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1. Introduction
Schizophrenia
Schizophrenia is a serious psychiatric disorder associated with a variety of psychological
symptoms. The disorder has been described very early in the history of humankind and still
is the subject of popular discourse (Kyziridis, 2005). The median point prevalence is 4.6 per
1000 inhabitants (McGrath et al., 2008) and the disorder occurs predominantly between the
ages of 15 and 35, with men being affected about three to four years earlier than women
(Häfner et al., 2013).
The term schizophrenia itself is a neologism from the ancient Greek verb σχίζειν (split) and
the noun φρήν (diaphragm), the place where, according to ancient belief, the soul lives.
German psychiatrist Paul Eugen Bleuler introduced the term into the psychiatric discourse in
the 20th century.
The psychopathological profile of schizophrenia consists of several symptom dimensions.
The so-called positive symptoms are psychotic symptoms, such as hallucinations or
delusions. These are most prominently displayed during psychotic exacerbations in which
about two thirds of patients respond to adequate pharmacological treatment (Meltzer, 1997).
Even without drug intervention, the resolution of a psychotic episode can be attained by
supportive measures. Negative symptomatology includes blunted affect, alogia, avolition,
anhedonia and social withdrawal (Andreasen, 1982). In addition, 90 % of patients display
cognitive impairments in a variety of cognitive domains. Across patients, the severity of the
aforementioned symptom dimensions varies, furthermore, whether schizophrenia is an
independent entity compared to similar mental illnesses or a supposed continuum of
psychosis-related experiences is subject of lively discussion (Johns and Van Os, 2001,
Craddock and Owen, 2010). This led, on the one hand, to the establishment of evidencebased guidelines (Tandon et al., 2013), and, on the other hand, to the definition of "research
domain criteria" that cover symptoms rather than circumscribed disorders (Sanislow et al.,
2010).
Irrespective of academic debate, patients’ quality of life is often decisively impaired. In its
Global Burden of Disease Report, the World Health Organization (WHO) reports that acute
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schizophrenia is the most severely impairing disorder (Whiteford et al., 2013) and is
responsible for a considerable number of disability-adjusted life years (DALYs), especially
among people aged 10 to 24 (Gore et al., 2011). The negative effects on social participation
are further amplified by self-stigmatization and irrational prejudices against patients and
psychiatric treatment (Gaebel et al., 2017). In addition to individual impairments, society
incurs annual health costs of €14,000 to €18,000 per patient/per year due to the illness,
whereby the indirect treatment costs are a multiple thereof due to incapacity to work and
early retirement (Konnopka et al., 2009). Further research suggests that psychotic symptoms
only cause a small extent of schizophrenia’s long-term negative consequences. Rather,
cognitive deficits and negative symptoms lead to a reduction in social participation and the
ability to work (Green et al., 2004, Green, 2016). So far, this has been insufficiently
considered in the definition of treatment goals and the development of novel therapies.
Concerning the etiopathogenesis of schizophrenia, in addition to genetic predisposition
multiple influencing factors are postulated within the framework of a biopsychosocial model
(Howes and Murray, 2014). From a neurobiological perspective, there is evidence for
imbalance of the mesolimbic dopaminergic system (Howes and Kapur, 2009, Breier et al.,
1997), as well as morphological changes in the sense of disturbed structural (Burns et al.,
2003) and functional connectivity (Liang et al., 2006) between brain areas (discontinuity
hypothesis) (Schmitt et al., 2011). Also, (auto-) immunological processes are thought to play
a crucial role (Müller, 2014). In summary, it can be stated that the genetic and developmental
vulnerability and resilience of a human being is promoted or inhibited by environmental
factors.
Cognitive impairment in schizophrenia
Cognitive deficits in the order of 1-1.8 standard deviations compared with healthy controls
are found in 90 % of patients with schizophrenia (Heaton et al., 2001, Palmer et al., 1997).
They include nonsocial cognition like perception, memory, attention, planning ability,
processing speed, and social cognition. These deficits persist throughout the course of the
disorder and predetermine the psychosocial functioning (Green et al., 2004). Functional
deficits in cognitive domains impede the pursuit of interests as well as maintenance of
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employment and social relations. Thus, cognitive deficits are of major importance with
regard to the long-term outcome of treatment, mortality and quality of life (Kurtz et al., 2012).
Since they are detectable before the onset of psychosis (Niendam et al., 2003) and can – albeit
to a lesser extent – be found in unaffected relatives (Horan et al., 2008), cognitive
impairments are considered a possible endophenotype of schizophrenia (Snitz et al., 2005).
Although the degree of cognitive impairments is characteristic of schizophrenia, cognitive
deficits are also found in other mental illnesses (MacKenzie et al., 2019). Comparisons of
cognitive deficits in schizophrenia to those in dementia (Kazui et al., 2011) and bipolar
disorder (Bora and Pantelis, 2015) yield a distinctive pattern and magnitude of cognitive
impairments in schizophrenia possibly indicating different underlying mechanisms. This
underlines the importance of this symptom complex for early detection of mental illness and
points to the possibility of early preventive intervention in schizophrenia.
Working memory takes a central position among cognitive functions. The ability to
consciously hold and manipulate information is the basis of conscious sensory information
processing. Ergo, working memory is necessary for planned action, reasoning, learning and
the formation of memory (Baddeley, 1992b). In several meta-analyses, significant deficits in
working memory were identified in patients with schizophrenia. Particularly consistent
results are available for spatial working memory deficits (Lee and Park, 2005), which are in
the order of Cohen's d = 0.51-1.29 (Forbes et al., 2009).
In recent years, the treatment of cognitive deficits in general and working memory in
particular came into focus (Lett et al., 2014). However, pharmacological treatment
approaches with second-generation antipsychotic substances showed only minimal
improvements in certain cognitive domains and no advantage over older antipsychotic
substances in the large-scale, multi-center CATIE study (Keefe et al., 2007). Those minimal
improvements contrast with potentially harmful consequences of continuous antipsychotic
treatment. In animal experiments a decreasing performance of working memory under
antipsychotic medication was observed (Castner et al., 2000), accompanied by a reduction of
grey matter (Dorph-Petersen et al., 2005). Initial correlative evidence for similar processes
in humans exists as well (Ho et al., 2011).
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Another treatment approach targets the modulation of the glutamatergic rather than the
dopaminergic system. Neuronal transmission via NMDA receptors is essential for cognitive
performance (Wang et al., 2013) and is known to be impaired in schizophrenia (Olney et al.,
1999). However, attempts to improve transmission via the substrates glycine and Dcycloserine failed in the CONSIST study (Buchanan et al., 2007). Further neurochemical
treatment approaches include modulation of the GABAergic (Buchanan et al., 2011),
nicotinergic (Schubert et al., 2006) and monoaminergic systems (Barch and Carter, 2005).
Conducted studies yielded mixed results and a recent meta-analysis across 93 studies reports
a significant but minimal effect size, Hedges’ g = 0.1 (Sinkeviciute et al., 2018).
Alternative approaches focus less on neurochemical alterations of the transmitter balance and
more on the cognitive abilities themselves. In the knowledge that repeated cognitive effort
leads to neuronal plasticity and learning (Colom et al., 2016, Olesen et al., 2004), cognitive
training studies have been undertaken. This approach, also called cognitive remediation
therapy (CRT), can be carried out as drill and practice training or as metacognitive training.
With the former, the patients are trained repeatedly and mostly computer-assisted on one or
several cognitive tasks, whereas in metacognitive training, the patients are explicitly taught
learning and compensation strategies. The first approach aims at improving lower-level
sensory and cognitive function by stimulating neuroplastic processes which are thought to
generalize to higher-level cognitive skills (bottom-up). The second, top-down approach
assumes that improvements of complex cognitive functions will generalize to other, less
complex cognitive functions. Meta-analyses confirm CRT effect sizes in the order of Cohen's
d = 0.4-0.5, irrespectively of the chosen approach (Wykes et al., 2011).
In addition to behavioral improvements, numerous indications of changes in brain structure
and its connectivity through cognitive training were observed. Wykes and colleagues
reported an increased activation of frontal regions after working memory training (Wykes et
al., 2002), and there is evidence that CRT may slow down the loss of grey matter in early
schizophrenia (Eack et al., 2010). In addition to the described functional and morphological
changes of the brain, elevated BDNF provides a further indication of a neuroplastic
intervention having occurred (Fisher et al., 2009). With the aim of increasing neuroplasticity,
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the combination of different neuroplastic interventions, such as CRT, brain stimulation
procedures or pharmacological therapy approaches could lead to more pronounced and more
sustainable effects (Cramer et al., 2011). Other, initially unspecific interventions, such as
sleep, physical activity or the consumption of nicotine, should also be investigated with
regard to their neuroplastic properties and integrated into an overall therapeutic concept.
Additionally, the close relationship between negative symptoms and cognitive deficits should
be noted. In spite of the ambiguity regarding the direction of the causal relationship, a mutual
relationship to social and nonsocial cognition can be assumed. Consequently, CRT improves
negative symptoms of patients with schizophrenia with an effect size of Hedges’ g = 0.3-0.4
as well (Cella et al., 2017, Linke et al., 2019).
Dorsolateral prefrontal cortex
The prefrontal cortex (PFC) is an evolutionary young neocortical structure (Fuster, 2015). It
is strongly developed in primates and humans and is essential for higher cognitive functions
that are considered to be particularly human (Deacon, 1997, Fuster, 2002). These functions
are necessary to analyze the information continuously perceived from the environment and
to create goal-directed behavior from this flood of information. The orchestration of thoughts
and actions in accordance with internal goals (top-down control) is conceptualized under the
term "cognitive control" (Miller, 2000).
In order to fulfill this superordinate and integrative function, the PFC projects into various
cortical and subcortical structures (Figure 3) and forms a neurophysiological hub.
Anatomically, the prefrontal cortex is subdivided into several topographical regions, the
dlPFC being discussed in more detail in this dissertation. It consists of parts of the superior
and middle frontal gyrus, which corresponds to Brodman areas 46 and 9/46 (Petrides and
Pandya, 1999). The dlPFC is associated with cognitive processes such as cognitive control
(MacDonald et al., 2000), reasoning, decision making, planning ability, executive functions,
working memory (Curtis and D'Esposito, 2003), moral decisions, social cognition and metacognition. From this enumeration it becomes clear that the dlPFC is not a highly specialized
brain area, but provides the cytoarchitecture and connectivity for different cognitive
processes.
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The function of the PFC including the dlPFC is altered in schizophrenia. For example, in a
variety of cognitive tests based on prefrontal functions, patients with schizophrenia show
significant deficits compared to healthy control groups, but also to groups with other mental
disorders (Bora and Pantelis, 2015). Structurally, a reduction of the grey matter in the PFC
(Fornito et al., 2009) and a change in the integrity of the white matter can be detected using
imaging procedures (Lim et al., 1999, Kubicki et al., 2005). With functional imaging, an
altered activation signature during cognitive tasks and reduced connectivity to other brain
areas in schizophrenia have been replicated multiple times (Meyer-Lindenberg et al., 2005,
Zhou et al., 2007). At the neurotransmitter level, there is a deficit in dopamine release in
prefrontal and further cortical brain areas during cognitive tasks (Slifstein et al., 2015), which
contrasts considerably with dopamine excess in striatal brain structures and illustrates a
global imbalance of dopamine (Weinstein et al., 2017). Due to the pathophysiological
alteration in the structure and function of the dlPFC in schizophrenia and its importance for
cognitive abilities, the dlPFC represents a rational target for neuromodulatory interventions.
Working memory
Working memory plays a central role for cognitive processes. It describes the ability to keep
information in consciousness for a short time and to manipulate it. Working memory as a
neuropsychological construct was first introduced by Alan Baddeley (Baddeley, 1992a). He
described three subcomponents of working memory: the central executive that controls the
focus of attention, the visuospatial sketchpad for manipulating visual impressions, and the
phonological loop for storing and retrieving acoustic information. In 2000, Baddeley
extended this model to include the episodic buffer, a system capable of integrating different
information modalities (Figure 1) (Baddeley, 2000).
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Figure 1: Baddeley‘s working memory model.
Adapted and modified from Baddeley (2000), Trends in Cognitive Sciences

Working memory is a necessary prerequisite for cognitive operations such as learning or
reasoning and plays a decisive role in academic success (Gathercole et al., 2003) and fluid
intelligence (Engle et al., 1999). It is assumed that working memory capacity is limited, albeit
the possibility of increasing this capacity through training is discussed. A robust increase in
working memory performance is found after specific training paradigms, which translates to
similar tasks (Peijnenborgh et al., 2016, Schwaighofer et al., 2015). The possibility of transfer
to other cognitive domains or an increase in fluid intelligence is in debate (Jaeggi et al., 2008,
Melby-Lervåg et al., 2016, Sala and Gobet, 2018). The activation of a fronto-parietal network
– a neurophysiological correlate of working memory – can be measured by fMRI. Additional
quantitative methods, such as MEG and EEG, show an increased synchronicity of brain
activation between these areas. The degree of synchronicity is positively correlated with the
amount of information held in working memory (Palva et al., 2010). Causal evidence for the
necessity of long-range connectivity for the performance of a working memory task is
derived from a landmark study by Robert Reinhart and John Nguyen. They could show that
working memory deficits in elderly people emerge from disconnected brain circuits. Through
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non-invasive modulation of long-range theta interactions, the information flow between
frontal and temporal cortex could be reinstated and working memory deficits were remedied
(Reinhart and Nguyen, 2019).
The dorsolateral prefrontal cortex plays the central role in working memory function (Curtis
and D'Esposito, 2003). This hypothesis is supported by lesion studies (Müller and Knight,
2006, Pribram et al., 1952) as well as functional imaging techniques (Rottschy et al., 2012),
which show activity during short-term storage of working memory content. On the other
hand, there are further studies that show no limitation of working memory after lesions of the
prefrontal cortex (D’Esposito and Postle, 1999). Therefore, Curtis and Esposito postulated
that sensory working memory content is stored in posterior sensory areas, whereas the
prefrontal cortex has control over the retrieval process (Curtis and D'Esposito, 2003). There
is also cautious evidence for the laterality of the dlPFC. The right dlPFC is assumed to be
responsible for spatial information, the left dlPFC for verbal information (Nagel et al., 2013).
N-back task
The n-back task is an established method for determining the functionality and performance
of working memory. There are several variants of this test, which was established by Gevins
and Cutillo and is performed on a computer screen (Gevins and Cutillo, 1993). A series of
visual stimuli with verbal or spatial information content is presented. The stimuli presented
are to be memorized and updated continuously by the subject. The aim is to react, by means
of a correct and fast keystroke, to a stimulus that was previously presented n stimuli earlier.
By changing the parameter n, the degree of difficulty of the working memory task can be
adjusted. In the included studies, 1-back, 2-back and 3-back levels of difficulty were
administered. For each difficulty level, the sensitivity index d' was calculated according to
the formula: d'’ = Z(hit rate)-Z(false alarm rate).
In the studies described in this dissertation, n-back tasks with spatial information content
(position of a blue square on the screen) and verbal information content (letters) are used.
Imaging and stimulation studies showed that the right dlPFC is more involved in spatial
information processing, whereas the left dlPFC performs this function for verbal content
(Nagel et al., 2013). In addition, parietal areas are activated indicative for the fronto-parietal
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network of working memory (Owen et al., 2005). Accordingly, the laterality of the tDCS
target structure was selected to match the modality of stimulus presentation in the n-back
task.
Transcranial direct current stimulation
Priori and colleagues (Priori et al., 1998), followed by Nitsche and Paulus (Nitsche and
Paulus, 2000), could show that tDCS modulates the excitability of the cortex under the
stimulation electrode. The change of excitability depends on the polarity of the stimulation
and electrode positioning. Anodal tDCS increases the excitability of the cortex, hereby
increasing the probability of occurrence of an action potential, whereas cathodal stimulation
has the opposite effect (although it must be noted that this dichotomy is an
oversimplification). Motor cortex studies have shown that a single session of 20-30 minute
anodal stimulation increases the excitability of the motor cortex for about one hour (Nitsche
and Paulus, 2001). Numerous studies have shown that the use of tDCS leads to perfusion
changes in local and associated areas (Stagg et al., 2013) as well as changes in brain
connectivity (Keeser et al., 2011). The application of tDCS has many degrees of technical
freedom. More degrees of complexity are added by the interaction with a constantly active
brain (Figure 2). This naturally results in a significant brain state-dependency of tDCS effects
(Silvanto et al., 2008), which might contribute to observed non-linear effects of the
stimulation (Batsikadze et al., 2013). Effects beyond the stimulation period are of particular
interest for the application in patients. It has been shown that the repeated application of
tDCS combined with cognitive tasks leads to behavioral and neurophysiological changes
which remain detectable for months after the end of stimulation (Ruf et al., 2017, Möller et
al., 2017, Au et al., 2016). Long-lasting effects of tDCS can be explained by neuroplastic
processes due to changes in protein synthesis as well as intracellular calcium and cAMP
levels (Islam et al., 1995, Hattori et al., 1990). The use of tDCS has few side effects (Brunoni
et al., 2011) and the repeated use of stimulation did not provide any evidence of structural
damage to the brain (Schwippel et al., 2017).
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Effects of tDCS on working memory
1.7.1

Effects of tDCS on working memory in healthy subjects

The modulation of working memory is mostly tested via the use of tDCS on the dlPFC.
Various stimulation variants were investigated, including HD-tDCS, anodal tDCS, cathodal
tDCS as well as tACS targeting brain oscillations.

Figure 2: Variability of tDCS effects
Adapted from Polania et al. (2018), Nature Neuroscience
Picture by Hans Bernhard, https://commons.wikimedia.org/wiki/File:Vitruvianischer_Mann.jpg

In healthy subjects, experiments consisting of prefrontal tDCS on cognitive functions
(Brunoni and Vanderhasselt, 2014), such as working memory or planning ability, showed
behavioral effects during and shortly after application of stimulation. In order to achieve
lasting and potentially clinically relevant effects, tDCS is applied over several days or weeks
(Brunoni and Vanderhasselt, 2014, Hill et al., 2016). Since tDCS itself, unlike transcranial
magnetic stimulation (TMS), does not trigger any action potentials, the effects are decisively
determined by the current activity of the cortical neurons. This circumstance enables targeted
stimulation by combining tDCS and cognitive activity. Following that hypothesis, first tDCSsupported training paradigms were developed in which tDCS is performed during a cognitive
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task over several sessions (Ruf et al., 2017). This approach showed promising results,
especially as the cognitive improvements were detectable up to 6 months after application
(Au et al., 2016, Katz et al., 2017, Ruf et al., 2017).

Figure 3: Connectogranm of the right dlPFC
http://atlas.brainnetome.org

1.7.2

Effects of tDCS on working memory in schizophrenia

Starting in 2011, the effect of tDCS on cognition in schizophrenia was investigated. The
initial aim was to increase insufficient activity of dlPFC by anodal stimulation. The author
of this dissertation identified 20 studies on this topic until September 2019 (Table 1). Only
6/20 studies focused on working memory as the primary outcome. Of these six studies, five
studies yielded positive results for the use of anodal stimulation, with contradictory results
for the superiority of a specific stimulation intensity. It is also important to differentiate
between the single application of tDCS compared to training paradigms. Furthermore,
patients perform the working memory task during stimulation (online stimulation) or after
the application of stimulation (offline stimulation).
More studies measured a change in working memory in the context of a general study of
cognition, for example in the form of the MCCB. In these studies, heterogeneous results are
reported. Besides a number of negative findings (Moon et al., 2019, Rassovsky et al., 2018,
Gomes et al., 2018, Shiozawa et al., 2016, Rassovsky et al., 2015), several positive findings
regarding working memory (Narita et al., 2017, Impey et al., 2017, Nienow et al., 2016,
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Padinjareveettil et al., 2015, Smith et al., 2015, Hoy et al., 2014, Schwippel et al., 2018b,
Papazova et al., 2018, Orlov et al., 2017), other cognitive parameters (Goder et al., 2013,
Vercammen et al., 2011) or negative symptoms (Gomes et al., 2018, Narita et al., 2017) exist.
Regarding neurophysiological changes induced by tDCS, Kate Hoy and colleagues described
a significant increase in gamma event-related activity in left dlPFC after 2 mA anodal tDCS
of this cortical region. This increase correlated with the behavioral improvement of working
memory performance (Hoy et al., 2015). Furthermore, there are hints to the modulation of
mismatch negativity (MMN) in conjunction with reaction times during an n-back task (Impey
et al., 2017). Similarly, the correct response negativity (CRN) is modulated after 10 tDCS
sessions (Moon et al., 2019). The most elegant proof of a connection between tDCS (20 min
anodal 1.5 mA tDCS of the medial prefrontal cortex), neurophysiology (theta-oscillations)
and cognition (adaptive control) was published by Robert Reinhart and colleagues (Reinhart
et al., 2015). They demonstrated that slow oscillations with disturbed synchronicity in the
prefrontal cortex are responsible for processing errors in schizophrenia. An intervention with
tDCS succeeded in increasing synchronicity of oscillations and improved adaptive control.
Thus, the causal connection between cortical dysconnectivity and executive control was
experimentally verified.
In summary, there is initial evidence for the beneficial effect of anodal tDCS on the working
memory of patients with schizophrenia (Mervis et al., 2017). However, a number of
restrictions apply: Successful blinding is not guaranteed in the majority of studies, and
working memory was often part of a conglomeration of cognitive parameters rather than
primary outcome. Multicenter studies are lacking, as is the investigation of cathodal tDCS or
tACS.
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Hypotheses
The studies outlined in this dissertation are among the first steps towards the establishment
of a neuromodulatively supported cognitive training paradigm in patients with schizophrenia.
With this goal in mind, the conducted studies aim to determine the effective tDCS parameter
range regarding current intensity and target region for the enhancement of working memory
in schizophrenia. Further information on the experimental design and previous work in this
field has been published in the journal Nervenheilkunde by the author of this dissertation
(Schwippel et al., 2018a). The following hypotheses were tested in two separate experiments
conducted in Tübingen and Munich:
I.
II.
III.

Anodal tDCS increases working memory performance in patients with schizophrenia.
The effects of anodal tDCS on working memory are intensity specific.
Cognitive baseline performance and working memory task difficulty modulate the
effect of tDCS.
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Table 1: Effect of tDCS and tACS on cognition in schizophrenia
STUDY
Moon et al. 2019

N
10

STUDY DESIGN
Non-blinded, case series

COGNITIVE INTERVENTION
None

TDCS INTERVENTION
10 sessions/1 week, twice a day

(MOON ET AL., 2019)

Weickert et al. 2019

12

(WEICKERT ET AL.,

Double-blind, RCT, sham,

Spatial 2-back

20 sessions/4 weeks

parallel design

2019)

TDCS PARAMETER

OUTCOME

RESULTS

2 mA tDCS with anode between

Cognitive tasks: digit span, WCST,

Significant improvement of WCST, CVLT, TMT-B. No

F3+FP1 and cathode between

CVTL, TMT-B, SWM

change in SWM and digit span. No significant effect on

T3+P3

EEG during flanker task

EEG.

Anodal 2 mA tDCS to the right

Auditory verbal hallucinations (AHRS)

No effect of tDCS on spatial 2-back or auditory

dlPFC, cathode on left temporo-

and cognition (MCCB)

hallucinations. Transfer: 2 mA anodal/cathodal tDCS

parietal junction, for 20 minutes

improved language based working memory after 2
weeks and verbal fluency after 2 and 4 weeks.

Chang et al. 2019

60

(CHANG ET AL., 2019)

Double-blind, RCT, sham,

None

Twice daily/5 days

parallel design

Anodal 2 mA tDCS to left dlPFC,

Cognitive Insight and neurocognitive

No effects of tDCS on CGI, PANS positive, PANSS

cathode on left temporo-parietal

functioning, psychopathology

negative, GAF score, SRG-PSP global. Significant effect

junction, for 20 minutes

on PANSS total and PANSS general, on cognitive
insight. Only trend towards improvement in Tower of
London.

Lindenmayer et al. 2018

28

(LINDENMAYER ET

Double-blind, RCT, sham,

None

Twice daily/4 weeks

2 mA tDCS with cathode over left

parallel design

AL., 2019)

Jeon et al. 2018 (JEON

56

ET AL., 2018)

Double-blind, RCT, parallel

None

10 sessions/2 weeks

design

PANSS, MCCB, AHRS

Primary outcome AHRS was significantly more reduced

temporo-parietal junction and anode

in tDCS group. Working memory was improved in the

over left dlPFC, for 20 minutes

tDCS group compared with sham.

Anodal 2 mA tDCS to left dlPFC,

MCCB, WCST, PANSS, CGI, CDSS, 3-

Significant effect of tDCS on MCCB working memory

cathode over right dlPFC, for 30

month follow up

and composite score.

N-back performance (d‘)

2 mA anodal tDCS improved working memory

minutes

Schwippel et al. 2018

32

(SCHWIPPEL ET AL.,

Double-blind, RCT, sham,

Spatial n-back (1,2,3-back)

Single session

Anodal/sham tDCS to the right

cross-over design

dlPFC for 21 min. Experiment I: 1

2018B)

Papazova et al. 2018

40

(PAPAZOVA ET AL.,

Double-blind, RCT, sham,

Verbal n-back (1,2,3-back)

Single session

Anodal/sham tDCS to the left dlPFC

cross-over design

2018)

Rassovsky et al. 2018

performance in the 3-back condition.

mA; Experiment II: 2 mA

37

(RASSOVSKY ET AL.,

Single-blind, RCT

None

Single session

cross-over design

N-back performance (d‘)

Independent of intensity, tDCS improved working

for 21 min. Experiment I: 1 mA;

memory performance. Further analyses pointed towards

Experiment II: 2 mA

improvement with 1 mA only.

2 mA anodal/cathodal/sham tDCS to

BPRS, SANS, social cognition and

No effect of tDCS on any outcome. Working memory

the left dlPFC for 20 min

MCCB

was only improved with sham stimulation.

2 mA anodal/sham tDCS to the left

Primary: Working memory score

No effect of tDCS on cognition. Improvement of

dlPFC

(MCCB)

PANSS negative score after intervention and after 3

Secondary: PANSS negative score

month.

2018)

Gomes et al. 2018
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Double-blind, RCT

None

10 sessions/2 weeks

(GOMES ET AL., 2018)

Narita et al. 2017

Primary: BACS change after 1 month

Significant improvement of cognition and functional

(NARITA ET AL.,

28

Non-blinded, case series

None

10 sessions/1 week, twice a day

Secondary: Functional capacity (UPSA

capacity, CDSS and PANSS scores after 1 month.

2017)

Score), PANSS and CDSS

14

2 mA anodal tDCS for 20 min to F3

Impey et al. 2017

12

(IMPEY ET AL., 2017)

Orlov et al. 2017

None

Single session

cross-over design

49

(ORLOV ET AL., 2017)

Shiozawa et al. 2016

Double-blind, RCT

9

(SHIOZAWA ET AL.,

tDCS during training session 2 and 6

2 mA anodal tDCS for 20 min to the

Primary: MMN

Higher accuracy in the 2-back task after F3 tDCS in

left temporal cortex(between C5/C7)

Secondary: Working memory

comparison to sham and C5/C7 tDCS.

or F3

(1-,2-back task)

2 mA anodal tDCS for 30 min to F3.

Primary: Working memory

Significant improvement of working memory at the day

Secondary: CogState battery

following tDCS. No effect during stimulation.

Primary: n-back performance

No improvement with tDCS compared to sham

Double-blind, RCT,

Baseline session, followed by 8

parallel design

training sessions on day 0, 2, 14, 56

Double-blind, RCT,

Working memory training (n-back)

10 sessions/ 1 week, during

2 mA anodal tDCS for 20 minutes to

parallel design

and sequence learning.

cognitive training

F3.

Single-blind, RCT,

48 sessions of adaptive cognitive

28 sessions of tDCS starting in the

1 mA anodal stimulation to F3.

parallel design

training in 16 weeks

third week for 20 minutes of training

Single-blind, RCT,

None

Single session

stimulation.

2016)

Nienow et al. 2016

10

(NIENOW ET AL.,

Primary: 2-back task

Improvement of working memory with tDCS compared

Secondary: MCCB composite score

to sham. No transfer to MCCB composite score.

2 mA bilateral tDCS for 20 min to

Primary: Social Cognition

Significant improvement of face recognition with

Fp1 and Fp2 (each 1 mA)

(MSCEIT, FEIT, PONS, TASIT)

stimulation (FEIT). Other tasks with no significant

Secondary: MCCB

changes.

Primary: MCCB

Improvement of working memory, memory and

Secondary: Functional capacity (UPSA)

reasoning. Effects were partially stable after 1 month.

Primary: MCCB

Anodal tDCS significantly increased the MCCB

Secondary: PANSS

composite score, subscores of working memory and

2016)

Rassovsky et al. 2015
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(RASSOVSKY ET AL.,

parallel design

2015)
Padinjareveetil et al. 2015

2

Case report

(PADINJAREVEETTIL

20 sessions of cognitive training in 4

12 sessions of tDCS, 3

weeks

sessions/week

None

5 sessions of tDCS/~ 9d

2 mA anodal tDCS for 30 min to T3

ET AL., 2015)
Smith et al. 2015

33

(SMITH ET AL., 2015)

Double-blind, RCT,

2 mA anodal tDCS for 20 min to F3

parallel design

attention.
Hoy et al. 2014

18

(HOY ET AL., 2014)

Double-blind, RCT,

None

Single session

1 mA/2 mA anodal or sham tDCS

Primary: N-back performance 0, 20 and

Significant improvement of working memory

for 20 min to F3.

40 min after tDCS

performance with 2 mA anodaler tDCS after 20 and 40

Single session. Start of tACS 10 min

tACS with 0.75 Hz, between 0 and

Primary: Auditory-Verbal Learning Test

Improved retention of verbal memory and mood after

after start of sleep stage 2.

300 µA for 20 min. Bilateral

Secondary: Procedural learning (mirror

tACS.

electrodes over F3 and F4

tracing), digit span

20 mA anodal tDCS to F3.

Primary: Probabilistic association test

cross-over design

min.
Goder et al. 2013

14

(GODER ET AL., 2013)

Vercammen et al. 2011
(VERCAMMEN ET

Non-blinded, sham controlled,

None

cross-over design

20

Single-blind, RCT,

Probabilistic association test

Single session

cross-over design

No effect of tDCS on probabilistic associative learning.
Hints for the influence of baseline performance in tDCS

AL., 2011)

effects.

Table modified and taken from Schwippel et al. 2018, Nervenheilkunde
AHRS: Auditory Hallucination Rating Scale, BACS: Brief Assessment of Cognition, BPRS: Brief Psychiatric Rating Scale, CDSS: Calgary Depression Scale for Schizophrenia, CGI: Clinical Global Impression, CVTL: California Verbal Learning Test, FEIT: Facial Emotion Identification Test, GAF: Global
Assessment of Functioning, MCCB: MATRICS Consensus Cognitive Battery, MMN: Mismatch negativity, MSCEIT: Mayer–Salovey–Caruso Emotional Intelligence Test, N: Number of subjects, PANSS: Positive and Negative Syndrome Scale, PONS: Profile of Nonverbal Sensitivity, SANS: Scale for the
Assessment of Negative Symptoms, SRG-PSP: Self-reported version of Social Performance Scale, SVM: Spatial Working Memory Test, TASIT: The Awareness of Social Inference Test, TMT: Trail Making Test, UPSA: UCSD Performance-based Skills, WCST: Wisconsin Card Sorting Test
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3. Discussion of publications
Schwippel et al. 2018
Schwippel and colleagues investigated the effects of 1 mA and 2 mA anodal tDCS to the
right dlPFC von spatial working memory in patients with schizophrenia. The published study
could show that 2 mA anodal tDCS of the right dlPFC can improve spatial working memory
in the n-back task (Schwippel et al., 2018b). The improvement was detectable at the highest
difficulty level of the n-back task (3-back) and correlated negatively with several scales of
cognitive baseline performance. This effect was not found for the experimental group
receiving 1 mA anodal stimulation. Another indication of intensity specificity is the effect of
tDCS on response times. Here, only 2 mA anodal tDCS slowed response times in the n-back
task. This points to a modulation of the speed-accuracy trade-off towards accuracy enabling
the patients to press the keyboard more deliberately during stimulation with 2 mA, thus
expanding time of working memory recollection. The observed effect could be additionally
mediated by the hierarchical instruction to press the keyboard as "correctly and fast" as
possible.
Regarding limitations, the small number of participants must be considered. Even if the
number is comparable with similar studies, the number of 16 subjects for each intensity must
be classified as low. The within-subject design, however, reduces the interindividual
variability. Potential carry-over effects are plausible in a within-subject design. These
detrimental effects have been adequately countered by a transitional period of 48 hours
between repeated measurements. In addition, the study populations for experiment I (1 mA)
and experiment II (2 mA) differed in their Fagerstrom test scores. The difference in physical
tobacco dependence is relevant because it has been shown that nicotine modulates
neuroplasticity in healthy subjects and patients with schizophrenia (Strube et al., 2015).
Therefore, an influence of smoking status on the observed effects of different stimulation
intensities cannot be excluded, although correlation analyses between Fagerstrom test score
and tDCS effectiveness did not yield significant results. From a statistical point of view,
results from the explorative analyses of the publication need to be explicitly regarded as
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preliminary and need further experimental confirmation. This is especially true, since
exploratory results were not corrected for multiple comparisons.
In summary, the study by Schwippel et al. reported beneficial, intensity-specific and taskdependent effects of anodal tDCS on working memory in patients with schizophrenia.
Papazova et al. 2018
Papazova and colleagues investigated the effect of 1 and 2 mA tDCS to the left dlPFC on
verbal working memory in patients with schizophrenia (Papazova et al., 2018). They found
an increased accuracy during the application of anodal tDCS which was independent of
current intensity. Post hoc, a significant effect for 1 mA anodal tDCS on working memory
performance was detected. Response times were not influenced by the stimulation.
In contrast to Schwippel and colleagues (Schwippel et al., 2018b), neither the superiority of
a higher current intensity nor a change in response times was observed. Therefore, the effect
on performance cannot be caused by a shift in speed-accuracy trade-off. The results are
consistent with another tDCS study in patients with schizophrenia which reported no
improvement in response times in addition to increased performance (Hoy et al., 2014).
Hence, tDCS could specifically affect the ability to differentiate important from unimportant
stimuli, an ability known to be reduced in schizophrenia (Nuechterlein et al., 2015).
A limitation of the study is the inclusion of left and right-handed participants, which leads to
increased heterogeneity and ignores possible implications regarding laterality of brain
functions. For example, previous studies have demonstrated reduced working memory
performance in left-handers, which was especially pronounced in left-handers with right
hemispheric speech areas (Powell et al., 2012). This is particularly relevant since the study
by Papazova et al. was based on the hypothesis of left lateralized verbal working memory.
However, a twin study could show that this assignment can be overruled in left-handed
people (Lux et al., 2008). This means that Papazova et al. potentially modulated a brain area
(left dlPFC) in left-handed participants which is responsible for spatial and not, as intended,
for verbal information. The aforementioned hypothesis could represent the decisive
difference in comparison to the study by Schwippel et al. and explain the lack of dose-
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response relationship. An additional limitation is due to the fact that merely Experiment I (1
mA) can be assumed to be successfully blinded. In experiment II (2 mA), a majority of 80 %
of the patients recognized the verum stimulation.

4. General discussion
Neuroplastic interventions in schizophrenia
Neuroplasticity describes the ability of the brain to change its own structure and function in
response to environmental experiences. There is evidence for the presence of an activitydependent form of neuroplasticity in response to environmental stimuli. This has implications
for brain development, memory and learning as well as for brain disorders or brain damage.
Neuroplasticity occurs at the cellular level inter alia through synaptic plasticity (Whitlock et
al., 2006). This specific form of neuroplasticity describes the activity-dependent modulation
of synaptic connectivity. This modulation can manifest itself in the range of a few
milliseconds or a few minutes to hours. The latter, known as long-term depression (LTD)
and long-term potentiation (LTP), is NMDA-dependent and results in increased or decreased
transmission between two or more neurons (Bliss and Collingridge, 1993).
It has been shown that neuroplasticity is altered in schizophrenia (McCullumsmith, 2015).
However, it remains controversial how central this finding is in the pathophysiology and
etiology of the disorder. Nevertheless, evidence exists that altered neuroplasticity contributes
to abnormal distributed activity and altered functional connectivity and in this sense to
dysconnectivity (Friston and Frith, 1995). This pathophysiological process can take place via
abnormal regulation of NMDA-dependent plasticity by unregulated neurotransmitters such
as dopamine or acetylcholine (Stephan et al., 2009). The influence of NMDA receptors is
impressively documented by the intake of ketamine, an NMDA receptor antagonist, which
can lead to a psychotic state (Newcomer et al., 1999). Due to the dysfunction of NMDA
receptors, hyperglutamatergic and hypoglutamatergic states may occur in schizophrenia. The
relationship between NMDA receptor dysfunction and negative symptoms as well as
cognitive dysfunction is well documented (Neill et al., 2010, Malhotra et al., 1997). In
summary, the dysconnectivity hypothesis and the glutamate hypothesis might share altered
neuroplasticity as an overarching malfunction (Moghaddam and Javitt, 2012).
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Hence, modulation of neuroplasticity through environmental stimuli like psychotherapy or
cognitive training or by direct neuromodulatory interventions might address this central
dysfunction. With regard to the potential neuroplastic effects of non-invasive brain
stimulation, a recent study investigated the relationship between excitability and plasticity.
Kozyrev and colleagues were able to show in animal experiments that rTMS generates a
transient brain state with increased excitability and variability, which represents a time
window for neuroplasticity (Kozyrev et al., 2018). In this time window, a functional
reorganization of the visual cortex could be induced by visual stimuli. In conclusion, the
authors describe a brain state transiently destabilized by TMS that sensitizes the cortex for
sensory input. In contrast to the direct induction of a plasticity window by TMS, nondepolarizing tDCS is often coupled with a stimulus. This stimulus may consist of a further
neuromodulatory intervention, as in metaplastic priming by tDCS (Hurley and Machado,
2017), or of an environmental stimulus. Thus, tDCS can be understood rather as a modulator
than as an inductor of synaptic plasticity (Kronberg et al., 2017). This dependence on
endogenous synaptic plasticity is further highlighted by the absence of long-term tDCS
effects after blockade of NMDA receptors (Liebetanz et al., 2002).
The possibility of opening a window of synaptic plasticity by means of tDCS, thus
modulating endogenous synaptic plasticity, displays an opportunity to enhance therapeutic
interventions in schizophrenia. Specific and individualized therapeutic interventions can
repeatedly take place in this time frame. Here, tDCS itself is not the therapeutic intervention
but a door opener for psychotherapy or cognitive remediation, which both rely on plasticity
to alter neuronal connectivity and hereby behavior. Still, the optimal administration of tDCS
to each patient remains a challenge. The investigation of predictors of tDCS response and a
method to monitor neuroplastic effects during stimulation are essential to titrate tDCS
parameters for each individual in order to ensure a maintained plasticity window. Further
personalization is essential for the selection of a fitting therapeutic intervention utilizing the
newly gained neuroplasticity. Additionally, the interdependence of neuroplasticity-inducing
tDCS and other therapeutic interventions making use of neuroplasticity needs to be
monitored. Unaddressed so far are the time immediately after intervention and the following
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sleep cycle, which are critical to further strengthen synaptic connections and newly adopted
behavior.
tDCS parameter
4.2.1

tDCS: Intensity

Computer models predict an electric field of less than 1 V/m in the cortex, inducing
modulation of the membrane potential of pyramidal cells, which is considered the primary
mechanism of tDCS action. It is plausible to assume that an increase in intensity leads to an
increase in electric field power and increasing modulation of the membrane potential.
Whether a subsequent increase in behavioral effects is to be expected with higher intensities
is in debate. Animal experiments and experiments performed on brain slices support this
hypothesis, although higher current intensities were used compared to human application.
However, this theory presupposes stable environmental conditions that cannot be achieved
in the living brain. The magnification of the electric field also leads to unspecific stimulation
of a widely branched cortical network and subcortical structures. This phenomenon is also
caused by the use of large-area (35 cm2) stimulation electrodes in human subjects.
Furthermore, the total dose of applied energy in the physical sense not only depends on the
intensity, but also on the duration of application, electrode configuration and neuroanatomy,
which equally influence the effects of tDCS.
Currently, current strengths between 0.5 and 4 mA are used in humans. With increasing
current intensity, the test person feels a stronger tingling sensation due to skin resistance,
which can compromise the blinding procedure and indirectly influence the measured effect
via placebo and nocebo effects. Investigations have shown a safe blinding for 1 mA, whereas
contradictory results are available for 2 mA with regard to successful blinding (Palm et al.,
2013, O’connell et al., 2012, Wallace et al., 2016). For the use of 3 and 4 mA, few
investigations exist so far. However, initial data indicate a low side effect rate and the
possibility of adequate blinding (Reckow et al., 2018, Borges et al., 2017).
The dose-response relationship of tDCS is primarily investigated by TMS induced MEP of
the primary motor cortex. First studies showed higher MEP after application of 2 mA
compared to 1 mA tDCS after 20 minutes of anodal tDCS in healthy volunteers (Nitsche and
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Paulus, 2000). Recent studies experimentally altering duration, intensity and brain state
indicate a more complicated mechanism and question the postulated linear relationship
between intensity and MEP amplitude (Ho et al., 2016). In addition, MEP studies are based
on electrophysiological measurements after tDCS application and the results can hardly be
transferred to non-motor areas.
Furthermore, the prediction of behavioral and thus clinical effects of tDCS in patients with
schizophrenia is complicated. Here, plasticity-inducing tDCS meets an altered
neurophysiology caused by the disorder itself (Stephan et al., 2009, McCullumsmith et al.,
2004). This complex interaction is further complicated by frequent pharmacological
treatments (Agarwal et al., 2016). Only a few studies directly compared the effectiveness of
different tDCS current intensities in patients with schizophrenia. There is also a large
variance in cognitive tests and electrode configurations used, which further reduces
comparability. Previous studies have produced contradictory results, i.e. both the superiority
of 2 mA (Schwippel et al., 2018b, Hoy et al., 2014) and non-superiority of a high intensity
(Papazova et al., 2018). However, the majority of published studies on tDCS and
schizophrenia exclusively used 2 mA (e.g. (Gomes et al., 2018, Rassovsky et al., 2018), see
table 1). The generalizability of these findings for patients with schizophrenia is equally
limited by the fact that currents above 2 mA were not tested. In addition, distinctive current
intensities may be required to influence different symptoms and their anatomical target
structures. It should also be noted that, from a methodological point of view, a finding of a
significant effect of one amperage compared to a non-significant effect of another amperage
does not indicate a dose-response relationship.
In summary, the linear relationship between intensity and behavioral effects is questionable
for the reasons described above (Esmaeilpour et al., 2018, Batsikadze et al., 2013).
Esmaeilpour and colleagues postulate a "complex state-dependent non-monotonic dose
response" of tDCS (Esmaeilpour et al., 2018). Since tDCS modulates current brain activity,
it is conceivable that the interaction of current intensity and endogenous brain activity is of
major importance for brain plasticity and behavior.
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4.2.2

tDCS: Duration

The energy that tDCS delivers to the brain is a function of current intensity, area of the
stimulation electrode, resistance and time. The time factor includes the stimulation duration
of a single application as well as the repetitive application of tDCS in several sessions. From
a physical point of view, an extension of the stimulation duration increases the energy applied
by tDCS. As already discussed in 4.2.1, increasing the energy by modulating the current
intensity with constant time does not necessarily lead to an improvement of efficacy or to
neuroplastic effects at all. In fact, there is evidence that a narrow corridor of optimal electrical
energy hitting the neurons exists. Above and below this energy level, no or even
contradictory effects of tDCS are to be expected (Lisman, 2001, Stagg et al., 2018). It should
be noted that the desired neuroplastic effects are triggered electrically by voltage changes of
calcium receptors and thus a change of the membrane potential as well as by neurochemical
processes, e.g. mediated by GABA. The initiation of these different neuroplastic processes
occurs with a time delay, so that the tDCS, which remains constant over time, meets a brain
in different neuroplastic states. In light of this premise, the optimal dimension of time to
maximize neuroplasticity should exist while stable current intensity is presumed.
Already the first publication by Nitsche and Paulus illustrated intensity-dependent (1 mA
more effective than 0.8 mA) and time-dependent (5 min more effective than 4 min tDCS)
effects of tDCS (Nitsche and Paulus, 2000, Bastani and Jaberzadeh, 2012). Subsequent
studies optimized intensity and stimulation duration with the aim of increasing MEP after
motor cortex stimulation. Stimulation durations of 9-13 minutes and 1 mA anodal tDCS were
able to increase excitability of the motor cortex up to 90 minutes after completion of tDCS
(Nitsche and Paulus, 2001, Nitsche et al., 2008). In later studies, stimulation duration was
increased to 20 minutes in patient collectives after stroke (Hummel et al., 2005) and with
frontal application of tDCS (Ohn et al., 2008). Studies on the effects of significantly longer
tDCS sessions on motor cortex plasticity and working memory are rare (Hill et al., 2016),
but the study by Batsikadze and colleagues showed that an extension of the stimulation
duration, at least for cathodal tDCS, does not lead to an increase of neuroplasticity
(Batsikadze et al., 2013). This paradigm shift, which questioned the linear correlation of
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stimulation duration and neuroplastic effects, was complemented by Gamboa and colleagues.
In a study utilizing theta-burst stimulation, doubling of the stimulation time led to an
inversion of effect direction, ergo the prolonged excitatory stimulation had an inhibitory
effect (Gamboa et al., 2010). First pilot studies directly compared the excitatory properties
of different stimulation durations for tDCS. Here, 20 minutes of anodal 1 mA or 2 mA tDCS
increased short-interval intracortical inhibition (SICI) and decreased intracortical facilitation
(ICF) whereas 30 minutes of stimulation did not alter cortical excitability (Vignaud et al.,
2018). In an analysis of seven studies and 89 subjects, Ho and colleagues also showed that 2
mA is not superior to 1 mA stimulation in terms of cortical excitability (Ho et al., 2016). In
addition, they reported increased motor excitability through repetitive tDCS application. A
first meta-analytical examination of the excitability of the motor cortex yielded a mean effect
size (SMD = 0.52) of 13 minutes for anodal tDCS compared to a lower effect size (SMD =
0.26) after 10 minutes of stimulation. It should be noted that only six studies were included
in this analysis, the stimulation durations were not directly compared experimentally and
only single session stimulation was applied (Bastani and Jaberzadeh, 2012).
For neurocognitive parameters and prefrontal tDCS no inversion of effect with increasing
stimulation duration has been published so far. However, a large number of negative study
results exist, which could partly be due to a suboptimal stimulation duration. The effect of
repetitive tDCS stimulation was meta-analytically investigated in a patient group with
schizophrenia. The authors could show that twice daily application of tDCS and the number
of >10 stimulation sessions was significantly superior to sham treatment (Kim et al., 2018).
The analysis included 7 studies with 242 patients, targeting auditory verbal hallucinations,
as well as 9 studies with 313 patients, addressing positive and negative symptoms in
schizophrenia.
In summary, it can be stated that both stimulation duration and stimulation intensity have a
non-linear influence on cortical excitability of the motor cortex. This finding is complicated
by a hardly quantifiable influence of the individual brain state on the effects of tDCS. These
interindividual differences of brain state could lead to negative study results (Tremblay et al.,
2016). This is particularly true if targeting prefrontal brain structures and cognitive
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parameters. Here, the aim of creating a stable and comparable brain state across individuals
is far more difficult to achieve, since the instruction to relax the muscles is easier to follow
than instructions potentially targeting prefrontal brain functions.
4.2.3

tDCS: Polarity

The simplified statement that anodal stimulation increases excitability and cathodal
stimulation decreases excitability is not fully valid. Rather, the degree of excitability is
influenced by intensity, duration, brain state and polarity. The anatomical translation into
non-motor areas and the polarity-specific effects of tDCS on cognitive functions further
complicate the prediction of effects. This is especially true, since the excitability of frontal
brain areas is difficult to quantify, and higher cognitive functions result from the recruitment
of a branched neuronal network.
With regard to the motor cortex, the AeCi effect (anodal-excitation / cathodal-inhibition) was
postulated after the first studies by Nitsche and Paulus (Nitsche and Paulus, 2000, Nitsche et
al., 2003) and animal experiments (Wachter et al., 2011). This postulate was supported by
polarity-specific findings regarding cortical neurotransmitters (Stagg et al., 2009) and motor
learning processes (Stagg et al., 2011). This effect was meta-analytically confirmed in 10 out
of 15 investigated studies (Jacobson et al., 2012), whereby the analysis was dated from 2012
and only included homogeneous studies published before 2010. New studies on the motor
cortex cast doubt on this dichotomy. One study with functional magnetic resonance imaging
showed a modulation of functional connectivity after 10 min 1 mA cathodal tDCS, but not
after anodal or sham stimulation (Amadi et al., 2014). A recently published study
investigating paired associative stimulation (PAS) induced plasticity showed the induction
of plasticity independent of polarity (Faber et al., 2017).
The investigation of cognitive processes with tDCS is difficult due to the use of inconsistent
cognitive tests. Some studies confirmed the AeCI effect, whereas the majority were able to
reproduce only part of it. The direct comparison between anodal and cathodal tDCS is rare.
A meta-analysis published in 2016 comprising 61 studies with subjects and neuropsychiatric
patients showed that a single session of anodal tDCS improved speed (subjects) and accuracy
(patients) in cognitive tasks, which did not apply to cathodal stimulation (Dedoncker et al.,
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2016). Interestingly, some studies reported an improvement in cognitive performance in
conjunction with cathodal stimulation (Monti et al., 2008). Two hypotheses are conceivable
to explain these findings. Either cathodal tDCS had an excitatory effect or inhibitory
processes may lead to an improvement of certain cognitive functions (Schroeder and Plewnia,
2017). With regard to the first hypothesis, it has been shown that an extension of cathodal
stimulation duration leads to an increase in cortical excitability (Batsikadze et al., 2013),
which could be due to a peak effect of the calcium influence (Lugon et al., 2015). With regard
to the second hypothesis, it is important to note that neuropsychiatric disorders can be
associated with the over-activation of distinct brain areas. For example, inhibitory cathodal
tDCS is used in the treatment of auditory verbal hallucinations to alleviate activation of the
temporo-parietal cortex (Brunelin et al., 2012). Other non-invasive brain stimulation
procedures, such as theta-burst stimulation, also adopt inhibitory stimulation paradigms for
the treatment of depression and tinnitus (Schwippel et al., 2019). Further mechanisms
explaining the effectiveness of cathodal stimulation are a possible improvement of the signalto-noise ratio in the brain (Zwissler et al., 2014), a priming function of cathodal stimulation
(Christova et al., 2015) and the reduction of distractive network activity (Schroeder et al.,
2016).
4.2.4

tDCS: Brain state-dependency

Another factor influencing the tDCS effect is the state of the brain. The brain state is
manifested in current neurochemical constellations, oscillations and the use of functional
networks. This initial brain state encountered by tDCS is therefore dependent on the brain
activity before the start of stimulation. This effect, conceptualized as metaplasticity, has farreaching consequences for the effectiveness of stimulation and could explain part of the
heterogeneity of stimulation effects. However, even more temporally distant factors
influencing brain activity are illustrated in figure 4.
Speaking of task-shaped neuronal activity, the influence of individual cognitive abilities is
conceivable and has been repeatedly associated with stimulation effects. Here, the efficacy
of network activation differs as a function of task difficulty and individual cognitive ability
(Manoach, 2003). This leads to differential tDCS effects like the ceiling effect, since subjects
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already performing very well in a cognitive task have little room for improvement by tDCS.
Their neuronal networks are already sufficiently shaped to perform the task well. On the other
hand, several studies indicate that subjects and especially patients with initially lower task
performance benefit disproportionately from the stimulation (Schwippel et al., 2018b).
Following these thoughts, tDCS does not necessarily encounter brains harmonized by a
defined cognitive task, but rather individual activity patterns of the subjects, which can
diverge further with increasing task difficulty. Since the performance in cognitive tasks is
often related to general intelligence, one would expect a relevant impact of this factor as well.
Fittingly, previous studies have shown a variable influence of general cognitive functions on
tDCS effectiveness (Katz et al., 2017, Berryhill and Jones, 2012) and a non-linear interaction
between initial task performance and task difficulty (Learmonth et al., 2015, Tseng et al.,
2012). The variance of the brain states might even be increased in patients with
schizophrenia. This is due to considerable interindividual differences in the severity of
symptoms, underlying pathophysiology, cognitive abilities and medication. This is of
particular importance with regard to tDCS effects, since tDCS itself does not trigger any
action potentials. Additional studies on healthy volunteers support that notion and showed
that tDCS and TMS effects depend on the level of difficulty of the memory task (Pope et al.,
2015, Jones and Berryhill, 2012). A study in patients with schizophrenia showed an
expansion of cortical activity (Holt et al., 1999) and a variable picture of hyperactive and
hypoactive prefrontal areas during a working memory task. Here, patients with schizophrenia
already show a high activity of the dlPFC at a low working memory load (which is
subjectively high), which decreases fast when the working memory load increases (Manoach,
2003). This specific pattern of cortical recruitment (inverted U-curve) could explain the
observed task-dependent effects in patients with schizophrenia.
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Figure 4: Brain state-dependency

Future of tDCS treatment in schizophrenia
The treatment of schizophrenia remains a challenge for patients and practitioners alike in the
21st century. In addition to the antidopaminergic mechanism of action of antipsychotics, the
pharmacological arsenal of psychiatrists remains empty with regard to therapy-refractory
productive symptoms or negative and cognitive symptoms. Pharmaceutical approaches
targeting the glutamatergic or gabaergic signal transduction pathway remain experimental.
Additionally, significant side effects of pharmacological agents negatively influence quality
of life and potentially the lifespan. Psychotherapeutic treatments have become established
and effective. Yet, psychotherapy requires a certain stability of productive symptoms, and a
minimum of cognitive capability. Innovative approaches combine psychotherapeutic content
with computer programs, such as the AVATAR program (Craig et al., 2018). However,
psychotherapeutic interventions remain relatively expensive and, due to their limited
availability, a privilege for a selected group of patients. In general, a new therapeutic option
should be evaluated by following prerequisites:
(1) Safety / side-effect profile
(2) Effectiveness
(3) Applicability / Availability
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(4) Cost-benefit ratio
Regarding

non-invasive

neuromodulatory

procedures

(tDCS, TMS), patient safety is in
principle ensured – even though
there

is

no

systematic

investigation of the long-term
effect of repeated stimulation
treatments. Since tDCS is easy to
Figure 5: Future of tDCS therapy in neuropsychiatric patients

apply and, especially considering

long-term use, inexpensive, there is a good cost-benefit ratio. This would allow a broad use
with patients. Then, treatment would not depend on monetary possibilities or the place of
residence. The effectiveness of tDCS in improving cognitive deficits and other symptom
dimensions is the focus of this dissertation and is currently investigated in a number of
multicenter studies. As tDCS is a neuroplastic intervention, it is reasonable to integrate other
neuroplastic stimuli in an increasingly personalized treatment plan. Possible candidates are
nutrition, aerobic sports, sleep and cognitive stimuli. Figure 5 illustrates further areas of
improvement with regard to technology, therapeutic intervention and other aspects of future
tDCS treatments.

5. Conclusion
The present dissertation presents the application of tDCS for the treatment of cognitive
deficits in patients with schizophrenia in two publications. The studies systematically
investigate the effect of different stimulation intensities on verbal and spatial working
memory in schizophrenia. The investigations are based on preliminary work in healthy
volunteers (Ruf et al., 2017).
In the experiment by Schwippel and colleagues, improvement of spatial working memory
was demonstrated with 2 mA tDCS (Schwippel et al., 2018b). There is first evidence that the
stimulation effect is influenced by general cognitive abilities of the patients and by task
difficulty. The stimulation effect is manifested in the improvement of the error rate, in
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combination with a slowing of response time, which is suggestive for a speed-accuracy tradeoff.
With regard to verbal working memory, Papazova and colleagues showed a beneficial effect
of tDCS on working memory performance (Papazova et al., 2018). Interestingly, no effect of
intensity was observed, although tDCS with lower intensity (1 mA) proved to be more
effective. A slowing of the response time was only numerically present.
In summary, tDCS can improve working memory performance in schizophrenia, although
the optimal stimulation parameters and predictors of effectiveness remain the subject of
future research.

6. Summary in German language
Die vorliegende Dissertation untersucht die Anwendung von tDCS zur Behandlung von
kognitiven Defiziten bei Menschen mit Schizophrenie in mehreren Experimenten.
Im Experiment von Schwippel und Kollegen wurde die Verbesserung des räumlichen
Arbeitsgedächtnisses mit 2 mA tDCS nachgewiesen. Es zeigten sich erste Hinweise darauf,
dass die Stimulationswirkung von den allgemeinen kognitiven Fähigkeiten der Patienten und
von der Schwierigkeit der Aufgabe beeinflusst wird. Der Stimulationseffekt zeigte sich in
der Verbesserung der Fehlerrate in Kombination mit einer Verlangsamung der Reaktionszeit,
was für eine Anpassung der Balance zwischen Geschwindigkeit und Genauigkeit spricht.
In Bezug auf das verbale Arbeitsgedächtnis wiesen Papazova und Kollegen einen positiven
Einfluss von tDCS auf die Arbeitsgedächtnisleistung von Menschen mit Schizophrenie nach.
Interessanterweise wurde kein Intensitätseffekt beobachtet, obwohl sich in der post hoc
Analyse tDCS in der niedrigeren Intensität (1 mA) als effektiver erwies. Eine Verlangsamung
der Reaktionszeit war lediglich numerisch nachweisbar.
Zusammenfassend lässt sich konstatieren, dass tDCS die Arbeitsgedächtnisleistung von
Menschen mit Schizophrenie verbessern kann. Die optimalen Stimulationsparameter und
weitere Prädiktoren für die Wirksamkeit der Stimulation sind Gegenstand der zukünftigen
Forschung.
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