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1. Introduction

In  daily-life  conversations,  spoken  language  naturally  coincides  with  manual

gestures.  As  appropriate  use  and  comprehension  of  gestures  are  integral  for

successful communication, they greatly influence social interaction and life quality.

Especially in  schizophrenia spectrum disorders (SSD), impaired communication

can  have  wide-ranging  effects  on  patients’  social  functionality  and  rehabilitation.

There is converging evidence for disturbances of imitation, pantomime (Matthews et

al.,  2013;  Walther  et  al.,  2013a,  2013b,  2015;  Wüthrich,  Pavlidou  et  al.,  2020),

recognition (Berndl et al., 1986; Karakuła et al., 2013), and interpretation of gestures

in schizophrenia (Bucci et al., 2008; White et al., 2016). In particular, SSD patients

have  difficulties  understanding  and  processing  abstract  language,  such  as

metaphors (Kircher et al., 2007; Mossaheb et al., 2014). Gestures which accompany

abstract  language  (e.g.,  a  circular  movement  with  the  index  finger  to  indicate

repetition) are also differentially processed in SSD (Straube, Green,  et  al.,  2013,

2014). However, the correct understanding and interpretation of abstract information

is  very  important  for  successful  daily-life  communication.  Deficits  in  abstractness

processing are therefore highly relevant subjects of research. Furthermore, it has

been  observed  that  SSD  patients  show  difficulties  in  correctly  assessing  the

relationship between speech and corresponding gesture (Nagels et al., 2019). The

ability to assess whether spoken language and gesture are semantically related or

not  is  an  important  communicative  function.  It  requires  the  observer  to  extract

disparate meanings out of two modalities - speech and gesture - and to successfully

integrate those on a meta-level. Difficulties in correctly identifying their relation can

therefore indicate impairments of speech and gesture processing, perception, and

comprehension - all of which are pivotal for communication and social functioning.

A recent study even showed that neurostimulation can modify patients’ assessment

performance,  a  finding  that  may  lay  the  groundwork  for  novel  therapeutic

approaches  (Schülke  &  Straube,  2019).  However,  the  neural  mechanisms

underlying defective speech-gesture mismatch perception are yet unknown. 

In  the  current  study,  the  speech-gesture  mismatch  detection  paradigm for

abstract and concrete semantic contexts was implemented while simultaneously

acquiring  functional  magnetic  resonance  imaging (fMRI)  data.  This  novel
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approach  allowed  for  an  investigation  of  brain  areas  associated  with  impaired

mismatch and abstractness processing. 

Speech-gesture mismatch and abstractness perception are highly complex in that

they  involve  a  plethora  of  brain  functions.  This  dissertation  will  give  a  general

overview of SSD, the neural processes involved in speech and gesture perception,

and the respective impairments observed in SSD patients, especially in abstract and

semantically unrelated contexts, before focussing on the speech-gesture mismatch

paradigm. An illustration of the aims and methods of this study will be followed by a

demonstration and critical discussion of the results, also in light of emerging brain-

stimulation  (Schülke  &  Straube,  2019;  Walther  et  al.,  2019)  and speech-gesture

therapies (Riedl et al., 2020).
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2. Background

2.1. Schizophrenia and Schizophrenia Spectrum Disorders

Schizophrenia is  a  mental  health  disorder  that  affects  approximately  21  million

people around the globe (Charlson et al., 2018). It is most commonly diagnosed in

both women and men between ages 15 and 35 (DGPPN e.V., 2019; McGrath et al.,

2008) and often has a debilitating effect on patients’ lives (Galderisi et al., 2014).

Schizophrenia was the 12th most disabling disorder in the Global Burden of Disease

Study 2016, accounting for  1.7% of all years lived with disability (YLD) globally

(Charlson et al.  2018). Life expectancy in patients with schizophrenia is 15 years

below average (Hjorthøj et al., 2017; Liu et al., 2017). Considering the high individual

and socio-economic burden of schizophrenia, neuroscientific research is still needed

to  understand  pathomechanisms  and  enable  earlier  diagnosis  and  adequate

treatments. 

The  schizophrenia  spectrum  is  characterized  by  acute  psychoses  of  episodic

nature as well as variably chronic or remitting psychotic, cognitive and affective

symptoms (DGPPN e.V., 2019). Schizophrenia and other delusional disorders are

grouped under F20.X - F29 in the ICD-10 classification. Diagnostic criteria for F20

following ICD-10 are listed in table 1.

For a diagnosis according to ICD-10, symptoms must be persistent for at least one

month  and  organic  causes,  such  as  intoxications,  must  be  ruled  out.  Positive

symptoms  (an  “addition”  to  normal  function/perception:  delusions,  hallucinations,

ego-disturbances)  are  usually  more  prominent  during  acute  psychotic  phases,

whereas negative symptoms (a “reduction” of normal functions: alogia, apathy, social

withdrawal)  tend  to  persist  chronically  and  thus  have  a  substantial  impact  on

patients’ lives (DGPPN e.V., 2019; Galderisi et al., 2018). Disturbances of speech

and  communication  can  be  categorized  as  positive  symptoms  (formal  thought

disorder,  see  chapter  2.3.)  or  negative  symptoms  (alogia,  emotional  bluntness)

(Mitra  et  al.,  2016).  Clinical  scales such as the Positive and Negative Syndrome

Scale  (PANSS)  (Kay  et  al.,  1987)  or  the  Scales  for  Assessment  of  Positive
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Symptoms  (SAPS)  (Andreasen,  1984b)  and  Negative  Symptoms  (SANS)

(Andreasen, 1984a) can be used to measure their manifestation. 

Table 1 Diagnostic criteria of F20, following ICD-10 (DGPPN e.V. 2019)

At  least  one  symptom  of  categories  1-4  or  two  symptoms  of  categories  5-8  must  be

persistent for one month for the diagnosis of schizophrenia

1 Ego-disturbances (thought withdrawal, thought broadcasting)

2 Delusion of control, influence or passivity, delusional perception

3 Hallucinatory voices commenting or discussing about the patient in the third person

4 Bizarre, culturally inappropriate, or unrealistic delusion

5 Persistent hallucinations of any modality

6 Thought blocking or thought insertion affecting the train of thought

7 Catatonia, agitation, stereotypical postures, negativism, stupor

8 Negative symptoms: apathy, poverty of speech, blunt or inappropriate affect

The  DSM-5  classification is  acknowledging  the  heterogeneity  of  the  illness  by

dropping the subtypes of schizophrenia (paranoid, hebephrenic, catatonic, etc.) and

summarizing  related  disorders  (including  schizoaffective  disorder,  other  psychotic

disorders) under the term “Schizophrenia Spectrum and Other Psychotic Disorders”,

which  rather  form a  continuous  scale  than  single  categories  (Bhati,  2013).  This

enables  a  scientific  approach  that  is  centered  around  specific  symptoms  and

research findings (imaging, genetics, etc.) on scales between normal and abnormal

with less constraints by the historical nomenclature, as proposed by the Research

Domain Criteria (RDoC) initiative (Walter, 2017).

The socioeconomic impact of schizophrenia can be explained by the high rate of

disability,  comorbidity,  and  suicide  (Charlson  et  al.,  2018;  Hjorthøj  et  al.,  2017).

Especially  persisting  negative  symptoms  and  cognitive  impairment  and  long

untreated cases are associated with a poor prognosis (Álvarez-Jiménez et al., 2012;

Marshall et al., 2005; Murru & Carpiniello, 2018).

The  underlying  causes  of  schizophrenia  spectrum  disorders  are  not  yet  fully

understood. A genetic heritability of 50% has been suggested (Kircher & Gauggel,
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 2008) and over 200 risk gene loci  have been identified so far (Liu et al.,  2021;

Pardiñas  et  al.,  2018).  Social,  economic,  and  biological  circumstances  add  to  a

multifactorial list of risk factors including birth complication, father’s age, history of

migration, cannabis abuse, and traumatic life events (DGPPN e.V., 2019; Kircher &

Gauggel, 2008). Protective factors, such as coping mechanisms and resilience, can

have a positive effect on manifestation and outcome (Bozikas & Parlapani, 2016;

Galderisi et al., 2014; Mizuno et al., 2016; Palmer et al., 2014).

On a neural level, discrete structural abnormalities of gray and white matter have

been reported (Olabi et al., 2011). Specifically, dysconnectivity of brain circuits may

be accountable for cognitive impairment and have thus received much attention with

emerging modern imaging methods (Kircher & Gauggel, 2008; Fitzsimmons et al.,

2013; Klauser et al., 2017; Nath et al., 2021). Furthermore, the efficacy of dopamine

receptor antagonists in the treatment of positive symptoms indicates an imbalance of

neurotransmitters,  involving  dopamine  (“hyperdopaminergic  syndrome”)  and

glutamate  (“hypoglutamatergic  condition”),  as  suggested  by  genetic  and

pharmacological studies (Kircher & Gauggel, 2008; Seeman, 2009). 

In sum, it can be said that no striking structural or chemical finding is pathognomonic

for SSD. Rather, a variety of subtle biological changes can be found in individuals

with similar clinical presentation. This is why further fundamental research on brain

functions in SSD is highly relevant.

The treatment of SSD is based on a multimodal and multi-professional concept and

should be individually adapted.  Besides pharmacotherapy using antidopaminergic

antipsychotics,  psychotherapeutic,  social,  and  rehabilitation  therapies  are  vital.

Somatic treatments, such as electroconvulsive therapies and transcranial magnetic

stimulation can be options for pharmacoresistant symptoms in some cases (DGPPN

e.V.,  2019).  In  general,  it  can  be  said  that  positive  symptoms  are  much  more

receptive to therapy than negative symptoms (Kircher & Gauggel, 2008).

SSD patients often have difficulties in social situations, presumably due to impaired

communicative  skills  (Walther  et  al.,  2015;  White  et  al.,  2016).  Disturbances  of

thought  and  language  are  especially  resistant  to  the  above-mentioned  current

therapy  options  (Wüthrich,  Pavlidou,  et  al.,  2020).  Therefore,  further  research

examining the mechanisms involved in the neural processing of speech and gesture

are needed. 
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Successful  speech processing relies on the integrity of  a complex neural  system

(chapter 2.2) that can be disrupted on many levels in SSD patients (chapter 2.3.1).

As  a  consequence,  especially  abstract  language  is  frequently  impaired  (chapter

2.3.2). In daily-life communication, speech and language is always intertwined with

nonverbal  communicative cues,  such as gestures  -  which share a similar  neural

integration  system  (chapter  2.4.).  However,  SSD  patients  have  difficulties  in

successfully integrating related and unrelated gestural information (chapter 2.5.). A

mismatch-detection  paradigm  that  evaluates  the  ability  to  integrate  gesture  and

speech  has  been  used  in  previous  studies  to  understand  the  impaired  neural

processes in SSD (chapter 2.6.). In this study, the mismatch-detection paradigm was

implemented to investigate abstractness and relatedness processing in SSD. 

In the following, a general overview on the steps involved in speech processing will

be delivered before focussing on speech-gesture impairments in SSD. 
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2.2. Speech processing

The perception of spoken language relies on a complex neural system. A model by

Ellis and Young from 1988 attempts to break down the process of speech perception

into  interacting  systems  (Ellis  &  Young,  2013).  The  acoustic  analysis  system

processes speech sounds into segments and units, analyzes prosody and intensity,

in order to find representation in the auditory input lexicon. Then, the information is

matched and compared to the mentally available semantic representation in memory

(mental lexicon). Multiple representations can be activated and made accessible at

this  stage  (lexical  access).  Subsequently,  the  most  accurate  representation  is

selected (lexical selection). Speech production goes one step further and involves

the auditive  output  lexicon and the  phonological  system (Ellis  & Young,  2013;

Kircher & Gauggel, 2008).

The mental lexicon - or semantic network - provides a web of all known semantic

and syntactic information. New input is compared to existing representations, which

are activated along the network (spreading activation), so that the most adequate

meaning can be selected. This network, in accordance with a model by Collins and

Loftus (1975), consists of semantic units that are interconnected with each other in

terms of semantic relatedness. The closer the distance between two units, the closer

the conceptual relatedness (e.g., apple - tree). Units can be indirectly related via a

mutual relative (e.g., apple - tree - wood), forming a large associative network that

facilitates  fast  access  to  semantic  content.  This  model  is  supported  by  priming

experiments: a  word  (target)  can  be  pronounced  or  recognized  faster  if  it  is

preceded  by  a  semantically  related  word  (prime)  in  terms  of  reaction  times

(Minzenberg et al., 2002; Neely, 1991). 

For successful comprehension of words and sentences, contextual, semantic and

syntactic  information  have  to  be  taken  into  account  and  integrated  (lexical

integration).  The  more  ambiguous  the  input  (e.g.,  metaphors,  irony,  humor),  the

more contextual and global aspects are needed (Kircher & Gauggel, 2008). Some

models  suggest  a  uniquely  bottom-up  mechanism,  where  input  is  accessed

independent from higher-order information such as global context. Others support a

process  where  top-down  modulation  of  lexical  selection  is  possible  via  context-

dependent spreading activation (Kircher & Gauggel, 2008).
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Figure 1: Speech processing

A schematic and simplified illustration of the processes involved in speech perception and

comprehension, with elements from Ellis and Young (Ellis & Young, 2013) and Kircher and

Gauggel  (2008).  When  hearing  speech,  information  is  acoustically  processed,  then

compared to existing representations in the acoustic input lexicon. Next, representations are

activated  in  the  semantic  system  along  the  semantic  network  and  made accessible.  A

matching representation can be selected and then contextually integrated on a higher-order

level.  Whether  top-down  regulation  of  lower-order  processes,  such  as  the  spreading  of

semantic network activation, is possible, is debated (Kircher & Gauggel, 2008).

The neural correlates of speech processing have been historically examined by

lesion  studies,  identifying  a  complex  frontotemporal  network  for  language

processing. Important regions to name are the left inferior frontal gyrus (IFG) with the

Broca Area (traditionally associated with motor speech function), the left  superior

temporal gyrus (STG) with the Wernicke Area (traditionally associated with sensory

language function), the middle temporal gyrus (MTG), the gyrus angularis, and their

respective  right-hemispheric  analogues  (Kircher  &  Gauggel,  2008).  A  left-

hemispheric lateralization of language is found in most right-handed people (Hickok

& Poeppel, 2007; Hodgson & Hudson, 2018).

However, further studies have shown that language is  differentially processed in

the left and right hemispheres. According to Beeman (Beeman, 1998; Beeman &

17



Chiarello,  1998),  the  left  hemisphere  contains  the  main  semantic  lexicon,  where

target content is activated shortly but strongly for fast accessibility, namely for fine

semantic  coding  of  familiar,  conventional  stimuli.  On  the  other  hand,  the  right

hemisphere represents more ambiguous semantic information such as metaphors

for coarse semantic coding that is less strongly but more continuously accessible.

The dual-stream model similarly proposes the functional differentiation of a ventral

and  a  dorsal  processing  stream  after  the  bilateral  auditory  (dorsal  STG)  and

phonological  (superior  temporal  sulcus  [STS])  processing.  The  dorsal  stream,

consisting of the posterior IFG, the premotor cortex, and the Spt (Sylvian parietal

temporal) area, converts sensory information into articulatory and motor information.

The ventral  stream comprises the anterior MTG and the inferior  temporal  sulcus

(ITS) as a combinational  network and the posterior  MTG and ITS as the lexical

interface that transforms sensory information into lexical meaning. The dorsal stream

is  predominantly  left-lateralized,  while  the  ventral  stream  is  bilaterally  structured

(Hickok & Poeppel, 2007; Hodgson & Hudson, 2018; Rilling et al., 2012).

In conclusion, speech processing relies on intact function and interaction of sensory,

semantic,  lexical,  and  higher-order  abilities  such  as  context  processing  and

pragmatics1. Relevant brain regions are located in the temporal cortex as well as in

the inferior frontal gyrus. Left and right hemispheres on the one hand, and ventral

and dorsal streams on the other hand, are believed to play differential roles in the

processing of speech. 

1 In linguistics, pragmatics refers to “the ability to use language and other expressive means to 
convey meaning in a specific interactional context” (Bosco et al., 2018)
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2.3. Speech perception in schizophrenia spectrum disorders

Deficits in speech perception and comprehension have been consistently observed

in patients with schizophrenia. 

One of the main characteristics of SSD is the disruption of thought and language.

Abnormalities of speech production such as derailment, incoherence, and illogicality

are  characterized  under  the  term  “Formal  Thought  Disorder”  (FTD)  and  are

assessed using positive symptom scores (Andreasen, 1984b). In this chapter, we will

give an overview on speech processing impairments in SSD and one of the most

prominent features of FTD in SSD, disturbed perception of abstractness. 

2.3.1. Speech processing in patients with SSD

Figure 2: Speech processing in SSD patients

A schematic and simplified illustration of the processes involved in speech perception and

comprehension, with elements from Ellis and Young (Ellis & Young, 2013) and Kircher and

Gauggel (2008) (see Figure 1). The flashes mark suggested disruptions in SSD patients that

cause impaired speech processing (Kircher & Gauggel, 2008).

Abnormalities  of  speech  perception  have  been  detected  on  different  levels  of

processing  (see  figure  2):  impaired  auditory  processing,  dysfunctional  semantic

system causing aberrant lexical access and selection, and higher-order dysfunctions

impeding contextual processing. For an investigation of these processes, mismatch
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paradigms are especially useful in that they normally induce well-studied reactions in

healthy samples that can be regarded as measures of intact processing.

On  an  auditory  level,  mismatch  negativity,  an  acoustically  evoked

electrophysiological potential as a response to an unexpected deviation in a sound

pattern,  is  reduced in  SSD patients  in  comparison to  healthy  controls.  This  also

applies  for  speech sounds and is  associated with  structural  abnormalities  of  the

Heschl’s  gyrus2 and the  planum temporale  (Kasai,  Shenton,  et  al.,  2003;  Kasai,

Yamada,  et  al.,  2003;  Koshiyama et  al.,  2020;  Yamasue  et  al.,  2004).  Possible

explanations are sensory memory deficits which make processing of longer stimuli

difficult. Besides, disturbed discrimination of acoustic stimuli could cause a sensory

overload that impedes speech comprehension. (Kircher and Gauggel, 2008). 

Event-related potentials (ERP) can also be used to acquire a neural  correlate of

speech processing. For this purpose, sentences with a short logical storyline can be

presented (“He met his brother in their favorite bar”). If the last word of the sentence

is replaced by an unrelated word (“He met his brother in their favorite milk”), healthy

subjects react with a negative EEG potential after 400 ms, which is deemed to reflect

the  spreading  activation  of  the  semantic  network  (Kutas  &  Federmeier,  2011).

Patients with schizophrenia tend to exhibit increased latency and lower amplitude of

the N400 potential (Kircher & Gauggel, 2008; Kostova et al., 2005; Mathalon et al.,

2002; Mohammad & DeLisi, 2013). 

Dysfunctions of the semantic network have also been shown in  priming studies.

Schizophrenia patients showed hyperpriming for indirectly related words with short

intervals, i.e., access to targets that are indirectly related to the prime (e.g., “chair -

stand” via “sit”) is facilitated. This might represent a possible correlate of loosened

association  (Kuperberg  et  al.,  2018;  Minzenberg  et  al.,  2002).  In  fMRI  studies,

patients  showed  enhanced  signals  in  temporal  and  prefrontal  areas  for  primed

versus non-primed targets, although healthy controls showed the opposite pattern as

a sign of reduced processing effort for primed stimuli (Kuperberg et al., 2007). SSD

patients  lack  the  ability  to  actively  inhibit  irrelevant  meanings  in  the  semantic

network,  especially  of  ambiguous words,  so  that  they tend to  attribute  the  most

common,  but  not  the  contextually  correct  meaning  (Gernsbacher  et  al.,  1999;

Salisbury, 2010). 

2 Part of the auditory cortex in the temporal lobe (Warrier et al., 2009)
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Also,  it  was  suggested  that  problems  of  pragmatics,  the  ability  to  transport

contextual  meaning  beyond  the  explicit  words  said  (Bosco  et  al.,  2018),  and

discourse comprehension might contribute to their difficulties in extracting higher-

order meaning out of sentences and understanding references (Kircher & Gauggel,

2008; Langdon et al., 2002; Parola et al., 2020).

Structural abnormalities in language related cortical areas support the notion that

disturbances  of  speech  perception  are  due  to  neural  dysfunctions:  the  planum

temporale,  the STG,  parahippocampal  and fusiform gyrus  show less  asymmetric

volumes in schizophrenia patients’ than in healthy controls’ brains, which points to a

reduced lateralization of the language network (Kircher & Gauggel, 2008; McDonald

et al., 2000; Shenton et al., 2001; Sommer et al., 2001).

These aberrations show that SSD patients not only have difficulties understanding

abstract  language,  but  also processing deviant/mismatching  auditory  or  semantic

input as a consequence of multi-level neural disturbances.

2.3.2. Abstract language

One of the most characteristic language impairments that can be classified as an

FTD in SSD patients is their difficulty in comprehending abstract language. 

Abstract language refers to mental concepts without a tangible form, e.g., ‘peace’

and ‘freedom’.  According to  Lakoff  and Johnson (2008),  words used to  describe

these abstract ideas are at all times based on metaphoric concepts and can, thus, be

considered metaphors themselves.  This definition allows a careful  comparison of

different  forms  of  abstract  language,  including  figurative  language,  metaphors,

idioms, and proverbs.

Difficulties in  understanding such abstract  language have long been observed in

schizophreniform disorders  (for  a  review,  see:  Rossetti  et  al.,  2018).  Metaphors,

especially, are often wrongfully taken literally. Patients displaying this kind of thought

disorder  named  “Concretism” struggle  with  extracting  the  higher-level  meaning

behind figurative language, also including idioms, proverbs, and irony (Bambini et al.,

2020;  Barth  &  Küfferle,  2001;  Mossaheb  et  al.,  2014;  Rapp  et  al.,  2013).  For

example,  the phrase “He is a night  owl”  can be used to describe a person who

prefers staying up late. The listener is required to extract this figurative meaning over

the literal meaning of the words, according to the context. Frequent misinterpretation
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of figurative phrases constitutes a major barrier in day-to-day communication as we

habitually rely on these stylistic devices to express ourselves. 

A reliable tool to diagnose concretism is the proverb interpretation test developed by

Barth and Küfferle (2001). Concretism ratings seem to be directly related to clinical

acuity and severity of schizophrenic symptoms (Brackmann et al., 2020; Sela et al.,

2015; Siddi et al., 2016). In addition, concretism is correlated with thought disorder

and  negative  symptoms,  possibly  indicating  that  the  ability  to  communicate  is

impaired on multiple levels (Iakimova et al., 2006; Langdon et al., 2002; Mossaheb et

al., 2014).

Several fMRI experiments have been undertaken to elucidate the neural processes

underlying concretism by contrasting sentences with metaphoric and literal content.

Their results suggest an aberrant recruitment of the left IFG and the temporal lobe

for metaphoric stimuli in schizophrenia patients (Kircher et al., 2007; Rossetti et al.,

2018; Thoma & Daum, 2006). Mashal et al. (2013) showed that for novel metaphors,

patients  excessively  activated  the  left  IFG  in  contrast  to  controls,  who  rather

engaged the right IFG. The activity of the left IFG further correlated with concretism

ratings and metaphor  comprehension (Kircher  et  al.,  2007;  Mashal  et  al.,  2013).

Some researchers argue that lateralization abnormalities of the language network

may play  a  part  in  impeding  abstract  language  comprehension  in  schizophrenia

(Chakrabarty  et  al.,  2014;  Mitchell  &  Crow,  2005).  For  example,

magnetoencephalography (MEG) and split visual field studies have revealed that the

right hemisphere is overactive in schizophrenia patients during comprehension of

novel metaphors, which may imply that coarse semantic processing of unfamiliar,

non-conventionalized stimuli is advantaged at the expense of conventional stimulus

processing (fine semantic coding) (Zeev-Wolf et al., 2014; Zeev Wolf et al., 2015).‐
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2.4. Neural processing of gestures

A simple self-experiment can make one aware of the great influence of gestures on

everyday communication: hide your hands behind your back or under a table for a

whole  conversation.  Conveying a  thought  or  finishing  a  sentence  might  become

unexpectedly hard. Not only do gestures help listeners understand the speaker’s

message by accentuating keywords and illustrating a communicative intent; these

versatile hand movements also support the speaker’s thought process and hence

influence the ability to retrieve information and learn (Goldin-Meadow, 2015, 2017;

Goldin-Meadow & Alibali, 2013). Moreover, children express themselves with their

hands  even  before  they  speak  their  first  words,  which  is  deemed  beneficial  for

language development (Iverson & Goldin-Meadow, 2005; Özçalışkan & Dimitrova,

2013; Özçalışkan & Goldin-Meadow, 2005). The tight interconnection even indicates

that speech originally derived from gesture (Gentilucci & Corballis, 2006). Successful

social interaction is strongly shaped by the appropriate use of gestures. Especially

in SSD, impaired communication can have wide-ranging effects on patients’ social

functionality and rehabilitation (Walther et al., 2016; Walther & Mittal, 2016). 

Gestures are particular visual stimuli that convey semantic meanings within hand

motion. They can either inherit an individual meaning independent of speech, as in

emblematic  or  pantomime gestures,  or  be  accompanied by  abstract  or  concrete

speech as in metaphoric and iconic co-verbal gestures (McNeill, 1992). Metaphoric

gestures, as defined by McNeill (1992) accompany abstract language by displaying

a form or object that figuratively illustrates the meta-level meaning of the sentence.

For instance, interlocking two fingers depicts a close friendship in the statement “The

friends  are  inseparable”.  However,  if  the  same gesture  accompanies  a  concrete

phrase, e.g., “The chains are firmly connected”, it is classified as an iconic gesture.

The  following  passage  focuses  on  the  neuroscientific  mechanisms of  gesture

perception in healthy study samples (Andric & Small, 2012; Yang et al., 2015). 

As close as the evolutionary origins of gesture and speech are considered to be, as

similar  are  their  neural  characteristics (Gentilucci  &  Corballis,  2006;  Gentilucci  &

Dalla Volta, 2008). Meaningful iconic stimuli, both gestures and spoken speech, are

processed in a common system extending from the left  IFG to bilateral  temporal

regions (Straube et al., 2012). Furthermore, gestures incongruent to accompanying
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speech induce a more negative N400 response in ERP experiments compared to

congruent  gestures,  which also corroborates the similarities between speech and

gesture processing (Fabbri-Destro et al., 2015; Holle & Gunter, 2007; Kelly et al.,

2004; Özyürek, 2014; Proverbio et al., 2015). 

The  integration of  meaningful iconic  gestures and  corresponding speech

(bimodal  stimuli  versus  unimodal  stimuli)  elicited  BOLD  (blood-oxygen  level

dependent, see chapter 3.3.) activation in the left posterior MTG in fMRI (He et al.,

2015). It was demonstrated that the connectivity between auditory and visual gesture

processing sites (MTG and occipital cortex) is modulated by the STS (Straube et al.,

2018). The idea that the STS and STG play a facilitating role in integrating speech

and gesture, especially under challenging hearing conditions, is supported by other

studies (Holle et al., 2010; Özyürek, 2014).

Simultaneous  EEG  and  fMRI  investigation  revealed  a  two-stepped  correlation

between BOLD signals and alpha power3, implying that gesture-speech integration

takes place in the posterior STS/MTG region at an earlier stage and is subsequently

continued in the left IFG (He et al., 2018). 

Converging  evidence  indicates  that metaphoric  gesture  perception elicits

activation  in  the  left  IFG (Andric  et  al.,  2013;  Nagels,  Chatterjee,  et  al.,  2013;

Nagels,  Kauschke,  et  al.,  2013;  Straube et  al.,  2011;  Straube,  He,  et  al.,  2013;

Villarreal et al., 2008) and temporal areas (Andric et al., 2013; Nagels, Chatterjee, et

al., 2013; Skipper-Kallal et al., 2015; Straube et al., 2011; Straube, He, et al., 2013),

whereas iconic gestures mainly involve the bilateral MTG (Nagels, Chatterjee, et al.,

2013; Straube et al., 2011). 

Some  studies  suggest  overlaps  between  the  iconic  and  metaphoric  gesture

conditions  in  superior  temporal  and inferior  parietal  regions (Andric  et  al.,  2013;

Straube et al., 2011; Villarreal et al., 2008). 

These  findings  are  in  line  with  the  semantic  unification  theory proposing  the

engagement of the posterior temporal lobe for the semantic integration of familiar,

over-learned stimuli like iconic gestures, for which a mental representation already

exists.  The  disparate  semantic  information  in  metaphoric  gestures  (abstract

language combined with concrete meaningful hand movement), however, requires to

be unified to  a novel  mental  representation.  This  semantic  unification process is

3 Amount of oscillations in the alpha frequency range (7-13 Hz) in EEG examination (He et al., 2018)
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deemed to take place in the left inferior frontal gyrus (Hagoort et al., 2009; Straube et

al., 2011; Willems et al., 2009).

The semantic unification theory was originally implemented to explain results from

semantic speech-gesture  mismatch studies.  When  contrasting  meaningful  co-

verbal  gestures  (matches)  to  semantically  unrelated  or  meaningless  co-verbal

gestures (mismatches), differential involvement of the posterior STS and MTG on the

one hand and the left IFG on the other hand was observed. It was suggested that the

STS and MTG are responsible for the  semantic integration of common, familiar

semantic representations (speech, pantomimes, related co-speech gestures), while

the  left  IFG  shows  higher  activation  for  less  related  (mismatching)  co-speech

gestures, which need a new, on-line semantic unification of the input streams. The

higher  the  integration  load  (the  further  the  semantic  relation),  the  higher  the

activation of the IFG needed for constituting a novel representation (Hagoort et al.,

2009; Özyürek, 2014; Willems et al., 2007, 2009).

Mismatch studies analyzed the  N400 response in ERP to gestures accompanying

speech (Özyürek et al., 2007). The N400 signal, which is known as an indicator of

semantic mismatch processing, was demonstrated to be less negative in ambiguous

sentence contexts when accompanied by a congruent, disambiguating gesture than

by an incongruent gesture, showing that gestures can reduce the processing effort

for verbal language (Holle & Gunter, 2007; Özyürek, 2014). 

In  this  way,  speech-gesture  mismatch  paradigms  can  help  to  elucidate  the

integration of multimodal communicative input. 
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Figure  3:  The  semantic  unification  theory  (Hagoort  et  al.,  2009;  Willems  et  al.,  2009)
according to Straube et al., 2011, modified and simplified.

Multimodal  stimuli  with  low  integration  load  due  to  familiarity  or  conventionality  can  be

integrated in the temporal lobe. Stimuli with higher integration load (unrelated or metaphoric

gestures) have to be processed onto a new mental representation (semantic unification).

STG, superior temporal gyrus (left, upper light gray area); MTG, middle temporal gyrus (left,

lower light gray area); IFG, inferior frontal gyrus (right, dark gray area).
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2.5. Gesture deficits in schizophrenia spectrum disorders

Deficits  in  gesture production and perception  have been consistently  reported  in

SSD  patients.  Throughout  the  course  of  disease,  SSD  is  linked  to  defective

gesturing: Gesture impairment has been observed in adolescents at ultra-high risk

for psychosis (Millman et al., 2014). Moreover, severity increased with the number of

psychotic episodes and chronicity  (Stegmayer,  Moor,  et  al.,  2016; Walther et  al.,

2016). 

Both imitation4 and pantomime5 of gestures are perturbed in schizophrenia (Colle

et al., 2013; Dutschke et al., 2017; Martin et al., 1994; Matthews et al., 2013; Park et

al., 2008; Walther et al., 2013a, 2013b, 2015; Walther & Mittal, 2016). Walther et al.

(2013b), for example, implemented the test of upper limb apraxia (TULIA) to assess

schizophrenia patients’ ability to correctly perform gestures. They reported that 67%

of their patient sample exhibited deficits in imitating and pantomiming according to

their  cut-off  score.  Furthermore,  natural  co-verbal  gesturing  and  nodding  are

significantly reduced in patients (Lavelle et al., 2013; Troisi et al., 1998). 

Multiple behavioral experiments have also confirmed patients’ impaired recognition

of gestures (Berndl et al.,  1986; Karakuła et al.,  2013; White et al.,  2016). SSD

patients tend to misinterpret incidental movements as meaningful gestures (Bucci et

al., 2008) and to refer observed gestures to themselves, notably if given ambiguous

communicative cues (White et al., 2016). Patients with gesture deficits also display

reduced social perception and gesture recognition ability, pointing to a generalized

disruption of nonverbal communication in schizophrenia (Walther et al., 2015). 

Gesture impairment is correlated with certain symptom categories. For instance, it

has been demonstrated that gesture deficits are related to the severity of negative

symptoms (e.g., affective flattening, alogia, apathy) (Lavelle et al., 2013; Matthews

et  al.,  2013;  Park  et  al.,  2008;  Walther  et  al.,  2016).  Gesture  performance  and

nonverbal  social  perception  can  even  serve  as  outcome  predictors,  forecasting

social functionality and negative symptom progression after six months (Walther et

4 The examined person first observes a gesture performed by another party without additional verbal 
explanation (e.g., placing the palm of the right hand on to the right ear), and is then asked to 
reproduce the identical gesture.
5 The examined person is asked to perform a gesture based on a verbal command (e.g., “Pretend to 
be using scissors to cut paper”).
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al.,  2016).  This  interrelation  is  supported  by  findings  confirming  that  movement

therapy can improve negative symptoms in schizophrenia (Martin et al., 2016). 

Gesture  perception  is  also  linked  to  positive  symptoms (e.g.,  formal  thought

disorders, delusion, hallucinations). Patients with severe hallucinations report lower

confidence  when  interpreting  a  gesture  (White  et  al.,  2016),  and communicative

delusions  are  associated  with  the  misinterpretation  of  movement  as  meaningful

gestures (Bucci et al., 2008). Pronounced positive formal thought disorder6 is related

to  a  reduced  ability  to  distinguish  matching  and  mismatching  abstract  speech-

gesture combinations (Nagels et al., 2019). 

Some possible neural correlates of gesture impairment have been investigated so

far:  for  instance,  some  studies  relate  working  memory  deficits to  gestural

malfunctioning  in  schizophrenia  (Matthews et  al.,  2013;  Park  et  al.,  2008).  Also,

motor abnormalities seem to be associated with perturbed gesturing (Dutschke et

al., 2017; Walther et al., 2015). Gesture imitation, especially, was linked to catatonia

as well  as to extrapyramidal  motor  symptoms (Walther  et  al.,  2013a).  Moreover,

connections  between  aberrant  gesture  production  and  frontal  lobe  function

(Walther  et  al.,  2013a,  2013b)  have  been  discussed.  The  particular  correlation

between pantomime performance and  frontal  lobe function  was explained  by  an

increased  task  demand  when  transferring  a  verbal  command  to  manual  motion

(Walther et al., 2013a). 

The role of  the  IFG and the  temporal lobe within the integration of speech and

gesture  in  schizophrenia has been analyzed by comparing bimodal  (speech and

gesture) to isolated unimodal (speech or gesture) conditions (Straube, Green, et al.,

2013;  Wroblewski  et  al.,  2019).  It  was found that  the  integration  of  metaphoric

gestures and corresponding abstract speech is impaired in patients, demonstrated

by less activation in the left-hemispheric posterior MTG and IFG in comparison to

controls  (Straube,  Green,  et  al.,  2013).  Also,  neural  connectivity from the  left

superior temporal sulcus (STS) to the bilateral IFG is disrupted for the perception of

metaphoric, but intact for iconic gestures (Straube, Green, et al., 2014). More recent

findings, however, suggest that the gesture-speech integration network previously

confirmed in a healthy sample, involving the posterior STS, visual occipital cortex,

6 Positive formal thought disorder refers to disorganized thinking, as opposed to negative formal 
thought disorder, which subsumes symptoms of impoverished thinking (J. Chen et al., 2021)
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and  auditory  cortex  (MTG),  is  functional  in  SSD  patients.  Only  the  connection

between left MTG and STS, referred to as the “verbal pathway”, is impeded in SSD

and even correlated with concretism ratings and negative symptom rating scores

(Wroblewski et al., 2019). 

Both  the  IFG  and  the  MTG  are  part  of  the  left-hemispheric  “praxis  network7”

associated with gesture planning (Bohlhalter et al., 2009). A recent study showed a

significant  correlation  between  gesture  performance  and  functional  connectivity

between  the  bilateral  STG  in  healthy  study  participants.  In  comparison,  no

correlation with gesture performance, but a decreased connectivity of these regions

was confirmed in schizophrenia patients (Wüthrich, Viher, et al., 2020). Furthermore,

gesture deficits were predictable by disturbances of white matter tract connectivity in

the  praxis  network.  Especially  the  connectivity  between  the  bilateral  IFG  was

reduced in the schizophrenia group (Viher et al., 2020). These findings support the

notion that gesture impairment could be attributed to  functional abnormalities in

the frontotemporal network.

These results are in line with imaging studies showing that gesture impairment, in

general, is associated with anatomical abnormalities (gray matter loss and cortical

thinning) e.g. in the IFG, anterior cingulate cortex (ACC), STG and MTG (Stegmayer,

Bohlhalter, et al., 2016; Viher et al., 2018). 

7 A “left lateralized fronto-temporo-parietal network” activated by gesture processing and production 
in healthy subjects (Wüthrich, Viher, et al., 2020)
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2.6. Speech-gesture mismatch detection

A growing body of evidence has demonstrated that the investigation of  gesture-

speech  mismatches contributes  to  the  understanding  of  speech  and  gesture

integration (Green et al., 2009; Holle et al., 2008; Özyürek, 2014; Straube, Meyer, et

al.,  2014;  Willems et  al.,  2007).  On  the  one  hand,  the  comparison  of  matching

(related)  versus  mismatching  (unrelated)  speech  and  gesture  allows  for  the

identification  of  neural  areas  relevant  for  integrating  meaningful  semantic

information. On the other hand, mismatches compared to matches are suspected to

elicit the activation of additional brain areas responsible for  new or semantically

unrelated stimuli.

The perception of mismatched gesture and speech has been associated with activity

of the left IFG in healthy samples (Green et al., 2009; Hagoort et al., 2009; Hein et

al.,  2007;  Holle  et  al.,  2008;  Özyürek,  2014;  Willems  et  al.,  2007,  2009).  As

mentioned  earlier,  it  has  been  hypothesized  that  the  IFG  is  responsible  for  the

increased processing demand of new, unfamiliar semantic stimuli that require the

unification  of  two,  disparate  information  streams,  as  is  the  case  in  mismatches

(Willems  et  al.,  2009).   First  mismatch  studies  using  audiovisual  stimuli  in

schizophrenia  patients  revealed  increased  signals  in  frontal  and  insular  areas

(Surguladze et al., 2001) and aberrant engagement of the right-hemispheric motor-

speech area including the IFG and STG for mismatches (Szycik et al., 2009). This

might reflect a compensatory hyperactivation for the increased processing effort in

SSD patients.

Dysfunctions  of  the  IFG,  as  found  in  SSD with  regards  to  abstract  speech  and

metaphoric  gestures,  could  also  contribute  to  impaired  mismatch  detection

performance.

The ability to understand the semantic relationship between verbal and non-verbal

information  such  as  speech  and  gestures  is  relevant  for  successful  social

communication.  It  is  based  on  the  successful  integration  and  comprehension  of

multimodal semantic inputs and is therefore a promising subject to research. It can

be  investigated  using  relatedness  assessment (Schülke  &  Straube,  2017)  or

mismatch detection tasks (Nagels et al., 2019; Steines et al., 2021). In both tasks,

the relatedness between gesture and speech semantics has to be evaluated, either
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on a Likert-like scale from 1 (low relatedness) to 7 (high relatedness) (Schülke &

Straube,  2017)  or  in  a  categorical  manner  (‘related’/‘unrelated’)  in  mismatch

detection tasks (Nagels et  al.,  2019).  These tasks have the advantage that  both

information sources have to be taken into account to successfully perform the task.

The paradigm also allows for the manipulation of speech-gesture relatedness and

semantic abstractness. 

In a previous study, Nagels et al. (2019) used the mismatch detection paradigm to

investigate the  gesture-speech mismatch detection performance in SSD. It has

been demonstrated that patients make more errors than controls when judging the

relatedness of gesture and accompanying speech. This finding was also confirmed

in  a  transcranial  direct  current  stimulation  (tDCS)  study  applying  a  relatedness

assessment task (Schülke & Straube, 2019). In this task, patients demonstrated a

reduced  rating  accuracy  in  relatedness  evaluations  compared  to  healthy  control

subjects. Regarding abstract content, only symptom specific effects could be found

in the large sample of Nagels et al. (2019): Patients exhibiting severe formal thought

disorder  performed worst  in  abstract  conditions  of  the  gesture-speech  mismatch

detection task. 

Intervention studies have already observed an increase of patients’ rating accuracy

in  the  relatedness  assessment  task  by  inhibitory  tDCS  of  the  left  frontal  lobe

(Schülke & Straube, 2019). However, to date, the brain regions involved in impaired

mismatch detection are still unidentified.

Overall,  it  can  be  assumed  that  SSD  patients  have  a  considerable  deficit  in

interpreting abstract speech and metaphoric gestures as well as in integrating

multimodal  communicative input.  This  leads to  impeded social  interaction and

symptom progression. The neural defect accompanying this phenomenon might be

malfunctioning of the  IFG and  temporal areas of the language network. However,

the neural correlates of gesture-speech matching processes of concrete and abstract

utterances accompanied by related or unrelated gestures are still unknown. 
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2.7. Aims of the study

The  investigation  of  the  neural  processes  underlying  speech-gesture  mismatch

detection in abstract and concrete sentence contexts in SSD might shed new light on

the pathology of gesture impairment, which is associated with a range of symptoms

typical to psychosis and is likely to contribute to poor social interaction in SSD. 

In  the  long  run,  this  investigation  might  pave  the  way  towards  therapies  that

incorporate  speech  and  gesture  therapies  (Riedl  et  al.,  2020)  as  well  as  neural

stimulation methods to ameliorate communicative abilities and symptom progression.

The  aim of  this  study  is  to  clarify  the  distinct  disturbances  that  are  related  to

patients’ difficulties in understanding and interpreting abstract and concrete speech-

gesture combinations. Our innovative study paradigm combines a speech-gesture

mismatch detection task with functional imaging and thus offers the advantage of a

task- and performance-related examination of neural processes. 

The three leading questions we aim to answer are: 

A. Can we confirm a reduced ability of SSD patients to judge the relatedness of

speech and gesture? Does abstractness influence the results? 

B. What  are  the  neural  correlates  of  SSD  patients’  difficulties  discriminating

between related and unrelated speech-gesture combinations?

C. Do  SSD  patients  have  dysfunctional  processing  of  abstract/metaphoric

speech-gesture combinations? 

According to the leading questions, the hypothesis, results, and discussion sections

will each be organized into three main parts. 

Part A will focus on the behavioral results: whether SSD patients have reduced task

performance,  and  how  response  behavior  varies  between  groups  and  semantic

contexts (abstract/concrete). 

In part B, we aim to explore the neural dysfunctions that underlie impaired mismatch

detection  performance.  For  this,  we will  focus on the  processing  of  unrelated  in

contrast to related speech-gesture combinations. What similarities do both groups

have in the neural processing of mismatches? Which regions exhibit lower or higher

engagement in the SSD group compared to the control group? 
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In  part C, we are interested in the differential processing of abstract in contrast to

concrete  speech-gesture  pairs,  as  they  are  expected  to  carry  an  increased

processing  demand that  SSD patients  might  not  be  able  to  fully  meet  (Straube,

Green, et al., 2013). What do SSD patients have in common with healthy controls,

which may reflect a starting point for successful therapeutic interventions? Where do

SSD patients show lower, and where higher activation than healthy subjects? 
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2.8. Hypotheses

The  following  hypotheses  were  formulated  with  regard  to  the  aforementioned

questions:

A. Based on previous findings (Nagels et al., 2019), we hypothesized that SSD

patients  would show reduced task  performance in  the mismatch detection

task in both abstract and in concrete sentence contexts. 

B.

a. On a neural level, we hypothesized that in both groups, perception of

unrelated  speech  and  gesture  (mismatches)  would  result  in  higher

frontal activation than the perception of semantically related pairs, due

to an increased processing demand (Green et al., 2009; Willems et al.,

2009). 

b. Yet,  we expected the processing of  mismatches to  elicit  either  less

activation in the frontal cortex in patients compared to healthy controls,

reflecting impaired multimodal integration, or

c. higher activation for an increased processing effort (Surguladze et al.,

2001; Szycik et al., 2009).

C.

a. We expected that both groups would engage some common activation

of the frontotemporal network for abstract versus concrete stimuli as a

sign of partly functioning processing. As recent studies showed partially

intact  connectivity  of  the  temporal  lobe  in  SSD  patients  (Straube,

Green,  et  al.,  2014;  Wroblewski  et  al.,  2019),  we  anticipated  these

activations in the STG and MTG.  

b. However, we hypothesized that SSD patients, compared to controls,

would  show  reduced  activation  in  the  IFG  in  response  to  abstract

stimuli,  causing  disturbed  abstractness  processing  and  multimodal

integration (Straube, Green, et al., 2013, 2014). 

c. We also hypothesized that SSD patients would not show higher frontal

activation than controls for abstract versus concrete stimuli. 
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3. Methods

3.1. Study sample

3.1.1. Patients

A total of 42 patients (9 female, mean age = 34.3, SD = 11.1, range = 19-57, see

Table 1) diagnosed with schizophrenia (n = 30), schizoaffective disorder (n = 11) and

other non-organic psychotic disorder (n = 1) according to ICD-10 (F20, F25, F28) or

DSM-IV  (295.X)  criteria,  recruited  from 2012 to  2019,  were  included in  our  final

analysis. 

Initially,  a  study  sample  of  n  =  57  patients  was  recruited  and  assessed  by

psychiatrists and psychologists of the Department of Psychiatry and Psychotherapy,

Philipps-University Marburg. Fifteen patients were excluded from our final analysis

(exclusion  criteria:  missing  responses  [≥  10%]  in  behavioral  task  [n  =  2],  signal

dropouts  in  functional  images  [n  =  3],  excessive  movement  during  fMRI  data

acquisition [defined as > 1.5 mm relative movement or > 3 mm absolute movement,

n = 10] (Power et al., 2014, 2015; Soares et al., 2016; Wilke, 2014)). 

All  42  patients  were  German  native  speakers  (three  bilinguals),  four  were  left-

handed, 24 were high school graduates. In the Multiple-Choice Word Test B (MWT-

B) (Lehrl et al., 1995), patients achieved a mean score of 27.7 (SD = 7.5). Symptoms

were  assessed  according  to  the  Scales  for  Assessment  of  Positive  Symptoms

(SAPS, n = 39, mean sum = 19.74, SD = 19.1) and Negative Symptoms (SANS, n =

41, mean sum = 23.05, SD = 21.2) (Andreasen, 1984b, 1984a). All patients were

clinically  stable  under  antipsychotic  medication  (mean  dose  in  chlorpromazine

equivalents = 735.65 mg/day, SD = 1355.17) (Leucht et al., 2016). Patients with a

self-reported or documented history of psychiatric disorders were included if  SSD

was their main diagnosis.

All  subjects were free of visual  and auditory deficits  and did not suffer from any

additional  neurological  impairment.  Cerebral  integrity  was  assessed  by  a  T1-

weighted  MRI  sequence;  the  T1  was  missing  for  four  patients  due  to  technical

issues. 
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3.1.2. Healthy Control Group

Thirty-six out of 50 healthy control subjects (11 female, mean age = 36.8, SD = 11.2,

range = 20-56) were included in the final analysis. Fourteen subjects were excluded

(exclusion criteria: missing responses [≥ 10%] in behavioral task [n = 1], incidental

abnormalities in T1-weighted MRI [n = 1], signal dropouts in functional images [n =

6], excessive movement during the fMRI paradigm [n = 6]).

All subjects were German native speakers (two bilinguals), one was left-handed and

23 were high school graduates. Patients and controls were matched for education

(see Tab. 2). They achieved a mean score of 30.9 (SD = 3.4) in the MWT-B, which

was not significantly different from the patient sample (see appendix: Supplementary

table 1 for participants’ neuropsychological test performance). Participants did not

have any visual or auditory deficits, neurological or psychiatric disorders. T1-images

of six subjects were missing due to technical issues.

This study was approved by the local Ethics Committee (file numbers 55/10 and

05/15) and written informed consent was obtained from all participants (patients and

healthy control subjects). They were paid an allowance of 50 euro for participation. 
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Table 2: Sociodemographic characteristics

N, number of participants; f, female; m, male; SD, standard deviation of the mean; SAPS,

Scale  for  Assessment  of  Positive  Symptoms;  SANS,  Scale  for  Assessment  of  Negative

Symptoms;  CPZ,  chlorpromazine;  MAO-inhibitor,  monoamine  oxidase  inhibitor;  SSRI,

selective serotonin reuptake inhibitor; SNRI, serotonin-norepinephrine reuptake inhibitor.

Variable Patient group Control group

N 42 36

Sex f/m 9/33 11/25

Age (SD) 34.4 (11.1) 36.8 (11.2)

Years of Education (SD) 11.8 (1.5) 12.1 (1.5)

Highschool graduates 24 23

Left-handed 4 1

Smokers 25 8

SAPS sum (SD) n = 39 19.7 (19.1)

SANS sum (SD) n = 41 23.1 (21.2)

Antipsychotic medication in CPZ equivalents (SD)
735.65

(1355.17)

Antipsychotic medication

Number of patients 

receiving

Atypical antipsychotics 37

Typical antipsychotics 0

Other antipsychotics 2

Psychiatric medication (other than antipsychotics)

Number of patients 

receiving

MAO-Inhibitor 1

Tricyclic antidepressants 1

SSRI 6

SNRI 2

Bupropion 2

Agomelatine 1

Duration of illness in years (SD) n = 25 9.68 (8.79)

Number of hospitalisations n = 18 1.94 (1.51)
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3.2. Stimuli

The stimuli consisted of 160 video clips, each depicting the same actor speaking a

German sentence and simultaneously performing a manual gesture. The material

has  been  described  and  successfully  used  in  several  behavioral  (Nagels  et  al.,

2019), tDCS (Schülke & Straube, 2017, 2019) and fMRI studies (Green et al., 2009;

Kircher et al., 2009; Straube et al., 2009, 2011; Straube, Green, et al., 2013). Part of

it has been used in fMRI studies using implicit tasks (Green et al., 2009; Kircher et

al., 2009; Straube et al., 2008, 2011; Straube, Green, et al., 2013). Each of the clips

had  a  duration  of  5  seconds  and  contained  0.5  seconds  without  speech  or

movement both before and after the sentence was presented. Phrase and co-verbal

gesture were demonstrated in a naturalistic way with the actor facing the camera.

German sentences were grammatically structured in the style of ‘subject - predicate -

object’. 

As  in  previous  behavioral  (Nagels  et  al.,  2019)  and  tDCS  studies  (Schülke  &

Straube,  2017,  2019),  four  different  types  of  speech-gesture  combinations  were

chosen for this experiment. The speech content could either be abstract, as in “the

conversation is on a high level”, or concrete, such as in “the building is high”. While

for the latter example, the adjective ‘high’ represents an actual measurable altitude,

the same adjective embedded into an abstract context illustrates the difficulty of a

sophisticated  conversation.  Hence,  each  video  was  classified  as  abstract

(metaphoric gesture) or concrete (iconic gesture) (McNeill, 1992). Furthermore, the

relationship between speech and co-verbal gesture was categorized as related when

the statement was accompanied by a semantically matching gesture, or as unrelated

when the gesture did not match the co-occurring speech. Consequently, the four

conditions were characterized as follows (see Figure 4): 

(1) Abstract speech and related metaphoric gesture (AR, abs/rel)

(2) Abstract speech and unrelated gesture (AU, abs/unr)

(3) Concrete speech and related iconic gesture (CR, con/rel)

(4) Concrete speech and unrelated gesture (CU, con/unr)

To countervail possible sequence effects, two stimulus sets of 80 videos each were

generated. For every set, 20 videos of each condition (20 x 4) were presented in a

38



pseudo-randomized and counterbalanced order. Each sentence appeared only once

per set, either with a related or unrelated gesture. Each subject saw only one set. 

In a preliminary rating study, all  videos were assessed by a group of 20 healthy,

German native speakers concerning their abstractness, relatedness, and familiarity.

For a detailed description of the implemented stimuli, see Nagels et al. (2019).

Figure 4: Video conditions

Four types of gesture-speech combinations.

(1) abstract related, AR

(2) abstract unrelated, AU 

(3) concrete related, CR

(4) concrete unrelated, CU
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3.3. Functional magnetic resonance imaging

Before  explaining  the  details  of  the  experimental  design,  a  general  overview on

functional magnetic resonance imaging will be given in this paragraph. 

Functional  MRI  unites  the  advantage  of  being  non-invasive  without  exposure  to

radiation, with a good temporal and excellent spatial resolution in comparison to non-

invasive  alternatives  like  electroencephalography  (Kircher  &  Gauggel,  2008).

Potential,  but well  preventable hazards are magnet-related accidents and implant

dislocation,  as  well  as  heating  of  metal  and  tissue.  Contraindications  for  fMRI

acquisition include ferromagnetic material in body parts, e.g. pace makers, metallic

implants, and claustrophobia. With all precautions taken, MRI is considered a very

safe procedure (Sammet, 2016).

Magnetic  resonance  imaging  makes  use  of  the  effect  of  magnetic  fields  and

radiofrequency on hydrogen protons in organic tissue. Electrons flowing in a coil

induce  a  magnetic  field.  Hydrogen  protons  are  positively  charged  and  act  as

magnets when placed into that magnetic field. The spin orientations of the protons,

which were originally random, will then align either in the same direction or in the

opposite direction of the magnetic field (longitudinal direction). A very slight majority

of  protons  will  be  oriented  parallel  to  the  magnetic  field,  resulting  in  a  net

magnetization in the longitudinal direction (Pooley, 2005). 

In  MRI,  radiofrequency  pulses  (energy  pulses  resulting  from  rapidly  changing

magnetic and electric fields) cause the spins of the protons to orient away from the

longitudinal  direction  towards  the  transverse  direction.  The  net  magnetization

decreases in  the  longitudinal  direction  and increases in  the  transverse direction,

resulting in a rotation of the magnetization, referred to  as the flip angle (Pooley,

2005; Prabhakar, 2016). After the radiofrequency pulse is applied, the protons will

gradually reorient towards the longitudinal direction of the magnetic field (longitudinal

relaxation).  The  time  constant  T1  describes  the  rate  at  which  the  longitudinal

magnetization is reached. T2 is the time constant that determines the rate at which

excited protons go out of phase after the radiofrequency pulse has caused in-phase

precessions. The MR-signal is emitted in the form of electric currents induced by

magnetization. As T1 and T2 are characteristics individual to the kind of tissue, they

can be used for imaging in gray scales (Pooley, 2005; Preston, 2016). 
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MR-images can be obtained by applying radiofrequency pulses in certain sequences

and slice by slice of the examined object. The repetition time (TR) determines the

amount  of  time  between  the  pulses  applied  to  one  slice.  The  echo  time  (TE)

describes the time between the pulse and the following signal in the coil (Preston,

2016). The matrix size is defined by the number of rows (phase direction, y-gradient)

and columns (frequency direction, x-gradient) in the Field of View (FoV), the size of

the  covered  area.  The  slice  thickness  defines  the  depth  of  the  resulting  three-

dimensional cubes (voxels) (Rinck, 2022; Yeung & Murphy, 2011). 

In this study, MRI data were acquired using echo planar imaging (EPI) sequences,

which are obtained by switching of gradient polarity instead of radiofrequency pulses

and  allow  for  rapid  imaging  with  high  temporal  resolution  and  reduced  motion

artifacts, making them suitable for functional MR imaging (Bashir & Feger, 2012). 

Functional  imaging is  a  temporally  delayed representation  of  local  blood oxygen

levels that are thought to be indirectly associated with brain function, making use of

the blood-oxygen level dependency (BOLD) effect (Logothetis et al., 2001; Ogawa et

al., 1990; Pauling, 1935). 

The magnetic susceptibility of organic material depends on the physical properties

characteristic to  the kind of  tissue.  Material  with  strong magnetic susceptibility  is

termed  ferromagnetic,  whereas  material  with  weak  magnetic  susceptibility  is

paramagnetic. While deoxygenated blood is paramagnetic due to the exposed iron

ion, oxygenated blood is diamagnetic (i.e., has no magnetic susceptibility) (Runge,

2018).

Localized neural activity first leads to a decreased oxygen level in that area, which

then triggers an increase of localized cerebral blood flow and an augmented oxygen

level  about  5 seconds delayed to  the actual  activity.  This  causes a decrease in

magnetic  susceptibility  and  a  subtle  increase  in  the  MR  signal.  This  pattern  is

visualized in the hemodynamic response function (HRF) which depicts the BOLD-

changes in the course of time (Kircher & Gauggel, 2008; Runge, 2018). 

For  practical  application,  study participants are presented with  a study paradigm

stimulating  certain  areas  of  the  brain;  e.g.,  in  our  study,  videos  of  a  person

performing gestures. The participants are also asked to give responses to a specific

question after each video. This will cause an increase and decrease of hemoglobin

oxygenation  in  localized  brain  areas  according  to  the  hemodynamic  response
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function. The task paradigm can be synchronized to data acquisition, enabling an

investigation of brain activation during the task. 

In the case of this study, we acquired BOLD data during the presentation of abstract

and  iconic  related  and  unrelated  gestures  and  finger-tapping  a  response,  so

involvement of the visual and auditory cortices as well as the motor cortex can be

expected.  However,  we  are  more  specifically  interested in  how language-related

areas differentially engage during the various conditions. For this purpose, the HRFs

following each speech-gesture video presentation were individually measured. Every

video, and hence every HRF was categorized to one of four video types (AR, AU,

CR, CU). When interested in a single condition compared to a baseline, the contrast

between the averaged signal obtained from one condition (e.g., AR) and the signal

obtained from a control condition (e.g., a gray field) can be calculated. Further, the

difference between experimental conditions can be analyzed by contrasting, e.g., all

unrelated stimuli (AU, CU) to all related stimuli (AR, CR). By doing so, general cortex

activation will be canceled out and subtle differences between the conditions can be

unveiled (Kircher & Gauggel, 2008; Runge, 2018).

3.4. Experimental design 

For the fMRI experiment, we provided participants with earplugs and headphones to

reduce scanner noise. Videos were displayed on an MRI-compatible screen using

Presentation  software (Version 18.3, Neurobehavioral Systems, Inc.), made visibleⓇ

via a mirror attached to the head coil. 

To best detect changes in BOLD-response across the experimental conditions, an

event-related design was chosen. During fMRI data acquisition, subjects observed

20 stimuli of each of the four conditions in a pseudo-randomized order. Every 5 s

video was followed by  a blank gray  screen (low-level  baseline)  for  5000 ms on

average (variable between 3750 - 6750 ms) resulting in a total duration of 14 min for

the experiment.

For each video, subjects were asked to determine whether the presented gesture

and spoken sentence were semantically matching or not. Responses were given via

button  press  on  an  MR-compatible  answering  device  attached  to  the  left  thigh.

Participants were instructed to respond only after the video had disappeared from
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the  screen.  Mismatch ratings  were  indicated by  the  left  index finger,  and match

ratings by the left middle finger. 

Before  the  experiment,  every  subject  underwent  four  practice  trials  outside  the

scanner to ensure the correct understanding and implementation of the instructions.

None of these videos were included in the subsequent testing material. 

3.5. fMRI data acquisition

MRI data were collected using a Siemens 3 Tesla MR Magnetom Trio Trim scanner.

Functional data were obtained applying a T2-weighted echo-planar imaging (EPI)

sequence (repetition time [TR] = 2000 ms; echo time [TE] = 30 ms; flip angle = 90

deg). The volume included 33 transversal slices (slice thickness = 3.6 mm; interslice

gap = 0.36 mm; field of view [FoV] = 230 mm, voxel resolution = 3.6 mm²). 420

volumes  were  acquired  for  each  subject.  Subsequently,  T1-weighted  anatomical

images  were  obtained. Ten  participants’  T1  images  are  missing  for  technical

reasons. 

3.6. Data analysis

3.6.1. Behavioral data analysis (Part A)

First, behavioral data from all subjects were checked for completeness. Since each

subject was presented with and had to rate a total of 80 stimuli, subjects with more

than seven missing responses (≥ 10% of all responses) were excluded from further

analysis (n = 3). Following signal detection theory (Stanislaw & Todorov, 1999), the

detection rate d’ was then calculated to determine the sensitivity of each subject for

differentiating  between  related  and  unrelated  stimuli  in  abstract  and  concrete

contexts:

d ’=z (hitrate )−z (falsealarmrate ). For this calculation, hits were defined as the number

of correctly identified related items (AR and CR, respectively) and false alarms as

the number of unrelated items (AU and CU) incorrectly identified as related. This

resulted  in  individual  detection  rates  (d’) for  both  the  abstract  and  the  concrete

conditions.  A  higher  d’  value  indicates  a  better  discrimination  of  related  and

unrelated stimuli, while a d’ of zero would indicate no discrimination between the two.
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In addition, the response criterion c was calculated to account for individual response

bias in both the abstract and the concrete conditions:

c=−1 /2∗ [ z (hitrate )+ z ( falsealarmrate )]. A positive c value would indicate a participant

being more critical  and less likely to  perceive speech and gesture as related. In

contrast,  a  negative  c value would signal  a  higher  tendency to  rate speech and

gesture as related. 

A repeated-measures ANOVA of d’(abs) and d’(con) values was performed in a 2 x 2

design with abstractness (abstract/concrete) as within-subject factor and group as

between-subject  factor  (patients/controls)  to  test  the  hypothesis  that  patients

demonstrate a reduced ability to differentiate between related and unrelated speech-

gesture combinations (Hypothesis A). The same statistic was performed for  c(abs)

and c(con), hit rates [H(abs) and H(con)] and false alarm rates [F(abs) and F(con)],

for a better exploration of the participants’ response behavior. 

3.6.2. fMRI data analysis (Parts B and C)

To ensure the quality of the recorded data, all structural and functional files were

visually inspected for artifacts, neuropathology, or any other abnormalities. At this

stage, one subject out of the original study sample was excluded due to an incidental

finding and nine more due to signal dropouts.

Functional MRI data were, then, analyzed using the Statistical Parametric Mapping

software  (SPM12,  v6685,  https://www.fil.ion.ucl.ac.uk/spm/software/spm12/,  RRID:

SCR_007037) implemented in MATLAB 7.9.0 (release 2009b, The MathWorks, Inc.,

RRID:  SCR_001622).  To  avoid  saturation  effects,  the  first  five  images  of  the

measurement were discarded from the analysis. 

First, all functional data were realigned to the mean image of the run. Next, images

(with the mean image as reference) were normalized to the Montreal Neurological

Institute  (MNI)  space (defined by tissue probability  maps),  resulting in  a resliced

voxel  size of 2 mm³. Lastly,  smoothing was performed with an 8 mm³ Gaussian

kernel  to  adjust  for  anatomical  variance  between  subjects.  After  preprocessing,

realignment parameters were checked for excessive movement (defined as volumes

with > 1,5 mm relative movement or > 3 mm absolute movement) (Power et al.,
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2014, 2015; Soares et al., 2016; Wilke, 2014). Consequently, 16 subjects out of the

original sample were excluded from further analysis.

On a single-subject level, the onset of each event was defined as the integration

point, i.e., the time when the stroke of the gesture coincides with the corresponding

keyword of the spoken sentence (Green et al., 2009). All 80 events were modeled

with a duration of 1 second and assigned to one of the four conditions (AR, AU, CR,

CU). For a similar approach, see Nagels et al. (2015). Movement parameters were

included as multiple regressors to correct for artifacts due to head movement during

data acquisition. The time between two videos was not modeled, thus serving as an

implicit  low-level  baseline.  This  approach  has  been  successfully  implemented  in

previous experiments (Green et al., 2009; Nagels, Chatterjee, et al., 2013; Straube

et al., 2008).

3.6.2.1 Group analysis

Contrast  images (baseline  contrasts)  for  the  four  conditions  were  entered into  a

flexible-factorial analysis, considering group (patients, controls) as a between-subject

factor  and  conditions  (abstractness  x  relatedness:  AR,  AU,  CR,  CU)  as  within-

subject factors 2 x 2 x 2 design). Age was included as a covariate of no interest (see

appendix chapter 8.2.2 for design matrix).

A Monte-Carlo-Simulation (acquisition matrix: x = 64, y = 64; slices: 33; DIM: xy =

3.58 mm, z = 3.96 mm; FWHM = 13.4 mm; DIM resampled = 2 mm, no mask,

iterations: 1000) was performed to calculate the minimum voxel contiguity threshold

needed to correct for multiple comparisons at p < 0.05, assuming an individual voxel

type I  error  of  p <  0.05 (Slotnick,  2017;  Slotnick et  al.,  2003).   Consequently,  a

cluster extent threshold of 1308 contiguous resampled voxels at  p < 0.05 (whole-

brain analysis) was used for all contrasts of interest (see appendix chapter 8.2.3). 

Voxel coordinates reported are located in MNI space and for anatomical location,

functional data were referenced to the Automated Anatomical Labeling toolbox in

SPM12  (Rolls  et  al.,  2015;  Tzourio-Mazoyer  et  al.,  2002).  For  further  statistical

analyses of neural and behavioral data, SPSS (version 24.0) for Linux was utilized.
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3.6.2.2 Contrasts of interest

3.6.2.2.1. Part B

For the contrast of unrelated > related conditions, a conjunction was calculated to

examine group similarities (Hypothesis B.a.) and interaction T-tests were performed

to clarify group differences (Hypothesis B.b. and B.c.). 

(1)  C(unr > rel) ∩ P(unr > rel)

Using  a  conjunction  analysis,  we  tested  the  hypothesis  that  the  perception  of

unrelated  speech  and  gesture  would  elicit  higher  frontal  activation  than  the

perception  of  semantically  related  pairs  in  both  groups,  due  to  an  increased

processing demand (Green et al., 2009; Willems et al., 2009) (Hypothesis B.a.).

(2) C(unr > rel) > P(unr > rel)

Using an interaction analysis (T-test), we tested the hypothesis that controls would 

show higher frontal activation for mismatches versus matches than controls. 

reflecting impaired multimodal integration (Hypothesis B.b.)

(3) P(unr > rel) > C(unr > rel)

The interaction analysis (T-test) was performed to test whether patients would show

higher frontal activation than controls for mismatches versus matches as a sign of an

increased processing effort (Surguladze et al., 2001; Szycik et al., 2009) (Hypothesis

B.c.).

3.6.2.2.2. Part C

For the contrast of abstract > concrete conditions, conjunctions were calculated to

examine group similarities (Hypothesis C.a.), and interaction T-tests were performed

to clarify group differences (Hypothesis C.b. and C.c.).

(4) C(abs > con) ∩ P(abs > con)

Using conjunction analysis, we tested the hypothesis that both groups would 

demonstrate common frontotemporal activation for abstract versus concrete stimuli 

(Straube, Green, et al., 2014; Wroblewski et al., 2019) (Hypothesis C.a.).
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(5) C(abs > con) > P(abs > con)

The interaction analysis was performed to test whether SSD patients, compared to 

controls, would show reduced activation in the left IFG in response to abstract 

stimuli, indicating impaired abstractness processing and multimodal integration 

(Straube, Green, et al., 2013, 2014) (Hypothesis C.b.).

(6) P(abs > con) > C(abs > con)

The interaction  analysis  tested  the  hypothesis  that  patients  do  not  show higher

frontal activation than controls for abstract versus concrete stimuli (Hypothesis C.c.). 
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4. Results

4.1. Part A (Behavioral data)

4.1.1. Detection rates

Overall, patients exhibited significantly lower detection rates d’ compared to healthy

controls (rm-ANOVA, between-subjects effect: F(1, 76) = 16.31, p < 0.001; post-hoc-

tests, d’abs: t(76) = 3.975, p < 0.001; d’con: t(76) = 3.292, p = 0.002; two-way, see

Table 3 and Figure 5). However, there was no significant main effect of abstractness,

indicating  comparable  performance across  abstract  and concrete  conditions  (rm-

ANOVA:  F(1,  76) = 1.95, p = 0.167).  The interaction of group and abstractness,

likewise, did not reach significance (F(1, 76) = 0.02, p = 0.882).

4.1.2. Hit rates and False alarm rates

Patients exhibited lower hit rates and higher false-alarm rates than control subjects.

Specifically,  the repeated measures ANOVA of  hit  rates determined a significant

group difference (F(1,76) = 4.113,  p = 0.046), but no main effect of abstractness

(F(1,76) = 2.179,  p = 0.144).  In the post-hoc T-test,  there was only a significant

group difference for the abstract hit  rates (t(66.992) = 2.729,  p = 0.008). For the

false-alarm rates, the main effects of abstractness (F(1,76) = 9.326, p = 0.003) and

group  (F(1,76)  =  0.306,  p =  0.008)  were  significant.  Post-hoc  T-tests  revealed

significant differences in both sentence contexts (abstract: t(76) = -2.107, p = 0.038;

concrete: t(76) = -2.875, p = 0.005, see Figure 5). These results support the notion

that SSD patients have difficulties in judging the relatedness of gesture and speech

in general.  This is represented by a reduced ability to correctly identify matching

speech-gesture combinations and an increased inclination to falsely rate mismatches

as matches.

4.1.3. Response criterion

The response criterion for abstract and concrete conditions was negative for both

groups, indicating a general tendency to rate gesture and speech as related to each

other more often than not (see Table 3). In addition, the repeated measures ANOVA
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revealed a significant main effect of abstractness, with the response criterion being

more negative for the abstract conditions (F(1, 76) = 10.017, p = 0.002, Greenhouse-

Geisser-correction). This means that both, patients and controls, were more inclined

to judge abstract  speech-gesture combinations as related,  while  they were more

critical when judging concrete combinations. 

No significant interaction of abstractness and group (F(1, 76) = 1.816,  p = 0.182,

Greenhouse-Geisser-correction) and no significant main effect of group were found

(F(1,76) = 0.364, p = 0.548).

Figure 5: Detection rates, hit rates and false alarm rates

A: Detection rates d’, B: Hit rates (rate of correctly identified related items), and C: False

alarm  rates  (rates  of  incorrectly  identified  unrelated  items)  for  abstract  and  concrete

conditions. Black bars: control group. White bars: patient group. Error Bars: 95% CI of the

mean. *Significance level p < 0.05 (uncorrected) in post-hoc T-tests.
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Table 3: Detection rates d’ and response criterion c.

Repeated measures ANOVA was performed with abstractness as within-subject factor and

group as between-subject factor. *p-values of post-hoc two-way T-tests (uncorrected).

Detection rates (d') and response criterion (c)

Patients Controls p-value*

d' abstract (SD) 1.87 (0.66) 2.42 (0.57) <0.001

concrete (SD) 1.97 (0.75) 2.51 (0.68) 0.002

c abstract (SD) -0.26 (0.51) -0.27 (0.38) 0.231

concrete (SD) -0.18 (0.44) -0.06 (0.40) 0.946
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4.2. Part B: fMRI data (relatedness)

Effects of relatedness (unrelated > related)

(4) Controls and patients: C(unr > rel) ∩ P(unr > rel)

The conjunction analysis revealed common activation in the two groups for unrelated

> related stimuli in bilateral medial segments of the superior frontal gyri (MSFG) and

rostral supplementary motor area (SMA) (Figure 6, I, Table 4).

(5) Controls > patients: C(unr > rel) > P(unr > rel)

The interaction analysis showed that controls exhibited increased activation in the

right SMA, the bilateral ACC and left precentral gyrus for unrelated > related stimuli

compared to patients (Figure 6, II, Table 4).

(6) Patients > controls: P(unr > rel) > C(unr > rel)

The reverse interaction revealed activations in right hippocampal, superior temporal

regions, and left superior, middle and inferior frontal, bilateral cerebellar and parietal

regions in patients > controls (Figure 6, III, Table 4).
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Figure 6: Activation patterns for unrelated > related stimuli

Left: Activation patterns for the contrast unr > rel (unrelated stimuli [AU and CU] > related

stimuli  [AR and CR])  in controls  and patients (I),  controls > patients (II),  and patients >

controls (III). Right: Contrast estimates of the peak activated regions of each contrast, based

on the extracted eigenvariate of activated clusters in respectively masked analyses (masks

from WFU PickAtlas) using the VOI function in SPM12. Dark gray bars: control group. Light

gray bars: patient group.

AR = abstract  related,  AU = abstract  unrelated,  CR = concrete  related,  CU = concrete

unrelated. Error bars: 95% CI of the mean.
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Table 4: fMRI results for unrelated versus related stimulus processing

fMRI clusters resulting from the between-group conjunction and between-group interactions 
of unrelated > related speech-gesture pairs, corrected at p < 0.05. For each cluster, MNI 
coordinates and t-values of the first peak voxel are listed. Anatomical regions refer to peak 
voxel localization based on the AAL toolbox (local maxima labeling) and cluster extent to the 
cluster labeling.
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4.3. Part C: fMRI data (abstractness)

Effects of abstractness (abstract > concrete)

(1) Controls and patients: C(abs > con) ∩ P(abs > con)

The conjunction analysis showed that both groups exhibit common activation of left

middle temporal areas, right STG, left and right superior frontal gyrus (SFG), bilateral

cunei, and posterior cingulate cortices for abstract > concrete stimuli (Figure. 7, I,

Table 5).

(2) Controls > Patients: C(abs > con) > P(abs > con)

The interaction analysis revealed higher activation in bilateral frontal areas including

the precentral gyri and the IFG in healthy subjects compared to patients for abstract

compared to concrete stimuli (Figure 7, II, Table 5).

(3) Patients > Controls: P(abs > con) > C(abs > con)

The reverse interaction showed patients additionally engaging cerebellar structures

for abstract conditions but no increased frontal activation (Figure 7, III, Table 5).

54



Figure 7: Activation patterns for abstract > concrete stimuli

Left: Activation patterns for the contrast abs > con (abstract stimuli [AR and AU] > concrete

stimuli [CR and CU]) in controls and patients (I); controls > patients (II); patients > controls

(III). Right: Contrast estimates of the significantly activated regions of each contrast, based

on the extracted eigenvariate of activated clusters in respectively masked analyses (masks

from WFU PickAtlas) using the VOI function in SPM12. Dark gray bars: control group. Light

gray bars: patient group.

AR = abstract  related,  AU = abstract  unrelated,  CR = concrete  related,  CU = concrete

unrelated. Error bars: 95% CI of the mean. 
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Table 5: fMRI results for abstract > concrete stimulus processing

fMRI clusters resulting from the within-group conjunction and between-group interactions of 
abstract > concrete speech-gesture pairs, corrected at p < 0.05 (whole-brain analysis). For 
each cluster, MNI coordinates and t-values of the first three peak voxels are listed. 
Anatomical regions refer to peak voxel localization based on the AAL toolbox (local maxima 
labeling) and cluster extent to the cluster labeling.
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5. Discussion

In this fMRI study, we examined the neural processes underlying speech-gesture

mismatch detection for abstract and concrete semantic contexts in SSD patients and

healthy controls. We observed that patients had difficulties in correctly assessing the

relatedness between speech and gesture compared to healthy subjects. Interaction

analyses revealed a bilateral IFG dysfunction for abstract speech-gesture conditions

in  patients  with  SSD.  However,  both  patients  and  controls  showed  increased

temporal  cortex  activation  for  the  processing  of  abstract  in  contrast  to  concrete

stimuli,  suggesting that  this  area involved in  abstractness processing  is  intact  in

SSD. While superior frontal cortex activation during mismatch perception was found

in both groups, patients still exhibited reduced activity of the SMA and ACC as well

as frontotemporal hyperactivation. These neural aberrations may contribute to the

observed impaired mismatch detection performance in SSD.

5.1. Part A: Behavioral data

5.1.1. Detection rates, hit rates and false alarm rates

As expected,  overall  lower detection rates of  patients revealed that  they had a

harder  time  discriminating  between  related  and  unrelated  speech-gesture

combinations than healthy controls (Hypothesis A). No significant difference between

abstract and concrete semantic contexts was found in either group. These results

are in line with earlier findings from Nagels et al. (2019), who found the same data

pattern for patients with no or only mild formal thought disorders. This supports the

conclusion  that  SSD  patients  have  a  general  impairment  of  speech-gesture

relatedness detection regardless of the semantic context.

Similar  results  have  also  been  reported  in  studies  investigating  the  ability  to

recognize mismatches in spoken sentences (Schneider et  al.  2014, Arcuri  2011).

Even  participants  not  diagnosed  with  SSD  but  scoring  high  in  schizotypy8

8 Historically used term to describe schizophrenia-like personality traits and symptoms(Kwapil & 
Barrantes-Vidal, 2015)
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demonstrated  longer  response  times  in  a  semantic  relatedness  task  (de  Leede-

Smith 2020). 

Impairments  on  different  levels  of  speech  and  gesture  processing  can  be

contributing  to  this  result.  According  to  Ellis  and  Young  (Ellis  &  Young,  2013),

speech processing starts with successful  sensory input.  However,  SSD patients

exhibit  electrophysiological  and  functional  abnormalities  in  auditory  (Jardri  et  al.,

2011;  Koshiyama et  al.,  2020)  and  visual  processing,  especially  with  faces  and

social situations (Lu et al., 2021; Patel et al., 2020; Yamamoto et al., 2018). Some

authors suggest that a sensory overload due to a sensory gating deficit prevents

patients  from  focussing  on  relevant  information  (Bailey  et  al.,  2021;  Kircher  &

Gauggel,  2008;  Vlcek  et  al.,  2014).  Needless  to  say,  the  integration  of  the  two

modalities (speech and gesture) constitutes another barrier in the processing of our

stimuli (see chapter 5.3.1).

A  large  body  of  evidence  confirms electrophysiological  aberrations for  the

perception  of  semantic  mismatches  during  priming  experiments,  namely  altered

N400 characteristics (Kostova et al., 2005; Kuperberg et al., 2018; Salisbury, 2010;

Schneider et al., 2015; Sharpe et al., 2020). Strikingly, mismatches of gesture and

speech evoke the N400 response as well,  as studies in healthy subject samples

have shown (Fabbri-Destro et al., 2015; Holle & Gunter, 2007; Kelly et al.,  2004;

Özyürek, 2014; Proverbio et al., 2015). As the N400 signal is deemed to reflect the

semantic network, it can be hypothesized that SSD patients have a different way of

accessing the mental  lexicon. Some studies suggest  a  hyperpriming in  the early

phases of processing, i.e.,  unprimed targets elicit  abnormally negative potentials,

pointing to an overly broad and fast spreading activation within the semantic network

(Mathalon et al., 2002; Mohammad & DeLisi, 2013). This could explain how SSD

patients  have  difficulties  differentiating  between  closely  related  and  less  related

items. Other than that,  memory capacity plays a considerable role and could thus

contribute to disturbed access (Salisbury, 2010). Working memory deficits have been

previously reported in SSD (Erickson et al., 2021; Spitzer et al., 1994; Subramaniam

et al., 2014); however, the connection with speech-gesture mismatch is yet to be

examined. 

Moreover,  communication  requires  the  higher-order  ability  to  comprehend  the

contextual  and  pragmatic framework  in  which  speech  and  gesture  are  used.

Especially gestures, as they are not clearly predefined and have to be understood
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online,  rely  on  context.  Even  if  the  speech  and  gesture  information  has  been

correctly  processed  individually,  implicit  knowledge  about  context  and  situation

complete the overall meaning of the combined items. Impairments of pragmatics and

Theory  of  Mind9 have  often  been made accountable  for  reduced communicative

abilities in SSD (Langdon et al., 2002; Parola et al., 2018, 2020) and may also play a

part in judging the relatedness of speech and gestures. 

SSD patients in our sample showed significantly lower hit rates as well as higher

false  alarm  rates when  compared  to  healthy  subjects.  This  allows  for  the

interpretation that patients do not only fail to detect mismatches, but also misinterpret

matches of gesture and speech. 

On  the  one  hand,  patients  being  impaired  when  rating  related  speech-gesture

combinations might reflect a reduced understanding of their meaning. For abstract

sentence  contexts,  a  number  of  possible  causes  for  dysfunctional  semantic

processing of figurative language has been proposed. In addition to semantic (Sela

et  al.,  2015)  and working  memory  deficits  (Spitzer  et  al.,  1994),  impairments  of

Theory of Mind, executive functions (Bosco et al., 2019; Gavilán Ibáñez & García-

Albea Ristol, 2013; Parola et al., 2018; Schettino et al., 2010), and general cognitive

functioning (Varga et al.,  2014) have been discussed. All  these processes could,

thus, explain the observed hardships patients showed in recognizing gesture-speech

combinations, possibly even in concrete contexts. 

On the other hand, patients having difficulties when judging unrelated gestures could

be due to a proneness to misattribution, as described by Bucci et al. (2008). They

reported that patients’ tendency to interpret random movement as meaningful was

related to delusional experiences. Although we did not examine correlations between

task performance and positive symptoms, this should be considered as a possible

contributing factor. 

Also, more global dysfunctions could contribute to reduced task performance. This

theory is supported by evidence showing that patients’ underperformance in certain

linguistic tasks can be attributed to factors such as salience of stimuli (Giora, 2002;

Rossetti et al., 2018) or difficulty of the task (Iakimova et al., 2005; Ketteler et al.,

2012; Yang et al., 2009). This, however, is not fully consistent with the fact that we

9 Theory of Mind refers to “the ability to attribute mental states (ie, beliefs and goals) to one's self and
others and to recognize that behaviors are guided by these mental states” (N. C. Andreasen et al., 
2008)
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did not find a significant difference between abstract and concrete conditions, as

abstract stimuli can be considered more difficult to be rated. 

5.1.2. Response criterion

The analysis of the response criterion showed that both patients and controls have a

tendency to rate all  gesture-speech combinations as related more often than not.

This might be due to a general inclination to give a positive (‘related’) rather than a

negative response (‘unrelated’), similar to what is called an ‘acquiescence bias’ in

socio-psychological surveys (Hinz et al., 2007; Ray, 1983). However, this effect was

significantly  more  pronounced  for  the  abstract  conditions,  possibly  reflecting

increased  tolerance  when  rating  abstract  speech-gesture  combinations.

Metaphoric co-verbal gestures are more likely to be novel and are generally less

conventionalized than iconic co-verbal gestures, since they require the transfer of the

abstract semantic information to a concrete gesture representation. Therefore, an

observer  might  be  more  open  to  new  gesture-speech  combinations  in  abstract

contexts and, thus, perceive them as related more easily. A concrete sentence, on

the other hand, is more likely to elicit the prediction of a specific gesture. This could

be violated more easily by a slight variation in movement and lead a subject to judge

the gesture as unrelated. 
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5.2. Part B: Relatedness

In our fMRI analysis, the SMA and the ACC showed higher activation for unrelated

gesture-speech combinations than for related ones in healthy subjects compared to

SSD patients (Hypothesis B.b.).  However, the common activation of the rostral SMA

and SFG in both groups shows that mismatch processing in this area is partially

intact in SSD patients (Hypothesis B.a.). Nevertheless, we also found frontotemporal

hyperactivation for this contrast in SSD patients (Hypothesis B.c.).

This is an interesting and novel finding, as these areas both have been associated

with gesture perception before, but not yet specifically in patients with SSD in the

context  of  speech-gesture  mismatches.  A  large  body  of  evidence,  however,

corroborates  the  important  roles  of  the  SMA  and  ACC  in  speech  and  gesture

perception, as well as first indications of pathological dysfunctions in SSD.

5.2.1. The SMA and motor cortex contributions to speech and gesture processing

While  classically  assigned to  the  motor  system,  the  SMA’s  role  in  speech and

language was highlighted more recently by many authors (for a review, see Hertrich

et al., 2016). The SMA is involved in  speech control, lexical selection, as well as

linguistic response selection (Alario et al., 2006; Hertrich et al., 2016; Tremblay &

Gracco, 2009). Interestingly, the perception of gestures was also associated with

pre-SMA (anterior part of the SMA) activation (Villarreal et al., 2008). Hertrich and

colleagues (2016) reviewed that the pre-SMA especially plays a role in higher-order

cognitive functioning. 

Anatomically, the SMA is connected to the frontal cortex, namely the SFG and the

IFG, by a white matter tract called the frontal aslant tract (La Corte et al., 2021).

This structural relationship may enable its function in the language network (Dick,

Bernal, et al., 2014). The SMA, including the pre-SMA, connects cortical language

and motor areas (e.g., IFG, premotor, primary motor cortex) with subcortical areas

such as the basal ganglia (Dick, Bernal, et al., 2014; Hertrich et al., 2016), making it

an important actor in regulating movement (Chen et al., 2010; Nachev et al., 2008;

Walther et al., 2017).

In SSD,  increased SMA gray matter volume was found in patients with strong

motor  deficits  (Stegmayer  et  al.,  2014).  The  corticobasal  white  matter  pathway,

61



which  includes  the  SMA and  the  ACC,  was  also  abnormal  and  associated  with

reduced  volitional  movement  (Bracht  et  al.,  2013).  Furthermore,  resting-state

hyperperfusion of the SMA was associated with present catatonia (Walther et al.,

2017). The authors suggest that SMA activation might compensate for a disturbed

motor circuit. Motor dysfunctions are a common phenomenon in SSD patients with

gesture impairment (Donati et al., 2021; Dutschke et al., 2017; Walther et al., 2015),

indicating a possible mechanistic overlap. 

However, the mentioned experiments focused on gesture/movement production and

not  on  perception  or  recognition.  This  being  said,  the  theory  that  action  and

perception of gesture engage similar cortical regions (“mirror neuron theory10”) (Lotze

et al., 2006; Rizzolatti, 2005) encourages the theory that speech-gesture perception

also relies on motor cortices. In fact, there is evidence for dysfunctions of the mirror

neuron network in schizophrenia, in the form of reduced motor cortex engagement

in  action  observation  (Bagewadi  et  al.,  2018;  Enticott  et  al.,  2008;  Mehta  et  al.,

2014).

Some authors support the theory that activation of motor cortices facilitates the

comprehension of language  and are especially relevant for action-related words

and semantic decision tasks (Du et al., 2016; Vukovic et al., 2017). Therefore, it can

be speculated that  the reduced activation of  the SMA in  our  study impeded the

recognition of speech-gesture mismatches. 

Although our  data unveiled first  promising hints on the relation between speech-

gesture recognition and the SMA in SSD, the details have yet to be investigated.

Thus, our findings call for a deeper analysis of motor cortex aberrations in gesture-

deficient SSD patients. 

5.2.2. The ACC - dysfunctional conflict processing?

The ACC is diversely involved in cognitive control functions, such as performance

monitoring, conflict monitoring and decision making (Botvinick et al., 2004; Shenhav

et  al.,  2013).  It  is  hypothesized  that  the  ACC identifies  errors  or  conflicts  when

increased top-down control is needed (Yeung, 2013). In line with our results, ACC

10 Primate studies have shown that during action observation, the same group of neurons is active as
during execution of the same action (Kurata & Tanji, 1986; Rizzolatti et al., 1996). In humans, a group 
of neurons with similar properties is located in the premotor cortex as well as in the Broca area. Some
authors suggest that when observing gestures, a neural representation of the movement is activated 
in the observer’s brain (Buccino et al., 2001, 2004; Rizzolatti, 2005). 
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activity has been previously invoked by the perception of unrelated iconic gestures in

healthy subjects (Straube, Meyer, et al., 2014), reflecting a surprise reaction to an

unexpected  (conflicting)  speech-gesture  combination.  Decreased  ACC  response

could result from patients’ reduced ability to differentiate the relatedness of co-verbal

gestures.  On  the  one  hand,  patients  might  be  less  surprised  by  a  mismatching

speech-gesture combination, since they tend to evaluate them as related and don’t

recognize the “error”. On the other hand, disturbed error-processing in the ACC

could lead to reduced performance. In fact,  there is evidence for  impaired error-

processing in schizophrenia associated with ACC dysfunctions, which also supports

our  data  (Becerril  et  al.,  2011;  Kerns  et  al.,  2005).  Intriguingly,  semantic

incongruence of phrases elicited reduced IFG and ACC response in patients with

formal  thought  disorder  compared to  those without,  possibly  reflecting  deficits  in

working memory and conflict monitoring in this patient subgroup (Arcuri et al., 2012;

Barch et  al.,  2000;  D’Esposito  et  al.,  2000).  This  makes the ACC an interesting

research subject for cognitive and linguistic tasks in SSD, as its dysfunctions could

explain symptoms related to communicative impairment. 

5.2.3. Frontotemporal hyperactivation

The  inadequate  engagement  of  superior  temporal  and  frontal  cortices  in  SSD

patients for mismatches might reflect an increased effort to disambiguate stimuli,

as  previously  observed  in  frontal  areas  during  an  audio-visual  mismatch  trial

(Surguladze et al., 2001). Here, the semantic unification theory (Hagoort et al., 2009)

can  be  applied  to  explain  how  conventionalized  stimuli  (matches)  engage  the

temporal  lobes  for  semantic  integration,  while  novel  stimuli  (mismatches)  rather

depend on the  IFG for  semantic  unification  of  information  streams onto  a  novel

representation.  Similarly,  mismatch  trials  with  audiovisual  stimuli  showed  right-

hemispheric  motor  speech  area  aberrations  (Szycik  et  al.,  2009)  and  stronger

signals  in  frontal  and insular  areas  in  patients  than  in  controls,  speaking  for  an

increased effort to disambiguate visual stimuli (Surguladze et al., 2001). It is possible

that this (relative) overactivation is connected to the reduced mismatch detection

capacity in patients. In fact, an intervention experiment showed that speech-gesture

rating accuracy could be improved by inhibitory tDCS of  the left  frontal  lobe

(Schülke & Straube, 2019). It  can be hypothesized that aberrant activation of the
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frontal lobe is associated with patients’ difficulties in assessing the relatedness of

speech and gesture. 

Based on our findings, we suspect that tDCS had a modulating effect on the left

frontal lobe that increased patients’ relatedness judgment capacity, since the IFG is

frequently  mentioned  as  a  site  involved  in  gesture-speech  mismatch  processing

(Green  et  al.,  2009;  Hagoort  et  al.,  2009;  Hein  et  al.,  2007;  Holle  et  al.,  2008;

Özyürek,  2014;  Steines  et  al.,  2021;  Willems  et  al.,  2007,  2009).  The  authors

suggested  either  an  improvement  of  the  connectivity  between  IFG  and  STS

(Schülke & Straube, 2019; Straube, Green, et al., 2014) or a downregulation of left

frontal hyperactivation,  which  our  results  on  mismatch perception  (unrelated  >

related)  rather  support.  How inhibitory  stimulation  precisely  modifies  IFG activity,

however, still needs further investigation.
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5.3. Part C: Abstractness

For the contrast of abstract over concrete stimuli, a bilateral region including the

precentral gyri, IFG, and insulae was less activated in the patient group compared to

the control group. It appears that, especially in the left IFG, controls exhibited higher

neural  engagement during abstract than during concrete stimuli,  this effect  being

less pronounced in patients. As expected, this points to an  abstractness-related

IFG dysfunction in patients (Hypotheses C.b. and C.c.). With these results, we can

confirm that the IFG plays an important role in the processing of abstract speech-

gesture  pairs.  However,  this  specialized  function  seems to  be  disrupted in  SSD

patients.

Our findings align with previous investigations showing involvement of the IFG in the

perception of abstract speech and metaphoric gestures. 

The  impaired  perception  of  abstract  speech  known  as  concretism has  been

associated with abnormal function of the IFG in past examinations (Kircher et al.,

2007;  Rossetti  et  al.,  2018;  Thoma  &  Daum,  2006).  Interestingly,  Kircher  and

colleagues  (Kircher  et  al.,  2007)  reported  that  schizophrenia  patients  exhibit

activation in a different part of the IFG for metaphors than healthy subjects do. The

activity  of  the  left  IFG  correlated  with  concretism  ratings  and  metaphor

comprehension (Kircher et al., 2007; Mashal et al., 2013). Other authors concluded

that higher activation of frontal cortex areas, such as the MFG, might reflect a neural

compensatory mechanism for impaired processing of novel metaphors (Mashal et

al., 2013). A more recent study, however, indicates that schizophrenia patients show

reduced activation in the left IFG, but also in bilateral fronto-temporal and parietal

cortices,  possibly  related  to  altered  neural  connectivity  (Adamczyk  et  al.,  2021),

which is consistent with our results. We therefore assume that the IFG dysfunction

represents patients’ difficulties to process abstract semantic information. 

Also consistent with our findings, metaphoric gestures in healthy study participants

evoked  activation  in  the  left  IFG  in  previous  investigations  (Andric  et  al.,  2013;

Kircher et al., 2009; Nagels, Chatterjee, et al., 2013; Nagels, Kauschke, et al., 2013;

Straube et al., 2011; Straube, He, et al., 2013; Villarreal et al., 2008), whereas the

IFG in SSD patients was found to be less activated for the integration of metaphoric

gestures with accompanying speech when compared to healthy controls (Straube,
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Green, et al., 2013). A recent study also confirmed reduced medial prefrontal cortex

activation for social abstract unimodal gestures in SSD patients (He et al., 2021).

Furthermore,  the  STS,  known for  its  role  in  multimodal  sensory  integration,  was

functionally  disconnected  from  the  IFG  particularly  for  metaphoric  gestures  in

patients  (Straube,  Green,  et  al.,  2014).  These  abnormalities  could  contribute  to

impaired processing of abstract and metaphoric information. 

Apart  from that,  our data confirm that the temporal lobe  is  similarly engaged in

patients and controls for the perception of metaphoric gestures (Hypothesis C.a.).

This common activation suggests that at least some neural mechanisms relevant for

abstractness-processing are unimpaired in patients with SSD, providing the basis for

successful interventions, such as gesture training (Riedl et al., 2020), transcranial

magnetic stimulation (Walther et al., 2019), or tDCS (Schülke & Straube, 2019) (see

chapter 5.5.). 

The increased engagement of cerebellar structures for abstract stimuli in patients

was an unexpected finding.  The cerebellum plays  an important  role  in  language

processing, possibly by predicting upcoming semantic content (D’Mello et al., 2017;

Geva et  al.,  2021;  Lesage et al.,  2017).  It  was also shown to react  when these

predictions were erroneous (Lesage et al., 2017). Thus, it can be hypothesized that

the  high  activation  in  SSD patients  for  abstract  content  reflects  a  compensatory

mechanism for disrupted semantic processing in the IFG. Otherwise, it could be a

reaction to frequent prediction errors for abstract semantic content, which might be

more difficult to foresee for patients with concretism. However, these theories require

further  examination  to  unveil  the  function  of  the  cerebellum in  abstract  speech-

gesture processing.

5.3.1. The role of the IFG in speech and gesture

This study confirmed that the IFG has an important function in the processing of

abstract speech and gesture combinations. However, the role of the IFG in semantic

processing is very complex and not yet fully understood. 

To begin with, it can be said that speech and gesture processing are closely related

to each other. Both speech and gestures are processed in a supramodal network

found in the left IFG and bilateral temporal lobes (Straube et al., 2012; Straube, He,

et al., 2013; Xu et al., 2009). This relationship could be explained by the evolutionary

development of language. Gentilucci and colleagues (2006) suggest that speech is a
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gestural system, as it is derived from manual communicative gestures. They argue

that the perception of action (and gestures) has a lot of similarities with the language

processing  system (Gentilucci  &  Corballis,  2006;  Gentilucci  &  Dalla  Volta,  2008;

Rizzolatti,  2005;  Rizzolatti  &  Arbib,  1998).  Interestingly,  action  perception  and

language share the engagement of the IFG. This supports the idea that both speech

and  gesture  are  processed  by  a  common  neural  network  derived  from  motor

perception.  Followingly,  it  can  be  inferred  that  IFG  dysfunctions  associated  with

language disturbances can have effects on gesture perception and production in

SSD. 

Furthermore, the IFG is part of the left-hemispheric “praxis network”, which was 

held accountable for apraxia in stroke patients based on lesion studies (Bohlhalter et

al., 2009; Lesourd et al., 2018). This proves the importance of the region not only for 

the perception of action (and gestures), but also for their execution. The gesture 

deficits reported in schizophrenia patients do indeed display features of apraxia 

(Walther et al., 2020); a link to disturbed connectivity between the bilateral IFG is 

suspected (Viher et al., 2020).

Being a cortical  region involved in the perception as well  as in the production of

action and language, the IFG constitutes a junction point for multisensory input.

It is regarded as an integrational hub for multimodal semantic information, such as

co-speech gestures (Dick et al. 2014, He et al. 2018). For example, the IFG shows

higher  activation  when speech is  accompanied by  gestures  than when it  is  not,

especially when the gesture adds disambiguating, communicative information (Dick,

Mok, et al., 2014; He et al., 2018; Straube et al., 2012). 

Structural or functional aberrations of the IFG could therefore impede speech and 

gesture perception individually, as well as their integration and their production.

However,  these  approaches  do  not  yet  explain  why  in  SSD  patients,  abstract

semantic  processing is  disturbed whereas concrete  semantic  processing is  often

intact (Straube, Green, et al., 2013, 2014).

A model which attempts to explain the differential processing of abstract speech and

gestures is the semantic unification theory (introduced in chapter 2.4.) (Hagoort et

al.,  2009;  Willems  et  al.,  2009).  The  increased  integration  load  contained  in

metaphoric  co-speech  gestures  requires  sufficient  activation  of  the  IFG  for

successful unification of the information streams to a novel representation (Hagoort

et  al.,  2009;  Straube  et  al.,  2011;  Willems  et  al.,  2009).  However,  connectivity
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between the temporal lobe and the IFG is disturbed in SSD (Straube, Green, et al.,

2014). As this is accompanied by structural abnormalities (Stegmayer, Bohlhalter, et

al.,  2016,  2016;  Viher  et  al.,  2018),  it  can  be  speculated  that  the  two-stepped

integration  of  co-verbal  gestures  is  interrupted  after  temporal  processing  before

proceeding to the IFG (He et al., 2018).  

It  is  therefore  possible  that  semantic  unification  is  defective  in  patients,  with

metaphoric gestures being especially vulnerable. Our study results encourage this

theory and call for further examination of IFG dysfunctions in SSD patients for the

development of targeted therapy options (see chapter 6.4.). 

5.3.2. Temporal lobe integrity in SSD

Our study sample revealed common activation of the MTG and STG in both groups

for abstract as opposed to concrete stimuli. This suggests that metaphoric speech-

gesture processing is not completely impaired but partially functioning in SSD, which

may  build  the  necessary  foundation  for  -  e.g.,  training-  or  stimulation-induced  -

improvement. This is consistent with our hypothesis, as some studies have already

shown that partial temporal networks are unimpaired in SSD (Straube, Green, et al.,

2013; Wroblewski et al., 2019).

A  large  body  of  evidence  confirms  the  STG/MTG’s  role  in  language  perception

(Andric et al., 2013; Kircher et al., 2007; Mashal et al., 2014; Rossetti et al., 2018;

Skipper-Kallal et al., 2015; Straube et al., 2011; Straube, He, et al., 2013; Thoma &

Daum, 2006) and the STS’ function as an audiovisual integration site (Beauchamp et

al., 2004; Calvert, 2001; Fitzhugh et al., 2019; Hein et al., 2007; Lotze et al., 2006;

Pekkola et al., 2006; Straube et al., 2018). 

Following up on the semantic unification theory, the intact temporal engagement

may explain why in a number of studies, processing of iconic speech-gesture pairs

was unimpaired in SSD (Straube, Green, et al., 2013, 2014). If it is the connectivity

between the STS and IFG that is disturbed in SSD (Straube, Green, et al., 2014), we

can  hypothesize  that  the two-stepped  integration  process  for  gesture  and

speech is interrupted after the first step in the temporal lobe and can not proceed in

the IFG (He et al., 2018). As a consequence, abstract semantic processing takes

place in the temporal lobe, but fails to reach the IFG. 
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However,  findings  concerning  the  integrity  of  temporal  areas in  SSD  are

inconsistent. Straube and colleagues found reduced activation in the MTG only for

metaphoric,  but  not  for  iconic  gestures  (Straube,  Green,  et  al.,  2014).  Gesture

performance  and  functional  connectivity  of  the  bilateral  STG  was  correlated  in

healthy controls; this was not the case in schizophrenia patients, but connectivity

was reduced (Wüthrich, Viher, et al., 2020). Even the connectivity between the left

STS and the MTG, an essential language pathway, was decreased (Wroblewski et

al.,  2019).  Aberrations  of  STS  activity  in  schizophrenia  have  been  previously

associated with audiovisual  integration (Szycik et  al.,  2009) and gesture imitation

(Thakkar et al., 2014). Besides these functional deficits, reduced cortical thickness

was detected in gesturally impaired schizophrenia patients in the STG and MTG

(Viher et al., 2018). 

This being said, we suggest that temporal lobe activation for abstract speech-gesture

combinations is intact in SSD patients. It can be hypothesized that our results differ

from previous investigations because of the additional semantic task. However, we

propose that the observed  functional integrity of the temporal lobes may be a

prerequisite for successful therapeutic interventions.

Overall, it can be said that in order to fully understand the functional signature of

abstract  and  metaphoric  speech  and  gesture  processing  in  SSD,  more  focused

research is indispensable.
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5.4. Limitations

In  our  trial,  we  investigated  task-dependent  BOLD-responses  in  schizophrenia

spectrum disorder and healthy controls. Although we did not perform a one-by-one

matching,  sociological  parameters  such  as  age,  gender  and  education  were

balanced in our study samples. Further, patients were moderately ill (mean SAPS

19.74 (SD 19.1); mean SANS 23.05 (SD 21.2)) and received individual medication.

Medication effects can thus not be ruled out. Patient samples displaying stronger

symptoms in certain categories (e.g., formal thought disorder, negative symptoms)

could  yield  different  effects  as  seen  in  Nagels  (2019),  where  patients  with

pronounced formal thought disorder had reduced mismatch detection performance in

the  abstract  category.  Also,  patients  were  not  specifically  tested  for  psychiatric

diagnoses other than SSD. 

Furthermore,  intelligence and semantic  processing are tightly intertwined,  so that

differences caused by cognition are not precluded, although patients and controls

were matched for education. 

Age was included as a covariate of no interest and no statistical  correlation was

found with our main results. Since the groups were matched, effects evoked by the

age range are unlikely (see appendix, Supplementary table 4) (Cuevas et al., 2021). 

In  both  groups,  more  male  than  female  participants  were  included.  Future

investigations should aim for an equal representation of the sexes. However, groups

were matched for sex, so that no relevant effects on our results are expected (see

appendix, Supplementary table 3).

Although the number of left-handed subjects was not balanced across groups, no

difference in activation was found whether they were included in the analysis or not

(see appendix, Supplementary table 2). 

Also, fMRI-compatibility was required for participation. Because equal numbers of

patients and controls had to be excluded from the analysis based on our data quality

criteria  (Power  et  al.,  2014,  2015;  Soares et  al.,  2016;  Wilke,  2014),  we do not

expect the selection to have influenced our results. However, the sample might not

realistically mirror the general patient population.

Four gesture-speech video conditions were presented in our fMRI paradigm: abstract

related, abstract unrelated, concrete related and concrete unrelated. We refrained
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from  introducing  a  unimodal  control  condition  because  we  were  not  particularly

interested  in  modality-dependent  effects.  This  allowed  for  an  investigation  of

naturalistic  communication,  where  gesture  and speech usually  coincide.  It  is  not

possible to distinguish task effects from purely perceptive effects since we did not

implement a non-task control condition. Furthermore, the detection rate was utilized

as an indirect measure for gesture-speech recognition, although it is debatable to

what  extent  this  parameter  reflects  semantic  comprehension  of  gestures  and/or

speech.

5.5. Implications and outlook

SSD is a highly heterogeneous illness not only in terms of clinical presentation, but

also  on  a  neural  level.  As  discussed  in  the  preceding  chapters,  a  plethora  of

behavioral and neuroimaging data point to a variety of neural dysfunctions that may

affect  patients’  lives.  Most  likely,  the interaction of  multiple factors (e.g.,  genetic,

neurobiological,  developmental,  socioeconomic,  psychological)  accounts  for  the

observed symptoms and impairments, varying from one individual to the other. In the

context of this study, only a few of these possible contributing mechanisms could be

discussed. This underlines the importance of further research in the field of SSD, but

also psychiatric disease in general, going beyond diagnostic labels and focussing on

individual  clinical  and  neuroscientific  presentation,  as  suggested  by  the  RDoC

initiative (Walter, 2017). This approach might help to better understand how certain

symptoms are linked to neuroscientific findings and pave the way towards symptom-

specific diagnosis and treatment. 

Impairment of speech and gesture production and perception are a stable feature in

the course of disease of SSD patients and affect symptoms and progress (Kircher &

Gauggel, 2008; Stegmayer, Moor, et al., 2016; Walther et al., 2016). We chose a

broad patient sample from the schizophrenia spectrum for a comprehensive view on

possible pathomechanisms. Interestingly, the ability to correctly identify related and

unrelated  speech-gesture  combinations  was  reduced  in  the  patient  group,  with

corresponding  decreased  activation  of  the  SMA  and  ACC  and  frontotemporal

hyperactivation.  The  perception  of  abstract  stimuli  was  associated  with  an  IFG

dysfunction.  Our  results  endorse  the  theory  that  semantic  recognition  is  in  fact

related to cortical dysfunctions in SSD patients. Some investigators go as far as to
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promote language and gesture performance parameters or functional characteristics

as markers for disease and progress (Bagewadi et al., 2018; de Boer et al., 2020;

Jamadar et al., 2013; Walther et al., 2016). With further underpinning studies, the

speech-gesture  mismatch  detection  task  and  its  neural  correlates  could  also  be

considered  for  this  purpose.  More  intriguingly,  if  these  parameters  could  be

implemented across diagnostic groups, individualized treatment options that excel

current standards could be offered. 

So  far,  gesture  impairment  is  neither  diagnosed  nor  treated  in  a  standardized

manner,  however,  experimental  therapies  delivered  promising  results  in  recent

years. 

The aforementioned tDCS study by Schülke and Straube (Schülke & Straube, 2019)

succeeded  in  improving  the  relatedness  assessment  performance  for  speech-

gesture combinations in SSD patients. They showed a significant effect for left frontal

inhibitory  stimulation,  a  finding  that  can  now  be  supported  by  our  neural  data.

However,  we  did  not  only  find  overactivation  of  the  left  frontal  cortex,  but  also

hypoactivation of the SMA and ACC. Vukovic and colleagues (2017) revealed that

repetitive  transcranial  magnetic  stimulation  (rTMS)  of  the  primary  motor  cortex

improved response times in a semantic judgment task for abstract items but slowed

them down  for  concrete  items  in  healthy  study  participants.  Not  only  does  this

demonstrate how neurostimulation of the motor system can have an active influence

on  semantic  comprehension,  putting  forward  the  action-perception  model  of

language.  It  does  also  show once  again  that  abstract  and  concrete  stimuli  are

distinctly processed and hence deserve differentiated observation. Further research

is needed to prove the effects of IFG stimulation on abstractness processing in SSD.

Walther  and  colleagues  (Walther  et  al.,  2019)  applied  rTMS  to  schizophrenia

patients and achieved improvement of gesture performance by inhibitory stimulation

of the right IPL. This result indicates that gesture impairment in SSD can be modified

by interventional therapies. The fact that the patient group showed partially intact

neural  activation for  abstract  > concrete  (temporal  lobe)  and unrelated > related

(rostral  SMA)  conditions  shows  that  there  is  a  functioning  basis  on  which

interventions can build on. 

A new take on the treatment of speech and gesture therapies was introduced by

Riedl and colleagues (Riedl et al., 2020). By implementing a speech-gesture training

integrating  tasks  of  gesture  perception,  relatedness  assessment,  imitation,  and
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production along with self-observation and reflection assignments, the authors hope

to ameliorate speech-gesture processing on a neural basis. The multimodal personal

training is also expected to improve day-to-day life communication skills and social

functioning.  First  results  even  showed  an  increase  in  subjective  quality  of  life

correlated with  temporal  BOLD signal  activation  for  abstract  stimuli  (Riedl  et  al.,

2021). This result further supports the need for a more multimodal and personalized

take on SSD therapy. 

Taken together, our results are well underpinned by previous research findings while

still offering new perspectives on the processing of abstract and unrelated speech-

gesture combinations. Stimulation of the IFG, SMA and ACC should be considered

for  future  investigations of  speech and gesture processing  in  SSD.  The speech-

gesture  mismatch  detection  task  could  be  of  special  interest  as  a  performance

marker for speech-gesture training. 
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5.6. Conclusion

With this  study,  we demonstrated  that  SSD patients  have behavioral  and neural

impairments  during  mismatch  detection  of  abstract  and  concrete  speech-gesture

combinations.

On  the  one  hand,  patients  made  more  errors  than  healthy  controls  when

discriminating  between  related  and  unrelated  speech-gesture  pairs.  Their

performance was reduced irrespective  of  abstractness,  pointing  to  a  generalized

impairment.  Dysfunctions  of  the  SMA  could  contribute  to  disrupted  semantic

judgment  by  perturbing  the  facilitation  of  comprehension  by  the  motor  system.

Malfunction of the ACC could either be a consequence of reduced comprehension or

lead to impaired conflict processing. Also, left frontotemporal hyperactivation could

be a sign of an increased processing demand. 

On  the  other  hand,  we  found  a  processing  deficit  for  abstract  speech-gesture

combinations in SSD patients.  The discovered IFG dysfunction is consistent with

previous  study  results  and  may  represent  another  neural  correlate  of  impaired

semantic recognition in patients.

Altogether, this study showed that an in-scanner speech-gesture mismatch detection

task  can unmask functional  aberrations  in  SSD patients.  Along with  earlier  data

corroborating  the  tight  association  between  neural  dysfunctions,  communication

impairment  and  negative  symptoms,  it  can  be  assumed  that  optimization  or

manipulation of either factor could engender generalized improvement of the other

factors. Our results confirming the role of neural dysfunctions on task performance

add  to  the  neuroscientific  groundwork  that  enables  further  multimodal  therapy

investigations  (Riedl  et  al.,  2020).  First  evidence  for  the  positive  effect  of  brain

stimulation  on  mismatch  detection  rates  (Schülke  &  Straube,  2017,  2019)  and

gesture performance (Walther et al., 2019) already exists. 
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6. Summaries

6.1. Summary (English) 

Background:  Patients suffering from schizophrenia spectrum disorders experience

the grave effects of their illness on various facets of their daily lives.

Previous investigations have shown that schizophrenia spectrum disorder patients

have deficits in the perception and recognition of speech accompanied by gestures.

In particular, they struggle to differentiate between related and unrelated speech-

gesture combinations. Also, patients have considerable difficulties in understanding

and processing  abstract  semantic  information.  A key region  in  the  integration  of

speech  and  gesture  is  the  inferior  frontal  gyrus  embedded  in  a   frontotemporal

network,  however,  it  is  unclear  which neural  mechanisms contribute to  defective

mismatch and abstractness perception during the mismatch detection task. 

Objective: This  study aimed to  investigate  the  neural  underpinnings of  impaired

speech-gesture  mismatch  detection  and  abstract  semantic  processing  in

schizophrenia spectrum disorder patients and to identify relevant dysfunctional brain

areas. 

Methods:  A  novel  mismatch-detection  fMRI  paradigm  was  implemented

manipulating  speech-gesture  abstractness  (abstract/concrete)  and  relatedness

(related/unrelated).  During  fMRI  data  acquisition,  42  patients  (schizophrenia,

schizoaffective disorder or other non-organic psychotic disorder [ICD-10: F20, F25,

F28; DSM-IV: 295.X]) and 36 healthy controls were presented with short video clips

of  an  actor  reciting  abstract  or  concrete  sentences  accompanied  by  either  a

semantically  related  or  unrelated  gesture.  Participants  indicated via  button  press

whether they perceived each gesture as matching the speech content or not. 

We  compared  task  performances  across  groups  and  semantic  context

(abstract/concrete)  using  the  detection  rate  from  Signal  Detection  Theory  by

repeated-measures ANOVA.

For the functional MRI data, an event-related design was chosen to measure the

hemodynamic  responses to  each presented video.  The data  were  loaded into  a

flexible-factorial analysis in a 2 x 2 x 2 design (group x abstractness x relatedness).
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Between-group conjunctions and group differences were respectively calculated for

the contrasts unrelated > related and abstract > concrete in whole-brain analyses.

Results:  Speech-gesture  mismatch  detection  performance  was  significantly

impaired in patients compared to controls, irrespective of abstractness. fMRI data

analysis  revealed  that  patients  exhibited  reduced  engagement  of  the  right

supplementary motor area and bilateral  anterior cingulate cortices for unrelated >

related stimuli. A rostral part of the supplementary motor area was equally activated

in both groups. In contrast, we found frontotemporal hyperactivation in patients for

the same contrast. Furthermore, patients showed lower activation in bilateral frontal

areas including the inferior frontal gyrus for all abstract > concrete speech-gesture

pairs.  The temporal  lobe,  however,  was engaged in  both groups equally  for  this

contrast. 

Discussion:  In  this  study,  we  found  evidence  for  impaired  gesture-speech

relatedness judgment in schizophrenia spectrum disorders. This was accompanied

by dysfunctions of the supplementary motor area and the anterior cingulate cortices,

possibly  reflecting  reduced  facilitation  of  comprehension  and  defective  error

processing  for  unrelated  speech-gesture  combinations.  The  frontotemporal

hyperactivation may represent an increased processing effort to compensate for the

dysfunction. In addition, our data confirmed the conjecture of an inferior frontal gyrus

dysfunction contributing to impaired processing of abstract semantic stimuli. Partially

intact processing was discovered in a rostral part of the supplementary motor area

for  mismatches,  and  in  the  temporal  lobes  for  abstract  stimuli.  These  findings

suggest  that  semantic  processing  in  schizophrenia  spectrum  disorders  is  not

completely dysfunctional, but that there is a functioning basis on which therapeutic

measures can build on. 

Conclusion: We  provide  first  evidence  that  impaired  speech-gesture  mismatch

detection in schizophrenia spectrum disorders could be the result of dysfunctional

activation of the supplementary motor area and anterior cingulate cortex. Failure to

activate  the  left  inferior  frontal  gyrus  disrupts  the  integration  of  abstract  speech-

gesture  combinations  in  particular.  Future  investigations  should  focus  on  brain-

stimulation  of  these  regions  to  improve  communication  and  social  functioning  in

schizophrenia spectrum disorders.
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6.2. Zusammenfassung (deutsch)

Hintergrund:  Patient*innen,  die an einer Schizophrenie-Spektrum-Störung leiden,

erleben  die  schwerwiegenden  Auswirkungen  ihrer  Krankheit  auf  verschiedene

Alltagsbereiche.  Bisherige  Untersuchungen  zeigten,  dass  solche  Patient*innen

Defizite  bei  der  Wahrnehmung  und  Erkennung  von  Sprache  in  Verbindung  mit

Gesten haben. Insbesondere fällt es ihnen schwer, zwischen passenden und nicht

passenden  Sprach-Gestik-Kombinationen  (Matches  und  Mismatches)  zu

unterscheiden.  Desweiteren  haben  die  Patient*innen  erhebliche  Schwierigkeiten,

abstrakte semantische Informationen zu verstehen und neural zu verarbeiten. Eine

Schlüsselrolle bei der Integration von Sprache und Gesten spielt der Gyrus frontalis

inferior  als  Teil  des  frontotemporalen  Netzwerks.  Es  ist  jedoch  unklar,  welche

neuronalen Mechanismen zu einer gestörten Wahrnehmung von Mismatches und

Abstraktheit während der Passungs-Bewertungs-Aufgabe beitragen.

Ziel:  Diese  Studie  versucht,  die  neuronalen Hintergründe  der  gestörten  Sprach-

Gestik-Mismatch-Detektion  sowie  der  fehlerhaften  Verarbeitung  abstrakter

semantischer Information zu beleuchten. Dabei sollen die dysfunktionalen Hirnareale

identifiziert und untersucht werden.

Methoden: Für diese Studie wurde ein neuartiges Paradigma angewandt, bei dem

funktionelle  MRT-Messungen  durchgeführt  wurden,  während  Probanden  eine

Sprach-Gestik-Passungs-Bewertungs-Aufgabe  bearbeiteten.  42  Patient*innen

(Schizophrenie, schizoaffektive Störung oder andere nicht-organische psychotische

Störung   [ICD-10:  F20,  F25,  F28;  DSM-IV:  295.X])  und  36  gesunden

Kontrollproband*innen wurden kurze Videoclips gezeigt, in denen ein Schauspieler

Sätze mit abstraktem oder konkretem Inhalt spricht und dabei entweder semantisch

passende  oder  nicht-passende  Gesten  durchführt.  Die  Teilnehmer*innen  wurden

gebeten,  per  Tastendruck  anzuzeigen,  ob  sie  die  Gesten  als  passend  zur

gesprochenen Sprache empfanden oder nicht.

Die Detektionsleistung zwischen passenden und nicht passenden Gesten wurde in

Anlehnung an die Signaldetektionstheorie per Messwiederholungs-ANOVA zwischen

Gruppen  und  semantischen  Kontexten  (abstrakt/konkret)  verglichen.  Funktionelle

MRT-Daten wurden im Rahmen eines ereigniskorrelierten Designs gesammelt, um

die  hämodynamische  Antwort  auf  jedes  gezeigte Video  zu  erfassen.  Die  Daten
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wurden anschließend in eine flexible Faktorenanalyse in einem 2 x 2 x 2 - Design

(Gruppe x Abstraktheit x Passung) geladen. Für die Kontraste unpassend > passend

und  abstrakt  >  konkret  wurden  jeweils  die  Zwischengruppenkonjunktionen  und  -

differenzen in Gesamthirnanalysen berechnet.

Ergebnisse:  Die Sprach-Gestik-Mismatch-Detektionsleistung war bei Patient*innen

im  Vergleich  zu  den  Kontrollen  signifikant  verringert,  unabhängig  von  der

Abstraktheit.  Die  fMRT-Analyse  zeigte,  dass  Patient*innen  für  unpassende  >

passende Stimuli weniger Aktivität im rechten supplementär-motorischen Kortex und

im  beidseitigen  anterioren  cingulären  Kortex  aufweisen.  Ein  rostraler  Teil  des

supplementär-motorischen Kortex war genauso aktiv wie bei Kontrollproband*innen.

Gleichzeitig fanden wir frontotemporale Hyperaktivität bei Patient*innen für diesen

Kontrast.  Weiterhin wurde bei Patient*innen im Vergleich zu Kontrollen reduzierte

bilateral frontale Aktivität, insbesondere auch im Gyrus frontalis inferior, für abstrakte

> konkrete Sprach-Gestik-Paare festgestellt.  Der  Temporallappen,  im Gegensatz,

war für diesen Kontrast in beiden Gruppen gleichermaßen aktiv.

Diskussion

In  dieser  Studie  fanden  wir  Hinweise  für  eine  gestörte  Sprach-Gestik-Passungs-

Bewertungsfähigkeit  bei  Patient*innen  mit  einer  Schizophrenie-Spektrum-Störung.

Begleitet war dies von Dysfunktionen des supplementär-motorischen Kortex und des

anterioren cingulären Kortex, was möglicherweise Ausdruck verringerter Bahnung

von  semantischem  Verständnis  und  geschädigter  Fehlerverarbeitung  für

unpassende Sprach-Gestik-Kombinationen ist. Die frontotemporale Überaktivierung

könnte eine kompensatorisch erhöhte Anstrengung für die Verarbeitung in einem

dysfunktionalen  System  reflektieren.  Zusätzlich  bestärken  unsere  Daten  die

Auffassung, dass Störungen des Gyrus frontalis inferior zu einer Beeinträchtigung

der  Verarbeitung  abstrakter  semantischer  Stimuli  beitragen.  Die  teilweise  intakte

Funktionalität im rostralen supplementär-motorischen Kortex für Mismatches und im

Temporallappen  für  abstrakte  Stimuli  sprechen  dafür,  dass  die  semantische

Verarbeitung  bei  Patient*innen  nicht  vollständig  dysfunktional  ist.  Diese

funktionierenden Anteile könnten als Ansatzpunkte für therapeutische Maßnahmen

dienen, um Verbesserungen herbeizurufen.

Schlussfolgerung: Wir liefern erste Belege dafür, dass die gestörte Sprach-Gestik-

Mismatch-Detektionsfähigkeit das Resultat von Fehlaktivierungen der supplementär-
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motorischen und anterior cingulären Kortizes sein könnte. Außerdem wird vermutet,

dass  die  fehlerhafte  Funktion  des  IFG  die  korrekte  Integration  von  abstrakten

Sprach-Gestik-Kombinationen  erschwert.  Zukünftige  Untersuchungen  sollten  sich

auf  hirnstimulative  Verfahren  fokussieren,  die  diese  dysfunktionalen  Areale

beeinflussen,  um  Kommunikationsfähigkeit  und  soziale  Funktionalität  bei

Patient*innen mit Schizophrenie-Spektrum-Störung zu verbessern.
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8. Appendix

8.1. Supplementary results tables

Supplementary Table 1: Neuropsychological battery

Significant  group differences were observed for d2 speed, d2 concentration performance
and the alternating verbal fluency test (sum). This points to an inconsistent concentration
deficit  in SSD patients. Correlation analyses with task performance and neural activation
(eigenvariates extracted from the significant clusters of the main analysis in the left MTG, left
IFG, vermis, right MSFG, right SMA and right STG for each condition) were not significant
after correction for multiple testing (Bonferroni-corrected significance level: p < 0.00032).

Neuropsychology
n

control
s

m SD
n

patient
s

m SD
t-

value
p-

value

Empathy questionnaire 36 3.3 0.6 42 3.2 0.6 0.34 0.73
Gesture questionnaire (Nagels, Kircher, 
Steines, Grosvald, et al., 2015)

36 3.3 0.6 42 3.3 0.5 0.09 0.93

Gesture production 36 3.2 0.7 42 3.1 0.7 0.53 0.60
Gesture perception 36 3.4 0.7 42 3.5 0.5 -0.48 0.63
Proverb-metaphor-test (Barth & Küfferle, 
2001), sum

36 15.6 3.5 42 18.7 6.4 -2.72 0.01

Multiple-choice word test B (Lehrl et al., 
1995) (correct items out of 37)

36 30.9 3.4 42 27.7 7.5 2.39 0.02

Digit span (Blackburn & Benton, 1957) 
forward

35 8.5 1.9 41 7.8 1.8 1.60 0.11

Digit span backwards 35 7.0 2.2 41 5.8 1.6 2.68 0.01
Digit span sum 35 15.4 3.5 41 13.6 2.9 2.51 0.01
Trail making test (Bowie & Harvey, 2006) A 
(sec)

35 26.3 9.4 41 31.1 10.1 -2.14 0.04

Trail making test B (sec) 35 55.4 20.6 40 69.2 21.9 -2.80 0.01
d2 (Bates & Lemay, 2004) TN (speed) 35 472.4 85.8 41 384.4 108.2 3.88 *<0.01
d2 E1 (omission errors) 35 23.9 24.9 41 21.7 21.1 0.40 0.69
d2 E2 (commission errors) 35 0.8 1.8 41 1.3 2.5 -1.00 0.32
d2 CP (concentration performance) 35 179.7 43.9 41 142.0 40.3 3.90 *<0.01
Verbal fluency test(Miller, 1984), animals, 
sum

31 23.9 6.4 41 19.6 5.9 2.99 <0.01

Verbal fluency test, animals, perseverations 31 0.6 1.0 41 0.2 0.6 1.66 0.10
Verbal fluency test, animals, errors 31 0.5 1.2 41 0.2 0.5 1.33 0.19
Verbal fluency test, P, sum 31 12.6 4.1 41 10.3 4.3 2.27 0.03
Verbal fluency test, P, perseverations 31 0.2 0.6 41 0.3 0.9 -0.49 0.62
Verbal fluency test, P, errors 31 0.8 1.1 41 0.4 0.7 1.87 0.07
Verbal fluency test, alternating, sum 31 15.8 2.6 41 12.0 3.6 4.90 *<0.01
Verbal fluency test, alternating, 
perseverations

31 0.2 0.5 41 0.3 0.6 -1.07 0.29

Verbal fluency test, alternating, errors 31 0.5 1.0 41 0.3 0.5 0.86 0.39
*Significance level < 0.0021 (Bonferroni-corrected)
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Supplementary Table 2: Effects of handedness

fMRI clusters resulting from the within-group contrast of abstract > concrete and unrelated >
related speech-gesture pairs in patients, corrected at p < 0.05 (whole-brain analysis). For
each cluster,  MNI coordinates and t-values of  the first  peak voxel are listed.  Anatomical
regions refer to peak voxel localization based on the AAL toolbox (local maxima labeling)
and cluster extent to the cluster labeling.

MNI 

coordinates

Group Contras

t

Hemisp

here

Cluster extent Anatomical 

region

of peak

x y z t-value No. of 

voxels

All
patients

abs > 

con

L + R Left MTG, right 

STG, left STG

Left MTG -48 -36 -2 7.60 19116

L + R Right calcarine 

sulcus, right LiG, 

left calcarine sulcus

Left PCC -2 -40 24 4.81 12902

Right-

handed 

patients

abs > 

con

L + R Left MTG, left STG,

right SFG, left SMA

Left MTG -50 -36 -2 7.98 135535

R Right STG, right 

MTG, right insula

Right STG 56 -8 0 6.35 8806

L + R Right calcarine 

sulcus, right LiG

Left PCC -2 -42 26 4.77 14250

All 

patients

unr > 

rel

L + R Right MSFG, left 

MSFG, left SMA

Right MSFG 6 24 42 4.62 2487

R Right IFG, right 

insula

Right IFG 48 42 -12 4.37 1933

L Left IFG, left insula Left insula -28 18 -8 4.05 1603

Right-

handed 

patients

unr > 

rel

R Right IFG, right 

insula

Right IFG 34 34 -4 4.05 1695

L Left IFG, left insula Left insula -28 22 -6 4.03 1322

R Right MSFG, left 

MSFG, left SMA

Right MSFG 4 24 42 3.90 2179

Abs, abstract condition; con, concrete condition; unr, unrelated condition; rel, related condition; L, left; R, 

right; MTG, middle temporal gyrus; STG, superior temporal gyrus; LiG, lingual gyrus; PCC, posterior 

cingulate cortex; SMA, supplementary motor area; MSFG, medial segment of superior frontal gyrus.
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Supplementary Table 3: Effects of sex on result clusters

Results  of  univariate  ANOVAs.  Dependent  variables:  eigenvariates  extracted  from  the
significant clusters of our contrasts of interest using the cluster function in SPM12. Factors:
group,  sex,  abstractness,  relatedness.  Bonferroni-correction  was  applied  for  multiple
comparisons.

Left MTG Left IFG Vermis Right MSFG Right SMA Right STG

F Sig. F Sig. F Sig. F Sig. F Sig. F Sig.
Group*sex 0.30 0.58 2.43 0.12 1.12 0.29 0.19 0.67 0.06 0.80 6.60 0.01

Group * sex * 
abstractness

1.05 0.31 0.05 0.83 3.85 0.05 0.05 0.82 0.04 0.84 0.26 0.61

Group * sex * 
relatedness

0.24 0.62 0.37 0.54 0.22 0.64 0.10 0.75 4.70 0.03 0.29 0.59

Group * sex * 
abstractness * 
relatedness

3.96 0.05 2.07 0.15 0.79 0.38 0.83 0.36 0.07 0.79 2.55 0.11

Significance level p < 0.0083 (Bonferroni-corrected)
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Supplementary Table 4: Effects of age

Pearson Correlations of age with the eigenvariates extracted from the significant clusters of 
our contrasts of interest in the main analysis using the cluster function in SPM12. Bonferroni-
correction was applied for multiple comparisons. No significant correlations between age and
neural data were found.

Conditions

AR AU CR CU

Regions of  interest Patients Controls Patients Controls Patients Controls Patients Controls

Left 
MTG

Pearson 
Correlatio
n

-0.116 0.336 -0.171 0.340 .014 .019 0.005 -0.007

p-value 
(two-way)

0.463 0.045 0.278 0.043 .929 .912 0.974 0.966

Left 
IFG

Pearson 
Correlatio
n

0.020 0.080 -0.035 0.194 .103 -0.267 0.076 0.094

p-value 
(two-way)

0.900 0.643 0.828 0.256 .516 0.115 0.631 0.585

Vermis Pearson 
Correlatio
n

-0.059 0.020 0.204 0.104 .275 -0.239 -0.070 0.113

p-value 
(two-way)

0.711 0.906 0.194 0.546 .078 0.160 0.658 0.511

Right 
MSFG

Pearson 
Correlatio
n

0.243 0.218 0.083 0.365 -.090 -0.216 0.138 0.087

p-value 
(two-way)

0.121 0.201 0.602 0.029 .570 0.205 0.384 0.613

Right 
SMA

Pearson 
Correlatio
n

0.351 -0.122 -0.151 0.343 .201 -0.087 0.240 -0.098

p-value 
(two-way)

0.023 0.480 0.338 0.041 .202 0.615 0.126 0.571

Right 
STG

Pearson 
Correlatio
n

-0.072 -0.048 -0.057 0.044 -.158 -0.089 0.035 -0.042

p-value 
(two-way)

0.651 0.782 0.722 0.799 .318 0.604 0.828 0.807

Significance level p < 0.001 (Bonferroni-corrected)
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Supplementary Figure 1: MRI properties

8.2. Study material

8.2.1. MRI properties
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Supplementary Figure 20: Design Matrix in SPM12 (Flexible-factorial analysis)

8.2.2. Design Matrix
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Supplementary Figure 35: Monte-Carlo-Simulation for minimal voxel contiguity 

threshold (Slotnick, 2017; Slotnick et al., 2003)

8.2.3. Monte-Carlo-Simulation
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8.2.4. Declaration of informed consent
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8.2.5. Data privacy statement
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8.2.6. Sociodemographic questionnaire
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8.2.7. Follow-up questionnaire
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8.2.8. Multiple-Choice Word Test B (Lehrl et al., 1995)
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8.2.9. Scale for Assessment of Positive Symptoms (N. Andreasen, 1984b) and Scale
for Assessment of Negative Symptoms (N. Andreasen, 1984a)
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