in 
our meta-analyses often did not. Our findings are in line with three other trials suggesting 
that the improvement of negative symptoms could not be attributed to the antidepressant 
effect of rTMS.72,73,76 
 It is important to note that the optimal rTMS treatment parameters for treatment of 
negative symptoms are unknown. In our clinical trial, we applied 3 weeks of 10 Hz rTMS 
bilaterally, targeting both the left and right DLPFC at 90% of the motor threshold (MT). 
However, a recent meta-analysis found the best parameters for the rTMS treatment 
included applying a frequency of 10 Hz, at least 3 weeks of treatment instead of two as 
used in the earlier rTMS trials, treatment site of the left DLPFC and a 110% MT.46 It is possible 
that the treatment effect we found in our trial may be primarily attributed to treatment 
of the left DLPFC and not the bilateral DLPFC. This may explain the lack of effect found in 
two earlier trials applying bilateral rTMS.80,124 A major difference between these two trials 
and our trial was the total number of pulses that were applied. We used a total of 60,000 
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pulses, namely 30,000 pulses per hemisphere. The other two trials used 30,000 pulses 
and 15,000 per hemisphere. Only one other study investigating unilateral rTMS treatment 
applied 30,000 pulses to the left DLPFC, and this study found a significant improvement of 
negative symptoms,126 all other studies applied less pulses. As mentioned earlier, there is 
evidence that brain plasticity in patients with schizophrenia may be reduced, and increasing 
the number of pulses delivered may enhance treatment response.163 Furthermore, we 
applied an intensity at 90% of motor threshold (MT) because applying a higher MT% 
may increase the risk of an epileptic seizure, and also may cause more discomfort during 
stimulation. However, applying rTMS at an intensity of 110% MT is suggested to have 
the best efficacy on negative symptoms.46 Notably, in all earlier rTMS trials for negative 
symptoms of schizophrenia using an intensity of 110% MT no serious side effect or seizures 
occurred.72,73,76,77,80,82,83,125,126,188 Nonetheless, as we applied more pulses than other rTMS trials 
for negative symptoms, which could also contribute to increased risk of inducing a seizure, 
we decided beforehand to adhere to a safe percentage of motor threshold. Fortunately, no 
seizures occurred in our trial. Thus, probably better rTMS treatment protocols are possible, 
in accordance with new insights in efficacy as well as safety issues.
 An important issue to address is the application of sham treatment and the manner of 
blinding of rTMS studies. In our trial and in several earlier studies, sham rTMS was delivered 
by tilting the coil 45 or 90º. An advantage of this method is that it may mimic some scalp 
sensation, however it may also induce a small amount of voltage in the brain.108 In addition, 
the person administering the rTMS treatment is aware of the treatment condition and 
a Rosenthal effect may occur. A Rosenthal effect is the phenomenon whereby higher 
expectations lead to an increase in performance and lower expectations lead to a decrease 
in performance. However, as discussed in chapter 3, in our trial blinding was successful - 
in both treatment conditions the percentage of patients who thought they had received 
the “real” treatment was the same. Currently, sham coils are available that mimic the 
scalp sensation. In further studies, new sham conditions, such as a sham coils with built-in 
electrodes, should be applied. 
 A promising new emerging TMS technique is theta burst TMS (TBS). In TBS pulses 
are applied in bursts of three at high frequency (i.e. 50 Hz) with an interburst interval of 
200 ms. These patterns of stimulation are based on naturally occurring firing patterns in 
the brain, and studies conducted among both animals and humans found theta rhythms 
were associated with long term potentiation.262-265 One study conducted among humans 
found increased theta power during encoding of new information.265 The authors suggest 
a relationship with hippocampal theta, via hippocampo-cortical feedback loops.265 Two 
forms of TBS have been investigated: intermittent and continuous. Intermittent TBS (iTBS) 
applies stimulation during 2 seconds with an inter-train interval of 8 seconds. This pattern 
has been found to have an excitatory effect, as after iTBS motor evoked potentials (MEPs) 
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were facilitated.266 Continuous TBS (cTBS) on the other hand has an inhibitory effect by 
suppressing MEPs. Several advantages of TBS is that it requires less stimulation time and can 
be applied at a lower motor threshold (usually 80% MT).266 A large study investigating iTBS 
as compared to 10 Hz TMS for major depression suggests iTBS to be as effective, however 
duration of treatment of iTBS per session was much shorter.267 A study involving 96 patients 
with prominent negative symptoms compared 10 Hz and 20 Hz TMS and TBS to sham TMS, 
and found a significant decrease of negative symptoms for all three conditions (10 Hz, 20 
Hz rTMS and TBS) as compared to sham TMS, but decrease in negative symptoms in the 
TBS group was significantly larger as compared to the 10 and 20 Hz groups.187 Regarding 
safety of TBS, TBS may have a higher risk of inducing epileptic seizures as compared to 
rTMS as it applies high frequency bursts. On the other hand, stimulation duration is shorter 
and less pulses are needed at a lower intensity. In conclusion, TBS is a promising new 
technique which may prove to be effective to treat negative symptoms of schizophrenia 
while requiring less administration time. The number of TBS studies are limited and more 
studies are needed to investigate its efficacy and safety. 
 Chapter 4 discusses the results of our neuroimaging study. In this study, conducted 
in a subgroup of patients participating in the clinical trial, we found an increase in task-
related brain activation in the right DLPFC and the right medial frontal gyrus (MeFG) in the 
active group as compared to sham treatment. In addition, there was a significant difference 
between active and sham groups in brain activation in the left posterior cingulate, caused by 
the combined effect of a large decrease in brain activation in the active group and to a lesser 
extent an increase in brain activation in the sham group. These changes in brain activation 
were accompanied by a significant decrease of negative symptoms in the rTMS group as 
compared to sham treatment. Two earlier published studies by Guse et al and Prikryl et 
al also investigated the effect of rTMS on neural activation in schizophrenia patients.161,162 
These studies did not find a significant difference in brain activation between the active and 
sham group. However, the study by Guse et al,161 which was part of a larger clinical trial that 
did not find an significant improvement of negative symptoms after rTMS,188 applied much 
less pulses than our study, namely a total of 15,000 pulses to the left DLPFC as opposed to 
60,000 (30,000 per hemisphere) in our study. This was also the case in the study by Prikryl 
et al,162 which applied a total of 22,500 stimuli to the left DLPFC. It is possible there is a dose 
effect relationship, and significant changes in brain activation may become apparent above 
a certain threshold. 
 Our study suggests that rTMS treatment may be able to change brain activation not 
only in the directly stimulated area, but also in connected brain areas, i.e. the posterior 
cingulate cortex (chapter 4). This is of considerable relevance, as negative symptoms seem 
to be associated with dysregulation of the prefrontal-striatal-thalamic and fronto-parietal 
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neurocircuits.25,33,118 Thus, besides increasing activation in the prefrontal cortex, rTMS is 
thought to be important to affect relevant circuitry of the prefrontal cortex.
 In addition to task-related changes in brain activation, we also investigated changes in 
brain metabolism of glutamate/glutamine (Glx) and N-Acetyl Aspartate (NAA) in the left 
prefrontal cortex with H-Magnetic Resonance Spectroscopy (¹H-MRS) in a subgroup of 
patients for which data were available, as discussed in chapter 5. In this exploratory study 
we applied a linear regression model to investigate the association between treatment 
condition and changes in concentration of Glx and NAA. We found a significant association 
between changes in Glx in the left DLPFC and treatment condition in patients with negative 
symptoms of schizophrenia receiving rTMS or sham treatment. There was an increase of 
Glx concentration in the rTMS treatment group and a decrease of Glx concentration in 
the group receiving sham treatment. The increase of Glx in the prefrontal cortex provides 
further evidence for the underlying rationale of prefrontal rTMS treatment for negative 
symptoms, namely that it can increase prefrontal metabolism. An earlier ¹H-MRS study 
conducted among patients with a depression, also found rTMS treatment increased 
glutamate/glutamine.158 The results of our ¹H-MRS study are also in line with our fMRI 
findings, which found a task-related increase in the prefrontal cortex in the rTMS group as 
compared to placebo. However, the study was exploratory, and more studies are needed 
to investigate changes in brain metabolism after rTMS in patients with schizophrenia, 
including PET studies to detect possible changes in dopamine.
 In conclusion, we aimed to investigate treatment with rTMS for negative symptoms of 
schizophrenia, including possible underlying neural mechanisms. Both the meta-analysis 
and the clinical trial provide evidence for the efficacy of 10 Hz rTMS of the DLPFC to improve 
negative symptoms, but the effect size is still too limited to be clinically meaningful. At 
the same time, it should be emphasized that few treatments yield statistically significant 
improvement, which rTMS did achieve. Therefore, it would be premature to dismiss rTMS 
as a potential treatment modality, even though it needs further development to achieve 
clinical usefulness. Our fMRI study found a task-related increase in the prefrontal cortex, and 
our ¹H-MRS study found an association between changes in Glx and treatment condition, 
supporting the underlying rationale of rTMS treatment of negative symptoms. Taken 
together, our studies contribute to the growing body of evidence for the efficacy of rTMS 
treatment for negative symptoms. However, the effect size of treatments with rTMS is not 
as yet clinically satisfactory. Randomized placebo controlled trials are needed to establish 
the most effective combination of rTMS parameters (including TBS), and interventions may 
be more effective in earlier phase of the psychotic illness or in combination with psycho-
social interventions. In addition, neuroimaging studies are needed to further investigate 
the underlying neural working mechanism of rTMS treatment.  
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The underlying neural substrates of negative symptoms of schizophrenia

The second part of the thesis focuses on the underlying neural substrates of negative 
symptoms. Chapter 6 and 7 both present the results of an fMRI study conducted among 
patients with schizophrenia and healthy individuals. In contrast to most earlier neuroimaging 
studies on negative symptoms, we acknowledged two factors of negative symptoms 
identified with the Positive and Negative Syndrome Scale (PANSS) questionnaire: social-
emotional withdrawal and expressive deficits. Chapter 6 investigated the social-emotional 
withdrawal and expressive deficits factor and chapter 7 focuses on the social-emotional 
withdrawal factor as a measure of apathy. Chapter 6 presents the results of an fMRI 
study on emotion perception, which measured emotional ambiguity in a social context by 
presenting an array of faces with varying degree of consistency in emotional expressions, 
e.g. some faces look angry, others look happy (the Wall of Faces task). This study found that 
severity of expressive deficits was negatively correlated with activation of the ventromedial 
prefrontal cortex when comparing ambiguous emotional decisions to  ambiguous gender 
decisions. Furthermore, higher level of expressive deficits was associated with decreased 
brain activation in the thalamus, precentral gyrus, precuneus, the superior temporal 
gyrus and the middle frontal gyrus during emotional ambiguity. However, no significant 
association was found between the PANSS factor social-emotional withdrawal with brain 
activation. A limitation of this study could be the artificial nature of the stimulus display 
(thirty-two faces on one screen). Future studies should use more dynamic and realistic 
images of real-life social situations. Correlations of brain activation during such tasks with 
social functioning questionnaires should also be established, even though this will require 
larger samples.  
 Chapter 7 presents and discusses the results of an fMRI study during a planning task. 
Patients with schizophrenia and healthy controls performed the Tower of London task 
during scanning. The Tower of London task is a test used for the assessment of executive 
functioning, and more specifically planning. Executive functioning and goal-directed 
behavior are mediated by a fronto-striatal-parietal brain circuit.230,231 Higher levels of social-
emotional withdrawal were associated with decreased brain activation in the inferior 
parietal lobule, the precuneus and the thalamus. Thus, both neuroimaging studies support 
the hypothesis that dysregulation of the frontal-thalamic and fronto-parietal neurocircuits 
may be involved in the pathogenesis and maintenance of negative symptoms.
 It is indeed likely that the two dimensions of negative symptoms are reflected in 
distinctive neural correlations. Whereas we primarily observed associations of the 
expressive deficits dimension with neural activation during the emotional ambiguity task, 
a recent study primarily observed associations of activation during reward anticipation 
with social-emotional withdrawal/avolition. In that study Kirschner et al (2015) employed 
a Monetary Incentive Delay Task.204 It is possible that patients with high levels of social-
emotional withdrawal/avolition withdraw from or avoid activities due to a lack of reward 
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anticipation. The authors report social-emotional withdrawal/avolition, but not expressive 
deficits, to be related to ventral striatal hypoactivation during reward anticipation. 
Similar to the studies in this thesis (Chapter 6 and 7), Kirschner et al performed additional 
correlations with depressive symptoms, but also with cognitive ability, medication and 
positive symptoms. None of these confounding variables showed a significant negative 
correlation with ventral striatal activation. Thus, as was the case in our studies (Chapter 
6 and 7), the findings were independent of depressive symptoms. In conclusion, reward 
anticipation and planning may be more closely related to social-emotional withdrawal/
avolition whereas emotional perception may be more related to expressive deficits. This 
is an important finding, stressing the necessity of focusing on the two (or may be more) 
factors of negative symptoms, as they appear to have a different underlying neural working 
mechanism. 
 Considering the above, it is likely that successful treatment of negative symptoms may 
need differential treatment approaches. Future studies should acknowledge the two (or 
more) factors of negative symptoms and further investigate their different underlying 
neural substrates, and may consider to develop differential treatment approaches in line 
with these substrates. This also applies for rTMS treatment for negative symptoms of 
schizophrenia, which may prove to be more effective for one of the two factors. Research and 
clinical practice may benefit from newer instruments to assess negative symptoms, which 
take into account the recent advances made in the description of negative symptoms.154,268 
Better measurement may inform subsequent diagnosis and treatment. Although up to 
date no clinically meaningful treatment options are available, a recent meta-analysis found 
several treatment options (including medication and psychological interventions) to have 
a significant treatment effect.42 Perhaps combining these different treatment options may 
enhance treatment effects. For instance, by combining psychological interventions with 
brain stimulation or treatment with glutamatergic medications. Regarding brain stimulation 
techniques, treatment of negative symptoms of schizophrenia with TBS deserves further 
investigation. TBS requires less administration time, which is more patient-friendly and 
implies lower cost. Taking into account that changes induced by the brain stimulation 
techniques rTMS and TBS may be temporary, in those patients responding to treatment 
a tapering course of maintenance treatment may be required. Up to date, few studies 
have been performed on maintenance treatment with rTMS of TBS and none have been 
performed on maintenance treatment in patients with schizophrenia. Thus, there is a need 
for systematic study and standardization of rTMS/TBS maintenance treatment in patient 
with schizophrenia. In conclusion, considerable additional research on negative symptoms 
of schizophrenia is needed to better understand these symptoms. Such knowledge will 
subsequently inform treatment strategies and ultimately improve quality of life in patients 
with serious mental illness. 
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Achtergrond

Schizofrenie is een ernstige psychiatrische aandoening, die gekenmerkt wordt door positieve 
symptomen, cognitieve functiestoornissen en negatieve symptomen. Positieve symptomen 
van schizofrenie zijn verschijnselen die bij gezonde mensen niet aanwezig zijn en negatieve 
symptomen zijn verschijnselen die bij gezonde mensen aanwezig zijn en bij mensen met 
schizofrenie ontbreken. Positieve symptomen zijn wanen, hallucinaties en verward denken. 
Deze positieve symptomen nemen over het algemeen in ernst af door behandeling met 
antipsychotica. Cognitieve functies zijn onder andere aandacht en concentratie, geheugen, 
planningsvaardigheden, snelheid van informatieverwerking en probleemoplossend 
vermogen. Cognitieve functiestoornissen zijn stoornissen in het opnemen en verwerken 
van informatie. Bij patiënten met schizofrenie kan er sprake zijn van een stoornis in één 
of meer van de cognitieve functies, bijv. het plannen, wat problemen kan geven in het 
dagelijkse leven. Negatieve symptomen zijn vervlakking van het gevoelsleven (affect), 
onvermogen om te genieten (anhedonie), gedachte- en spraakarmoede, vermindering van 
initiatief of gebrek aan motivatie om een begonnen taak te voltooien (avolitie), verminderd 
enthousiasme of motivatie (apathie) en/of sociale terugtrekking. Negatieve symptomen 
zijn vaak hardnekkig. Ongeveer een kwart van alle patiënten met schizofrenie heeft last 
van ernstige en aanhoudende negatieve symptomen.2 De behandelmogelijkheden van 
negatieve symptomen zijn beperkt en de effectiviteit van de behandelingen is gering.3-5 
Positieve symptomen hebben een veel kleinere invloed op de prognose en het functioneren 
van patiënten met schizofrenie dan negatieve symptomen.9

 De prognose van schizofrenie varieert. Ongeveer één derde van de patiënten met 
schizofrenie heeft een gunstige prognose. Hun toestand verbetert op den duur sterk,7 hun 
symptomen verminderen, en hun sociaal functioneren is op termijn redelijk tot goed. Eén 
derde van de patiënten heeft een matige prognose.  Zij maken terugkerende periodes met 
symptomen door waardoor  hun sociale leven wordt verstoord. Eén derde van de patiënten 
heeft een slechte prognose. Hun symptomen verbeteren onvoldoende en ze kunnen zonder 
hulp niet in de maatschappij functioneren.6 
 De aanwezigheid van negatieve symptomen maakt de prognose minder gunstig.7 
Negatieve symptomen zijn een voorspeller van problemen in het sociaal functioneren, 
problemen op het gebied van werk en / of studie en problemen bij het leiden van een 
onafhankelijk bestaan.8-11 Omdat  juist de negatieve symptomen van schizofrenie 
tot blijvende invaliditeit leiden, is het belangrijk om meer te weten te komen over 
processen die bij  negatieve symptomen een rol spelen, onder ander in de hersenen 
(neurofysiologische processen), en om te zoeken naar effectieve behandelingen. Dit 
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9

proefschrift bespreekt onderzoek naar een nieuwe behandeling om negatieve symptomen 
te verminderen: Transcraniële Magnetische Stimulatie (TMS). Daarnaast worden een aantal 
hersenonderzoeken naar negatieve symptomen gerapporteerd. 

De indeling van negatieve symptomen

Negatieve symptomen worden onderverdeeld in primaire en secundaire negatieve 
symptomen.12 Primaire negatieve symptomen worden toegeschreven aan het ziekteproces 
zelf, secundaire negatieve symptomen worden toegeschreven aan andere factoren, zoals 
bijwerkingen van medicatie. Vervlakking van het gevoelsleven kan bijvoorbeeld een 
bijwerking zijn van antipsychotica.13 In de praktijk is het moeilijk om onderscheid te maken 
tussen primaire en secundaire negatieve symptomen. Bovendien kunnen primaire en 
secundaire negatieve symptomen naast elkaar bestaan. 
 Negatieve symptomen werden vroeger gezien als één geheel. De afgelopen jaren is echter 
uit onderzoek gebleken dat er meerdere soorten negatieve symptomen bestaan.7,14,15 In de 
meeste onderzoeken zijn twee soorten van negatieve symptomen gevonden: expressieve 
afwijkingen (zoals gedachte- of spraakarmoede) en sociaal-emotioneel terugtrekgedrag/
avolitie.7,15,16 Het verleggen van het focus van onderzoek van negatieve symptomen als 
één geheel naar de twee soorten van negatieve symptomen, vergroot onze kennis over 
negatieve symptomen.16,17 Deze nieuwe kennis kan hopelijk bijdragen aan het ontwikkelen 
van effectievere behandelmethoden voor negatieve symptomen.

Hersenonderzoek naar negatieve symptomen

Hersenonderzoek naar het ontstaan van negatieve symptomen en apathie (pathofysiologie) 
richtte zich in eerste instantie op negatieve symptomen als één geheel. Verschillende 
hersenonderzoeken hebben de kennis over de pathofysiologie van negatieve symptomen 
vergroot. Zo heeft functioneel hersenonderzoek (functionele MRI en PET, waarmee 
hersenactiviteit weergeven kan worden) aangetoond dat negatieve symptomen 
samenhangen met disfunctioneren van het gebied dat vooraan in de hersenen ligt, de 
prefrontale cortex (PFC).  Met name één specifiek gebied van de PFC functioneert niet 
goed, de dorsolaterale prefrontale cortex (DLPFC).21-26 Daarnaast zijn er aanwijzingen voor 
het disfunctioneren van andere hersengebieden en de verbindingen tussen deze gebieden: 
de thalamus, de anterieur cingulate cortex (ACC),  het striatum en het frontostriatale 
netwerk.27-30 Hersengebieden die met elkaar verbonden zijn, werken samen in zogenaamde 
neuronale netwerken. Een aantal hersengebieden en netwerken die anders functioneren 
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bij mensen met negatieve symptomen, zijn betrokken bij hersenprocessen voor motivatie 
en beloning. Een netwerk tussen de voorste hersengebieden (DLPFC) en meer centraal in 
de hersenen gelegen gebieden (het frontostriatale netwerk) speelt een belangrijke rol bij 
motivatie, aandacht en gedrag. Het disfunctioneren van dit frontostriatale netwerk zou dus 
een rol kunnen spelen in de pathofysiologie van negatieve symptomen. 
Om inzicht te krijgen in de stofwisseling van de hersenen (het hersenmetabolisme) van 
patiënten met negatieve symptomen is er onderzoek naar chemische processen in 
de hersenen (neuro chemisch onderzoek) verricht. Daarbij zijn concentraties van drie 
belangrijke stoffen in de hersenen onderzocht: dopamine, N-acetylaspartaat (NAA) en 
glutamaat. Dopamine is een belangrijke stof die een rol speelt bij het doorgeven van 
signalen tussen zenuwcellen (een neurotransmitter). Dopamine is nodig voor verschillende 
hersenfuncties waaronder het plannen en doelgericht handelen, het ervaren van genot 
en het reguleren van de motivatie. Een tekort aan dopamine leidt tot problemen. Er zijn 
sterke aanwijzingen dat een verminderde dopamine afgifte in de prefrontale cortex een rol 
speelt bij negatieve symptomen. Deze verminderde dopamine afgifte wordt waarschijnlijk 
veroorzaakt door het disfunctioneren van D1 dopaminereceptoren in de prefrontale 
cortex.36,37 Daarnaast is er een verband gevonden tussen de ernst van negatieve symptomen 
en de concentratie van N-acetylaspartaat (NAA) in de prefrontale cortex.38-40 Glutamaat 
is een andere belangrijke neurotransmitter, die een stimulerende (excitatoire) werking op 
zenuwcellen heeft. Glutamaat speelt o.a. een rol in het reguleren van de stemming, en ook 
bij het leren en het onthouden van informatie. Patiënten met schizofrenie hebben mogelijk 
een verlaagde concentratie glutamaat in de prefrontale cortex.41 Er lijkt ook een verband 
te zijn tussen de ernst van de negatieve symptomen en de concentratie van glutamaat in 
de ACC. 
 Er zijn dus aanwijzingen dat het disfunctioneren van de prefrontale cortex en een 
afgenomen prefrontaal hersenmetabolisme samenhangen met negatieve symptomen. 
Toekomstige behandelingen zouden zich op het verbeteren van het functioneren van de 
prefrontale cortex kunnen richten. 

Behandeling van negatieve symptomen

Negatieve symptomen bij schizofrenie zijn moeilijk te behandelen. Meta-analyses zijn 
onderzoeken waarbij de gegevens uit meerdere kleinere onderzoeken bij elkaar genomen 
worden, om bijvoorbeeld te bestuderen of een bepaalde behandeling zinvol is. In 2015 is er 
een grote meta-analyse gepubliceerd waarin resultaten van diverse behandelmogelijkheden 
voor negatieve symptomen werden samengevat, onder andere behandelingen met 
medicijnen en psychosociale interventies.42 De onderzochte behandelingen met medicijnen 
betroffen tweede generatie antipsychotica, antidepressiva, combinaties van beide en 
medicijnen die aangrijpen op het glutaminerge systeem. Bij al deze behandelingen was er 
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sprake van een kleine (statistisch significante) afname van negatieve symptomen. De ernst 
van de negatieve symptomen nam weliswaar af, maar de afname had onvoldoende invloed 
op het dagelijks functioneren van de patiënten: de afname was klinisch onvoldoende 
relevant. 
 Transcraniële Magnetische Stimulatie (TMS) is een veilige vorm van hersenstimulatie, 
die effectief is bij de behandeling van patiënten met een depressieve stoornis.43 TMS werkt 
via de principes van elektromagnetische inductie; een elektrische stroom gaat door de 
TMS spoel, waardoor er een sterk magnetisch veld wordt opgewekt. Door de spoel tegen 
het hoofd te houden, kan het magnetisch veld de schedel passeren en vervolgens in de 
onderliggende hersenschors een elektrische stroom opwekken. Hierdoor kan er elektrische 
ontlading van hersencellen plaatsvinden, tot een diepte van ongeveer 1-2 centimeter in de 
hersenschors. 
 Bij repetitieve Transcraniële Magnetische Stimulatie (rTMS) worden de TMS-pulsen 
herhaaldelijk toegediend. Afhankelijk van het aantal pulsen per seconde (in Hertz) kan 
rTMS een onderliggend hersengebied actiever (bij een hoge frequentie van pulsen, 5 Hz 
of hoger) of juist minder actief maken (bij een lage frequentie van pulsen). Hoogfrequente 
rTMS verhoogt de hersenactiviteit in de hersengebieden onder de spoel. Echter, deze 
beïnvloeding blijft niet beperkt tot het direct betrokken hersengebied, maar breidt zich uit 
naar het daarmee samenhangende neurale netwerk.44,67 Zo kan rTMS van de prefrontale 
cortex leiden tot een toename van dopamine-activiteit in het een diepere gelegen 
hersengebieden, zoals het striatum. Het  voordeel van rTMS is dat geen operatie nodig is 
(niet-invasief) en dat het een min of meer plaatselijke (focale) behandeling is. rTMS heeft 
minder bijwerkingen dan veel medicijnen, o.a. omdat alleen specifieke hersengebieden 
gestimuleerd worden. Bijwerkingen zijn vooral hoofdpijn en pijn gedurende de behandeling 
op de plek waar de hersenstimulatie plaatsvindt, na de behandeling zijn deze klachten snel 
verdwenen. Uitgebreide veiligheidsonderzoeken hebben aangetoond dat behandeling 
met rTMS veilig is, mits men zich houdt aan de internationale veiligheidsnormen. Een 
zeldzame bijwerking van rTMS behandeling is een epileptische aanval. De internationale 
veiligheidsnormen raden af om mensen in het verleden ooit een epileptisch insult hebben 
gehad een rTMS behandeling te geven.
 In de afgelopen decennia zijn er diverse onderzoeken gedaan naar behandeling van 
negatieve symptomen met rTMS, waarbij er vooral gekeken is naar de effectiviteit van 
hoogfrequente rTMS van de voorste hersendelen, met name de DLPFC. Tot op heden zijn 
er vijf meta-analyses gedaan van onderzoeken naar de effecten van de  behandeling van 
negatieve symptomen met hersenstimulatie. Eén meta-analyse met vijf studies vond geen 
significante verbetering van negatieve symptomen.48 Eén meta-analyse die alle vormen van 
niet-invasieve hersenstimulatie onderzocht, ook transcraniële Direct Current Stimulatie (in 
totaal acht studies), vond evenmin een significante verbetering van negatieve symptomen 
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na hersenstimulatie.42 Een derde meta-analyse van zeven studies liet een trend tot 
verbetering van negatieve symptomen zien.47 De andere twee meta-analyses, met negen 
en dertien studies, vonden een significante verbetering van negatieve symptomen.45,46 
In hoofdstuk 2 van dit proefschrift wordt één van deze meta-analyses met negen studies 
uitgebreid beschreven.45

Het effect van rTMS op negatieve symptomen en op hersenactiviteit bij schizofrenie

In 2009 is een rTMS behandelstudie voor negatieve symptomen bij schizofrenie gestart 
in het Universitair Medisch Centrum Groningen (UMCG), in samenwerking met de 
noordelijke GGZ-instellingen (Lentis, GGZ Drenthe, GGZ Friesland). Hierbij werd onderzocht 
of hoogfrequente 10 Hz rTMS behandeling van zowel de rechter als de linker voorste 
hersenen, de DLPFC, effectief was als behandeling voor negatieve symptomen. Het was een 
gerandomiseerd dubbelblind onderzoek waaraan 32 patiënten met negatieve symptomen 
deelnamen. Gerandomiseerd betekent dat het lot beslist of een deelnemer de echte of 
de placebo (“nep”) behandeling krijgt. Dubbelblind houdt in dat zowel de deelnemende 
patiënten en de onderzoekers gedurende de uitvoering van het onderzoek niet weten of er 
een echte of een placebo behandeling wordt toegepast. Alleen degene die de behandeling 
uitvoert weet dit en houdt dit geheim. De behandelgroep bestond uit 16 deelnemers die de 
“echte” rTMS behandeling kregen, en de controlegroep bestond uit 16 deelnemers die de 
placebo rTMS behandeling kregen. 
 De deelnemende patiënten werden gedurende drie weken behandeld (op drie maal vijf 
dagen in twee sessies per dag;  in de ochtend werd de linker DLPFC behandeld en in de 
middag de rechter DLPFC).160 Bij de placebo behandeling van patiënten van de controlegroep 
werden precies dezelfde handelingen uitgevoerd als bij de “echte” rTMS behandeling, maar 
de hersenen werden niet daadwerkelijk gestimuleerd. Voor en na de behandelperiode 
en na vier weken en drie maanden follow-up werd de ernst van negatieve symptomen 
gemeten. Deze metingen werden gedaan met specifieke interviews (meetinstrumenten) die 
de ernst negatieve symptomen kunnen vaststellen, namelijk de negatieve subschaal van de 
Positive and Negative Syndrome Scale (PANSS)96 en de Scale for the Assessment of Negative 
Symptoms (SANS).95 Daarnaast vond er voor en na de behandeling hersenonderzoek plaats 
om veranderingen in hersenactiviteit te meten. 
 In dit onderzoek leidde een rTMS-behandeling van zowel de linker als de rechter 
(bilaterale) DLPFC gedurende drie weken met een frequentie van 10 Hz in vergelijking 
met placebobehandeling tot een (statistisch significante) vermindering van negatieve 
symptomen. Na behandeling met rTMS namen de negatieve symptomen in ernst af. Dit 
effect was tot drie maanden na het beëindigen van de behandeling nog meetbaar met de 
SANS (hoofdstuk 3 van dit proefschrift).160 Hoewel het behandeleffect lang aanhield, was 
het effect klein. Toch was het optreden van verbetering bij deze patiënten hoopgevend, 
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omdat het patiënten betrof die langdurig en ernstig ziek waren, en die veelal verschillende 
soorten psychofarmaca gelijktijdig gebruikten. Ruim een kwart van de patiënten was niet 
in staat om zelfstandig te wonen en verbleef op een woonafdeling van de GGZ. De rTMS 
behandeling werd goed verdragen en de bijwerkingen van de behandeling waren mild. Er 
deden zich tijdens het onderzoek geen ernstige incidenten voor.
 Om meer inzicht te krijgen in de werking van de rTMS behandeling, hebben wij onze 
behandelstudie gecombineerd met hersenonderzoek, namelijk een fMRI studie (hoofdstuk 
4 van dit proefschrift)192 en een ¹H-Magnetic Resonance Spectroscopy (¹H-MRS) studie 
(hoofdstuk 5 van dit proefschrift). In de fMRI studie hebben wij onderzocht of bilaterale 
prefrontale rTMS bij negatieve symptomen van invloed was op de hersenactiviteit tijdens 
het verrichten van een planningstaak (Tower of London).192 In totaal waren er 24 patiënten 
met negatieve symptomen van wie fMRI data beschikbaar was, bij de overige 8 deelnemers 
was er om diverse redenen geen fMRI data van de planningstaak beschikbaar. Zo was er 
bij een aantal deelnemers sprake van een technische storing tijdens het scannen en voor 
sommige deelnemers die veel last hadden van cognitieve functiestoornissen bleek de taak 
te moeilijk. Van de vierentwintig deelnemers bij wie data beschikbaar was, hadden elf van 
hen de rTMS behandeling gekregen en dertien van hen  kregen de placebo behandeling. Na 
de behandeling, nam de hersenactiviteit in de behandelgroep in de rechter dorsolaterale 
prefrontale cortex en in de rechter gyrus frontalis medialis toe, in vergelijking met de 
placebogroep. In de behandelgroep nam de hersenactiviteit in de linker posterior cingulate 
af (een gebied midden in de hersenen), terwijl deze in de placebogroep toe nam.192 Kortom, 
er zijn aanwijzingen dat prefrontale rTMS behandeling (taak-gerelateerde) hersenactiviteit 
in de voorste hersenen van patiënten met schizofrenie kan versterken. 
 Tijdens de ¹H-MRS studie, een speciale MRI techniek, zijn veranderingen in de 
concentraties van stoffen in de linker DLPFC onderzocht, waarbij specifiek is gekeken naar  
NAA, glutamaat en glutamine (Glx, neurotransmitter en zijn voorloper). Glutamaat en NAA 
spelen een belangrijke rol in de stofwisseling van de hersenen. Er zijn aanwijzingen dat bij 
patiënten met negatieve symptomen sprake is van een tekort  van glutamaat en NAA in de 
voorste hersenen. Het is mogelijk dat de prefrontale rTMS behandeling een toename van 
de concentratie van NAA en/of Glx geeft. Daarom zijn de concentraties van Glx en NAA in 
de linker DLPFC van deelnemende patiënten voor en na de behandeling gemeten. Van de 
tweeëndertig deelnemers was er bij vierentwintig deelnemers ¹H-MRS data beschikbaar. 
Om de relatie tussen de behandelarm (echte rTMS of placebo) en de concentratie Glx en 
NAA te analyseren hebben wij een specifieke statistische techniek (lineair regressie model) 
toegepast. Hierbij werd er een verband gevonden tussen behandelarm en concentratie Glx. 
Bij de patiënten die de echte rTMS behandeling kregen, nam de concentratie Glx toe, bij 
patiënten die de placebo behandeling kregen nam deze af. Het soort behandeling (echte 
rTMS of placebo) was niet van invloed op veranderingen in de concentratie van NAA. 
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 Een verhoogde concentratie Glx na prefrontale rTMS behandeling zou kunnen duiden 
op een verhoogd prefrontaal metabolisme. De aangetoonde verhoogde hersenactiviteit 
tijdens het doen van de planningstaak in de prefrontale cortex (fMRI data) gaat dus mogelijk 
ook gepaard met een verhoogd metabolisme in dat hersengebied (¹H-MRS data). 

Zowel in onze behandelstudie, als in onze fMRI en ¹H-MRS studie zijn er aanwijzingen 
gevonden voor een positief effect van hoogfrequente rTMS behandeling voor negatieve 
symptomen van schizofrenie. Als in een wetenschappelijk onderzoek een statistisch 
significant effect gevonden is, is het erg belangrijk om na te gaan in hoeverre de bevindingen 
klinisch relevant zijn. In onderzoeken naar negatieve symptomen wordt vaak gesproken 
over een klinisch relevante verbetering van de symptomen bij een daling van 20% of meer 
op de diverse meetinstrumenten voor negatieve symptomen.269 In onze studie daalden de 
metingen van negatieve symptomen in de behandelgroep met 15%. Helaas is het effect 
van rTMS dus nog te klein om als klinisch relevant beschouwd te kunnen worden. Maar de 
resultaten zijn wel hoopgevend, omdat een rTMS behandeling in potentie in staat is om 
negatieve symptomen te verminderen. Andere manieren van hersenstimulatie of een op 
andere wijze toepassen van rTMS zouden mogelijk het behandeleffect kunnen vergroten. 
Bij een rTMS behandeling zijn namelijk vele instellingen (parameters) van belang, zoals de 
frequentie, de intensiteit van de behandeling, de duur van de behandeling en de totale 
hoeveelheid TMS pulsen die worden toegediend. Deze parameters varieerden in de 
verschillende onderzoeken en we weten nog niet welke combinaties van parameters het 
meeste effectief zijn. Daarnaast is er een nieuwe vorm van rTMS in opkomst, namelijk theta 
burst TMS.266 Tijdens theta burst stimulatie worden er korte series van hoogfrequente (bijv. 
50 Hz) pulsen toegediend. Uit onderzoek blijkt dat deze vorm van stimulatie mogelijk meer 
langdurige effecten heeft op het brein, mogelijk omdat theta burst stimulatie beter aansluit 
bij het natuurlijke ritme van het brein.262-265 Daarnaast is de behandelduur per sessie korter 
(ongeveer 6 minuten ten opzichte van 20 minuten in onze studie) en zijn er aanwijzingen 
dat de behandeling bij depressie net zo effectief is als rTMS267 en bij negatieve symptomen 
effectiever dan rTMS.187 Het onderzoeken van effectievere behandelparameters en van 
nieuwe TMS technieken zou mogelijk tot een effectievere behandeling, en dus een grotere 
daling van negatieve symptomen na behandeling, kunnen leiden. Daarnaast zou een 
combinatie van diverse behandelingen voor negatieve symptomen effectiever kunnen zijn 
dan de afzonderlijke behandelingen. Zo zou bijvoorbeeld hersenstimulatie gecombineerd 
kunnen worden met effectief gebleken psychosociale interventies. 
 Sinds 2014 vindt er een groot onderzoek plaats vanuit het Neuroimaging Center van 
het Universitair Medisch Centrum in Groningen en de Rijksuniversiteit Groningen, in 
samenwerking met collega’s en patiënten bij de instellingen voor geestelijke gezondheidszorg 
Lentis, Mediant, Dimence, GGZ Friesland en GGZ Drenthe, naar de behandeling van apathie. 
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Apathie wordt hierbij gezien als één van de kernsymptomen van negatieve symptomen. 
De behandeling van apathie vindt opnieuw plaats met rTMS, in dit geval als theta burst 
stimulatie, waarbij verder de rTMS behandeling ook wordt gecombineerd met een 
gedragsactivatietraining (https://apathiestudie.wordpress.com/). 

De pathofysiologische achtergrond van negatieve symptomen

Het vergroten van onze kennis over de pathofysiologische achtergrond van negatieve 
symptomen zou bij kunnen dragen aan verbeterde behandelmethoden van negatieve 
symptomen. Zoals eerder toegelicht, werden negatieve symptomen in het verleden 
beschouwd als één geheel, en hersenonderzoek richtte zich dan ook op negatieve 
symptomen als één geheel. Hersenonderzoek is zich de laatste jaren echter steeds meer 
gaan richten op de twee soorten van negatieve symptomen: expressieve afwijkingen 
en sociaal-emotioneel terugtrekgedrag. In dit proefschrift worden twee onderzoeken 
besproken die zich richten op de pathofysiologische achtergrond van deze twee soorten 
negatieve symptomen. Het eerste onderzoek betrof een fMRI onderzoek naar emotionele 
perceptie (hoofdstuk 6 van dit proefschrift) en het tweede onderzoek betrof een fMRI 
onderzoek naar een planningstaak (hoofdstuk 7 van dit proefschrift).168

 Bij het eerste onderzoek naar waarneming van emoties (emotionele perceptie) werd 
de “Wall of Faces” taak gebruikt. Tijdens deze taak kregen deelnemers beelden te zien van 
tweeëndertig gezichten met emotionele uitdrukkingen (boos of blij). De aantallen boze en 
blije gezichten varieerden: er kon sprake zijn van een zelfde aantal boze en blije gezichten of 
van een ongelijk aantal boze of blije gezichten (zesentwintig boze en zes blije of zesentwintig 
blije en zes boze). De deelnemers kregen ieder plaatje korte tijd te zien. Daarna werd hen 
gevraagd of zij meer boze of meer blije gezichten hadden gezien (experimentele taak), of 
werd hen gevraagd of zij meer mannen of meer vrouwen hadden gezien (controle taak). Om 
na te gaan of er een verband was tussen emotionele perceptie enerzijds en één van de twee 
soorten negatieve symptomen anderzijds, werd een regressie analyse gebruikt. De twee 
soorten negatieve symptomen, één met vooral sociaal-emotioneel  terugtrekking en de 
ander met vooral expressieve afwijkingen, waren gebaseerd op eerder onderzoek, namelijk 
een uitgebreide factor analyse van interviews van patiënten met schizofrenie met behulp 
van de Positive and Negative Syndrome Scale (PANSS).15 Uit het onderzoek bleek dat er een 
verband was tussen het aantal expressieve symptomen van een patiënt en een verlaagde 
hersenactiviteit in de bepaalde hersengebieden (frontalo-thalamische hersengebieden 
en de ventromediale prefrontale cortex) tijdens het verrichten van de Wall of Faces taak 
(emotionele perceptie). Tussen de ernst van sociaal-emotioneel terugtrekgedrag en 
hersenactiviteit werd geen verband gevonden bij het uitvoeren van deze taak. Dit wijst 
erop dat de pathofysiologische achtergrond van expressieve afwijkingen anders is dan 
de pathofysiologische achtergrond van sociaal-emotioneel terugtrekgedrag. Het is dus 
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waarschijnlijk dat negatieve symptomen uit twee groepen symptomen bestaan, met een 
corresponderende neurale basis.
 Het tweede onderzoek betrof een fMRI onderzoek naar planning, waarbij in de 
MRI scanner de Tower of London, een planningstaak, werd afgenomen. Tijdens dit 
onderzoek werd gezocht naar een verband tussen sociaal-emotioneel terugtrekgedrag en 
hersenactiviteit tijdens het verrichten van een planningstaak. Bij analyse van de gevonden 
gegevens werd een verband gevonden tussen sociaal-emotioneel terugtrekgedrag en 
activiteit in bepaalde hersengebieden: de lobulus parietalis inferior, de precuneus en de 
thalamus. Een grotere mate van sociaal-emotioneel terugtrekgedrag ging samen met een 
lagere activiteit in de besproken hersengebieden (lobulus parietalis inferior, de precuneus 
en de thalamus). 
 Onze bevindingen sluiten aan bij een ander hersenonderzoek waarin is  aangetoond 
dat de twee verschillende domeinen van negatieve symptomen andere pathofysiologische 
achtergronden hebben.204 Het is mogelijk dat expressieve afwijkingen meer samenhangen 
met afwijkingen in de waarneming van emoties (emotionele perceptie) en dat sociaal-
emotioneel terugtrekgedrag/avolitie meer samenhangt met afwijkingen in planning en het 
kunnen verlangen (in de anticipatie op o.a. genot).204 Het herkennen van de verschillende 
domeinen van negatieve symptomen en verder onderzoek ernaar is veelbelovend. Kennis 
uit dergelijk onderzoek kan mogelijk worden toegepast om het effect van de behandeling, 
o.a. met hersenstimulatie, te vergroten. Meer kennis kan bijdragen aan het ontwikkelen 
van nieuwe of verbeterde behandelmethoden, wat uiteindelijk kan leiden tot een 
betere kwaliteit van leven en een beter maatschappelijk functioneren voor mensen met 
schizofrenie.
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